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ABSTRACT

The present study aims to develop different strategies for better utilization of oxygenated Diethyl ether and
ethanol as supplementary fuels by blending them with biodiesel as the base fuel in CI engines. The used
biodiesel used was readily available Karanja Oil Methyl Ester (KOME), its scientific name being Pongamia
Pinnata. Initially, 5 %, 10 %, 15 %, and 20 % amounts of ethanol (volume) were mixed with biodiesel.
Further, the optimum selected blend BE15 was mixed with 5 %, 10 %, 15 %, and 20 % DEE by volume to
make the ternary blend. This DEE-ethanol-biodiesel blend was tested on the same engine under the same
conditions. The experimental results exhibited that the DEE-ethanol-biodiesel ternary blend, BE15DE1O0,
mitigated BTE by 8.89 % and the smoke, NOx, and CO emissions by 15.66 %, 50.7 %, and 18.5 %,
respectively, compared with neat biodiesel. The HC emission exhibited a slightly increasing trend. The results
summarize the trade-off between smoke and NOx reduction using DEE and ethanol oxygenated fuels. The
addition of ethanol by 15 % and DEE up to 10 % by volume to biodiesel could be considered the most

favorable blend without any significant modifications in the CI engine.

https://doi.org/10.30501/jree.2022.328607.1330

1. INTRODUCTION

A ‘green’ move to adopt alternative fuels over conventional
petroleum-based fuels such as biodiesel, biogas, ethanol,
methanol, DEE, DME, CNG, HCNG, LPG, LNG, hydrogen,
propane, and P-series fuels are primarily preferred as an
energy source for the transportation sector. Biofuels offer
much potential on these frontiers as alternative energy [1, 2].
Vegetable oils fulfill the requirements of an alternative source
of energy [3, 4]. Edible oils like Coconut oil, Rapeseed oil,
Palm oil, Soyabean oil, Mustard oil, Sunflower oil, Waste
cooking oil, and Rice bran oil can be used as biofuels. Also,
non-edible oils like Jatropha Curcas oil, Castor oil, Karanja
(Pongamia Pinnata) oil, Mahua oil, Canola oil, and Neem oil
can be used as biofuels with minor modifications to
automotive engines [5, 6].

Biodiesel is a clean alternative fuel produced from vegetable
oils and animal fats considered safe and biodegradable [7, §].
Biodiesel production from edible oil is not economical and
non-edible seed like Karanja is less costly and widely
available in India. Karanja trees can grow on non-agricultural
lands with minimum care [9]. The seeds of Karanja contain

*Corresponding Author’s Email: krpatil@mmcoe.edu.in (K.R. Patil)
URL: https://www.jree.ir/article 154882.html

27-39 % of the oil and have the potential to be used as basic
feedstock for biodiesel production [10, 11]. Hence, the oil can
be easily converted into KOME biodiesel through
transesterification or pyrolysis [12]. It can be used as a neat
fuel in the CI engines or by blending with diesel fuel. Its
reasonable cetane number, almost no sulfur, no aromatics, and
about 10 % inherent oxygen reduce harmful emissions [13].
Compared to petroleum diesel, biodiesel suffers from higher
viscosity, increased NOx emission, and cold starting problems
[14].

Ethanol (CH3-CH»-OH) is another promising renewable
bio-based and highly oxygenated alternative fuel. Ethanol is
derived from biomass by fermenting and distilling the crops. It
is a clear, volatile, flammable, and colorless liquid. Its high
oxygen content improves emission quality in CI engines and
its high-octane level makes it suitable for SI engines.
However, CI engine fuel suffers from low cetane value, no
ignition features, and inadequate solubility in diesel fuel. In
ambient conditions, ethanol blends readily with diesel fuel. At
a temperature below 10 °C, ethanol separates from diesel fuel.
On the other hand, ethanol and biodiesel can be easily mixed
at any ratio and it forms a true solution [15]. The lower
viscosity of ethanol than diesel is a concern for lubricity [16].

Diethyl ether (DEE) consists of two ethyl groups that are
bonded to central oxygen specified by the chemical formula

(https://doi.org/10.30501/jree.2022.328607.1330).
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CH3CH,-O-CH,CH3. DEE has a low autoignition temperature,
high cetane number, and high oxygen content. Its energy
density, solubility with diesel, and broad flammability limits
make it suitable for the CI engine [17, 18]. It appears as a
clear colorless, volatile, highly inflammable liquid with an
anesthetic odor [19]. DEE is safe because of its broad
flammability and ease of handling as it remains liquid under
ambient conditions [20, 21]. The acid ether synthesis process

is used to produce DEE on a large scale. The properties of test
fuels are shown in Table 1.

The blending of oxygenated additives like ethanol or DEE
with biodiesel enhances the oxygen percentage of the fuel-air
mixture. Ethanol has the potential to reduce soot. While high
ignition quality of DEE works as a co-solver and boosts the
emission performance when blended with ethanol and KOME
biodiesel.

Table 1. Properties of test fuels [22, 23]

Properties Unit DEE Ethanol KOME Biodiesel Diesel
Chemical structure - CH3CH2-O-CH2CH3 CH3-CH2-OH Ci2to C22 Cio to Cas
Oxygen content mass % 21.6 34.7 10-12 0
Cetane number - >125 8 48-60 40-55
LCV Ml/kg 33.8 26 383 349
Density at NTP kg/m? 713 785-789 875-885 815-860
Viscosity at NTP cSt 0.23 1.2 1.9-6 2441
Autoignition temp. °C 160 420 - 316
Boiling point at 1 atm °C 34.6 78 182-337 180-360
Stoichiometric A/F ratio mass 11.1 9.06 13.8 14-14.7
Molecular weight g/mol 74 46 - -
Flammability limit in the air vol % 3.4-18.6 4.3-19 - 7.6-1.4

2. EVALUATION OF BLENDED FUEL PROPERTIES

In this work, the used biodiesel was readily available Karanja
Oil Methyl Ester (KOME) known by its local Indian name and
its scientific name is Pongamia Pinnata. The commercial
ethanol of analysis grade has 99.5 % purity and the analytical
grade DEE has purity > 99.5 % used in this research work.
Different ratios of DEE and ethanol were added as
supplementary oxygenated fuels to the base biodiesel fuel.
Initially, 5 %, 10 %, 15 %, and 20 % volumes of ethanol were
mixed with biodiesel and denoted by BES, BE10, BE15, and
BE20, respectively. The optimum blending ratio of the
ethanol-biodiesel blend was found as BEIS5 considering
various performance parameters of combustion and emissions
of the test fuels. Then, for further investigation, the optimized

blend BE15 was mixed with 5 %, 10 %, 15 %, and 20 % DEE
by volume to prepare the ternary blend and they are denoted
by BEI15DES, BEI5DE10, BE15DE15, and BE15DE20,
respectively.

Initially, the solubility of both oxygenated fuels, DEE, and
ethanol in the biodiesel was checked, which is the requirement
for the stable working of the engine. It was observed that there
was no phase separation for many days. This reveals that DEE
and ethanol are completely miscible with biodiesel. Various
instruments and standard methods used to measure fuel
properties are shown in Table 2. As per the standard test
method (IS 1448), the properties of test fuels were measured.
The properties of test fuels are summarized in Table 3.

Table 2. Standard methods and instruments used to measure properties of blended fuels

Properties ASTM method Instrument used
Distillation profile D86 Distillation apparatus
Higher calorific value D240 Rajdhani make isothermal bomb calorimeter
Density D941 Pyknometer, elect balance
Kinematic viscosity D445 Stevis viscometer

Table 3. Properties of DEE-ethanol-KOME biodiesel blends

Properties/Abbreviations Unit Blend fuels
BE5 | BE10 | BE15 | BE20 | BE1SDES | BE1SDE10 | BE1SDE15 | BE15SDE20
Oxygen content mass % | 12.07 | 13.26 | 14.36 | 15.64 14.49 15.52 16.02 17.68
HCV Ml/kg | 39.71 | 39.39 | 38.37 | 37.88 38.01 37.86 37.73 37.08
Density at NTP kg/m?3 878 | 871.4 | 865 | 858.5 860.9 858.7 850.1 841.4
Viscosity at 40 °C cSt 392 | 343 3.14 | 3.00 2.94 2.36 2.03 1.82
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The boiling range characteristics of hydrocarbon fuels are
studied by using distillation tests [24]. This study uses the
ASTM D86 distillation test method for various ethanol-
biodiesel blends. The distillation test results are shown in
Figure 1. It is shown that the front-end volatility increases
upon the addition of ethanol with biodiesel. The initial boiling
point of biodiesel observed is 175 °C. The BE20 blend shows
an IBP of 38 °C only. Although it reveals that increase in the
ethanol concentration in biodiesel rises the front-end
volatility. This effect improves the cold start condition.
Consequently, it reduces exhaust emissions at a low load. A
considerable change in the tail-end volatility of the ethanol-
biodiesel blends was not observed. The studies carried out by
Menezes et al. [20] reported similar results.

HemipaalEaT "L
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Figure 1. Distillation profile for ethanol-biodiesel blend

The laboratory tests show that the viscosity of the DEE-
ethanol-biodiesel blends reduces upon increase in the
concentration of ethanol and DEE in it. However, this
decreased viscosity is greater than required for CI engines. It
reveals that modifications of the fuel injection system are not
required. The calorific value and density of DEE-ethanol-
biodiesel blends are reduced because of the lower calorific
value of ethanol and DEE than biodiesel. The inbound oxygen
percentage of the fuel or various blends is an important factor
in evaluating the properties of the fuel. It is observed that

Fuel |: Injection
Metering i Pump
System | 2

i Fuel Filter

Air Metering il et
Swatem

adding ethanol and DEE increases the oxygen content of
blends.

3. EXPERIMENTAL SETUP AND PROCEDURE

In this experimental investigation, the engine test rig was
developed with necessary instruments for conducting the
experimental tests at a constant speed of 1300 rpm in different
brake load conditions. A single-cylinder, four-stroke cycle CI,
direct injection, 3.5 kW, 17.5:1 CR, 661 CC engine was used.
The engine specifications are tabulated in Table 4. This
naturally aspirated, water-cooled, stationary engine is
typically used for pump sets in agricultural applications. The
injection timing was set to 29° BTDC. The eddy current
dynamometer (400 kW) was used for loading the engine. The
pressure inside the cylinder was monitored by a piezo sensor.
The cooling water was measured using Rota-meter. The TDC
and crank angle positions were observed by a Kuebler make
crank angle encoder. The data acquisition system was used for
collecting various inputs. The multi-gas analyzer, AVL Digas
444, was employed to measure CO, HC, and NO emissions.
While the AVL 437 smoke meter was applied to measuring
smoke opacity. The RTD and ‘K’ type thermocouples were
used for various temperature measurements. The schematic
diagram of the test engine is shown in Figure 2. The
accuracies checked of measurement instruments are presented
in Table 5.

Table 4. Test engine characteristics

Model Kirloskar, TV1 Model
Brake power 3.7kW @ 1300 rpm
Displacement 661 cm?
Injection timing 29°BTDC
Intake air system Naturally aspirated
Cylinders Single cylinder
Comp. ratio 17.5:1
Inj. opening pressure 19.6 MPa
Type Four-stroke cycle
Combustion System Diesel direct injection

] Water out
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Smoke Level
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Exhaust Emission
Measurenent g

Cylinder Pressure Transducer E

Load Cell

>
3 W
bt B -
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Engine Test Bed ]

Figure 2. Schematic view of the test engine
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Table 5. Accuracies of measurement parameters

Parameters Measurement unit Accuracy
Smoke opacity % +1 % FSR
NOx ppm +1
CO % vol +0.01 %
HC ppm +1
CO2 % vol +0.1%
Speed rpm +0.5 % FSR
Temperature °C +0.1%
Mass fuel consumption gm +0.01 %
Volumetric fuel consumption ml +1%FSR
Time Sec +0.01 %
Density kg/m? +0.2
Calorific value kJ/kg +0.15

The fuel samples were tested in various load conditions: no-
load, 25 %, 50 %, 75 % of full load, and full load. These tests
were carried out at a rated speed of 1300 rpm. Initially, the
engine was run at no load for 30 mins to set in normal
conditions. Every test was repeated at least three times for the
accuracy of the results. The average values of combustion,
performance, and emissions parameters were noted and
analyzed.

4. RESULTS AND DISCUSSION
4.1. Combustion characteristics

The combustion in CI engine has two distinct phases of
combustion viz. premixed and diffusion phase (mixing
controlled) combustion. Once combustion starts, the fuel
ignites immediately after injecting it into the cylinder and
burns it at the diffusion combustion phase. It leads to a high
heat release rate during premixed combustion than diffusion
combustion [25]. The combustion characteristics of various
DEE and ethanol blends with KOME biodiesel were
monitored using in-cylinder pressure trace analysis under
steady-state engine conditions. The prominent combustion
behaviors such as cylinder pressure and heat release rate were
observed at full load; hence, in this condition, the combustion
characteristics have been analyzed.

The cylinder pressure for different DEE-ethanol-biodiesel
blends is given in Figure 3. The results show that the ignition
delay is extended with ethanol-biodiesel blends. This may be
because of a reduction in cetane value, increased heat of
evaporation, and a high level of auto-ignition temperature.
Xin-Cai et al. [26] argued that in the ethanol-biodiesel blend,
the biodiesel fuel burns first and then, it ignites the
surrounding ethanol. The rise in peak pressure is observed
because of an increase in fuel combustion at the premixed
combustion phase. One can observe that the peak pressure
attained for all the DEE-ethanol-biodiesel blends is moving
away from TDC. It can be because of the effect of elongation
in ignition delay and retardation of the start of combustion.

The net heat release rate for DEE-ethanol-biodiesel blends is
shown in Figure 4. It shows that high HRR at the end of
combustion leads to a longer duration of HRR. This is because
of the elongated ignition delay of ethanol-biodiesel blends.
The combustion start was observed with delay for all DEE
blends and with an increase in DEE percentage, it turned into
a prominent one. The increase in HRR for the diffusion

combustion phase is observed because of oxidation resulting
from oxygen concentration in the blends [27].
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Figure 4. Net HRR variations for DEE-ethanol-biodiesel blends

4.2. Performance characteristics

The brake thermal efficiency assesses the fuel energy
conversion efficiency into brake power. The other parameters
like BSFC and BSEC have not been discussed in this work
because they do not show different results from BTE.

The results of the BTE of ethanol-biodiesel are shown in
Figure 5. The BTE increases with the addition of ethanol to
biodiesel. The maximum BTE is observed for 15 % ethanol
blending with biodiesel (BE15), especially in full-load
conditions. This BE15 optimum blend is selected as a base
fuel for the second step of the tests. Then, DEE is added to the
BE1S5 blend in different proportions. The BTE for the DEE-
ethanol-biodiesel blend is presented in Figure 6. The blending
of DEE percentage of more than 15 % in BE1S5 blends shows
the reduction in BTE near full load. The BEISDE10 blend
shows maximum BTE than other blends at full load. This
improvement in BTE results from fuel-bound oxygen
concentration, particularly in the fuel-rich zone [28]. The
erratic operation was observed in engine operation when more
than 15 % DEE was added to the BEL5 blend, thereby
affecting the engine performance. It is observed that the BTE
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of BEI5SDEI10 blend has increased by 8.9 % more than the
neat biodiesel fuel.
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Figure 5. BTE for ethanol-biodiesel blends
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Figure 6. BTE for DEE-ethanol-biodiesel blends

4.3. Emission characteristics

The fuel ignition quality, proper mixing of air and fuel during
ignition delay, and residence time lead to the burning of
uneven air/fuel mixtures during combustion, and expansion
processes have a significant impact on emission formation in
diesel or biodiesel engines [25].

4.3.1. Smoke emission

The results of smoke for ethanol-biodiesel blends are given in
Figure 7. It exhibits the trend of reduction in smoke by
blending ethanol with biodiesel. The fuel-bound oxygen
content in ethanol improves combustion quality, especially in
diffusion combustion, which improves smoke emission [29].
At low load, the ethanol blends exhibit minor effect on smoke
emission. It is because of the engine running at the overall
lean mixture and the low flame temperature of the ethanol-
biodiesel blends. Overall, the BE15 blend is the optimum
blend and shows a smoke reduction of 13.8 % relative to
biodiesel fuel.

The effect of DEE blending with BE15 on smoke is shown
in Figure 8. The smoke emission reduction with DEE-ethanol-
biodiesel blends is not as much as expected. On the other
hand, when more than 15 % DEE is added to the BE15 base
fuel, a minor increase in smoke emission is observed which

may result from erratic combustion, as discussed before. The
findings reported by Anand et al. [30] are in line with these
results. The DEE-ethanol-biodiesel ternary blends reduced
15.66 % smoke emissions on average, compared to neat
biodiesel. The reduction in smoke may be because of the
presence of inherent oxygen of DEE and ethanol in the fuel
reach zone, which assists the engine to run leaner. The
BE15DE1S5 blend exhibits the lowest smoke emissions overall
and at full load condition as compared to other blends.
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Figure 7. Smoke emission for ethanol-biodiesel blends
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Figure 8. Smoke emission for DEE-ethanol-biodiesel blends

4.3.2. NOx emissions

The NOx produced in diesel or biodiesel engines is
proportional to combustion efficiency. The results of NOx
emissions of ethanol-biodiesel blends are presented in Figure
9. At high loads, when compared with biodiesel, the NOx
emissions exhibit a prominent reduction. The ethanol addition
to biodiesel reduces the viscosity and density of blends.
Consequently, it retards the dynamic injection timing of the
blends. Moreover, as discussed before, it leads to low
combustion temperature because of the high evaporation rate
of ethanol. These two factors cause a reduction in NOx
emissions. It is seen that the NOx emission at lower ethanol
ratios is not significant due to the poor ignition quality of
ethanol. Overall, the studies reveal that the BE15 blend has
the lowest NOx emission at high load.

Further, the DEE blended with the optimum selected blend
BE15 and findings are presented in Figure 10. It can be said
that there are further reductions in NOx emissions due to
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blending in the presence of DEE in the blends. The
experimental results exhibit that DEE-ethanol-biodiesel
ternary blends reduce 50.7 % NOx emissions on average as
compared to neat biodiesel. As it is evident, the inherent
oxygen of the fuels plays a more active role in the reduction of
NOx emission than the oxygen provided by air [31]. The
BE15DE20 blend exhibits the lowest NOx emissions and in
full-load conditions. A reduction in NOx emission level
results from the joint effect of the engine running leaner as
well as the lower combustion temperature and reaction time. It
is to be noted that the mixture of DEE-diesel blends is
effectively leaner with respect to the corresponding neat diesel
fuel.
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Figure 9. NOx emissions for ethanol-biodiesel blends
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Figure 10. NOx emissions for DEE-ethanol-biodiesel blends

4.3.3. CO emission

The effect of ethanol-biodiesel blends on CO emission is
given in Figure 11. The results reveal that the CO emitted by
all ethanol-biodiesel blends increased at low loads except for
the BE20 blend. At lower loads, the incomplete combustion of
the blended fuels increases the CO emission. However, a
substantial reduction in the CO emission is observed at full
load for all the blends. This effect results from the increase in
oxygen concentration of the blends that encourages the
additional oxidation of the CO emission during the engine
expansion process [32, 33].

The CO emission for the DEE-ethanol-biodiesel blend is
presented in Figure 12. Overall, the blend BE15DE10 exhibits

further reductions in the CO emission at high load. The
experimental investigation exhibits that the CO emission of
DEE-ethanol-biodiesel ternary blends is reduced by 18.5 %,
compared to neat biodiesel. This effect is attributed to the
reduction in density and viscosity of the DEE-ethanol-
biodiesel blends and improvement in the start of injection and
ignition timing because of the presence of DEE in the blends.
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4.3.4. HC emission

The HC emission for ethanol-biodiesel blends is given in
Figure 13. The studies reveal that the HC emission of ethanol-
biodiesel blends is increased compared to the biodiesel fuel.
Also, the rise in HC emission is observed as the concentration
of ethanol in the blend increases. The considerable rise is
displayed by HC emission at low loads and it increases
moderately at high loads.

The HC emission for DEE-ethanol-biodiesel blends is
shown in Figure 14. The outcomes of DEE—ethanol-biodiesel
blends reveal that there is a rise in the HC emission for all
blends, compared to the BEI5 base fuel. At full load, the
blend BE15DE10 exhibits the lowest level of HC emission
among other DEE-ethanol-biodiesel blends. The HC emission
is increased mainly because of higher heat of evaporation of
the DEE-ethanol-biodiesel blends causing slower evaporation,
which causes poor fuel-air mixing, flame quenching, and the
increase of ‘lean outer flame zone” where the flame is unable
to exist [2].
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Figure 14. HC emission for DEE blends with BE15

5. CONCLUSIONS

The blending of oxygenated DEE and ethanol into biodiesel
changes the physicochemical properties of the blends. The
laboratory tests showed that DEE and ethanol remained
completely soluble in biodiesel at any ratio. The experimental
investigation revealed that the blending of DEE and ethanol
with biodiesel up to 20 % by volume was possible. The DEE-
ethanol-biodiesel blends resulted in a decrease in density,
kinematic viscosity, and higher heating value, whereas the
cetane value and oxygen concentration increased. The front-
end volatility increased, while the boiling point of ternary
blends was reduced compared to neat biodiesel because of the
presence of DEE and ethanol. The combustion studies pointed
to the increase in ignition delay, peak pressure, and peak HRR
of the DEE-ethanol-biodiesel blends. The BEISDEI10 ternary
blend exhibited an increase in Brake Thermal Efficiency by
8.89 %, reduction in smoke by 15.66 %, drop in NOx by
50.7 %, and decrease in CO emission by 18.5 %, as compared
with neat KOME biodiesel. At full load, it exhibited the
lowest level of HC emission compared to other DEE-ethanol-
biodiesel blends. These results of BE1ISDE10 are optimum as
compared to other blends. Overall, the trade-off between
smoke and NOx of biodiesel engines shows a reduction by
blending DEE and ethanol with KOME biodiesel fuel. Thus,
the BE15DE1O0 blend is recommended as the optimum blend
without significant engine alterations.
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NOMENCLATURE
ASTM American Society for Testing and Materials
BMEP Brake Mean Effective Pressure
BTDC Before Top Dead Centre
BTE Brake Thermal Efficiency
CA Crank Angle
CI Compression-Ignition
CNG Compressed Natural Gas
CO Carbon Monoxide
DI Direct Injection
DEE Diethyl Ether
DME Dimethyl Ether
HC Hydrocarbon
HCNG Hydrogen CNG
HCV Higher Calorific Value
HRR Heat Release Rate
IS Indian Standards
KOME Karanja Oil Methyl Ester
LNG Liquified Natural Gas
LPG Liquified Petroleum Gas
NO Nitric Oxide
NOx Oxides of Nitrogen
NTP Normal Temp. and Pressure
PM Particulate Matter
RTD Resistance Temp. Detector
SI Spark Ignition
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The optimal combination of distributed generation units in recent years has been designed to improve the
reliability of distributed generation systems as well as to reduce losses in electrical distribution systems. In this
research, the improved Genetic Algorithm has been proposed as a powerful optimization algorithm for
optimizing problem variables. The objective function of this paper includes power loss reduction, hybrid
system reliability, voltage profile, optimal size of distributed generation unit, and finally improvement of the
construction cost of combined wind and solar power plants. Therefore, the problem variables are subject to
reliable load supply and the lowest possible cost during the optimization process. In order to achieve this goal
in this study, the IEEE standard 30-bus network is examined. The results of the system simulation show the
reduction of total system losses after DG installation compared to the state without DG and the improvement
of other variable values in this network. This loss index after installing DG in the desired bus has a reduction
of about 200 kWh during the year and has a value equal to 126.42 kWh per year.
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1. INTRODUCTION

Studies have shown that more than 70 % of the total power
system losses are related to distribution networks, being more
than 13 % of the total production capacity [1-3]. These
electrical losses can be reduced by installing and controlling
dispersed production devices. The use of distributed
generation is widely used in distribution networks, the
advantages of which include voltage regulation, loss
reduction, power factor correction, and system capacity
liberalization [4-6]. In order to determine the location,
number, size, type, and control plan of distributed generation
over a period of one to ten years, a complex optimization
problem with conflicting objectives such as minimizing the
cost of purchasing and installing distributed generation and
reducing electrical losses can be addressed [7-9]. Since the
1960s, several methods have been proposed in this field.
These methods can be divided into four groups: analytical,
numerical programming, innovative methods, and artificial
intelligence methods. Most of the research studies presented

*Corresponding Authors’ Email: massad@sharjah.ac.ae (M. El Haj Assad)
and reza_alayi@iaugermi.ac.ir (R. Alayi)
URL: https://www.jree.ir/article 155023.html

in this field have not considered a number of important
aspects such as considering distributed generation in a discrete
way with real prices and quantities available in the market
[10-12], considering unbalanced load and network [13-15],
presence of harmonic currents and voltages due to extensive
use of harmonic generating loads and electronic power
devices [16-18], reaction and coupling between harmonic
voltages and currents created by nonlinear loads [19-21],
increase of harmonic currents due to intensification [22-24],
and IEEE power quality constraints [25, 26]. Power plants are
used as distributed generation in distribution networks.

The main purpose of this research is to determine the
location and optimal capacity of distributed generation units
by considering these five objectives: reducing losses,
improving voltage profile, improving system reliability, the
optimal size of DG unit, and reducing the construction cost of
combined wind and solar power plants. Each of these
individual goals has been transformed into a single-objective
function using weighting coefficients. These coefficients are
determined using the AHP method and applied to the
objective function of the problem.

2. MATERIAL AND METHOD

(https://doi.org/10.30501/jree.2022.327250.1321).
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2.1. Case study

The intermittent behavior of the intensity of solar radiation
has caused solar power plants to not have continuous and
controllable characteristics. Wind power plants also do not
have a uniform characteristic due to intermittent wind
intensity. In this paper, in order to achieve uniform energy
from renewable sources, a combination of wind and solar
units is used. From the point of view of the power system, a
solar power plant, which can include several photovoltaic
panels with different capacities, is one of the sources of
uncertainty in the system. In system studies in the presence of
wind and solar power plants, their output power must first be
determined. The output power of the combined wind and solar
power plant depends on the intensity of the sun radiation and
the intensity of the wind in the installation area. Therefore, the
intensity of sunlight and wind in the study area must be

400

calculated and then, the solar and wind panel model must be
determined. The studies of this paper are based on the data of
solar radiation intensity and wind, which are the daily average
of the New Energy Organization of Iran (SANA) for the
Meshkinshahr region located in northwestern Iran, and the
data has been applied in system simulation. Graphs related to
the intensity of solar radiation and wind intensity in the study
area can be seen in Figures 1 and 2, respectively.

Among the important issues that should be considered in the
optimal placement of distributed generation sources in the
distribution network is the existence of an unbalanced network
and load and the effect of nonlinear and harmonic loads. Such
network load is unbalanced. Therefore, it is necessary to
optimize the house by considering the unbalanced load
condition. This issue has not been considered in most of the
research methods.
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Figure 1. Intensity of solar radiation throughout the year for Meshginshahr
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Figure 2. Intensity of wind speed throughout the year for Meshginshahr

2.2. System model in harmonic frequencies

At harmonic frequencies, accurate models are available for
distribution lines and parallel capacitors. However, the exact
harmonic model of the power supply system, distribution
lines, transformer stations, and linearity and non-linearity is
not available. If the skin effect is ignored, the capacitor and
the lines can be shown as follows in the n harmonic [27, 28].

yé =ny¢ (1)

Viir1 = Rijer +0Xjie1) 2)

where Rj;;; and X;j;1 show the values of the position and
reactance of the line between the 1 and i + 1 buses,
respectively. Power sources and transformers are usually
denoted by short-circuit admittances, y? and yZ, and entering
the scale of harmonics. With respect to linear loads, a general
resistance model parallel to the inductor is used to show the
active and reactive powers at the main frequency. If only
(wi-1) which is the share of linear loads in the ith bus is
assumed, the load admittance at the kth level is expressed as
follows:

1—w; _
Va = oz Pa—i—) 3)
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Nonlinear loads are also usually considered as ideal current
sources. Composite loads are modeled as an impedance (linear
load share) parallel to a current source (nonlinear load share).
It should be noted that under harmonic conditions, there are
negative and zero sequence components of the current even in
the balanced networks. In addition, the multiples of three all
appear in zero sequences; thus, a fundamental factor in
voltages and multiples includes a three-fold approach
connecting capacitive banks, transformers, and loads.

2.3. Network modeling in the presence of harmonics

The distribution network is modeled by considering the
harmonic in the form of a single-line diagram shown in Figure
3. The distribution of the harmonic load after modeling the
system is described below.

e W1 R —

BUS-i

BUS-i

Figure 3. Single-line diagram of a feeder in a distribution network

Modeling a feeder is done according to the following steps:

1) The amplitude and angle of the voltage phase of each bus
are obtained using the Backward/Forward Sweep Power Flow
Method and based on the results, the resulting network losses
are calculated.

2) At high frequencies, the power system is modeled as a
combination of current sources and passive elements, because
the admittance of system components changes with a
harmonic order change. The admittance matrix must be
modified in each harmonic order.

3) Linear loads are modeled as resistance and parallel
reactance. Nonlinear loads are considered as current sources;
thus, the harmonic current injected by the nonlinear loads in
the ith bus is calculated according to Equation (4), and the
index C(h) in each harmonic order is based on Fourier
analysis.

[VE] [ Y Y50 1K
[ v | }fz’g Yk [ 7% |
= ) . 4
VTIL(—I Y‘nIYL—lm—l YnIYL—l m 111{—1
[ yx | 00 Yk ., Yk, [ x|
Pi: + i0y:1"
Iil — [ hi - ]th] (5)
il
I = cyf (6)

4) The effective value of voltage at bus i is calculated by
Equation 7 as follows:

(M

where P; and Qj are the active and reactive power of the 1%
load in the 1% bus, respectively. R and X are the resistance and
reactance between successive buses i and i + 1, respectively,
and H is the highest harmonic order.

2.4. Power losses

Power loss is considered as one of the important goals in
studies related to distributed generation. It is considered as the
most important single goal and is stated as follows:

n
Pl = ) Ril? ®)
i=1
Plossi
Fy = 9
! l:’loss,base ( )

where [; is the current passing through line i, n is the total
number of lines, and R is the resistance of line i. Pygg; is the
Poss Vvalue for the ith branch after DG installation and
Ploss base 18 the initial value of Pys.

2.5. System reliability

To show a more tangible view of the overall network status,
system-related reliability indicators are used to show the
behavior of the entire feeder. Some of these indicators that are
used in this work are:

¢ The system average interruption frequency index (SAIFI):
AN
XN;

where 2; is the failure rate and N;j is the number of customers
for location i.

SAIFI =

(10)

e The System Average Interruption Duration Index (SAIDI):

n L ULN;
SAIDI = =1 ——
i=1 Ni

(11)

In the above relation, U; is the annual outage time for
location i (h/year).

o The Average Energy Not Supplied (AENS):

AENS = on> (12)
XN
In the above relation, ENS is the Energy Not Supplied in
terms of (kWh/year). The general system reliability index is
examined through the following equation:

SAIF]; SAID; AENS;
k= SAIFI SAIDI )+ (AENS
base base base

] (13)

where SAIFI; is the system average interruption frequency
index after DG installation and SAIFl,,s is the system
average interruption frequency index for the primary network
without DG installation. The other indicators of the above
relationship are the same.

2.6. The optimal size of DG

The optimal size of the DG can be calculated by the following
index:
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l:’D G

ij

F3 = NP—
Zj:l Pload,j

(14)

where PDGi,]- is the power on the bus j for the ith branch, Pload].

is the active power of the load point j, and Np is the total
number of load points.

2.7. Network voltage profile

The function F, is the voltage profile index and is calculated
as follows:

n 2
Fo= ) (1= VD) (s)
i=1

In the above relation, V; is the bus voltage at point j.

2.8. Cost of operating the hybrid system

The function F; is the index for the total cost of the wind and
solar hybrid system, which is calculated by the following
equation [29, 30]:

CDG

Fs = (z—) (16)

Cpey

Cpg = Xs NPC(S) = N x (CapitalCost +
17

1
(Re placementCost X k)) + (0&MCost X M)

where the vector S is equal to Cpg, s= (PV + WT) which is the
base cost. In this case, it is equal to Cpgr = 1000000. CRF is
the capital recovery factor that is calculated by the following
equation [29, 30]:

ir(1 +ir)R

CRF(ir,R) = m

(18)

where ir is the discount rate and R is the project lifetime.

2.9. Modeling of the studied equipment
2.9.1. Photovoltaic system

The output power of photovoltaic panels can be calculated
using Equations (19) to (21). This model includes the effects
of solar radiation and panel temperature on its output power.
These relationships at the maximum output power point are as
follows [4, 9]:

Ppy = Vmpp- Impp (19)

Vmpp = Vmppref + Pyoc(Tc — T ref) (20)
G

(Impp = Impp,ref + ISC,ref(?;) + Pysc(Te-Te ref) 21

where Ppy is the panel power, Vi, is the potential voltage,
Vimpp, ref 18 the same as Vi in standard operating conditions
(V), Lupp is the panel current, Isc, rr is the short circuit current
in standard operating conditions, Gt is the average daily
radiation (W/m?), and Gy is equivalent to 1000 W/m? for
operation under standard conditions. Pv, o, and Py, sc are the
temperature coefficients for open-circuit voltage (V/°C) and
short circuit current (A/°C), respectively. Tcrr is the

temperature of the photovoltaic panel under standard
operating conditions, which is considered to be 25 °C, and Tc
(t) is the operating temperature of the photovoltaic panel,
which is calculated as follows:

NOCT — 20

22
800 T @2)

Te(D) = Ta (D +

where T, (t) is the ambient temperature (°C), NOCT (Nominal
Operating Cell Temperature) is defined for the operation of
the irradiated panel at 800 W/m? and a temperature of 20 °C
and is usually considered between 40 °C and 46 °C.

Photovoltaic panels in series are defined using DC bus
voltage and the nominal voltage of the panel as:

VBus

Npns = (23)

va,nom

where Ny, nom is the nominal voltage of the photovoltaic
panel. It should be noted that Npy g is not an optimized target
and the number of connected panels in parallel is the
optimized targets.

2.9.2. Wind turbine

The wind speed at the reference height h,. is used as the daily
average to determine the wind speed colliding with the wind
turbine in the model below. The wind turbine model is
described as follows:

V(o) = V(0. (h%)Y (24)

where V(t) is the wind speed at height h, Vr is the wind speed
recorded at height h, and y is called the legal power view,
which is between 0.14 and 0.25. This formula of wind speed
calculation is used to calculate the turbine output power Pwr
(t) as follows [4, 9]:

Pr V, <V < Vo
0 otherwise
25
b Vgi Pr ( )
= ,a =
(V3 -v&) (V3 -v&)

avd(t) —bPy V,, <V<V,
Pyr(t) =

where P; is the allowable power. V¢, Vi, and V¢; are the low
cut-off speed, nominal speed, and high cut-off speed of the
turbine, respectively.

2.9.3. DC/AC converter

The DC/AC converter is used to convert the total DC power
from the hybrid power plant into AC power at the desired
frequency. In order to investigate the converter losses on the
output power of the hybrid power plant, the following
equation is used:

Pinv-1oad = (Pren-inv) X Ninv (26)

where m;,, is the converter efficiency. Costs related to
investment, maintenance, replacement of parts, and operating
costs of the system are shown in actual values in Table 1.
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Table 1. Technical specifications of the used equipment

13

Annual fee
Investment cost | Replacement cost Life-time | Accessibility | Efficiency
Equipment (Repair and maintenance)
($/unit) ($/unit) (yr) (%) (%)
($/unit-yr)
PV 7000 6000 20 20 96 --
WG 19400 15000 75 20 96 --
DC/AC 800 750 8 15 99/89 90
2.10. Optimization Parent 1 [0 |1 0w 1| v | ows
2.10.1. Improved GA algorithm
Considering the advantages and disadvantages of each of the Parent2 L[1f1]J0 L ofLol 090
real and binary coding methods and considering that there are
both continuous and discrete variables in the problem of drimg 10 | 0 | ] ||] ]

optimal placement of scattered products, the proposed genetic
algorithm uses the combined coding method. In this coding
method, each chromosome is divided into two parts:
continuous variables and discrete variables. This coding
method significantly reduces the length of the string and
reduces the computational volume. Moreover, in this method,
it is possible to use the advantages of both real and binary
coding methods and no approximation is required to execute
the obtained answer.

NRNNOSNEEE

Figure 4. String structure

| LR |

2.10.2. Genetic operators

Since in the proposed genetic algorithm, each chromosome is
divided into two parts, continuous and discrete, it is necessary
to define the genetic operators of mating and mutation in
accordance with this coding.

2.10.3. Coupling

The genetic operator function selects the length of the binary
and real parts of the operators proportional to the selected
strings as the parent. The advantage of this method is that
operators that respond better to continuous variables can be
used for the real part while operators that work better for
discrete variables can be used for the binary part. The mating
operator presented in this dissertation is a scattered-
exploration operator. This operator uses the scattered operator
for the binary part and the more efficient exploration operator
for the real part. The sparse operator first generates a random
string of zeros and ones along the binary portion of the
chromosome and then, replaces one of the corresponding
genes of the first parent and zero of the corresponding genes
of the second parent. The exploration operator generates a
point from the pairing of the parent points that is on the line
connecting these two points and closer to the better parent. If
we assume that parent one is better than parent two, the
resulting child will be as follows:

Child =R x (Parent 2 - Parent 1)
where R is the ratio of the child to the better parent. The

following figure shows how the sporadic genetic operator
works and generates a new string of selected parents.

Lo [onmeg 00

Figure 5. Scattered-exploration operator mutation

Childetmating (G| 1] 0

The mutation operator for the proposed method first generates
a random string of zeros and ones in which the probability of
one is equal to the probability defined for the mutation
operator. Then in genes corresponding to one, if they are in
the binary part, it converts zero to one and one to zero, and if
it is in the real part, it puts a random number in the allowable
range for that variable instead of the corresponding number.
The function of the mutation operator can be seen in the figure
below.

poi (1 (%[0 29 ] 2 [ws |

il

Tk vokig, | [ [ 9 FAEINEIN

ohild o paerbes (5 [ R [0 [0 [ 00 [ g

Figure 6. Mutation operator

Execution steps of GA-improved algorithm:
1) Obtain the value of t =1
2) Produce x chromosome randomly in the desired range

3) Determine the fitness value of the function f (x) and assign
this variable value as the best child (Xbest)

4) Calculate the child of the new generation using Equation
1)
5) Take the value t = tmax

6) Check the condition of completion of steps and determine
Xoptimal Dased on the following command:

If t=tmax g0 to step(2) else Xoptimal= Xbest

7) The end

Figure 7 shows the GA-improved algorithm process.

2.10.4. Optimal placement of distributed generation

In this section, the objective function of the problem of
optimal placement of distributed generation with equal and
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unequal constraints is expressed. In this formulation, the effect
of harmonic distortion of voltage sources on the network is
considered.

v

Production of x chromosome randomly in the desired range

v

Best= X

—

Calculate the child of the new generation

v

i=1

-:T.-—b Best = best;

i
8

Xoptimal= BeSt

Figure 7. GA-Improved algorithm flowchart

The main purpose of this research is to determine the
optimal location and capacity of distributed generation units
by considering the five objectives of reducing losses,
improving voltage profile, improving system reliability, the
optimal size of DG unit, and construction cost of combined

wind and solar power plant. Each of these individual goals has
been transformed into a single-objective function using
weighting coefficients. These coefficients are determined
using the AHP method and applied to the objective function of
the problem. The AHP model was first used by Thomas L
Saaty in the 1970s. AHP is a simple computational method
based on the main operation on the matrix, which calculates
its specific values by creating a suitable hierarchy and
processing step by step and constructing adaptive matrices at
different levels, and in the vector of final weight coefficients,
the relative importance of each option is determined according
to the purpose of the hierarchy. The first step in calculating
weighting coefficients is to prioritize the problem criteria.
These values are applied as five priorities in this research in
the following relation.

The criteria and sub-criteria used to evaluate sustainable
energy options are summarized in the conceptual model
shown in Figure 8.

The statistical population of this research dwell in
Meshkinshahr. After determination of the potential of
renewable energy and economic analysis, the level of
prevention of environmental pollutants in comparison is
determined with fossil resources. Then, using the analytical
network process (ANP) for each of the sub-indicators of the
economic dimension, the environmental dimension is assigned
to each of the weighted renewable energies. Using the multi-
criteria decision method of PROMETHEE, renewable energy
(solar, wind) is used from the economic viewpoint and the
environmental dimension is scored. Also, free R programming
software is used for data analysis, which is an implementation
of the ANP weighting method. The ANP method, which is a
generalization of the Analytic Hierarchy Process (AHP)
method, does not require a hierarchical structure and,
therefore, shows the relationship between different levels of a
decision in a network.

The preference linear function p (d) is considered and a net
superiority value @ () is obtained. The linear function p(d) is
obtained as follows:

0 d<o0
p(d)={d/p 0<d<p 2N
1 d>p

||“_"_'[;*"'=._|

|. em‘lmnmmul I

T EEEEE

Figure 8. Conceptual model of influential factors of renewable energy

The net superiority value for region a, ® (a) is calculated as
follows:

@) = (a) — d(a) (28)

1

o*(a) = m;“(a' ), (29)
1

“(a) = —] Z n(x,a), (30)

XEA
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And
6
m(a,x) = Z pj(a,x) wj, 31
=1
6
n(x,a) = Z pj(x% a) wj, (32)
=1

and w;’s are the weights assigned by the AHP method to
each of the indicators of urban prosperity in terms of
infrastructure. Now, if ® (b) < @ (a), region a has less urban
flourishing than region b, and vice versa.

Also, to make it easier to interpret the values of superiority
between -1 and 1, it can be converted into a score between 0
and 100 using the following conversion:

v = 2@ @D, 440 (33)

According to the score presented by Equation (30), the
status of operation of five types of renewable energy in
Meshkinshahar studied is classified into (0-1) as:

Wl/Wl. . .W1/W5] [ ]
(34)

Ws/W1 Wn /Ws

In the second step, the compatibility coefficient is calculated
by the following equation:

Cl
= 35
CR = (35)

In the above equation, RI is random index and CI is obtained

using the following relation:

Cl=—— (36)

(2= 6)

According to the above relations, the value of weighting
coefficients in this problem is calculated according to the
preference and the order of importance is equal to W;=0.388,
W>=0.2186, W3=0.1943, W,=0.1564, and Ws=0.043. In
general, the objective function of the problem is to minimize
the following equation:

min F=F=3Y5_,wpn.Fy

5
c[0,1] 3w, =1 (38)
m=1

2.10.5. Constraints

Problem constraints are applied in system simulation as
follows:

e Power balance constraint:

N

39

Pslack + Z Ppg, = Z Pp, + B, (39)
=1

o Restrictions on active and reactive power:

OB < Qpgi < OBEF (40)
POl < Ppei < PO

o Losses:
. . (41)
Loss, (withDG) < ) Loss,(withoutDG)

o System reliability constraints:

Z SAIDI (withDG) < Z SAIDI (withoutDG)

Z SAIFI, (withDG) < Z SAIFI, (withoutDG) (42)

Z AENS, (withDG) < Z AENS, (withoutDG)

e The number of photovoltaic (PV) panels and wind turbines
(WT):

Npy,in < Npy < Npy,_ (43)
NWTmin S NWT S NWTmax

¢ Voltage and bus current:

[V Min < ;] < [vg[max (44)
(5] < |15|™max

3. RESULTS AND DISCUSSION

In order to demonstrate the accuracy and precision of the GA-
Improved algorithm, the IEEE standard 30-bus network,
which is shown in Figure 9, has been studied and evaluated.
Taking into account the network losses before installing DG
and the resulting voltage drop in the power system, the
selected DG capacity for the network is equal to 3.43 MW.
Considering that the purchase price of electricity by renewable
units to the network in Iran is equal to 0.045 $/kW, the rate of
return on equity is equal to 7.6 years during the operation
period of the system.

Y
i
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Figure 9. Single-line diagram of the studied network
The convergence process of the proposed algorithm is
intended to solve the problem with the objectives and is
shown in the form of a single-objective problem in Figure 10.
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Figure 10. Convergence process of the GA-improved algorithm

The values obtained for system losses before and after DG
installation and the rate of improvement of the network

voltage profile after DG installation are seen in Figures 11, 12,
and 13, respectively.

According to Figure 11, with the placement of DG in bus 8
of the study network, system losses have been significantly
reduced compared to the case of no DG installation and have a
value equal to 72.48 kW. However, this amount of losses
before installing DG had a value of 172.64 kW. The rate of
reactive system losses in the two cases before and after the
installation of DG is also seen in Figure 12.

According to Figure 12, the reactive loss rate after DG
installation has a lower value than the case of no DG
installation. According to the results of optimal placement of
DG in the desired bus, the system reactive losses from the
amount of 126.17 MVAR before installing DG have reached
37.46 MVAR after installing DG in the desired bus.
Significant reduction of these losses for the installation of one
DG unit with the aim of achieving the least losses is one of the
important achievements of this study. Figure 13, which is
related to the voltage profile of the studied network, shows the
acceptable improvement of the system voltage profile after
DG installation.
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Figure 11. Active network losses before and after DG installation
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Figure 12. Reactive network losses before and after DG installation
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Figure 13. Network voltage profile before and after DG installation

According to Figure 13, the rate of the reduction of voltage
profile in the case without using DG has a value equal to
0.7346 P.u, while after installing DG with a capacity of 3.43
MW in the bus 8 of the above network, this index reached
0.9424 P.u.

The results of the system simulation are also presented
numerically in Table 2. According to Table 2, the total grid

voltage profile improved by 0.2078 (P.u) after DG
installation. The optimal reduction of system reliability values
according to the values obtained for SAIDI, SAIFI, and AENS
indices can be seen in the table. The required capacity of the
network for the design and installation of DG is equal to the
amount of 3.43 MW, which includes 24 photovoltaic panels, 5
wind turbines, and 11 inverters at a cost of 1.552 M$/MW.

Table 2. Results of the GA-improved algorithm

Parameter | PoPulation | Bus caﬁ‘;giy ll)(‘)’svsveesr ‘l,?,;::;, SAIDI SAIFI AENS | PV | | Conv. | NPC
size bar DG (KW) (P.u) (h/yr.cent) | (h/yr.cent) | (kWh/yr) | (kW) kW) | (M$/MW)
Wgé’”t 50 - - 172/64 | 0.7346 6/45 328/79 - - - -
With DG 50 8 343 | 72/48 | 0.9424 1/04 12642 | 24 | 5 | 11 1/552

According to the results related to system reliability, the
index SAIFI has a value equal to 1.04 times of shutdown
during the year and this means that this index, which indicates
the average shutdown frequency of the entire network, has a
value of 1.04 during the year, which is a very desirable
amount in the design of distributed generation systems. It
should be noted that the value of this index, as seen in Table
2, had a value of 6.45 times a year without the use of DG. By
improving the reliability index of the second system, the
SAIDI index was formed and calculated in this research and
had an average value of 4.36 hours per year, while this index
for the system without the use of DG was calculated and it
accounted for 19.8 hours per year, which was a decrease in the
indicator of the usefulness and obligation to install DG in the
network during the operation period. Then, the third index of
the system reliability, AENS is calculated for both cases
before and after DG installation and is applied in the table
resulting from the system simulation. This loss index after
installing DG in the desired bus has a reduction of about 200
kWh during the year and has a value equal to 126.42 kWh per
year.

According to the results, the total amount of losses after
installing DG was reduced to 72.48 KW. The construction
cost of the DG power plant, in this case, was quite smaller
than that in previous studies, which was due to the selection of
the optimal combination of wind and solar units to ensure the
desired load in the study network.

4. CONCLUSIONS

In this research, the location and determination of the optimal
capacity of distributed generation units for the IEEE standard
network were done by the GA improved algorithm. The high
accuracy and precision of the proposed algorithm was one of
the main reasons for choosing this algorithm due to the lack of
need for many control parameters. The objective function
modeling of the problem included power losses, voltage
profiles, reliability, DG size, and construction cost of the
combined wind and solar combined generation unit in this
study. The results of optimization show a 61.23 % reduction
of total system losses after DG installation and improvement
of system reliability indices, especially the SAIFI, from 6.45
(h/year) to 1.04 (h/year) after installing DG. Reducing the
construction cost of DG unit, an optimal increase of network
reliability, and significant reduction of power losses were the
advantages of choosing the combined wind and solar mode in
the studied network. The rate of return on capital was also
calculated for the proposed hybrid system in this paper and

had a rate of 7.6 years during the operation period of the
system. According to the results, the total amount of losses
after installing DG was reduced to 72.48 kW. The
construction cost of DG power plant, in this case, was quite
smaller than that in previous studies due to the selection of the
optimal combination of wind and solar units, thus ensuring the
desired load in the study network.
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In this research, the performance of an asphalt solar air collector was experimentally tested and the daily
thermal and exergy efficiencies of the collector were analyzed. The sun's radiant energy is absorbed by asphalt
and converted into thermal energy. Then, it is transmitted to aluminum pipes buried under the asphalt and,
finally, to the air passing through the pipes. A suction fan induces the ambient air to the collector. The
experimental results show that the daily thermal efficiencies at mass flow rates of 0.007 (kg/s) and 0.014 (kg/s)
are 11.98 % and 24.10 % and daily exergy efficiencies are 0.34 % and 0.66 %, respectively, showing the
increase in daily energy and exergy efficiencies with increasing the air mass flow rate. In addition, results

Air show that as the flow rate increases, the outlet air temperature decreases. The presence of temperature

Solar Energy,
Efficiency

difference between the inlet and outlet of the collector in the last hours of the day, when the sun's radiation is
low, indicates that asphalt acts as a thermal energy storage medium.

https://doi.org/10.30501/jree.2022.334587.1347

1. INTRODUCTION

Nowadays, due to the growth of energy demands in
communities and the reduction of fossil fuel sources in the
world, there is a tendency to use renewable energies. Among
the various types of renewable energies, solar energy has
received more attention in recent decades. One of the most
important applications of solar energy is the production of
electricity using solar panels and also the heating of various
fluids such as air and water by solar thermal collectors. Solar
thermal collectors are responsible for converting the radiant
energy received from the sun into the thermal energy required
to heat the fluid. Solar air collectors are used in many
applications such as dryers, indoor heating, cooking, etc. [1].
Researchers are interested in solar air heaters because of their
affordable cost, simple structure, and ease of construction [2,
3].

Asphalt and concrete solar collectors are very popular due to
their ease of construction and good efficiency. The asphalt and
concrete solar collectors are commonly used for water or air
heating; so far, researchers have pursued different goals for
the study of these types of collectors. Concrete Solar
Collectors (CSCs) are a solar thermal technology for low-
temperature applications. They are particularly suitable for
integration on precast concrete clad buildings [4]. Asphalt
solar collectors have better performance in energy storage and
efficiency due to higher absorption coefficient and lower
thermal conductivity than concrete collectors [5, 6]. A group

*Corresponding Author’s Email: ameri_mm@mail.uk.ac.ir (M. Ameri)
URL: https://www.jree.ir/article 155030.html

of researchers by examining different types of pipe
arrangements in asphalt collectors have tried to provide the
best model of pipe placement to achieve the maximum
performance of these types of collectors. In a laboratory study
and numerical solution, Chiarelli et al. [7] discussed the
arrangement, cross-sectional shape, and air volume of pipes in
an asphalt air collector. In another study, Ehsan Hassan Zaim
et al. [8] employed laboratory analysis and simulation of
different models to investigate different arrangements of pipes
in the thermal dynamics of an asphalt collector with water-
working fluid. Then, they presented the best model for
maximizing energy efficiency. Other studies have tried to
investigate the effect of various factors on the efficiency of an
asphalt solar collector such as the effect of using glass on the
collector, the effect of solar radiation intensity in hot and cold
seasons, and also the performance of the collector at different
flow rates. In a study, Amirpooya Masoumi et al. [9]
investigated the role of various factors in increasing the
efficiency of an asphalt solar water collector in laboratory
conditions. The results of this study in two cold and hot
months of the year show that in general, the inlet temperature
of the collector has a greater effect on increasing its
performance than the surface temperature and conductivity of
asphalt. Farzan et al. [10] experimentally investigated the
effect of flow rate on the efficiency and dynamic behavior of
an asphalt collector with water as working fluid. Results show
that by increasing the flow rate, the thermal efficiency of the
collector increases. In another experimental study by Farzan et
al. [11], the effect of glass on the performance of an asphalt
solar water collector was investigated, which showed the
beneficial effect of using a glass shield on the collector

Please cite this article as: Motamed Sadr, A., Ameri, M. and Jahanshahi Javaran, E., "Evaluation of the experimental performance of an asphalt solar air
collector", Journal of Renewable Energy and Environment (JREE), Vol. 10, No. 2, (2023), 19-26. (https://doi.org/10.30501/jree.2022.334587.1347).
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surface. Studies on the pipes material in asphalt collectors
show that metal pipes, which are often copper pipes, have a
greater effect on increasing the performance of the collector
than other materials [6]. In previous studies, the performance
of asphalt collectors, which were often responsible for water
heating, has been numerically and experimentally
investigated, and few studies have only touched the issue of
the operation and daily energy and exergy efficiency of an
asphalt solar air heater in real conditions. Saad et al. [12] built
a solar air heater with a free convection flow to investigate the
effect of environmental parameters, such as ambient
temperature and wind speed, on asphalt and outlet air
temperature. In free convection flow, due to the low amount
of flow rate, thermal efficiency is negligible.

To the best of authors’ knowledge, experimental
investigation of an asphalt air solar collector and evaluation of
energy and exergy efficiency considering forced convection
heat transfer have not been studied yet. In this research, an
asphalt collector with 15 pipes and area of 1.4 m? has been
tested for 8 hours during a day for two mass flow rates. The
main objective of this study is to compare the thermal and
exergy efficiencies of the asphalt solar air collector in a forced
convection heat transfer regime. Based on the results for
thermal and exergy daily efficiency as well as the output
temperature of the collector at different hours of the day, the
advantages of using asphalt solar air collectors can be realized
further.

2. EXPERIMENTAL

In this experimental study, a wooden mold made of thick
Russian wood was used. Russian wood is very suitable for
outdoor use due to its high resistance to environmental
conditions. On the other hand, due to its very low heat transfer

Vol. 10, No. 2, (Spring 2023) 19-26

coefficient, it does not easily transfer the heat stored in the
asphalt layers to the environment and reduces the heat losses
as much as possible. The asphalt used in this experiment is the
commonly used asphalt in Iran. Thermophysical properties of
asphalt are seen in Table 1 [8]. The substrate of this test is
divided into two parts that are separated to be examined
simultaneously for two flow rates. The area of each collector
is 1.4 (m?) and 15 aluminum pipes are buried at the asphalt
depth of 3 (cm) in each collector. The inside and outside
diameters of each pipe are 19 and 20 (mm), respectively. The
pipes are installed at a distance of 2 (cm) from each other.
Two sticks are placed between the two collectors so that the
collectors are not connected. The complete geometric
characteristics of the collector are given in Table 2. Schematic
of the asphalt solar air collector is shown in Figure 1.

Table 1. Thermal properties of asphalt

Cp (J/kg.K) p (kg/m?)
1485 2450

K (W/m2K)
1

€
0.95

Table 2. Asphalt solar collector specifications under investigation

Length of the collector (cm) 200
Width of the collector (cm) 70
Height of collector (cm) 20
Asphalt depth (cm) 8
Thickness of sand layer under asphalt (cm) 11
Buried depth of pipes from the asphalt surface (cm) 3
Distance between pipes (cm)
The inner diameter of pipes (cm) 1.9
The outer diameter of pipes (cm) 2
Number of pipes per collector 15
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Figure 1. Schematic of
2.1. Test conditions

The test site was located in Kerman where the external factors
such as trees and surrounding buildings do not affect the
performance of the collector. Latitude and longitude in this
place are 57.08 E and 30.28 N. The experiments were
performed from 9 AM to 5 PM on November 3, when the

Surlate lemperature sensar

the asphalt solar air collector

ambient temperature is relatively low. The Kipp & Zonen
pyranometer model CMP 6B was used to measure the amount
of total solar radiation. The intensity of the sun's rays is
recorded every 15 minutes. Measurements at short intervals
give a better comparison between the energy entering the
collector by the sun and the energy leaving it by the air. An
exhausted fan induces the ambient air into the collector.
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Velocity measurement was done by an anemometer-type
BENTECH GMS816A and two desired flow rates were
achieved by the changing outlet area. The flow rates
considered in this experiment are 0.014 (kg/s) and 0.007
(kg/s), which change slightly due to a small change in the
output density with time during the day and can be considered
constant. For temperature measurements, temperature sensors
TM1321 are used. The measurement accuracy for this sensor
is up to three decimal places. Temperature sensors are used to
measure the temperature of the surface of the asphalt as well
as inlet and outlet air temperatures of the collector at any time,
and they are recorded by connecting sensors to a computer.
There is a temperature distribution on the collector surface;
thus, the sensor at the surface temperature was placed at the
center of the collector. The asphalt solar collector under
consideration is shown in Figure 2. Pyranometer and

s ot S e N AT e

Figure 2. The asphalt solar collector under consideration

Figure 4. Temperature sensor and transmitter type TM-1321

2.2. Uncertainty

Examining uncertainty in empirically conducted research is a
very efficient and useful tool for calculating the number of
errors in the results. The results extracted by the experiment
may be subject to some errors, the main factor of which can
be considered the accuracy of the measuring instrument. To
obtain the amount of uncertainty during the experiment,
Equation (1) is used [13].

& oR )
wr =) Growa)l 2
1 1

i=

In this equation, R is a non-independent quantity and x is an
independent quantity. wgr and wy; are the uncertainties for the
quantities R and x, respectively.

The results of uncertainty along with the relative error based
on the mean values defined by Equation (2) are seen in Table
3 [14].

Er% = % %100 @

Table 3. Relative errors and uncertainty of experimental data

Quantity Uncertainty | Er (%)
Temperature difference (°C) +0.1414 0.8
Mass flow rate (kg/s) +0.0009 6.3
Intensity of solar radiation (W/m?) +5 0.6
Thermal efficiency (%) +0.010 5
Exergy efficiency (%) +0.012 0.2
Fan power consumption +0.04 3.8

Also, a graphical illustration of error bars is presented in
Figure 5.

&
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Figure 5. A graphical illustration of error bars

2.3. Thermal efficiency

To obtain the daily thermal efficiency of the collector,
according to Equation (3) [15, 16], the values of inlet and
outlet temperatures as well as the amount of solar radiation are
needed. The amount of heat transfer into the air can be
quantified by Equation (4). Due to the power consumption by
the fan, this amount of electrical energy must be subtracted
from the thermal energy by the fluid. For this reason, Figure
shows that the temperature difference decreases with
increasing flow rate, but increasing the flow rate increases the
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thermal efficiency of the collector [10]. In Figure , it is clear
that the maximum temperature difference is about one hour
after the maximum intensity of solar radiation. Besides, the
existence of temperature differences at the last hours of the
day is an important result that demonstrates the ability of
asphalt to store heat and to use this energy when the amount
of solar radiation decreases.

o Z q - Z Eel,fan (3)
Nth,daily —2 G+ Ac
q= rhcp(Tnut — Tin) 4)

The pressure drop to be compensated by the fan can be
calculated by Equation (5) and the consumed power by the fan
can be obtained by Equation (6) [17]. The electrical power
consumed by the fan is 1.1 (W) for the mass airflow rate of
0.014 (kg/s) and 0.36 (W) for 0.007 kg/s), respectively.

flov?  kv? 5
Ap = p (5)

2D+2

In Equation (5), f was considered 0.039 and 0.041 for mass
flow rate of 0.014 (kg/s) and 0.007 (kg/s), respectively. Also,
k=1.5[17].

h * Ap (6)

l;:el fan =
' P * Nfan

Here, 1.y, is fan efficiency which is 70 %.

In order to equalize the electrical energy consumed by the
fan to thermal energy, an equivalence coefficient is employed.
This factor is defined by Equation (7). The value of this
coefficient depends on many parameters and factors such as
the renewable energy market, exergy, greenhouse gas
coefficients, and the number of fossil fuels in the country.
According to Coventry and Lovegrove's research [18], this
numerical value is between 1 and 17, such that the coefficient
1 is for energy efficiency and by increasing this value, it
approaches the exergy efficiency. In Iran, according to the
parameters of the renewable energy market, this amount can
be considered as 4 [16].

Ee] (7)

Een

2.4. Exergy efficiency

Due to the electrical energy consumed by the fan, the exergy
loss by the fan should be subtracted from the useful exergy to
the net pure exergy. The fluid entering the collector is ambient
air; therefore, it has no exergy and only the input exergy to the
control volume is supplied by solar radiation, which can be
calculated by the patella relation given by Equation (8) as in
the following [19].

Ta ) ®)

Tsun

. 4T, 1
Einsun = GAc(1 — §Tsun + 5(
The useful exergy of the air can be calculated from Equation

(9) [20].

©

The net useful exergy is the difference between the amount of
useful exergy and the fan exergy destruction. By using
Equation (10), fan exergy destruction can be obtained by [17]:

T, (10)

Edst,fan = T_ Eel,fan
F

In Equation (10) Eel_fan is the fan power, the value of which
is 20 W. T, is the ambient temperature and Tg is the
temperature of the fluid, which is obtained from Equation (11)
[21].

Tout — T (11)

TF = T
out

The net useful exergy can be obtained by Equation (12) [22]
as follows:
Eu,net = Eu - Edst,fan (12)

Finally, the daily exergy efficiency of the collector can be
determined by Equation 13 as follows [22]:

z:Eu,net (13)
EEin,sun

nexe -

3. RESULTS AND DISCUSSION

The main purpose of this research is to investigate
experimentally the performance of an asphalt solar air
collector in terms of energy and exergy efficiencies. The
affecting parameters can be categorized into environmental
and construction ones. Environmental parameters include the
amount of incident radiation on the collector surface, wind
speed, and ambient temperature, which is the inlet temperature
to the collector. The most important construction parameters
are the materials used in the construction of the collector,
pipes, and insulation. In the present study, asphalt has been
used as the main material in the construction of the collector,
which can absorb and store high thermal energy. Low-
thickness aluminum has been selected for the pipe material,
which increases the heat transfer coefficient to the airflow
inside the pipes. In addition to their high heat transfer
coefficient, the use of aluminum pipes is more advantageous
over copper ones because it is lighter and cheaper. Figure
shows the variation of ambient temperature and solar radiation
intensity during a typical day.

Error! Reference source not found. shows the temperature
difference between the inlet and outlet of the collector. It is
seen that the temperature difference is reduced by increasing
the flow rate, but increasing the flow rate increases the
thermal efficiency of the collector [10]. The maximum
temperature difference is about 25 K and 19 K for the mass
flow rates of 0.007 kg/s and 0.014 kg/s, respectively. In Figure
, it is also clear that the maximum temperature difference is
about one hour after the maximum intensity of solar radiation.
Besides, the existence of temperature differences at the last
hours of the day is an indication of the asphalt ability to store
heat.

According to the results obtained from the collector
efficiency in Table , it can be seen that by increasing the flow
rate, both thermal and exergy efficiencies increase.

Figure shows the variation of the surface center temperature
of the collector during a typical day at two mass flow rates.
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A better understanding of the exergy efficiency is secured
by comparing the values of exergy obtained in each part. The
amounts of useful exergy of the fluid and the exergy
destruction of the fan are quite smaller than the amount of
exergy input by the solar radiation, hence low exergy
efficiency. Figure shows the input exergy from the sun.
Error! Reference source not found. and Error! Reference
source not found. show the comparison of useful exergy, net
useful exergy, and exergy destruction of the fan at mass flow
rates of 0.014 kg/s and 0.007 kg/s, respectively. According to

Error!

Figure 8. Variation of the surface center temperature of the collector

Reference source not found.10 and Error!

Reference source not found., at the final hours of the
experiment, when the sun's radiant energy is low, the net
useful exergy is very low. By comparing the results in Error!
Reference source not found. andError! Reference source
not found., it can be seen that lowering the flow rate reduces
electricity consumption and subsequently decreases the exergy
destruction, which makes the net useful exergy higher at the
final hours. Since the useful exergy is dependent on the outlet
temperature, its value tends to zero at the end of the day.
Therefore, it can be concluded that the best hours to keep the
fan on are the hours when the sun radiation is not very low.
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Figure 9. Input exergy of solar radiation
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Figure 10. Comparison of useful exergy, net useful exergy, and exergy destruction of the fan for m=0.014 (kg/s)
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Table 4. Daily thermal and exergy efficiency of the collector
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m (kg/s) Tth, daily(no—fan) (%) Nth, daily (%) Nth, daily,r=4 (%) Nexe,daily (%)
0.014 24.24 24.10 23.66 0.66
0.007 12.03 11.98 11.85 0.34
4. CONCLUSIONS Indices
) ) c Collector
In this research, an asphalt solar air heater was tested a Air
experimentally at two different flow rates. The final results of in Inlet
this research included the energy and exergy efficiency on a out Outlet
daily basis as well as the outlet temperature of the collector. F Fluid
The obtained results can be listed as: el Electrical
th Thermal
e  Increasing air mass flow rate increases thermal and fan Fan
exergy efficiencies. sun Sun
e  The presence of temperature differences at the last dst gesmcnon
hours of the day and even after sunset indicates the ability 1elxe U::;gj
of asphalt in storage and releasing heat when there is no net Net
radiant energy source. daily Daily
e  In the process of calculating the exergy efficiency on eq Equivalent
a daily basis, to obtain the net useful exergy, we subtract
the amount of exergy destruction by the fan from the REFERENCES
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1. INTRODUCTION

Integration of Distributed Energy Resources (DERs) with
Distribution Systems (DSs) has increased the ratio of DERs
operation and reduced the investment costs in DSs [1]. Green
technology, such as photovoltaic (PV) generation resources,
and DC loads, such as electric vehicle (EV) charging stations,
are used increasingly and higher levels of reliability and
power quality are demanded at the same time. Therefore, the
AC power distribution system cannot continue using the
traditional approach to manage and control energy effectively
in this new condition. Hence, a hybrid AC-DC system is
proposed as a solution to improve the network performance in
terms of network losses, addressing DERs oscillations, and
more flexible settings for the new network structures than the
traditional AC systems [2-5].

The planning of AC-DC hybrid DSs is more complicated
than the AC planning systems due to the presence of various
buses, AC-DC lines, and AC-DC converters. The power
electronic converters should be modeled correctly, and
analysis of stochastic variations of AC-DC load demands,
such as EV charging stations and DERs (PV resources and
wind turbines), adds up to the complexity of the hybrid

*Corresponding Author’s Email: rokrok.e@lu.ac.ir (E. Rokrok)
URL: https://www.jree.ir/article 155117.html

planning problem. Also, determining the optimal size and
location of some system components such as EV charging
stations and DERs is another important issue that should be
considered. Therefore, it is necessary to present suitable
methods for AC-DC hybrid systems planning in the
researches. However, the studies on hybrid DSs planning are
still in the primary stages, and no comprehensive planning
approach has yet been proposed to consider all the above-
mentioned factors in the AC-DC DSs.

The primary studies in the field of hybrid systems planning
have focused on HVDC networks. For instance, the
development of Voltage Source Converter (VSC)-based
transmission systems was investigated in [6], aiming at
reducing investment, operation, and load shedding costs of the
system. Also, a multi-objective stochastic planning model was
employed in [7] in order to define the HVDC network lines so
that the investment costs and the reactive power losses could
be minimized. The need to deliver generated electricity by
offshore wind farms led to further research on the
development of a VSC-based offshore network in [8, 9]. In
addition, a transmission expansion planning model was
proposed in [10] by utilizing the Benders Decomposition (BD)
algorithm in order to reduce system costs, including ES
(energy storage) installation costs. However, the studies in [6-
10] are suitable for HVDC systems, and they are not efficient

distribution
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enough to be applied to complicated DSs with cascaded AC-
DC structure.

Due to the development of AC-DC hybrid DSs in recent
years, the studies on the planning of these systems have
increased in number. For instance, a hybrid system planning
approach based on optimal location and size of Renewable
Energy Systems (RESs) and ESs was proposed in [11].
Furthermore, a two-level planning technique was presented in
[12] that investigated N-1 security criterion. At the first level
of this model, the system investment and operation costs were
minimized. Then, the second level of the planning problem (as
a robust optimization problem) enhunced the system
reliability. Also, a flexible multi-stage distribution expansion
planning model is introduced in [13] to analyze the variations
caused by the output power of DGs and loads demand. A
hybrid planning model based on Benders analysis was also
proposed in [14] to minimize the power losses in commercial
buildings. Besides, an AC-DC planning strategy was
presented in [15] for distribution network, which considered
the uncertainties caused by generation resources, loads, and
energy prices. This method considers the environmental
concerns as well as system investment and operation costs,
and it also enables network islanding to improve the system
reliability.

In the microgrid connected to the main grid, a planning
model was presented in [16], where the total system costs
were minimized by determining bus types and optimal size of
DGs. Moreover, a two-stage planning approach was proposed
in [17], which defined the optimal size of power electronic
converters and the microgrid type in the islanding mode.

However, the studies in [16, 17] are limited to the
predefined network structures, while the configuration
definition of AC-DC network among all probable network
structures is one of the main concerns in the upgrading of AC
network to AC-DC system.

Currently, a few studies have considered the planning of
hybrid distribution systems by determining the type of
network lines and buses (AC or DC). For instance, in [18], a
conceptual planning model was presented for hybrid DSs
which minimized the system costs by determining optimal
AC-DC configuration of network buses and lines as well as
optimal size of converters. However, in this method, all
possible AC-DC structures of the network are not considered,
and only a limited number of them are investigated. Besides,
the studies in [19, 20] employed binary matrices to introduce
VSC-based AC-DC networks and investigated all possible
structures of the network in order to reach the optimal
configuration of the AC-DC hybrid DSs. Nevertheless, the
studies in [19, 20] did not cover various combinations of DG
resources in terms of location and size.

On the other hand, most studies in the field of hybrid
systems planning have either presented an accurate model of
converter losses and approximated converter losses [8-11, 19,
20] or have completely ignored the matter for the sake of
simplicity of calculations [5, 15-16, 18].

In this study, a stochastic planning method is presented for
AC-DC hybrid DSs based on graph theory. The proposed
model utilizes the Monte Carlo scenario generation method to
investigate the stochastic variations of the renewable energy
resource output and AC-DC load demand. In addition, VSC is
used for power conversion. The planning problem is solved as
a Mixed Integer Nonlinear Programming (MINLP) problem
using Genetic Algorithm (GA) in MATLAB. The proposed
method is evaluated by comparing the results of the presented

AC-DC hybrid approach with those of the traditional AC
solution.
The main contributions of this paper are as follows:

1) A stochastic master-slave planning strategy for AC-
DC DSs is presented based on the graph theory.

2)  The optimal network configuration is determined by
investigating all radial configurations of the AC-DC
network.

All radial structures of the system are defined as the
network spanning trees, and they are generated using the
Spantree program in MATLAB.

3) A comprehensive planning model is proposed for
AC-DC hybrid DSs. The site and capacity of distributed
energy resources and electric vehicle charging stations
are optimized by DERs and EVs planning in the slave
optimization problem.

4)  The converter efficiency curve is modeled in the AC-

DC planning formulation.
In the first step, the converter losses are modeled as a
function of converter input power in PLECS (Piecewise
Linear Electrical Circuit Simulation) software. In the
next step, the converter efficiency curve is employed in
the load flow equations in order to reach more accurate
results in the planning problem solution.

The rest of the paper is organized as follows. Section 2
presents the planning problem outline. The details of the
proposed planning formulation are described in Section 3.
Section 4 is devoted to the analysis of simulation results.
Section 5 summarize the conclusions.

2. PROBLEM OUTLINE

As shown in Figure 1, AC-DC hybrid DSs include different
AC-DC loads, AC-DC generation resources, and AC-DC
buses and lines. These loads and DGs are connected to the
network via AC-DC converters. The AC and DC buses also
use AC-DC converters to connect to each other.

Interlinking e AC Sources

Converter

AC Loads
d :‘_':;(—O DC Sources
-

Z— DCLoads

v,

DC Subgrid

AC Subgrid
Figure 1. General structure of AC-DC hybrid DSs

In this study, the main objective of the planning problem is
finding the optimal AC-DC structure for hybrid DSs. For this
purpose, planning decision variables are divided into two
categories as follows:

A) The variables that determine the AC-DC radial
structure of the network including 1) system bus type
(AC or DC), 2) existence of the connection between two
buses, and 3) network lines type (AC or DC).

B) The variables related to DERs or EVs planning
including the location and capacity of DERs and also the
site and size of EV charging stations.

In this study, VSC is utilized to connect different AC-DC
loads and generation resources to the network buses as well as
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power conversions. In the following, the modeling procedure
of the converter efficiency curve is presented in order to be
employed in Load Flow (LF) calculations.

2.1. Converter model

The AC-DC systems consist of AC and DC subnetworks
where AC and DC components can be connected by VSC.
Equation (1) shows the relationship between the voltages of
the two sides of the converter in terms of modulation index, M
[19].

Vi =MV M

VSC is used in two operating modes, including inverter
mode and rectifier mode. The relationship between the input
and output power of the converter in two operating modes is
determined by Equations (2) and (3), respectively, where 1 is
the converter efficiency. The value of | can be obtained by
Equation (4) in terms of input power, Pi,, output power, Pous,
and converter losses, Pioss,c.

peac  ACBus ACBus  ,pc

Pdc -|G Pac I P«?c 4@ Pdc
DCLine I DC Line

(@) (b)

Figure 2. The operating modes of converter: (a) inverter mode and
(b) rectifier mode

P = Pac = n X Pdc (2)

out,c

SW . .
Eigbt/diode = Qjgbt/diode

where Eisg"l\)’t /diode Tepresents the switching losses of transistor
or diode, in which {a, b} and {c, d} are the curve fitting
constants for switching-on and switching-off losses,
respectively.

The total switching losses are described as [22]:

P, = 6xfyx (ED, +ES L) )

total

In addition, fixed losses include inductor inductance losses,
filters and transformers, controller circuit losses, leakage
current losses, and so on. Therefore, the total converter losses
are obtained as follows:

loss __ cond sW constsnt (8)
p - Ptotal + Ptotal +P

total

In this stage, the converter losses are calculated by
simulation in PLECS for different input powers of the
converter. The circuit contains a heat-sink unit, and its
junction temperature range is adjusted by the Ra resistor
between 25 °C and 150 °C.

Step (2): Fitting the converter efficiency curve

According to the values of power losses calculated in Step 1,
the converter efficiency is fitted as a function of the input

... b . .d
i(t)e 'EPVIOde et /diodel (e

Poul.c = Pdc =nx Pac (3)
=P PP )
1 P, P,

in in

The amount of power losses is dependent on the converter
input power. The converter efficiency is a function of the
input power of the converter. Therefore, the converter
efficiency is not a constant value, and can be obtained by the
converter efficiency curve. Accordingly, using the application
of the converter efficiency curve to model its losses in power
flow equations yields more accurate results in LF solution.

In this paper, the converter efficiency curve is obtained for a
typical converter that has six IGBT switches from an ABB
“HiPak” module SSNA 0650J450300, designed to be used as
a single IGBT-diode pair rated for 4500 V and 650. The
converter efficiency curve is used in the power flow equations
according to the following steps:

Step (1): The converter loss calculation by simulation in
PLECS

Total VSC loss is equals to the sum of conduction, switching
and fixed losses. The VSC conduction losses includes
transistor conduction losses and diode conduction losses, and
they are expressed as follows [21]:

Pcond — 6 % (P.cond + Pcond) (5)

total igbt diode

The switching losses of the converter include the total
switching losses of the diode and transistor, which is made up
of two sections: switching-off losses and switching-on losses.
The switching losses equal:

igbt/diode (6)

power to the converter in Equation (9). For the converter used
in this paper, the efficiency curve is given in Figure 3.

n="f(P,.) ©
L} ' '
E_ 107 ll‘ld_-"d_-___--.'---._-._“.__ -------------- -
T
- '
S el f :
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DRI penwerried poer
Figure 3. The converter efficiency curve for typical converter

Step (3): Modeling the converter efficiency curve in power
flow equations

In this stage, the relationship between the output and input
powers of the converter is obtained for both converter
operating modes by combining Equations (2), (3), and (9) as:
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Poul,c = f(P )X Pin,c (10)

in,c

The accurate value of converter losses is calculated by
considering Equation (10) in load flow solution.

Figure 4 demonstrates the conducted process for modeling
converter efficiency in power flow equations.

Converter efficiency
curve fitting

Converter efficiency
modeling in LF equations

PLECS Simulation

Pcond

loss
P]oss W

loss

tot
P, loss

Calculation

Figure 4. Steps of modeling the converter efficiency curve in LF
equations

2.2. Scenarios definition

In this study, the uncertainties related to the generation of
renewable resources and power demand in EV charging
stations are expressed by Johnson's distribution function as
Equation (11). The Pareto distribution function according to

Equation (12) is also used to consider the stochastic nature of
the load demand. Moreover, to model the stochastic variations
of the input parameters in the proposed programming
problem, scenario modeling is used, in which scenarios are
generated by the Monte Carlo Simulation (MCS) method.

Tty In = 11
() (1n

CDF(X) = e dt
V2mn "0.
(x-2)) 7 (12)
CDF(X)I-[1+XITZJ , A, 20
3

where CDF(X) represents the cumulative distribution function
of stochastic varaible X; yi, y2, and A; are shape parameters;

X— .
zZ= y—y"; v4 and A, are location parameters; scale paremeters
3

are y3 and A;.

The obtained scenarios from discrete probability distribution
sets for wind turbine generation, Pwr, photovoltaic generation,
Ppy, load consumption, P, and EV charging station demand,
Pgv, are defined as follows [23]:

Pyr = {(0‘ wrioBwr )’(0L wr2:Bwro )=---=(0‘ wramoBwra )} (13

Z BWT.n =1

Ppy = {(O‘ PV.I’BI’V,I )*(0‘ I’V,Z’BPV.Z )""’(0‘ I’V,n’ﬁl’v,n )} (14)

Z ﬁl’V,n =1

PL = {(OL L,I’BL,I )’(OL L,Z’BL,Z ),...,(OL L.n ’BL,n )} (15)

Ppy = {(a ev s Beva )*(0‘ evaoBevo )"”’(O‘ Ev oo Pevioe )} (16)

|
|

z BEV,n =1

where owtn, 0pv.a, OLn, and ogv,, represent the nth stochastic
variables for wind generation, photovoltaic generation, load
consumption, and EV charging station demand, respectively.
The corresponding probability with each of the mentioned
variables is demonstrated as PBwrn, Prvn, PLn, and Pevn,
respectively.

Furthermore, all generated uncertainty sets should be
combined to create an uncertainty scenario set, and the sum of
the probabilities of generated scenarios must be equal to 1.
Therefore, we have:

S=P, x Py, x P,y x P, (17)
ZBLXBWTXBPVXBEV =1

seS

Finally, the Kantorovich scenario reduction method is used
to reduce the calculations of the optimization problem. More
details can be found in [23].

3. PROPOSED MODEL

In this study, the planning model is an MINLP problem with
discrete derivatives, which is not optimized in one
optimization model because of its complexity. Hence, the
proposed planning approach is formulated as a master-slave

model. The master optimization problem is a Mixed Integer
Programming (MIP) problem and it defines the network AC-
DC structure using the GA, while the slave optimization
problem is a Non-Linear Programming (NLP) problem that
defines the location and size of DERs and EV charging
stations.

3.1. The master problem

According to the proposed framework for AC-DC hybrid DSs
planning, the decision for defining the network radial structure
and the location and the capacity of the resources is made in
the first year of the planning horizon time.

The main purpose of the proposed planning problem is to
determine the optimal AC-DC network topology with the aim
of minimizing system costs and network losses, by
considering the constraints of the optimization problem, which
is defined as:

. 18
Min FMaster = I:CNP Pboss] ( )
Cop =Gy +Cou

st n<L, VbeNB seS (19)
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where Cnp is the network planning cost. Also, the system
investment cost, Cry, including the investment cost of lines,
CLine, and the investment cost of converters, Ccony.

Because the optimal structure is selected from a set of
spanning trees of the network graph, the system buses are not
isolated. Therefore, only the maximum bus connection limit is
investigated as Equation (19). Also, the radial structure
constraint of the network in this study is achieved using the
Spantree program in MATLAB.

Min FS]ave = [COM PLOSS]

3.2. Optimization problem for DERs and EVs planning
(the slave problem)

The objective function of slave optimization problem
determines the optimal location as well as optimal capacity of
DERs and EV charging stations to minimize the operation
cost and network losses. Therefore, it is formulated as
follows:

(20)

Ns Tp 1 t Npg W (21)
Fe = Z(1+D) X[WSXZCJXP(S;': +BClnv] P
S=1 t=1 h

=

Pblnj i} Pbcal
s.t | Vb € NB
ini e
Q, -Q,
V. <V <V
flon 5V pon, s
min = Yb — Ymax

s

PG,J,min < PG,J < PG,j,mz\x
s

QG.J.min < QG.j < QG.J.max

Sii S SLmax .
S ’ VieNL,seS,ne NC
Sb,|\ < S(‘,.max
M, sM <M VceNC,seS
Py iomin < Pév)k < Py VseS, keNEV

Equation (20) calculates the system operation and
maintenance cost in the planning horizon, Com, and it is
formulated as an NLP problem; D is the discount rate;
shows the annual maintenance cost; y*® is the probability of S
scenario; PGS:jt'h is the generation cost of unit j in scenario s; Tp
is the planning horizon; Cjis the generation cost of unit j; and
PLoss 1s the total losses of network, including the line losses
and converters losses.

Furthermore, Equations (22-26) express the constraints of
the slave optimization problem. Constraint (22) ensures the
power balance among the network buses, which is obtained by
equalizing the calculated power to the injected pure power in
each network bus. To solve (22), the AC-DC load flow
method in [24] is used.The voltage stability constraint of the
network buses is defined by (23). Constraint (24) investigates
the limits of the power generated by DGs. The capacity limit
of network lines as well as the converters capacity constraint
are considered by (25). Also, (26) guarantees the modulation
index of converters between upper and lower limits. Finally,
the capcity constraints of EV charging satations are
considered as (27).

3.3. The solution procedure of planning problem

The goal of the proposed planning is to determine the optimal
AC-DC configuration by investigating all possible radial
structures of the network. The presented model is defined as
an MINLP problem that is solved by GA.

The master optimization problem is an MIP problem with
binary decision variables. At this level of optimization, the
type of buses and lines (AC or DC) as well as the type of the
supplying path of the feeders are determined by GA. Radial

VseS, jeNG

(22)

(23)

(24)

(25)

(26)
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network structures are given as input to GA which are
generated by Steps (1) to (4) as follows:

(1) The network is modeled as a graph, G; each bus
represents a vertex and each line represents an edge. The
weights of the edges represent the distance of the buses
from each other.

(2) The information of the graph, G, is given to the
Spantree (spanning trees generation using the network
graph) program in MATLAB.

(3) The Spantree program generates all spanning trees of
G, i.e., all possible radial structures of the network,
g = [g,..., ..., 8r], Where R is the number of all
spanning trees of the network and g; is the rth spanning
tree of G.

(4) The radial structures are numbered based on the total
weight of the edges and given as input to the GA
optimizer.

Then, the GA determines the type of buses and lines of g
according to the planning goals. Thus, the AC-DC structure of
g: is defined.In the slave problem, the DERs and EVs planning
is optimized. For the AC-DC structure of g;, the location and
size of the DERs and EV charging stations are optimized to
minimize the network losses and system costs. The decision
variables in the slave optimization problem include the
location and size of DERs and EV charging stations. The
MCS technique is utilized for addressing the stochastic
variations in DERs output and load demands.

For all possible radial structures of the network (i.e., r=1:R),
the master-slave optimization planning problem is solved.
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Finally, the AC-DC structure with minimum planning cost is
introduced as the optimal solution. Figure 5 shows the
flowchart of the proposed planning strategy.
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Figure 5. Flowchart of the proposed planning model

4. CASE STUDY

In this section, a test system is presented to implement and
evaluate the hybrid planning method.

4.1. Test system
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A 13-zone network is selected as the case study in Figure 6.
The network includes different DERs and AC-DC loads,
whose default locations are depicted in the Figure. The
network is assumed as a directed graph, in which each zone is
the node and every connection between the two zones is a
weighted edge. According to the planning objectives, the lines
and buses of the network can be AC or DC. Also, the location
and capacity of DERs as well as the location and capacity of
EV charging stations can vary. The capacity constraints of EV
charging stations are Pevimin = 250 kW and Pgyvimax = 1800
kW. Figure 7 shows maximum load demand in each network
bus. The maximum generated power rates of the wind
generator and PV resources are 1000 kW and 2500 kW,
respectively. The active and reactive power limits of other
generation units and the energy price are listed in Tables 1 and
2. The distance between the network buses is the shortest
possible path between two buses. Also, the effect of physical
location of loads and resources on the distance of buses is
considered. All possible paths between network buses are
defined as the matrix arrays represented in the Appendix. The
impedance for the DC and AC lines is 0.4415 Q/mile and
0.4435 +j0.726 Q/mile, respectively. Besides, the line price is
28 k$/mile [19].

The system base values include S, = 10 MVA, V2, = 4.16
kV, and V2. = 6.8 kV. The power factor of converters is 0.95.
The voltage stability limits are Vimax = 1.05 p.u., Vimin = 0.95
P-Uu., Omax = 45 deg, and Omin = -45 deg. Also, the modulation
index limits are Mmax = 1, and Mpin = 0.97. The maximum
converter capacity is 2 MVA and the converter price is 195
$/kVA. The bus connectivity constraint is considered as
Lmax = 4. The planning horizon time is 10 years. The values of
discount rate, D, and annual maintenance cost, 3, are 0.07 and
0.06, respectively. The annual load growth is assumed to be
2 %. Moreover, the presented data in [19] is used to describe
the stochastic behavior of DERs, loads, and EV charging
stations. To consider the uncertainty of stochastic variables in
the proposed model, first, the MCS method is used to generate
1000 scenarios, including all possible network states. Then,
the scenario reduction method is used to select the most
probable states including probable severe network states, and
the optimal power flow is performed in the planning problem
considering the most probable scenarios and the probable
extreme scenarios under uncertainties caused by generation
resources and load demands.
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Figure 6. 13-bus test system
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Table 1. Generators data

. Energy price
Unit | Poid () | PRG (Pu) | Quin () | QRS () | g
ACGl1 0.100 - 0.080 0.480 0.02
Diesel DG 0.100 0.200 0.010 0.096 0.20

5. RESULTS AND DISCUSSION

Four scenarios are defined in the following to evaluate the
proposed approach in this work.

Scenario 1: AC planning without DERs and EVs planning

In this scenario, no binary variable exists. All buses and lines
are AC. Besides, the location and the size of all DERs and EV
charging stations in the AC network are defined as Figure 7
and the presented values in Table 2. The structure of the radial
network is defined based on minimization of the objective
function.

Scenario 2: AC planning including optimal DERs and EVs
planning

For the AC system in this scenario, the radial structure of the
network as well as the optimal size and location of DERs and
EV charging stations are variable and are determined based on
the planning objectives.

Scenario 3: AC-DC hybrid planning without DERs and
EVs planning

The AC-DC structure of the network is unknown in this
scenario. The system buses and lines can be AC or DC. The
capacity and location of DERs and EV charging stations are
considered as known parameters of the planning problem. The
specified parameters are given in Figure 6 and Table 2.

Scenario 4: AC-DC hybrid planning including optimal
DERs and EVs planning

In this case, the AC-DC network structure is defined
according to the flowchart of Figure 5 by determining the type
of buses and lines, as well as the optimal size and location of
DERs and EV charging stations.

The optimal planning solution for Scenarios 1 to 4 is
presented in Figures 8-11, respectively. The capacity of the
converters connected to the network buses is calculated
considering the annual load growth in the planning horizon,
and the obtained values for the hybrid planning and AC

planning are depicted in Figures 12 and 13, respectively. In
Scenario 3, the capacities of the converters installed in the
network lines (C1, C2, C3) are 1500 kVA, 900 kVA, and
1000 kVA, respectively. However, in Scenario 4, the
capacities of C1, C2, and C3 are 1200 kVA, 1000 kVA, and
800 kVA, respectively. The capacities of the generation units
and EV charging stations for the second and fourth scenarios
are presented in Table 2. Figure 14 shows the system
operation cost. The network planning cost and the average
value of network losses over a 10-year horizon are listed in
Table 3.

The analysis of planning results in different scenarios is
described as follows:

1) Comparison of the first and third scenarios shows that
the lower installation capacity of converters and AC
lines in hybrid planning has led to the following:

e The investment cost is significantly lower than AC
traditional planning so that the investment cost in
the third scenario is decreased by 785.75 k$ in
comparison with the first scenario.

e The network loss in the hybrid structure is 63.5 kW
less than its value in the AC structure.

e The system operation cost in AC-DC planning is
reduced by 1077.48 k$ in comparison with AC
planning.

Therefore, the hybrid planning has saved the total cost of
planning by 4.75 % compared to traditional planning and
reduced network losses by 10.5 %.

2) According to the comparison of the results from the first
to fourth Scenarios, planning with the definition of the
optimal size and location of DERs and EV charging

stations has brought about the following outcomes:

e The investment and operation costs of the system in
the fourth scenario are reduced by 199.15 k$ and
611.51 kS, respectively, in comparison with the
third scenario. Also, in the second scenario, there
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are 86.7 k$ and 314.01 k$ savings in the system 8 %, respectively, in comparison with the third
investment cost and the system operation cost, scenario. Besides, in the second scenario, the
respectively, in comparison with the first scenario. planning cost and power loss cost are reduced by
The planning cost and power losses of the network 1.02 % and 7.6 %, respectively, in comparison with
in the fourth scenario are decreased by 2.17 % and the first scenario.
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Table 2. The capacities of DGs and EV Stations (kW)

Unit Scanario 1 | Scenario 2 | Scenario3 | Scenario 4
PV DG1 1500%* 2250 1500%** 1350
PV DG2 1500* 1000 1500%** 1900
PV DG3 1500* 1250 1500%** 1250
EV Stationl 1250* 1750 1250%** 1350
EV Station2 1250* 850 1250%** 700
EV Station3 1250* 1000 1250%** 1700
Diesel DG 2000* 1800 2000%** 1650
*  The known value for Scenario 1
** The known value for Scenario 3
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Figure 14. The comparison of system operation cost for different scenarios
Table 3. Planning results
Costs and values Scenario 1 Scenario 2 Scenario 3 Scenario 4
Cuine (k$) 1226.40 1159.20 918.40 924.00
Cconv (k$) 2466.75 2447.25 1989.00 1784.25
Civ (k$) 3693.15 3606.45 2907.40 2708.25
Com (k$) 35471.38 35157.37 34393.90 33782.39
Crr (k$) 39164.53 38763.82 37301.30 36490.65
Average of Pross (kW) 474.30 438.10 410.80 378.30

6. CONCLUSIONS

A novel stochastic planning approach for AC-DC hybrid
networks was proposed in this study. The optimal network
structure was defined based on investigating all possible AC-
DC system configurations. The presented planning model was
formulated as a master-slave optimization problem. The
master optimization problem defines the type of network
buses and lines in order to minimize the system investment
costs. The slave problem was formulated to solve the optimal
power flow equations so that the size and the location of the
DERs and EV charging stations could be determined to
minimize the both system operation cost and network power
losses simultaneously. The stochastic variation of the loads
consumption and the output of the DERs were modeled by
generating scenarios with the MCS method. In the next step,

the Kantorovich scenario reduction method was applied to
reduce the calculations burden of the planning problem. The
efficiency curve of the converter was employed to model the
converter losses accurately in the power flow equations.
Finally, the proposed approach was applied to designing a 13-
zone case study system, including different AC-DC loads and
resources. The results showed that the presented approach
could effectively reduce the system costs. The proposed
method is useful for future designers of hybrid DSs due to its
advantages and efficiency.
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NOMENCLATURE
Sets
S Set of scenarios
NB Set of network buses
NL Set of network lines
NC Set of converters
NG Set of generation units
NEV Set of electric vehicle charging stations
Indices
s Index for scenarios
b Index for network buses
i Index for network lines
c Index for converters
] Index for generation unit
t Index for years
k Index for electric vehicle charging stations
Parameters
Sy Base value of the network power (MVA)
Vb AC Voltage base value (kV)
A DC Voltage base value (kV)
NS Number of scenarios
fs Switching frequency (Hz)
Variables
p;“j /Qi}“j Injected active/reactive power into bus b (kW/kVAR)
pgal/Qgal Calculated active/reactive power at bus b (kW/kVAR)
P6i/Qqj Active/reactive power of generation unit j (kW/kVAR)
PI?&"F/P;S)%% Conduction losses in the IGBT/diode (kW)
EfW. /ESW,.  Switching losses in the IGBT/diode (kW)
Pt%"t’a’ld The total conduction losses of the converter (kW)
PSW, The total switching losses of the converter (kW)
peonstant The fixed losses of the converter (kW)
St Power passing through the network lines (kVA)
Sc Power passing through the converters installed in network
lines (kVA)
Vace Voltage at AC side of the converter (p.u.)
Viee Voltage at DC side of the converter (p.u.)
\% Voltage amplitude (p.u.)
0 Voltage angle (deg.)
M Modulation index of converter
Kinin Minimum limit of variable X
Xinax Minimum limit of variable X
APPENDIX

The distance between the buses of 13-bus test system used in
this study is given by:

D(mn)=A, (n) vme{2,3,..,13}, ne{L2,..12} (28)

where D(m,n) indicates the distance between bus m and bus n
of the system in miles; and values of An(n) are defined as:

A,=[1.0]
A, =[1.014]

A, =[201.024]

A, =[141.01.014]

A, =[2024102814]
A,=[2414201.01.024]

A, =[242014241.01.014]
A,=[3424301420341.024]
A,=[2824242014201.01.014]

A, =[3430243420142410281.4]
A,=[38283424243.0142.01.01.024]
A,;=[3.834283.024242014241.01.014]
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Anaerobic digestion is one of the most effective technologies for managing degradable waste, which produces
renewable energy and digestate as the byproduct. In this study, sewage sludge (SS), poultry litter (PL), and
food waste (FW) were co-digested at ratios (SS:PL:FW 2:1:1) with 8 % total solid content at ambient
temperature (average 22 °C) and controlled temperature (35 °C) in summer. The synergistic effects of
co-digesting substrates enhance the biogas production potential when digested at an optimized ratio. The
maximum biogas yield was 688.7 L/kgVSa at the controlled temperature and 462.3 L/kgVSa at ambient

Keywords: . ", .
Coi‘l/)igestion temperature. The ambient reactor had a methane composition of 55 %, while the controlled temperature
Biogas ' reactor had about 60 %. The results provide approaches to increase biogas production in the anaerobic

Waste, digestion process through co-digestion and controlled mesophilic temperature. Biogas production from
Temperature, anaerobic co-digestion could significantly transform waste into energy in low-income countries to achieve the

Sustainability

objective of clean energy production and environmental sustainability.

https://doi.org/10.30501/jree.2022.333462.1342

1. INTRODUCTION

Solid waste generation has been on a significant rise with the
growing population and unmanaged urbanization in
developing countries. However, waste management has
always been a challenge for the government and
municipalities, leading to environmental pollution and social
threats [1]. In this context, the gaining popularity of biogas
production from organic waste as part of a circular economy
can give a possible way out to the government and society [2].
The circular economy mainly focuses on sustainability
through the transformation of the current linear economy
towards a circular approach [1]. In waste management,
circularity has not yet gained adequate attention, especially in
low- and middle-income countries [3]. In the era of the
circular economy, waste has now become a resource for clean
energy production via technologies such as Anaerobic
Digestion (AD). AD process utilizes locally available organic
substrates to generate biogas, thus reducing the dependency
on fossil-based energy sources [4]. AD further contributes to
achieving clean energy and ensuring the achievement of
sustainable development goal 7: access to affordable, reliable,
sustainable, and modern energy for all [5].

*Corresponding Author’s Email: splohani@ku.edu.np (S.P. Lohani)
URL: https://www.jree.ir/article 156176.html

The waste to energy generation practice in developing
countries like Nepal is still in the early stages. With more than
0.2 million tonnes of manures generation per day and an
estimated theoretical potential of nearly 110 million Liquefied
Petroleum Gas (LPG)?> cylinders equivalent [6], Nepal
reserves enough energy source (more than 4.5 times of current
cooking energy supplied by LPG) to substitute cooking energy
demand of the country [6]. However, the country’s energy
scenario shows that these resources are yet to be unrealized.
Though biogas technology has existed in Nepal for more than
55 years, AD practice is still limited to mono digestion of
cattle manure which in turn is restricting the country’s actual
bioenergy generation potential [7].

Anaerobic Digestion (AD) systems are mostly used for
simultaneous treatment of waste for the production of biogas
and digestate as fertilizer. However, biogas production from
mono digestion is less preferred as it causes difficulties in
operation through the particular inherent properties of single
substrates [8]. Due to the low C/N ratio, Sewage Sludge (SS)
has less bio-methane potential, resulting in low AD efficiency
[8]. Similarly, food waste has low pH and high
biodegradability contributing to the rapid formation and
accumulation of VFAs, resulting in digester failure [9, 10].
Furthermore, AD of poultry litter alone is unfavorable due to

2 14.2 kg per LPG cylinder

(https://doi.org/10.30501/jree.2022.333462.1342).
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the presence of high nitrogen concentration and is ultimately
reported to have low biogas production [11].

Thus, co-digestion is being used for its additional benefits
including microbial synergistic effects, potential toxic
dilution, improved nutrient balance, relatively higher biogas
yields, and an increased digestion rate [12, 13]. Co-digestion
of the substrates not only enhances methane production
potential but subsequently facilitates the management of
locally available wastes [14]. The selection of a co-substrate is
an important factor in co-digestion and it should complement
their properties which aid both stabilization of the process and
improvement of the digestion process. A limited study has
been conducted with SS, PL, and FW as three co-mixed
substrates for biogas production under ambient as well as
controlled temperature conditions. A study on co-digestion of
SS with swine manure and PL at a ratio of 7:2:1 in a semi-
continuous process and cow manure with FW and SS at a ratio
of 7:2:1 under mesophilic conditions reported a biogas yield
of 0.336 m*/kgV Sadded and 0.6 m>/kgV Sadded, Tespectively [15].
Another study on co-digestion of rice straw with kitchen
waste and pig manure in mesophilic (37 = 1 °C) conditions
(KW:PM:RS in 0.4:1.6:1) reported that the biogas yield of
674.4 L/kg VS, was higher than that of the digestion of rice
straw or pig manure alone by 71.67 % and 10.41 %,
respectively [16]. A similar study by Callaghan et al. reported
that the methane yield increased from 0.23 to 0.45 m3.kg' VS,
by introducing the cattle slurry with fruit and vegetable wastes
from 20 to 50 % in co-digestion at 35 °C [17]. All of these
studies were carried out with substrates FW, SS, and PL in a
controlled mesophilic environment, which reported a
significant increase in biogas yield.

As of now, about 430,000 household biogas plants are
installed in Nepal, solely operating at ambient temperature,
without any digester heating provisions or feedstock
pretreatments [6]. A field study conducted at the Kavre district
of Nepal reported that more than 80 % of household biogas
plant users (300 households surveyed) were not satisfied with
the plant performance [18]. The insufficient biogas production
especially during the winter was the primary concern of most
users. Thus, understanding the co-digestion performance in
ambient and controlled temperature conditions helps
designers, bio-gas companies, and policymakers adequately
assess the performance of existing biogas plants in the local
context and plan for optimized performance of the plants.
However, there is a dearth of literature on the performance of
biogas plants practicing co-digestion of various wastes in
ambient temperature conditions and their performance
compared with those being operated in controlled temperature
conditions or mesophilic temperature conditions. Hence, this
study aims to: i) compare the biogas yield obtained from
co-digestion of locally available substrates under both ambient
and controlled temperature conditions and ii) explore the
possibility of the use of locally available co-substrates in the
household anaerobic digestion process. Moreover, this study
also helps provide solutions to achieve more efficient and
sustainable energy generation techniques for similar digesters
operating at similar ambient temperatures in other low- and
middle-income countries.

2. METHODOLOGY

In this lab-scale semi-continuous process, experiments were
conducted under ambient and controlled temperature
conditions. Co-digestion of SS, PL, and FW at a mixing ratio

of 2:1:1 was taken as the optimal feed co-digestion ratio since
it gave the highest biogas yield during the previous
experiment [19]. The overall laboratory experiment was
conducted from April to July in the temperature range of
13 °C to 29 °C, which is a different temperature range from
the previous experiment.

2.1. Feeding material

Sewage sludge was collected from a community wastewater
treatment plant operating at ambient temperature in Dhulikhel,
Nepal. Food waste was collected from the university canteen
comprised of mainly cooked rice, vegetables/peels, and lentils
presented in Table 1. Before feeding, FW was blended to get a
finer particle size less than 10 mm in diameter and/or length
as suggested by Hollinger et al. [20]. Fresh cow dung was
obtained from the cattle farms of residents. A mixture of
sewage sludge and cow manure at a ratio of 2:1 (wt/wt) was
used as inoculum for the experiment. Poultry litter was
collected from a Deep litter poultry farm in Dhulikhel. All the
samples to be fed to the reactor were collected and stored at
4 °C for the entire experiment.

Table 1. Composition of food waste

Feed compositions Percentage
Rice 60 %
Potato peels 10 %
Cucumber peels 5%
Carrot peels 5%
Potato cooked 3%
Daal 10 %
Peas (Cooked vegetables) 7%

2.2. Digester setup and operation

The experiment was carried out under ambient and controlled
temperature conditions in a semi-continuous process from
April to July at an average ambient temperature of 22 °C, with
a maximum of 28.8 °C and a minimum of 13.5 °C recorded in
the temperature logger. For the ambient temperature
condition, two 5 L bottles were taken, as shown in Figure 1,
with a fitted infusion set to measure the amount of gas
produced during the experiment. A PVC pipe attached to
plastic funnels was used to feed the substrates. Proper sealing
was done to ensure an airtight setup as required for the AD
process. The gas production was measured with the help of a
measuring cylinder through the water displacement method.
For the experiment in ambient temperature conditions, three
reactors in triplicate were set up and a co-digestion mixture of
SS, PL, and FW at a mixing ratio of 2:1:1 was fed into those
reactors. The mixing ratio of 2:1:1 was chosen from the
previous work [19] from the Renewable and Sustainable
Energy Laboratory (RSEL), Kathmandu University, which
gave the highest biogas yield and maintained a stable AD
process. The difference from the previous study lies in the
ambient temperature range of the experiment. Moreover, this
study carries out a new set of controlled temperature (35 °C)
experiments so that the result can be compared with ambient
temperature result, a task that was not conducted in the
previous study. The organic loading rate of 1.2 g VS/L.d,
HRT of 45 days, and 8 % of TS were maintained in the tests.
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Figure 1. Schematic diagram of reactor setup for the ambient condition
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Figure 2. Schematic diagram of biogas test plant-2 (Left); biogas test plant-2 (Right)

For the controlled temperature condition, a lab-scale Biogas
Test Plant (BTP 2, Umwelt-und Ingenieurtechnik GmbH
Dresden) with a working volume of 15 L (Figure 2) was used.
A total working volume of 8 liters was used, while 7 liters was
left as the headspace. The reactor is fitted with the silicon
heater band including an adjustable temperature sensor. The
universal automation system SENSOcontrol is used for data
acquisition applications and control of the units (pumps,
agitator) in the test facility measuring pH-Value, temperature,
and gas volume. An intuitive touch screen is integrated for
real-time visualization of the measured data. The reactor
operated at 35 °C for this study. The stirrer was programmed
to start stirring at 5 rpm for 5 minutes every 2 hours. The
produced biogas collected in the bag was automatically
measured by wet gas meters. The substrate combinations,
OLR (1.2 gVS/L/day), TS (8 %), and mixing ratio 2:1:1 were
selected identical to the reactor operating at ambient

temperature; however, the BTP-2 operated for a hydraulic
retention time of 30 days.

2.3. Analytical method

Total Solid and Volatile Solid content was measured with
APHA, 2540 D guideline for TS, and APHA 2540 E
guidelines for VS. An Exotech SOL 100 pH meter was used to
monitor the pH of the substrates. The composition of the
biogas was determined using a Sewerin Multitec-545 gas
analyzer. To determine the C/N ratio, the TOC of all the three
substrates was determined using the American Society of
Agronomy and Soil Science guidelines, and their TON was
determined using the APHA 4500-Norg guidelines. To
account for temperature variability in the experiment of an
ambient temperature condition, a temperature logger was
utilized to record ambient temperature at the interval of every
half an hour.
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3. RESULTS AND DISCUSSION
3.1. Physiochemical properties

The physicochemical properties of a mixture of co-substrates
SS, PL, and FW at a ratio of 2:1:1 are shown in Table 2. Since

the experiment was conducted at 8 % TS, the co-substrate
mixture was diluted to 8 % TS. The pH of the mixture was
7.08, which is in the favorable range of 7-8 [21]. The VS % of
the feeding material was 71.7 % of TS.

Table 1. Physiochemical properties of the sample

V)
Co-substrate: 5%

VS % pH CN

SS:PL:FW Feeding samples Feeding samples Feeding samples Feeding samples
BTP 8.2 717 7.08 18.3
Mixing Ratio: (2:1:1) 33
Ambient 8.2 71.7 7.08 :

3.2. Composition of biogas

Table 3 presents the composition of the elements contained in
the biogas produced in the experiment from ambient and
controlled temperature conditions. The composition was
determined using Multitec 545 Gas Analyzer (multigas
detector with infrared sensors and extended measuring range
for Hydrogen Sulfide).

Table 2. Percentage composition of biogas in two different reactors

Percentage composition
Constituents Ambient Controlled
temperature temperature
Methane 50-55 60-65
Carbon dioxide 35-40 30-40
Oxygen 0-5 0-5
Hydrogen sulphide 0-1 0-1
Others (Nitrogen, Hydrogen,
Ammonia e.t.c.) ) )

3.3. Co-digestion at the temperature-controlled
condition

Co-digestion of SS, PL, and FW at a ratio of 2:1:1 was carried
out in temperature-controlled conditions (35 °C) for about 60
days in a semi-continuous process. Since the reactor was
automated, the daily production of biogas was recorded in the
system. Figure 3 shows the cumulative biogas production
from the BTP 2 reactor. The initial two weeks were an
inoculum stabilization period during which no regular feeding
was done until the biogas composition was recorded at about
50 %.
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Figure 3. Cumulative biogas production at controlled temperature

The daily gas production was comparatively low in the first
two weeks. After stable startup of the reactor, feeding of
co-digested substrates was done every alternate day for 30
days. It is evident from Figure 3 that the biogas production
exponentially increased upon the initiation of the feeding of
the reactor after the 15" day of operation. The pH of the
digested substrates ranged from 6.7 to 6.9 throughout the
experiment and no significant drop in pH was noted. The
average biogas yield was 688.7 L/kg VSadded With an average
methane content of 60 %.

3.4. Co-digestion at the ambient temperature
condition

This experiment was carried out in the daily average ambient
temperature range of 13.5 °C to 28.8 °C with significant
fluctuations, as shown in Figure 4. The co-substrates, mixing
ratio, and other parameters (1.2 gVS/L/day OLR, 8 % TS)
were identical to those in the experiment conducted in the
BTP-2 reactor except for 45 days of HRT being used in this
case. The digesters experienced significant fluctuation in
ambient temperature as observed in Figure 4.
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Figure 4. Ambient temperature during the experiment period

Figure 5 indicates the cumulative biogas production from
the reactor fed with sewage sludge, poultry litter, and food
waste at a ratio of 2:1:1 in ambient temperature conditions.
The figure indicates that the reactors took about a month to
effectively start up to initiate the feeding process (methane
percentage about 50 %) and low gas production can be
observed in that period.
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Figure 5. Cumulative Biogas Production in ambient temperature
conditions

The exponential increase in biogas production could be
observed after feeding was initiated from the 32" day of
operation. The average biogas yield of 462.3 L/kg VSadded Was
obtained from the experiment with average methane
composition of 55 %.

It was observed that the startup time was reduced by nearly
50 % when the co-digestion experiment was performed in a
temperature-controlled condition (BTP-2) in contrast to the
ambient temperature condition (Figures 3 and 5). Figure 6
shows the comparison of biogas yields obtained from reactors
operating in ambient conditions and temperature-controlled
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conditions. Higher biogas yield was obtained from the BTP-2
reactor than that from the reactor operating at ambient
temperature. Studies suggest that maintaining a constant
digestion temperature is crucial to optimizing biogas
production from a biogas plant [22]. If the fluctuations of
digestion temperature exceed 5 °C at a short interval, then
biogas production could lower considerably; therefore, a
constant digestion temperature is crucial to optimizing biogas
production [22]. It is apparent from this study that the
temperature plays a significant role in increasing the biogas
yield from a reactor as 49 % higher biogas yield is obtained in
the reactor with controlled mesophilic temperature (Figure 6),
which is obvious. A similar study conducted by Lohani et al.
(2021) used the identical ratio of 2:1:1, 8 % TS, 1.2
gVS/L/day OLR during the summer season in the ambient
temperature range of 22-26 °C, showing a biogas yield of 640
L/kgVSa. However, the same experiment conducted at winter
temperatures of 11-19 °C yielded low biogas of 171 L/kgVSa,
as shown in Figure 6 [19]. Based on a comparison of this
study with a co-digestion experiment conducted earlier in
summer in the temperature range of 22-26 °C [19], it can be
found that the biogas yield was reduced by nearly 29 %. This
study also suggests that biogas yield at summer ambient
temperature (figure) is significant if we carefully select locally
available substrates for co-digestion. As household biogas
plants are serving as an important source of clean cooking
energy in rural Nepal [23], their yield can be improved by
co-substrate digestion.

300 400
Temperature condition

500 600 700

Figure 6. Biogas yields in different temperature conditions

4. CONCLUSIONS

In this study, the performance of bio-reactors co-digested with
locally available substrate sewage sludge, poultry litter, and
food waste at a mixing ratio of 2:1:1 was observed at both
ambient summer temperature and controlled mesophilic
temperature. The mixture of SS:PL:FW at a ratio of 2:1:1 had
the highest biogas yield of 688.7 L/kg VSaddea With a nearly
49 % higher value than the one operating in ambient
temperature conditions at a similar mixing ratio and OLR. A
reduced biogas yield of 462.3 L/kg VSadadea Was observed from
the reactor operating in ambient temperature conditions. The
average methane content in the controlled temperature and the

ambient temperature was 60 % and 55 %, respectively. The
study suggests that temperature plays a vital role in biogas
production efficiency and enhanced temperature condition and
desired biogas yield can be obtained. Furthermore, the
efficiency of the digester was affected by the temperature
fluctuation in the ambient environment, thus reducing the
biogas production by 49 % in comparison to the controlled
temperature condition. From the result, it is apparent that the
implementation of locally available temperature control and
enhancement techniques such as canopy or greenhouse could
be useful for optimized biogas production from the digesters
operating under ambient conditions. Biogas production with
all the locally available resources can surely be one of the best
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ways to achieve sustainable waste management and it also
contributes to the enhanced synergistic effect of anaerobic

digestion.

This study helps plan effectively towards

sustainable development and circular economy by valorizing
waste to energy conversion on the community and commercial
scales.
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ABSTRACT

Thermal Energy Storage (TES) for solar thermal systems has attracted great attention because of the
intermittent availability of solar energy. In the current paper, new combinations of several Phase Change
Materials (PCMs) including a type of paraffin and some mineral compounds like ammonium nitrate and
magnesium nitrate hexahydrate were exanimated and their thermophysical properties were compared. This
study targets solar heating systems at different temperature intervals for the TES. Another new approach of
this study is to determine the effect of Multi-Wall Carbon Nanotubes (MWCNTs) with two diameters (D) of 8
and 10-20 nm on paraffin's thermophysical property to improve these properties. An innovative method was
used to measure Electrical Conductivity (EC) as it is easier to measure than thermal conductivity (K) to study
the effect of nanoparticles on PCM behavior. The results showed that the highest values of improvement over
paraffin properties were related to 5 % nanoparticle additive for both nanoparticle diameters among the
percentages studied. The addition of 5 % nanoparticles with 10-20 nm and 8 nm to paraffin at 25 °C increased
heat conductivity by 142 % and 156 %, respectively. The addition of nanoparticles to paraffin improved EC

several times such that a diameter of 8 nm made a 300 % increase in EC compared to 10-20 nm.

https://doi.org/10.30501/jree.2022.339549.1363

1. INTRODUCTION

The main problem associated with solar thermal energy is its
storage and one of the best solutions is PCMs for storing
energy by latent heat thermal energy storage (LHTES). It is
considered one of the most efficient thermal energy sources. It
is characterized by higher storage density (p) and low-
temperature difference between the heat storage and release
process. Due to the periodical solar energy availability, PCMs
represent a proper alternative technique for storing solar
energy [1]. Some criteria should be considered to select proper
PCM candidates. For example, they should satisfy the
operating temperature range for LHTES, high latent heat of
fusion, and sizeable specific heat to ensure high storage
density of the system. This material must have high thermal
conductivity to increase the thermal charging and discharging
rate. Besides these criteria, the material with high density is
favored as it improves energy storage density and reduces the
volume of the TES system. Moreover, the PCM is desired at a
low price and abundant availability.

*Corresponding Author’s Email: m.iranmanesh@kgut.ac.ir (M. Iranmanesh)
URL: https://www.jree.ir/article 155110.html

However, it is challenging to select a PCM with a perfect
profile property, thermal boundaries, and operation goals for a
proper application or to match the thermal conditions and
requirements of LHTES design.

Considerations such as thermophysical properties, thermal
stability in thermodynamic cycles, and environmental
properties should be considered to find a suitable PCM for
storing solar energy. Many investigations have been done on
the thermophysical properties of various materials to find
suitable TES materials at different temperature intervals.
Using PCMs in building applications is a novel, sustainable,
and efficient solution to improve the energy performance of
buildings. Various PCMs such as fatty acids, paraffin, and
inorganic salts have been used to improve the energy
performance of buildings. The addition of Butyl Stearate (BS)
enhances thermal capacity and exhibits corrosion protection of
rebar by hindering penetration of chloride ions into the
concrete [2]. The use of carbon fiber PCM, including paraffin,
to manage the heat of lithium-ion batteries has led to the
improved thermal performance of this type of battery [3-5].
PCM's TES technologies have advantages such as high energy
storage density, high compactness, simple structure, and ease
of maintenance. Besides, PCM can also be used as a thermal

Please cite this article as: Bathaei, S.A.H., Iranmanesh, M., Amiri, H. and Kourki, H., "Investigation of the enhancement of thermophysical properties of new
combinations of MWCNTSs with several PCMs consisting of a type of paraffin in comparison with some mineral compounds (AN-MN-6H,0)", Journal of
Renewable Energy and Environment (JREE), Vol. 10, No. 2, (2023), 45-55. (https://doi.org/10.30501/jree.2022.339549.1363).
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control for devices that work and generate heat intermittently
such as chips [6, 7]. PCMs in solar collectors like flat plates,
evacuated tubes, and heat pipes are used to store energy from
the collector and benefit it when solar energy is not accessible
[8-11]. PCMs have a high storage density (amount of energy
stored per unit mass) and a narrow temperature range for
charging and discharging the storage. This range corresponds

to the phase transition temperature of the PCM. The
compactness of the PCM storage system results in greater
flexibility in choosing a location for the storage system [12].
Several PCMs, which many researchers have investigated
and can be candidates for solar thermal applications, are

presented in Table 1.

Table 1. Thermophysical properties of some appropriate materials for TES

Materials Tm (°C) p (kg/m?) | LHM (kJ/kg) | Cp (ki/keK) | K (W/mK) References
Formic acid 9 - 245 2.180 0.272 [13]
Polymethyl methacrylate (PMMA) 41 - 54.6-48.7 - 0.16-0.25 [14]
Paraffin wax 52 Liquid 780 210 Liquid 2.9 Liquid 0.15 [15-17]
Solid 860 Solid 2.1 Solid 0.24
Paraffin wax 52-54 Liquid 814 266 Liquid 2.95 Liquid 0.15 [1]
Solid 900 Solid 2.195 Solid 0.232
Paraffin wax 53-57 0.895 184.48 2.384 0.41 [18]
0.867 240 3.046 0.148
Sodium acetatetrihydrate 38 1.35 210 23 25 [19]
with graphite 180-200
Palmitic acid (PA) 60.8 - 148-149 - 0.6 [20]
Mandelic acid 118-121 1300 161 - - [21]
Benzoic acid 121-123 1080 114-147 - - [21]
Phthalic anhydride 131 1530 159 - - [21]
Dimethyl terephthalate 142 1290 170 - - [21]
Adipic acid 151-155 1360 260 - - [21]

PCMs suffer from defects such as phase separation, slow
heat transfer, leakage, and instability [22-24]. One of the
significant disadvantages of PCMs is their low thermal
conductivity, which is present in all pure materials except
metal-based materials [25].

Hence, the low heat conductivity of PCM increases the
temperature gradient and time constant, reducing the heat
transfer speed [26, 27]. Low thermal conductivity reduces
PCM heat storage and release [28, 29], which reduces the
performance. The thermal conductivity of PCMs should be
improved to enhance the heat transfer rate and the stored
energy coefficient utilization [30].

It is necessary to enhance the thermal conductivity to
improve the performance of the thermal energy storage system
and accelerate the process of charging and discharging energy
[31]. Various techniques can enhance the thermal conductivity
of PCMs by incorporating fins or extended surfaces, metal
matrices, electrospinning, encapsulation, dispersion of high-
conductivity particles or nanomaterials in the PCM itself,
employing metal foams, using multiple PCMs, and embedding
heat pipes [25, 32-37].

Among all the techniques mentioned above, the addition of
nanoparticles to enhance the thermal conductivity of PCMs is
the topic of the present research. Nano-inclusion-assisted
thermal conductivity enhancement has been used for
developing nano-enhanced organic PCMs for LHTES [17, 19,
20]. The thermal conductivity increases as nanoparticle size
decreases, while surface tension increases as nanoparticle size
increases [38].

This study investigates the thermal conductivity effects of
adding nanoparticles to paraffin. Addition of nanoparticles
improves the thermophysical properties of PCM and increases
the PCM’s thermal performance by reducing the heat transfer
time [39]. Experimental measurements showed that adding

nanoparticles to enhance thermal conductivity could bring
about perfect results in optimizing the phase change
temperatures and decreasing heat capacity coefficient, leading
to a reduction of energy storage [18].

Due to properties of paraffin like high heat of fusion,
nonpoisonous, stable properties after 1500 cycles, no phase
separation, and the phase process only result in a small
volume change. Meanwhile, low thermal conductivity in a
solid state and supercooling (liquid state of a body when its
temperature is less than the crystallization temperature) are
included as the significant disadvantages of organic PCM.

The early mentioned criteria, especially melting point and
latent heat, should be considered suitable for heat storage in
various solar thermal energy systems [1, 40]. Thus, based on
the operating temperature range for solar thermal applications
like solar collectors, they are classified according to the type
of concentrators listed in Table 2.

Table 2. Classification of solar collectors according to the
concentration degree [41]

Category Example Temperature
range (°C)
No concentration Flat-plate Up to 75
Evacuated tube Up to 200
Medium Parabolic cylinder 150-500
concentration
High Parabolic 1500 and more
concentration

Due to some unsuitable paraffin properties including
thermal conductivity, two ways to increase the contact surface
and add nanoparticles have received much attention [42-44].
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In this research, nanoparticles are used to improve the thermal
conductivity coefficient.

Past research has shown that at any temperature and
concentration of nanotubes, the incorporation of some
materials such as metal oxides [45], single-walled carbon
nanotubes [46], MWCNTs [47], carbon nanofibers [48],
nanoplatelets [49] and graphene [50] into the base fluid at a
nanoscale level improves the thermal conductivity. The
relative rate of improvement in thermal conductivity depended
on the amount of added nanomaterials' thermal conductivity,
addition ratio, and mixing quality [51]. Improvements in
thermal conductivity are acceptable at limited costs [52].

According to the early mentioned criteria and the results of
some reported publications in Table 1, thermophysical
properties of new combinations of several PCMs for solar
TES applications, especially in terms of melting point and
latent heat, are studied and compared in this paper. They
include a new commercial type of improved paraffin wax and
three combinations of ammonium nitrate and magnesium
nitrate hexahydrate (AN-MN-6H,0).

Previous research has used solutions of PEG, PA6, and
various nanoparticles (SiO,, AlLO;, Fe;Os;, and ZnO) to
produce composite PCMs by electrospinning whose fiber
diameter strongly depends on the electrical conductivity of the
solutions. For example, the fiber diameter is reduced as the
electrical conductivity increases [36, 37].

Another new approach adopted in this study is to determine
the effect of the diameter of MWCNTSs on the thermophysical
properties of paraffin. In order to determine the appropriate
weight percentage of nanoparticles, an innovative method and
unique device have been implicated by measuring EC rather
than thermal conductivity (K) as it is easier to measure than K
to study the effect of nanoparticles on PCM behavior.

2. EXPERIMENTAL
2.1. Meterials

In general, an essential specification of PCMs is to store
energy through latent heat during the charging process, which
justifies their ability to store heat and keep cold or hot.
Considering the fact that one of the primary aims of this study
is to investigate PCMs and their properties like melting point
and latent heat, as mentioned earlier in the previous section,
they are suitable for solar heat energy storage. Then, the
measurement and comparison of the properties of four
ingredients include an improved type of paraffin by MWCNTs
and three mineral compounds provided by the combination of
Ammonium Nitrate and Magnesium Nitrate hexahydrate (AN-
MN-6H>0). Their binary phase change diagram is displayed
in Figure 1.

The eutectic is a minimum-melting composition of two or
more components, as shown in Figure 1; each melts or freezes
congruently, forming a mixture of the component crystals
during crystallization [53]. The eutectics have a sharp melting
point similar to pure substance and volumetric storage density
is slightly above organic compounds.

These three selected compounds are considered:

» Eutectic (contains 61.2 % ammonium nitrate and 38.8 %
magnesium nitrate hexahydrate)
* Hyper eutectic (contains 55 % ammonium nitrate and 45 %
magnesium nitrate hexahydrate)
* Hypo eutectic (contains 79 % ammonium nitrate and 21 %
magnesium nitrate hexahydrate)

Merck provides these minerals and Khavaran Company
provides paraffin. Table 3 shows the essential characteristics
of these materials. Before doing the tests, the ingredients with
the specified percentages were melted and mixed with a
magnetic stirrer for 15 minutes, and then they were made
ready to perform the tests. The basic information about
nanoparticles is listed in Table 4.
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Figure 1. The binary phase change of AN-MN-6H20 in composition

Table 3. The materials studied and the essential information
including melting point and density

Materials Ty (°C) p (kg/m?)
Paraffin 59 931
Eutectic 44.8 1561.4

Hypo eutectic 60 1577
Hyper eutectic 118 1665.4

Table 4. Specification of nanoparticles

Material | Paraffin | MWCNTs | MWCNTs
(8 nm) (10-20 nm)
Purity (%) 95 >95 >95
-COOH content - 3.86 2.00
(wt %)
OD (nm) - <8 10-20
ID (nm) - 2-5 5-10
Length (um) - 10-30 10-30
Special surface area - > 500 > 200
(m*/g)
p (g/cm3) 0.931 2.1 2.1
EC (S/cm) - >100 >100

2.2. Nanocomposite preparation

Nanofluid is generally prepared in two ways. In the one-step
method, nanoparticles are prepared and dispersed directly into
the fluid. The nanoparticles are provided in powder form and
then added to the base fluid by the two-stage method. On the
other hand, the suspension, surfactants, diffusers' pH controls,
and ultrasonic oscillations are wused to stabilize the
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nanoparticles and prevent agglomeration and particle
deposition. The second method has been used to prepare the
nanocomposite in this research. Ultrasonic agitator,
mechanical agitator, and toluene as a solvent have been used
to disperse and homogenize the compound. After weighing
the material with 5 grams of paraffin and the desired
percentage of nanoparticles, it is dissolved in 50 ml of toluene
and stirred for 15 minutes with an ultrasonic stirrer (three
times, each time for five minutes with one-minute intervals for
device rest and mixing). The solution is mixed with a
mechanical stirrer for 20 minutes (twice for ten minutes at
one-minute intervals to rest the device and mix). To improve
the paraffin's thermal storage properties and find the optimal
combination of nanoparticles with the PCM, different
percentages of MWCNT such as 0.5 wt %, 1 wt %, 2.5 wt %,
and 5 wt % were selected to add the PCM. Each ingredient
was mixed with the base material (as mentioned) in a
cylindrical glass container with a 52 mm diameter. Due to the
accumulation of electric charge at sharp points and the
negative impact on measuring electrical conductivity, a
cylindrical container was used, as displayed in Figure 2. An
electrical circuit setup was arranged to test the electrical
resistance of all the samples, as displayed in Figure 3. The
specific resistance of the nanoscale compound was measured,
with a voltage range of 200 v to 200 kV.

L A o e vk S R oo B
Figure 2. Picture of the cylindrical glass container for electrical

resistance testing

Figure 3. Picture of the electrical circuit setup

3. METHOD

3.1. Measurement of properties

Determination of the thermo-physical properties of PCM is
the basic required information for the research and
applications. The properties mainly include density, melting
point, fusion latent heat, thermal conductivity, specific heat
capacity (Cp), viscosity, and thermal expansion coefficient.
Generally, the phase change properties such as melting point,
fusion latent heat, and specific heat capacity can be measured
by Differential Scanning Calorimetry (DSC) [54]. A DSC was
used to determine the thermos-physical properties of the
binary system. Depending on the DSC settings throughout the
measurements, varying results were obtained. In this research,
a heating rate of 5 °C per minute was used.

Furthermore, the correct phase transition temperature range
was almost impossible to obtain simply from DSC
measurement. Combining phase equilibrium considerations
with DSC measurements presents a reliable design method to
incorporate phase-change heat and temperature range [12].
Various thermo-physical properties of the mentioned materials
like density, viscosity of liquid phase, thermal conductivity,
heat capacity, and heat release rate (HR) were measured by
standard methods described in detail. Materials' density was
measured by the Immersion method at different temperatures
in the liquid and solid phases with the accuracy of 10 %. The
experiments for thermal analysis of materials were carried out
by the DSC1 model, with a heating/cooling rate of 5 °C/min.
The neutral atmosphere in this device is nitrogen gas and the
atmosphere is reactive with oxygen gas. This device monitors
the sample’s thermal behavior with Topem software and in the
form of modulating. This device is based on measuring the
heat flux between the sample and the reference, measured by
temperature changes and sinusoidally. This device is capable
of operating in the temperature range of -130 to 600 °C (if this
temperature does not destroy the sample). The DSC tests were
performed as melting-solidification-melting. The conductivity
of PCM samples was measured by the KD2 Pro thermal
properties analyzer based on the transient hotwire method.

The materials’ thermophysical properties such as specific
heat capacity, latent heat (L), and thermal conductivity (K) for
the temperature range of 25-55 °C were measured based on
their standard code. The instruments for measuring the
properties are shown in Figure 4 and their specifications and
standard methods are listed in Table 5.

(2) (b)

Figure 4. Picture of the DSC testing machine manufactured by (a)
Mettler toledo and (b) KD2 testing device from Decagon company
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Table 5. The measurement tools and their specifications
Properties Producer and Standard Accuracy
model (%)
Latent heat Mettler toledo | ASTM D3418 0.52
DSC 1
Specific heat Mettler toledo ASTM 0.52
DSC 1 E1269:2018
Thermal Decagon KD2 | EN55022:1987 5
conductivity
Density - - 5

An insulated flask was used to measure the materials’ heat
release rate (the flask was insulated up to 6 cm thickness of
polyurethane foam), as shown in Figure 5. The insulated flask
container was filled with 200ml water and PCM was filled in
a 10 ml spherical glass container and immersed in the water.
Two thermocouples (K type) were used to measure the
temperatures and were recorded by the data logger, one in the
glass container for PCM and one in the water flask. After
melting the PCM entirely in the glass container at a constant
temperature, it was placed inside the flask and the temperature
changes were recorded. Due to the flask insulation, all the heat
released from the PCM was absorbed by the water and finally,
it reached the equilibrium temperature.

Figure 5. Picture of the insulated flask and measuring heat release
rate test setup

4. RESULTS AND DISCUSSION
4.1. Comparison of mineral PCMs

One of the desirable features of PCM is the low volume
expansion coefficient (o), which is obtained here by
examining PCM volume in both liquid and solid states. This
value was 1 % for paraffin and is 5.08 and 1.2 % for the
combination of eutectic and hypo, respectively. Table 6 shows
the density values and volumetric expansion coefficients of
the test materials.

Table 6. Density and thermal expansion coefficient of materials

Material | Tm (°C) Psolid PLiquid ay, (%)
(kg/m?) (kg/m?)
Paraffin 59 931 911 1
Eutectic 44.8 1596 1515 5.08
Hyper 118 1665 - -
Hypo 60 1577 1558 1.2

The DSC test results for the materials have been reviewed, as
shown in Figure 6, and compared with each other considering
the importance of latent heat and specific heat capacity in
selecting PCMs. The amount of Latent Heat during the
Melting (LHM) process or the enthalpy change of phase
transition (storage density) is possible to estimate by using the
area under the peak level of the DSC diagram [12]. The Origin
software automatically calculates the total peak area, i.c., the
total enthalpy change (Qpc )phase transition. It can be
calculated theoretically using the following equation:

Qe = (G e 0

As per Figure 6, it is seen that the peak of each curve is near
the melting point of the corresponding material. For the
paraffin, the amount of LHM obtained was 187.78 kJ/kg in the
temperature range of 48.01 to 59.82 °C. Alternatively, for the
eutectic, hypo, and hyper composition, the amount of latent
heat content obtained was 152.2 kJ/kg, 416 kJ/kg, and 559
kJ/kg, respectively, for the temperature range of 28-58 °C, 50-
120 °C, and 75-150 °C.

The higher the amount of latent heat, the more the ability of
PCM's TES. As demonstrated by the results, the highest
amount of latent heat was obtained for the hyper eutectic
composition, but due to its high melting point (118 °C), it
could be applied to the solar collectors rather than flat plate
ones. The lowest amount of latent heat was for the eutectic
composition. The comparative layout of the DSC results of all
the investigated materials in a single diagram is shown in
Figure 6.
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Figure 6. Comparative diagram of DSC analysis of the materials

DSC tests were employed to measure the variations of
specific heat capacity corresponding to the temperature
obtained from materials’ three states (solids, liquid, and phase
changes). The comparative results of the materials' specific
heat capacity in a single diagram are shown in Figure 7. This
figure indicates that the most remarkable value of all these
materials is obtained during the phase change period and the
most significant value is for the eutectic compound.

The test results of obtaining the heat release of a particular
volume of material during the solidification process
(discharging PCM) in an insulated flask within 1000 Sec are
shown in Figure 8. The results show that the hypereutectic
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compound has the highest discharge time and the most
extended duration related to heat release; after that, paraffin,
hypo, and eutectic compounds are in the following order.
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Figure 7. Comparative diagram of specific heat capacity variations
versus the temperature of the materials

The heat released rate values for a given volume of 10 ml of
the substance in 200 ml of water are given in Table 7. The
results are compared with the amount of DSC calculation of
the total enthalpy change of phase transition (latent heat)
(Qpc) using Equation 1. The results indicate that the higher
the heat release rate, the higher the material's latent heat and
the greater the melting point. In addition, it is clear that the
hyper composition is suitable for higher-temperature
applications of solar thermal energy. Others including hypo
composition, paraffin, and eutectic composition have the
capability to be used for the lower temperature of solar
thermal energy applications. Moreover, the amounts of
specific heat capacity in each state in Table 7 show that this

property is not proportional to the material's latent heat. It
could not be the only proper criterion for selecting PCM.
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Figure 8. Comparative diagram of the heat released within 1000
seconds for materials

A cylindrical mold with an outer diameter of 10 mm, a
length of 6.5 cm, and an inner diameter of 2 mm was prepared
to measure the conduction heat transfer coefficient (K factor)
of solid-state PCMs for the Hyper and Hypo composition
tests. In the liquid state of paraffin and eutectic composition, a
quantity of 50 ml of the substance is placed inside the
container and the probe measures the K factor. The thermal
conductivity values measured at 55 °C for the materials can be
seen in Table 8. The excellent value of this factor accelerates
the heat transfer rate and shorter melting time to absorb
energy storage. The lower heat transfer coefficient helps
longer solidification time and provides thermal stability for
designing a TES system.

Table 7. The values of specific heat capacity (Cp) in different states and the latent heat content of materials

Materials L (kJ/kg) HR (J/s) Cp Liquia (KI/kg.K) Cp max (kJ/Kg.K)
Paraffin 187.78 0.7954 323 16.5409
Eutectic 1522 0.5775 3.5564 58.102

Hypo 416 1.419 2.02898 8.12041
Hyper 559 23119 2.05435 4.63736

The hyper composition shows the highest amount of K
factor at 0.727 while paraffin content shows the lowest value
of 0.328w/m.K. They are almost identical to the values
reported in the references [55].

Table 8. The results for the conduction heat transfer coefficient of
the materials

Materials Ks5:¢c (W/m.K)
Paraffin 0.328
Eutectic 0.635

Hypo 0.532
Hyper 0.727

In summary, the variation of all the tested materials’
measured properties including density, latent heat,

and

thermal conductivity corresponding to the melting point is
illustrated in Figure 9. It is vital to notice that the properties of
all the PCMs consisting of density, latent heat, and thermal
conductivity proportionally change with the melting point
except for the eutectic compound. Finally, it is worth
mentioning that the eutectic composition shows the minimum
melting point.

4.2. Effect of adding nanoparticles to paraffin

This part of the study examines the effect of adding MWCNTSs
with two different diameters and different weight percentages
on the properties of paraffin which aims to determine the
optimal percentage of nanoparticles based on the output
current through nanocomposite with increasing voltage at the
ambient temperature of about 25 °C. The results shown in
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Figure 10 are for output currents through paraffin
nanocomposites versus the input voltages with different
weight percentages of 0.5, 1, 2.5, and 5 for the two size
nanocomposites 8 and 10-20 nm. The applied voltage changes
from 0 to 12000 volts and the output current changes from 0
to 20 mA. It is observed that the electrical conductivity
increases with the percentage of adding nanoparticles for both
sizes, 8 and 10-20 nm. It shows excellent electrical
conductivity even at low voltages of about 15 volts. The
currents that passed through the 8 and 10-20 nm
nanocomposites are 20 mA and 0.52 mA, respectively.
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Figure 10. Comparative diagram of changes in electrical current
through nanocomposites with increasing voltage

In Figure 11, nanocomposites' electric conductivity with
different percentages is visible for both nanoparticles 10-20
and 8 nm, indicating an increase in its value from zero to
0.12721 and 0.38121 S/cm, respectively, as per Figure 12.
Among the four different percentages nominated for review,
5 % addition of each of the nanoparticles shows the best
behavior based on the electrical conductivity. This weight
percentage addition (5 %) has been used for further
experiments due to the highest electrical conductivity in
nanocomposites shown in Table 9.

Table 9. Specifications of nanocomposites

Base Nano Particle Particle Nano-
material particle diamete weight paraffin
r (nm) percentage | composite
(wt %) symbol
Paraffin | MWCNTSs <8 A
Paraffin | MWCNTSs 10-20 5 B

Moreover, the higher conductance rate for Nanoparticles 8 is
higher than 10-20 nm due to their higher specific surface.

—a— Paraffir+ MW CHTS Snim
—a— Pargffin-MWCHN TS 10-20mm
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—
E
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A 0.2 4
]
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RIE
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Figure 11. Comparative diagram of changes in electrical
conductivity of compounds with different percentages of
nanoparticles

As shown in Figure 12, adding nanoparticles to paraffin
does not change the shape of the DSC diagram. However, it
reduces the maximum value, which leads to a decrease in the
subsurface area of the diagram, thus reducing the amount of
latent heat. For the paraffin, the amount of LHM obtained was
187.78 kJ/kg in the temperature range of 48.01 to 59.82 °C. In
comparison, addition of nanoparticles with diameters of 10-20
and 8 nm reduces the LHM to 162.02 and 168.58 kJ/kg in the
same temperature range, respectively.
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Figure 12. Comparative diagram of DSC analysis of the paraffin and
nano-paraffin composites
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Due to the uniformity of C, as per Figure 13, the diagram
shows that in the case of paraffin and its nanocomposite, the
maximum specific heat value is selected as a suitable criterion
for comparative analysis of their behavior. Adding 8§ nm
diameter nanoparticles reduces the maximum amount of
specific heat to 13.9379 kJ/kg.K. In comparison, adding

nanoparticles with 10-20 nm diameter increases this amount to
17.5034 kJ/kg.K.
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Figure 13. Comparative diagram of specific heat capacity variations
versus the temperature of paraffin and nano-paraffin composites

A decrease in heat release in 1000s was observed by adding
nanoparticles to paraffin and 0.7525 and 0.6253 (J/s) for
nanoparticles with diameters of 10-20 and 8 nm, respectively.
These changes are observed in Figure 14.

Thermal diffusivity shows the heat transfer rate of material
from the hot end to the cold end. By placing the measured

9

values of K, p, and C, at 55 °C in Equation 2, a values are
obtained for paraffin and nanocomposites.
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Figure 14. Comparative diagram of heat released within 1000
seconds for paraffin and nano-paraffin composites

The addition of nanoparticles with diameters of 8 and 10-20
nm shows an increase in the thermal diffusivity by 35.68 %
and 4.88 %, respectively, as displayed in Table 10.

Table 11 shows the obtained results achieved by some other
researchers where the elements affect thermal conductivity
and the percentages of different nanoparticles were added with
different diameters. It can be concluded that the results are
superbly similar to the present study findings.

Table 10. Thermal properties of paraffin and nano-paraffin composites

Materials L Cp Max Kys5oc Kssec ECy5o¢ oy, 550¢ HR
(kJ/kg) (kJ/kg.K) (w/m.K) (w/m.K) (S/em) (mm?/s) J/s)
Paraffin 187.78 16.5409 0.088 0.328 - 0.021719 0.7954
Composite A 168.58 13.9379 0.138 0.375 0.38121 0.029469 0.6253
Composite B 162.02 17.5034 0.125 0.364 0.12721 0.022778 0.7525

Table 11. Improvement in thermal conductivity of different nanocomposites with specified weight percentage by the researchers

Nanoparticle MWCNTs MWCNTs nano-AlOs
nano-ZnO2
nano-SiC
Base material Myristic acid (MA) | Paraffin Paraffin
OD (nm) <38 20
50
length (um) 10-30 0.52
515
fraction (vol %) 1 5 1
2
3
K (w/m.K) 0.1913 0.324 0.2
0.2026 0.309
0.2083
K Improvement (%) 3.63 23 33
9.75 17 1.8
12.84 4.2
References [56] [57] [51]
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According to Figure 15, Both composites have improved
thermal and electrical conductivity. On the other hand, adding
nanoparticles to paraffin has reduced the amount of latent
heat, which is not desirable for energy storage systems.
Furthermore, it is obvious that composite A has shown the
highest value of EC,5o¢, Ky50¢ and Cp,pax-
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Figure 15. Comparative diagram of latent heat, electrical and thermal
conductivity of nanocomposite and paraffin in maximum specific
heat capacity

In summary, the investigation on adding nanoparticles to
paraffin on its thermophysical properties reduces the LHM.
However, it is deduced that adding nanoparticles to paraffin
improves the base material's thermal conductivity, electrical
conductivity, and thermal diffusivity. Adding nanoparticles
with diameters of 10-20 and 8 nm, decreases latent heat by
10.22 % and 13.71 %, increasing thermal conductivity by
10975 % and 14.329 % at 55 °C, relatively. Adding
nanoparticles with a diameter of 8§ nm reduces the maximum
amount of specific heat by 15.77 %. In comparison, adding
nanoparticles with a diameter of 10-20 nm is 5.8 %. An
increase in this amount was detected.

5. CONCLUSIONS

Several PCMs have been studied in this experimental
investigation based on thermophysical properties to introduce
proper TES materials for solar heating systems applications.

To select the proper PCM candidates, a set of criteria that
are supposed to be followed for storing energy includes; Phase
change temperature in the desired range, fusion’s latent heat,
thermal conductivity, specific heat, and density, which is
considered and tested, and the obtained results can be deduced
from this research as follows:

e The operating temperature range of applications based on
melting temperature is between 44.8 °C and 118 °C for
paraffin wax, eutectic, hypo, and hyper eutectic
combination AN-MN-6H,0. The results indicate that all
tested materials' melting points and latent heat
proportionally increase or decrease. The rational
conclusion would express that the higher the latent heat of
the material, the greater the melting point.

The properties of all the PCMs, like density, latent heat,
and thermal conductivity, proportionally change with the
melting point except for the eutectic compound. The
eutectic composition has a minimum melting point among
all the tested materials.

o All the materials investigated in this research have almost
a low thermal conductivity coefficient, slowing down the
conduction heat transfer, which is advantageous in many
TES areas.

The other criterion was the latent heat of fusion, in which
the amount should be high enough to ensure the system's
high storage density. The DSC analysis showed that the
highest latent heat was obtained for the hyper eutectic
composition (118 kJ/kg). The smallest one was obtained
for the eutectic composition (44.8 kJ/kg).

Comparing the amounts of latent heat with the specific
heat capacity for three states (solids, liquid, and phase
changes) of materials shows that this property is not
proportioned to the material's latent heat. It could not be
the only criterion for selecting PCM.

According to the properties such as; high heat release rate,
high thermal capacity, and high latent heat, paraffin would
be suitable for storing thermal energy in applications
below 60 °C, as in solar thermal heating systems. Its low
thermal conductivity helps longer solidification time and
provides thermal stability for its design's TES system.
However, the low density of this type of paraffin reduces
its potential for heat storage capability.

By adding nanoparticles to paraffin, a latent heat reduction
has been observed for both nanoparticle diameters, notably
lesser in 8 nm-diameter nanoparticles. On the other hand,
increasing the amount of thermal and -electrical
conductivity in 8 nm diameter nanoparticles is more.
Suppose latent heat and a reduction in specific heat
capacity are not considered. In that case, adding 8§ nm-
diameter nanoparticles is a better choice between the two
diameters of nanoparticles nominated to improve
paraffin’s performance.

By reducing the nanoparticle diameter from 10-20 to 8 nm,
PCM’s proper properties improved even further, one of the
reasons being the increase in the surface arca of the
nanocomposite.

Finally, since none of the PCMs has a perfect property
profile, each application has unique thermal boundaries.
Operation goals and the excellent variety of PCMs make it
challenging to select one to match the thermal conditions
and LHTES design requirements.

Nanoparticles’ effect on electrical conductivity has been
much more significant than thermal conductivity and other
thermophysical materials’ properties.
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NOMENCLATURE
TES Thermal Energy Storage
ASTM American Society for Testing and Materials
DSC Differential Scanning Calorimetry
LHM Latent Heat During the Melting
LHTES Latent Heat Thermal Energy Storage
PCMs Phase Change Materials
MWCNTs  Multi-Wall Carbon Nanotubes
SEM Scanning Electron Microscopy
Te The temperature that the PCM start to phase change (°C)
T Temperature (°C)
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T Melting point temperature (°C)
Cp Specific heat capacity (kJ/kg.K)
Crnax Maximum specific heat capacity (kJ/kg.K)
Q Heat release (kJ)
HR Heat release rate (J/s)
mpem Mass of PCM (g)
My, ater Mass of water (g)
Cpem Specific heat of PCM (kJ/kg.K)
Cuwater Specific heat of water (kJ/kg.K)
Tpem The temperature of PCM (°C)
Twater The temperature of water (°C)
t Time (s)
EC Electrical Conductivity (S/cm)
K Thermal conductivity (w/m.k)
L Specific latent heat (kJ/kg)
p Density (kg/ m3)
a Thermal diffusivity (m?/s)
ay, Thermal expansion coefficient
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1. INTRODUCTION

The adoption of Renewable Energy (RE) in Indian residences
does not feature prominently in India’s clean energy transition
journey. For Indian households, RE adoption is most plausible
through investments in on-site solar rooftop systems — a sector
with many subsidies and monetary incentives [1]. Economic
savings on energy costs, pursuit of pro-environmental
objectives, energy independence, and the opportunity to
generate power closer to the point of consumption are all
factors that encourage solar rooftop adoption at homes [2].
Above all, the net metering mechanism (where energy
generated from the solar rooftop system is netted against
monthly consumption) has been a key motivator [1].
However, available data point to dismal achievement of
residential installation of solar rooftops in India, reaching only
1.1 Giga-Watt of capacities as of 2020 [3]. Adoption has been
disappointing due to incentive roll-backs as power-supplying
utilities face high revenue losses on account of consumer
migration to green energy [1]. As a result, solar rooftops and
RE-powered mini/microgrids capacity additions have much to
achieve [4]. Subsidized cost of electricity consumption in
comparison to other consumer categories [5], lack of technical
knowledge of owning and maintaining RE systems [4],

*Corresponding Author’s Email: vasundhara_sen@scmhrd.edu (V. Sen)
URL: https://www.jree.ir/article_155034.html

ownership of premises (rented vs. owned), place of residence
(rural/urban), and other financial concerns [6] act as major
adoption barriers amongst residences. Third-party project
developers who bridge the awareness gap of owning and
maintaining onsite rooftop systems for residents have also
played an inadequate role [7], thus exacerbating adoption
worries. Much remains to be done before residential
consumers can transition to “cleaner and renewable” energy
consumption.

One strategy to increase RE consumption amongst
residences is to use “Green tariffs”. Green tariffs are energy
supply contracts between electricity consumers and incumbent
power supply utilities. Consumers who opt for green tariffs
pay a premium to source renewable energy-based electricity
supply, facilitated by the local power supplier. With green
tariffs, end consumers can consume RE-based power without
making capital investments in RE systems, but they merely
pay a premium over existing retail tariffs. Green tariffs are
either voluntary or default in nature. “Green defaults”, as
popularly known, have been more successful in nudging green
energy consumption [8, 9] as it slows down the switch back to
grey power due to consumer inertia [10], thereby helping
countries meet RE objectives efficiently [11].

Green Tariffs have been introduced in India recently (in 3
states) [12]. With this introduction, all end consumers of
electricity (in applicable states) can opt for a 100 % renewable
energy-based electricity supply by paying a premium per unit
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of electricity consumed [13]. India has thus enabled choice-
based energy supply contracts for electricity end users, much
like many of the FEuropean economies [14]. However,
existence of green tariffs does not guarantee adoption due to
large attitude-action gaps in adoption [15, 16]. The
willingness to pay for green tariffs (thereby for renewable
energy) and factors driving higher enrollment rates in green
tariffs are important considerations in the energy transition
success. Focus on the same issue is sufficiently evident in
developed economies [17-19]; yet, studies from India are few.
This study aims to close this research gap by investigating the
Willingness To Pay (WTP) for Green Tariffs (GT) for
domestic consumers of electricity and to identify factors
affecting the same.

In this study, WTP for GT is estimated using a Double-
Bounded Dichotomous Choice Contingent Valuation (DBDC
CV) experiment conducted with data collected from 476
residential households in the state of Maharashtra in western
India. Responses were collected using a 4-part CV
questionnaire from urban residences located in the cities of
Pune and Mumbai, which are two major urban concentrations
in the state. Maharashtra was chosen as the study area given
its highest residential energy costs in the country [20] and in
the state, cities of Pune and Mumbai are predicted to exhibit
the highest growth rate in domestic energy consumption
between 2019-2029 [21]. The DBDC model results are
compared with Single-Bounded Dichotomous Choice (SBDC)
model results to establish the robustness and efficiency gains
in DBDC estimates. DBDC estimates indicate that households
are willing to pay a mean monthly premium of 310.84 Rs for
green energy contracts. Age exerts a negative influence,
whereas higher education and income positively re-enforce
the WTP. In addition, attitudinal, perceptional, and behavioral
traits of an individual impact the WTP. Based on these
findings, this study presents policy recommendations to close
the attitude-action gap in RE adoption amongst residences.

This paper is structured in 7 sections. Section 1 introduces
the study background and rationale. Section 2 presents a
comprehensive literature review of studies investigating WTP
for RE. Section 3 details the research methodology. Section 4
then presents data analysis and results, followed by Section 5
that discusses key conclusions. Section 6 contains policy
recommendations and finally, Section 7 highlights the study
limitations.

2. LITERATURE REVIEW

Studies on willingness to pay for renewable energy, published
between 2009 and 2020, were analyzed to better understand
the existing literature on the subject. The following keywords
were used to retrieve most relevant studies: “Willingness to
pay for renewable energy”; “Paying for green energy”;
“Willingness to pay for green energy”’; “Contingent valuation
and renewable energy”; “Discrete choice experiments and
renewable energy”; “Choice experiments and renewable
energy”; “Willingness to accept for renewable energy”, and
“Grounded theory and renewable energy”. A concept-centric
literature analysis approach was used to identify the many
concepts/meanings associated with willingness to pay for
renewable energy [22].

Literature analysis suggests that Willingness To Pay (WTP)
for RE can be interpreted in one of the three ways. First, the
end consumer’s WTP for renewable energy is a signal of

green energy’s market acceptance [23], with higher WTP

reflecting higher social acceptance of RE. Second, it
encapsulates non-use values of RE to consumers such as
existence, bequest, and option values [24-27]. Finally, in the
context of this study, WTP for RE portrays the preferred
attributes of electricity supply, with content of supply (green
power /thermal power) being one of them [28-31], especially
in competitive retail electricity markets.

Competitive retail electricity markets enable end consumers
to choose preferred power supplier and content of power [14].
In such markets, “consumer switching/consumer shopping” is
encouraged, where end consumers can switch from one
supplier to another based on power supply attributes [32].
High rates of consumer switching reflect the effectiveness and
success of competition in retail markets [33]. In consumer
switching decisions, many non-price attributes gain
significance in the consumer decision-making process such as
the type of RE supply [31, 34]. Consumers differ in RE
preferences, which translate into differences in consumer’s
WTP for RE. As can be seen in the literature, solar energy has
higher public acceptance than other RE forms, so much so that
solar energy-based “defaults” are preferred over voluntary
signups for wind and biomass-based energy supply contracts
[29, 30]. Preference for hydro is noted over wind energy-
based supply [28]; however, wind is the supply of choice over
natural gas and nuclear power due to its wider social and
health benefits [35, 36].

Other than the type of RE source, nature of power supplying
entity and geographical orientation of power supplier also
influence WTP for RE significantly. Publicly owned power
supplying companies gather a higher WTP for green
electricity than energy co-operatives [37]. Transparency in
power pricing strategies, a seamless communication strategy,
and a more democratic decision-making process followed by
power utilities also encourage consumers to pay a premium
for RE contracts [38]. Locally procured RE and RE powers
supplied by regional power suppliers are preferred over power
suppliers with foreign ties [39].

Consumer heterogeneity in green energy preferences can be
masked with the introduction of green energy defaults.
Evidence suggests that once RE-based energy supply is
established as default, consumers seek compensation to move
to grey power [15] owing to inertia. Introduction of green
energy defaults for residential consumers in India can be a
powerful tool to ensure higher RE adoption. However, as a
premium paying model, it can put the poor at a disadvantage
[40]. Given that India is still a developing country and more
than 20 % of the population is below the poverty line (as of
last census in 2011) [41], voluntary green energy contracts are
more suitable. This study explores the willingness to pay for
voluntary green electricity supply contracts. Studies
estimating WTP for RE have emanated in plenty from other
developing economies. Developing countries report low rates
of RE penetration and widespread rural energy poverty. The
role of renewable electricity in ending energy poverty and
willingness to pay for it has thus been at focus, especially in
the South African sub-continent [42-46]. WTP for RE has also
been studied to understand social acceptance of RE in Asian
countries, where RE adoption is in nascent stages [47]. Indian
studies published so far have focused either on WTP for RE
among large consumers of electricity where green energy
transition has accelerated [48, 49], or for distributed RE in
rural areas to increase energy access [50-52] or for better
power quality [53, 54]. In contrast to previous Indian studies,
this paper estimates WTP for RE in the case of domestic
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consumers in the context of increased competition in retail
electricity supply.

India introduced competition in retail electricity supply via
green tariffs [55]. Under Green Tariffs (GTs), consumers can
opt to consume RE power by paying a premium over existing
retail tariff applicable. Even though GT in India have largely
been opted by commercial and industrial consumers [48],
domestic consumers can opt for it too and green their own
energy consumption. In the Indian market, GTs are available
at a premium and the willingness to pay for it remains
unknown, especially amongst domestic consumers. This study
aims to close this research gap by estimating the Willingness
To Pay for renewable energy-based green tariffs amongst
domestic consumers and to add to the existing body of
literature valuably.

3. METHOD

This section is structured in 3 sub-sections. Section 3.1
contains the survey questionnaire design. Section 3.2 then
explains choice of study areas and data collection methods.
Finally, Section 3.3 elaborates the statistical model chosen for
the study.

3.1. Survey questionnaire design

Since electricity is an “invisible” commodity for households
[56], assessment of WTP for RE requires the use of non-
market valuation methods. For this study, WTP was estimated
using both Single-Bounded Dichotomous Choice Contingent
Valuation (SBDC CV) and then, was compared with Double-
Bounded Dichotomous Choice Contingent Valuation
estimates (DBDC CV) [57-59] to choose the most efficient
model [60]. A four-part questionnaire was designed to arrive
at an optimal design for the CV survey instrument, suitable for
a developing country setup [61].

Part 1 of the instrument included questions testing
respondent’s perception of renewable energy, generic
environmental concerns/environmental responsibility, and
presence of altruistic tendencies through 21 questions asked
based on a 1-to-5-point Likert scale. Environmental and other

socio-economic benefits of RE wuse shape positive RE
perception and motivate consumers to pay [62-65], but social
negative externalities and risks associated with RE depressed
consumers’ WTP for it [66]. Impact of environmental
concerns on WTP for RE use remains mixed, while some
studies point to its high positive influence on green electricity
contract enrollment rates [67, 68]. In other studies, no such
impact could be found [69]. Environmental responsibility—the
act of feeling responsible to take pro-environmental actions
has spurred the willingness to pay a premium for green
energy, acting as an internal variable [67]. Finally, individual
altruistic tendencies often dominate respondent’s willingness
to pay for an environment friendly product. Consumers state
their willing to pay for a “green” product since it helps them
purchase moral satisfaction [70-77]. Questions included in
Part-1 were thus chosen basis extensive literature evidence,
suggesting possible influence on WTP for RE.

Part 2 then presented information on renewable energy in
India, international best practices adopted to promote RE , and
introduced the concept of green tariffs. Guidelines were
followed to make information presentation as effective as
possible [78]. 2 pilot studies were conducted (n=94) to test for
response fatigue with the information presented. Based on
pilot study feedback, information was converted to graphs and
other visual aids from text, to improve cognitive ease and
interpretation.

Next in part 3, the WTP question was asked in the DBDC
format. 3 bid values (WTP values) were selected (from here
on referred to as B!, BMehr and B'%r ) so as to bind
respondent’s valuation [60]. A split sample technique with 3
bid combinations/designs was used to avoid starting point bias
[79]. As per design, a typical respondent was presented with 1
of 3 bid combinations, where bid values represented
premiums to be paid over and above monthly electricity bill
amounts. Different bid values were chosen after conducting
secondary research on domestic consumer’s monthly
electricity bill. Bid values chosen constituted a 2-12 %
premium over currently monthly electricity bills in the state. A
summary of the bid values appear in Table 1.

Table 1. Selection of bid values

B! (Starting Bid) (Rs./month) | Bhsgher (Higher bid) (Rs./month) | B!°Yer (Lower bid) (Rs./month)
Sub-sample 1 100 150 50
Bid as a % of monthly 4% 6 % 2%
electricity bills
Sub-sample 2 200 300 100
Bid as a % of monthly 8 % 12 % 4%
electricity bills
Sub-sample 3 300 450 150
Bid as a % of monthly 12 % 18 % 6 %
electricity bills
Note: the monthly electricity bill is assumed to be the same in all samples, based on average residential consumer’s consumption patterns in
the state of Maharashtra [80].

Contingent valuation studies are known to suffer from
hypothetical bias, where consumers tend to overstate their
WTP due to the hypothetical nature of product/program being
valued [81]. Cheap talk scripts are an effective way to reduce
this hypothetical bias [82]. It refers to inclusion of body of
text within the survey, that reminds the respondent that they

may be suffering from hypothetical bias and hence may
overstate their actual WTP. Accordingly, a brief cheap talk
was also included, to correct for any hypothetical biases.
Finally, part 4 of the instrument contained follow up
questions to the WTP valuation questions along with socio-
demographic variables. Variables captured respondent’s age,
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gender, income, occupation, education, location of residence,
type of utility/power suppliers supply electricity to the
household (public Vs private) and number of appliances at
home. Data was also collected on monthly hours of electricity
consumption, monthly electricity bills and back-up
arrangement for power supply (such as generator sets,
battery/invertors and use of solar RTPV), with the intention to
understand possible influences of prior use of renewable
energy on WTP, if any.

3.2. Study area and data collection methods

Responses were collected from 476 residential households
from the cities of Pune and Mumbai. Of the total 476
observations, 70 % of the residents belonged to Pune and
30 % resided in Mumbai. The final survey instrument was
administered using both offline methods (face to face
interviews) as well as online tools, since mixed methods for
data collection do not compromise the quality of data in large
sample studies [83], but help by reducing time and costs [84].

Data was collected by a team of trained enumerators, trained
to conduct CV studies in a developing country setting as per
best practices guidelines [85]. The 2 urban centers chosen for
the study were divided in zones of electricity supply and
samples were collected from each supply zone. A sample
inclusion criterion defined a typical respondent to be a
resident of either Pune/Mumbai, connected on domestic
connection of electricity, and is the head of the household.
Stratified purposive sampling was then used to reach more
than 1200 respondents, but usable data amounted to only 476
responses. Sample size considered for this study resonates
with literature [86, 87], and hence was deemed sufficient.

3.3. Model specification

Latent factors impacting WTP for RE were identified using
Exploratory Factor Analysis (EFA). Next, statistical
estimation of mean WTP values using the DBDC format was
done using parametric methods. Under parametric estimation,
the sample data collected is assumed to follow a particular
distribution, and the parameter estimates confirm the
probability distribution that the observed data belongs to the
referenced study [88]. Nonparametric methods, on the other
hand, make no apriori assumption about the data distribution.
Parametric estimation can be done using either the Least
Squares Estimation (LSE) method or the Maximum
Likelihood Estimation (MLE); however, MLE has the
advantage of estimating the distribution parameters with
narrower confidence intervals, thereby rendering this
estimation method with higher sufficiency, consistency, and
efficiency [88]. For this study, the MLE method of parametric
estimation of DBDC CV model was adopted. In the model, a
typical respondent can be denoted by “i” and the maximum
Willingness To Pay (WTP) for renewable energy-based
electricity be denoted by y;. Since a DBDC CV method was
used, a typical response could be one of the following four
possible responses to the bid values presented (B! = Initial
Bid, BMgher = Higher Bid and B'°"¢" = Lower bid):

1) “Yes” to B'and a “Yes” to BM8MeT=Yes-Yes (YY)
2) “Yes” to Bland a “No” to BMeher=yes-No (YN)

3) “No” to B'and a “Yes” to B°"¢"=No-Yes (NY)

4) “No” to B'and a “No” to B!°"®'= No-No (NN)

while respondents falling in categories (i), (ii), and (iii) carry a
positive WTP, those falling in category (iv) are known as
protest respondents. Respondents can reveal zero WTP as
either they truly carry zero willingness to pay for the good in
question, or the bid values presented are unable to capture the
true WTP [89]. Since there is a probability assigned to each
answer format, the likelihood functions need to be estimated.
The likelihood function helps understand how likely it is for
the sample data to come from the assumed probability
distribution.

Let “I1” define the likelihood function; then, the 4 answer
formats in the DBDC CV experiment can be written as
follows [60]:

HiYY (Bl,' Bhigher) =Pr (yi*>B1 and yi* > Bhigher) =1-G (Bhigher‘ e)
©)

where TIYY represents a consumer i, with a “Yes-Yes”
response in the bid values presented.

Further, G (Bid value, 0) is a statistical distribution function
with associated parameter estimates vector “0”, and 1 - G
(Bhigher. @) represents the cumulative density function (cdf) of
the respondent’s true maximum WTP. Similarly:

HiYN(Bl,' Bhigher) =Pr (yl* > B! but yi* <Bhigher) =G (Bhigher’ e) -G
(B, 6) Q)

MNY(BY; Blower) =pr(y/<B! but y; > Blower) = G (BL,0) - G
(Blower, e) (3)

HiNN(Bl; Blower) =Pr (yi*<B1 and yi*<Blower) =G (Blower, e)
“)

Functions (1) to (4) the total likelihood function (L),
representing the joint probability distribution of the sample,
can be constructed as follows:

L(6) =Y + ™ + Y + InIfN )

The best parameter estimates can be achieved when the Log-
Likelihood function is maximized [88]. By maximizing the
log likelihood function, the probability that the observed data
comes from the assumed distribution is maximized. Thus, the
log (denoted as “In”’) of Equation (5) that must be considered
for computational purposes is constructed as follows:

In L (8) = InIIYY + In[IYN + InIINY + InfINN (6)

For a single respondent i, the response will be any one from
YY, YN, NY, or NN formats. Therefore, a dummy binary
variable which can take a value of 0 or 1 in the log-likelihood
function (based on the respondent’s ;s response) is necessary.
If “d” indicates the dummy variable, then the final Log-
Likelihood function will be constructed as follows:

Lo L (8) =3¥N, {d¥n Y + dNY In TN + dYN In 1NY + dMN In
IR} (M

where i represents a sample respondents and can range from 1,
2, 3 , N and dYY, dfN, dY and dNV are binary
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variables with values assigned as either 0 or 1, depending on
the i*" sample response.

4. RESULTS AND DISCUSSION

This section contains details of the sample statistics in Section
4.1, followed by results from exploratory factor analysis
contained in section 4.2. Finally, section 4.3 presents
quantitative estimates of WTP for RE.

4.1. Respondent profile

Data for this study was collected in split samples (3
sub-samples) to avoid the starting point bias [79]. Each split
sample had a near equal sample size, ensuring that no split
sample suffered from over or under representation. Table 2
appends the following summary of the key socio-demographic
variables by the split sample.

Table 2. Sample statistics

Socio-demographic variables Split sample 1 (n=159) | Split sample 2 (n = 152) Split sample 3 (n = 165)
Average age (years) 27.9 31.2 29.1
Average annual income (Rs. INR)

Less than Rs. 10 lacs 111 (69.8) 85 (55.9) 98 (59.4)
Rs. 11 Lacs — Rs. 21 Lacs 20 (12.6) 26 (17.1) 42 (25.5)
More than Rs. 21 Lacs 12 (7.5) 13 (8.6) 19 (11.5)
Did not report 16 (10.1) 28 (18.4) 6 (3.6)
Educational attainment
Less than school degree
School degree 4(2.5) 1(0.7) 3(1.8)
Under graduation 65 (40.9) 73 (48.0) 80 (48.5)
Post-graduation 80 (50.3) 71 (46.7) 66 (40.0)
Higher education 10 (6.3) 7 (4.6) 16 (9.7)
Gender
Male 107 (0.70) 86 (0.60) 109 (0.70)
Female 52 (0.30) 66 (0.40) 56 (0.30)
Average family size (number of members) 2.9 2.8 2.8
Past use of solar (% users) 8.18 % 8.55% 5.45%
Alternate sources of electricity (% of yes 1132 % 15.13 % 7.88 %
respondents)
Numbers in parenthesis represent column percentages.
Split sample 1: (B, Bhigher and Blower y = (100 150 50); Split sample 2: (B, BRigher and Blower )y — (200 300_100); Split sample
3: (B, Bhigher apd Blower ) = (300 450 150)

A typical respondent was 30 years of age on average,
completed either an under-graduate or a post-graduate degree,
did not exceed annual family income Rs. 10 Lacs, and came
from a family of less than 3 members. The majority of the

respondents in each split sample were found willing to pay for
RE with a share of protest respondents (respondent not willing
to pay) limited to 14.7 % (data in Table 3 below).

Table 3. Response to bid values

Response Split sample 1 (n = 159) Split sample 2 (n = 152) Split sample 3 (n = 165) Total
Yes - Yes 78 71 79 228 (47.8%)
Yes - No 48 39 49 136 (28.5%)
No - Yes 11 17 14 42 (8.8%)
No — No (Protest) 22 25 23 70 (14.7%)
Total 159 152 165 476
Split sample 1: (B, Bhigher and Blower y — (100 150 50); Split sample 2: (B, Bhigher and Blower ) = (200 300 _100), Split sample
3: (B, Bhigher apd Blower ) = (300 450 150)

Only 5-8 % of the households (in each split sample) had
used solar energy in the past (total 35 out of 476 households:
7, 19, and 9 in split samples 1, 2, and 3, respectively). This
finding is in agreement with the literature, pointing to lower
RE adoption amongst households [90]. The limited adopters

of solar rooftops in the sample (35 of 476) installed battery
backups or generator systems as well, indicating the lack of
reliability of solar rooftops due to intermittency of the power
supply. While the falling costs of solar RTPV have
encouraged adoption, conventional backup options are still the
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mainstay [91]. A near-complete reliance on grid supplied
electricity is also evident since only 8-11 % of respondents
maintained alternate sources of electricity to fall back upon.
Further, more than 60 % of the respondents preferred to
switch off appliances while not in use while only 37 %
purchased Energy Efficient Appliances (EEAs). This mirrors
energy behavior in residential households in other parts of
Asia as well [92] and corroborates the results with the
literature, suggesting the lagging adoption of EEAs in India
due to concerns other than appliance cost [93], and it also
confirms the slower pace of energy transition in households
[94].

4.2. Exploratory factor analysis and latent factors
identification

Reliability and validity of 21 questions captured on Likert
scale data were checked based on the Cronbach’s alpha
statistic. A high alpha value of .740 reflects internal
consistency of the instrument [95]. To ensure validity, content
validity was used. Content validity refers to expert reviews of
questions for establishing validity and verifying the extent to
which questions capture the research objectives. Content
validity was established by conducting expert interviews with

academic and industry experts from the fields of
environmental economics and renewable energy. Survey
feedback from pilot studies also helped refine the final survey
instrument.

Exploratory Factor Analysis (EFA) was conducted on
Likert-scale data variables to discover latent variables with
possible impact on WTP for renewable energy. EFA was
conducted using the Principal Component Analysis (PCA)
procedure in SPSS. The Kaiser-Meyer-Olkin (KMO) test and
Bartlett’s test of Sphericity confirmed the need and
applicability of factor analysis [96]. The KMO test returned a
high value of 0.772 justifying sample adequacy. Bartlett’s test
for sphericity was also significant (y(2 )(210) = 1701.342, p =
0.00), indicating the presence of latent factors. Finally,
variable communalities above 0.3 confirmed that latent factors
explained a significant amount of variation in the variables
[97]. EFA used the varimax rotation and 5 latent factors were
discovered, each with an eigenvalue of > 1. The 5 latent
factors explained 46.57 % of the total variance. No variables
reported cross factor loadings, and all variables with factor
loadings less than 0.50 were suppressed. Final factor loading,
latent factor identification, and variable communalities are
reproduced below in Table 4.

Table 4. Results from exploratory factor analysis

Sample No. Variable name Rotated component matrix Communalities
1 2 3 4 5 6
1 Green is as reliable as conventional energy 0.767 0.598
2 Everyone should pay extra to contribute to 0.649 0.455
the generation of Green Electricity
3 I believe the generation of electricity from 0.391 0.453
coal contributes to pollution in the country
4 The effects of pollution on public health are | 0.690 0.518
worse than we realize
5 I believe human activities are major 0.715 0.533
contributors to pollution
6 I believe that electricity generation from 0.557 0.478
renewable energy will clean the

environment

7 I feel partly responsible for the 0.648 0.557

environmental problems on our planet

8 I recycle what I can (paper, glass, or other -.666 0.608
recyclables)

9 Every citizen must take responsibility for 0.774 0.646

the environment
10 I feel that pollution from electricity 0.692 0.551
generation should be taxed

11 I feel a moral obligation to protect the 0.586 0.507
environment

12 I have given directions to a stranger 0.514 0.533

13 I have given money to charity 0.742 0.575

14 I have donated goods or clothes to a charity 0.765 0.606

15 I have done voluntary work for charity 0.659 0.579

16 I have donated blood 0.472 0.353

17 I have helped carry a stranger’s belonging 0.708 0.577
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18 I have delayed an elevator so that someone 0.499 0.456
else can come in
19 I have allowed someone else to go ahead of 0.523 0.463
me in a line (Xerox line/ supermarket etc)
20 I have given a stranger lift in my car 0.728 0.533
21 I have helped a handicap cross the street 0.625 0.519

The 5 latent factors discovered can be interpreted as follows:

e Perception of RES-E/green energy: Two variables load
on this factor that reflect how respondents perceive RES-
E or green energy (Variable 1 and Variable 2). This
factor was also identified as a major effect on the
consumer’s WTP by the researchers in [98] and hence,
aligned with the previous literature.

Environmental consciousness: Four variables load on
to this factor (Variables 4, 5, 6, and 9), each of which
captures the respondent’s environmental consciousness
and awareness of the impacts from use of green energy.
This latent factor was also found to be of significance in
influencing pro-environmental behavior in previous
studies; hence, it validates the variable grouping [99].

Environmental responsibility: Three variables that

amongst respondents constructed these latent factors
(Variables 7, 10, and 11).

Tangible altruism: This factor encapsulated altruistic
traits tangible in nature and was constructed out of
Variables 12, 13, 14, and 15.

Intangible altruism: Five variables loaded on to this
factor that captured altruistic behaviors with intangible
nature, namely Variables 17, 18, 19, 20, and 21.

Three variables could not be grouped under any latent
factor, each having factor loading of less than 0.50. Hence,
they were dropped (Variables 3, 8, and 16).

4.3. Estimates of willingness to pay for renewable
energy

The statistical SBDC and DBDC CV model development was
done in R software. Table 5 below lists the statistical

captured a sense of environmental responsibility summary of the considered variables for analysis.
Table 5. List and nature of variables considered for model development
Sample No. Variable Mean Standard deviation

1 Gender (1 if Male, 2 otherwise) 1.37 482
2 Age of the respondent (years) 29.32 8.72

3 Annual income of the household (1 if <5 lacs per annum, 5 if > 21 lacs per 2.29 1.24

annum (ordinal variable)
4 Level of education of respondent (1 if < school degree, 5 if >= higher education 3.58 0.64
(ordinal variable))

5 City of residence (1 if Pune, 0 if Mumbai) 0.69 0.46
6 Household monthly electricity bill (Rs.) 1742.84 1611.15
7 Household size (1 if single, 5 if > 10 members (ordinal variable)) 2.83 0.67
8 Past use of solar (1 if yes, 0 otherwise) 0.56 0.50
9 Alternate sources of electricity (1=yes, 0=no) 0.11 32
10 Factor 1: Perception of RES (PER = V1+V2) 7.34 1.56
11 Factor 2: Environmental Consciousness (EC) = V4+V5+V6+V9 17.56 2.15
12 Factor 3: Environmental Responsibility (ER) = V7+V10+V11 12.00 1.87
13 Factor 4: Tangible Altruism (A1) = V12+V13+V14+V15 13.99 3.64
14 Factor 5: In tangible Altruism (A2) = V17+V18+V19+V20+V21 14.41 4.53
15 Answer to bids presented in YY-YN-NY-YY format (dependent variable) - -

For the Single-Bounded Dichotomous Choice (SBDC)
model estimation, only the starting bid value for each split
sample  was  considered [100]. Due to the
categorical/dichotomous nature of the dependent variable
(answer to bid values), Ordinary Least Squares (OLS) method
of regression could not be applied since the error distribution
violated normality assumption. Hence, Generalized Linear
Models (GLM) were chosen [100]. For GLM models where
parametric estimations are undertaken, error terms can follow
any of the following probability distribution functions:

Logistic, Log-normal, Log-logistic, and Weibull distributions
[100]. For this study, the Maximum Likelihood Estimator
(MLE) method is used to estimate the distribution parameters.
The model fit was adjudged by the Akaike Information
Criterion (AIC) and Bayesian Information Criterion (BIC)
derived from the Kullback—Liebler distance [101]. Parametric
models using multiple distributional assumptions namely
Logistic, Log-Logistic, and Weibull distributions were
analyzed, as reported in Table 6 below.
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Table 6. Single-Bounded Dichotomous Choice (SBDC) parametric estimation results

63

Variable Logistic Log-Logistic Weibull
(Intercept) -2.67 -0.35 -0.14
Log(bid) 0.00 -0.55%* -0.32
Age -0.04%** -0.04%** -0.04%**
Gender -0.07 -0.06 -0.06
Income (cat.5) 1.16%** 1.17%%* 0.90%**
Income (cat.4) -0.10 -0.11 -0.01
Income (cat.3) 0.68** 0.68* 0.70%*
Income (cat.2) 0.52 0.53 0.50
Education (cat.4) 0.96 0.98 0.84*
Education (cat.3) -0.12 -0.14 -0.03
Education (cat.2) 0.10 0.11 0.07
Awareness of consequences 0.03 0.03 0.01
Tangible altruism -0.01 -0.01 -0.02
Intangible altruism 0.02 0.02 0.02
Perception of RES 0.34%** 0.34%%* 0.29%**
Ascription of responsibility 0.15%* 0.15%* 0.10%*
Average monthly electricity bill 0.00 0.00 0.00032%%**
City of residence (Pune) -0.02 -0.02 0.17
Awareness of RES 0.01 0.01 -0.01
Number of family members 0.03 0.02 -0.06
Past usage of solar -0.24 -0.24 -0.30
Use of alternate sources of electricity 0.46 0.45 0.40
P-value 0.00 0.00 0.00
AIC 432.5 431.9 438.9
BIC 521.4 520.8 527.7
Mean WTP in Rs. - Truncated at maximum bid value
(Figures in brackets represent upper and lower values 250 (233 -262) 254 (235-265) 249 (232-261)
of the WTP estimate)
* Significant at 90 % CI; ** significant at 95 % CI; *** significant at 99 %
Lower and upper bounds of WTP estimated using Krinsky & Robb simulation method
Income and education variables are on the ordinal scale. Results omit the 1% category for estimation.

The SBDC mean WTP value for the given observations
ranges from Rs. 249 to Rs. 254/household/month, indicating
that the mean values are not sensitive to parametric
distributional assumptions. AIC and BIC values for all models
were also in similar ranges, indicating that no model was
strongly superior to the rest. Four variables emerged to have a
common impact on consumers’ WTP for RES-E irrespective
of the distribution specification. First, age exerts a negative
influence on WTP. This indicates that younger consumers are
more likely to accept higher bid values. Second, higher
income positively influences the willingness to pay,
suggesting that RE adoption is more likely amongst high-
income households. Third, respondents holding higher RE
perception are more welcoming of RE-based electricity
contracts and are willing to pay more for it than respondents
with lower perception. This suggested a direct correlation

between RE perceptions and willingness to pay for it, as has
also been documented in the literature [63]. Fourth,
respondents who ascribe higher self-responsibilities to
undertake pro-environmental actions are more likely to pay
more for RE-based electricity supply. Higher education and
higher monthly electricity bills also nudge consumers to pay
more for renewable electricity; however, these variables were
only found significant in the Weibull distribution, but not for
the logistic and log-logistic models.

Next, DBDC estimation was conducted next with the same
distributional ~ specifications (logistic, log-logistic, and
Weibull). However, of the 3 models, Weibull estimation did
not converge to a true solution. The variable coefficients,
mean WTP values, and model fit values of the Logistic and
Log-Logistic distributions are reproduced below in Table 7.
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Table 7. Double-Bounded Dichotomous Choice (DBDC) parametric estimation results

Variable Logistic Log-Logistic
(Intercept) -0.53 9.04%**
Log(bid) -0.01%%* -1.92%**
Age -0.05%** -0.05%**
Gender 0.10 -0.09
Income (cat.5) 0.89% % 0.93%%*
Income (cat.4) -0.17 -0.44
Income (cat.3) 0.73 0.61
Income (cat.2) 0.29 0.33
Education (cat.4) 1.11%* 1.22%%*
Education (cat.3) 0.28 0.14
Education (cat.2) 0.53 0.55
Awareness of consequences 0.04 0.00
Tangible altruism -0.03 0.05%*
Intangible altruism 0.05* 0.02
Perception of RES 0.34%%* 0.33%**
Ascription of responsibility 0.07 0.11*
Average monthly electricity bill 0.0006%** 0.001***
City of residence (Pune) -0.12 -0.01
Awareness of RES 0.02 0.02
Number of family members -0.41%%* -0.42%%*
Past usage of solar -0.38 -0.78%**
Use of alternate sources of electricity 0.34 0.05
P-value 0.00 0.00
AIC 1094.25 1079.7
BIC 1183.14 1168.5
Mean WTP in Rs. - Truncated at maximum bid value 316.5 (299 - 332.5) 310.8 (283.9 - 317.5)
(Figures in brackets represent upper and lower values of the WTP
estimate)
* Significant at 90 % CI; ** significant at 95 % CI; *** significant at 99 %
Lower and upper bounds of WTP estimated using Krinsky & Robb simulation method
Income and education variables are on the ordinal scale. Results omit the 1% category for estimation.

The DBDC mean WTP values for the set of observations
range between Rs. 310.8 — Rs. 316.5. This again suggests no
large impact of the distribution assumption on mean value
estimation. While the AIC and BIC values for DBDC models
are inflated as compared to the SBDC models, a larger
number of significant variables are realized for the DBDC
models. Between the 2 models, the log-logistic model had the
lowest AIC values and was, hence, considered a better model.
First, a positive intercept value (B = 9.04; p-value = 0.00)
suggests an inherent willingness to pay for RE, irrespective of
other independent variables. This indicates a general positive
attitude towards green electricity. Second, a negative
Log(Bid) estimate (= -1.92; p-value = 0.00) indicates that the
higher the bid value, the lower the probability of bid
acceptance. This result is in alignment with standard
economic theory that prescribes the higher the price, the lower
the willingness to consume the product. Third, younger

respondents exhibit a higher probability accepting the
presented bid values (B = -0.05, p-value =0.00). This could be
due to a greater awareness of RES-E and rising environmental
consciousness amongst the youth. Fourth, higher income
households are willing to pay more for RE (f = .93, p-value
=0.00) presumably due to higher affordability. Fifth, higher
education levels spur willingness to pay (B = 1.22, p-value
=0.04). This finding aligns with the literature, as highly
educated consumers are found to be more eco-conscious and
hence, they support RES. Sixth, consumers engaged in
altruistic activities before are found more willing to pay
(Altruistic traits (tangible, B =.05, p-value =0.04)). This
finding again is in line with the literature, whereby paying for
RES is considered to satisfy altruistic considerations [76].
Seventh, respondents holding positive perception of RES are
seen as willing to pay more (= 0.33, p-value =0.00). Eighth,
consumers who hold a high ascribed responsibility (ascription



V. Sen / JREE: Vol. 10, No. 2, (Spring 2023) 56-69 11

of  responsibility)  for  themselves to  undertake
pro-environmental actions feel more obliged to adopt RES-E
and are hence willing to pay more (p = 0.11; p-value = 0.07).
Ninth, counter-intuitively consumers with higher monthly
bills are willing to pay more. This could be due to the belief
that the application of RESs helps save them on monthly
electricity bills. However, due to the small value of the
estimate, compelling conclusions cannot be drawn (f = 0.001;
p-value = 0.000). Next, it is observed that larger families do
not support paying more for RES (Number of family
members: = -0.42; p-value = 0.01). This could be attributed
to a higher value of electricity consumption that may result in
higher monthly bills, thereby discouraging the willingness to
pay more. Finally, existing consumers of solar energy
(through solar RTPV solutions) appear to be more reluctant to
pay for RES than the non-users (B = -0.78; p-value = 0.04).

This is counter-intuitive as users of solar should be pro RE,
having reaped savings in monthly electricity bill amounts.
This result indicates that necessary policy interventions are
required to improve user satisfaction.

Efficiency gains from the estimates of SDBC and DBDC
models were then checked to choose the best model.
Efficiency gains in estimation can be established by
considering the variance in confidence interval of mean WTP
values as a percentage of the mean values (difference in
confidence intervals/'mean WTP), with lower variances
indicating higher efficiency [102]. Contingent valuation
studies in the past also used this ratio to establish the model
efficiency of DBDC estimation [103]. Efficiency ratios for
this study for both SBDC and DBDC computations are
reported and compared below in Table 8.

Table 6. Efficiency ratio estimation of SBDC and DBDC models

Variable SBDC - Logistic | DBDC - Logistic | SBDC — Log logistic | DBDC — Log logistic
Mean WTP 250.4 316.5 253.8 310.8
Lower Bound (LB) 2332 299.1 235 283.9
Upper Bound (UB) 261.9 332.5 265 317.5
Difference in UB & LB 28.6 33.5 30 33.6
Efficiency Ratio (UB-LB/Mean WTP) 0.116 0.105 0.118 0.108

Efficiency ratio estimates report two key observations. First,
the DBDC estimates from both the logistic and log-logistic
model report lower efficiency ratios than the respective SBDC
models, suggesting econometric superiority of DBDC
estimation. Hence, it is clear that DBDC models gain
inefficiency. Second, between the logistic and log-logistic
DBDC estimates, the log-logistic model is weakly inferior
(.108) over the logistic model (.105). However, for the
purpose of this study and based on the set of observations, the
DBDC log-logistic model is considered final due to the lower
AIC and BIC values and 11 significant variables influencing
WTP for RES-E, thus fitting standard economic theory. Thus,
in conclusion, it can be reported that the mean WTP for RES-
E rests at Rs. 310.8/household/month when charged as a
premium over existing monthly electricity bills for residential
households.

Given the WTP achieved as a monthly charge, it was of
interest to study the WTP per unit of electricity consumed. To
this end, the average residential consumption patterns in the
state of Maharashtra were studied. An average residential
household in Maharashtra does not consume more than 300
units of electricity (measured in kWh terms) [20]. This
number increases exponentially in near future due to higher
incomes, affordability, and urbanization in the state, but is
currently contained within 300 units per month. Accordingly,
the average WTP for GT is calculated at Rs. 1.03/unit/month.
Although this number looks sufficiently small, CV studies in
developing economies (especially, for pro-environmental
products/programs) often report low WTP values. Table 9
appended below compares WTP for RE from other countries
with the findings of this study.

Table 7. WTP for RE in other economies

Year of study | Country of study WTP for RE * Finding Authors
2014 China USD 2.35-2.82 Mandatory payment vehicle prompts higher WTP [104]
2015 Lebanon USD 20 - 50 For replacement of generator sets with solar PV (lumpsum payment) [105]
2016 South Korea USD 3.21 For bequest value of RE [106]
2017 Hong Kong USD 16.12 For natural gas based deep decarbonization [107]

*: WTP per household per month, unless specified otherwise

In comparison, this study reports a WTP for RE at USD
4.97/household/month (78.05 INR = 1 USD). This finding
aligns with the literature pieces as low willingness to pay for
pro-environmental products in developing nations is attributed
to the higher value assigned to real consumption than to
environmental quality [108].

5.KEY FINDINGS AND CONCLUSIONS

This study was undertaken to investigate household
willingness to pay for green energy-based electricity contracts.
Data was collected from 476 residential households from the
twin urban cities of Pune and Mumbai in the western state of

Maharashtra. A DBDC CV experiment was conducted with
sample respondents to estimate the WTP for RE-based
electricity supply and to identify the factors influencing the
same. Analysis reveals that residential consumers carry a
monthly mean WTP of Rs. 310.83 per household per month
when charged as a premium over and above current monthly
electricity bills. Higher age influences negatively, whereas
higher education and income positively re-enforce this
willingness to pay. Perceptions of green energy are positive
and widespread. While 71 % of the respondents held positive
perceptions of RE and perceived it to be as reliable as
conventional energy forms, only 68 % agreed that people
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should pay a premium for it. Thus, an attitude-action gap
appears, which is a phenomena observed in other economies
as well [109, 15, 16, 64]. This gap can hinder consumer
switching to green energy in deregulated retail energy
markets. Other behavioral factors that positively and
significantly spur WTP include a high sense of responsibility
to undertake pro-environmental actions and past altruistic
behavior (tangible altruism).

6. RECOMMENDATIONS

Based on the above findings, this study proposes 4
recommendations for policy consideration.

First, to address the attitude-action gap in RE adoption, it is
recommended that “green energy defaults” are introduced for
residential consumers, initially. While green defaults are
undesirable due to affordability and welfare concerns [19],
they are also successful in eliminating lethargy in “consumer
switching” from grey contracts to green contracts [110].
Green defaults can be a temporary introduction in the market
and slow transition to voluntary contracts can be made
following the expedition of RE adoption amongst residences.
The feasibility, acceptability, design and welfare impacts of
green energy tariffs and contracts need further exploring and
are recommended for future research.

Second, marketing of voluntary sign-ups to green tariffs
should be based on altruistic and bequest values of RE. Power
suppliers would be of benefit by showcasing the non-use
values of RE such as altruistic pleasures arising out of green
consumption and leaving a greener environment for future
generations (bequest values). Targeted consumer awareness
campaigns towards this task can be conducted by sharing
information passed through monthly electricity bills and other
social media campaigns undertaken by power supplying
utilities.

Third, since households with higher income, higher
education, and lower age profiles exhibit higher acceptability
and willingness to pay for RE, it is recommended that a
sub-set of households meeting this socio-demographic profile
should be identified as “influencers”. “Influencers” should be
equipped with complete knowledge of benefits of green
energy and can be incentivized to conduct awareness
campaigns amongst residential societies. Local nodal
agencies/state energy development boards can be entrusted to
both identify the influencing agents, as well as conduct of
awareness campaigns. This will positively fine tune the
perception of RE, which also emerged as a key influencing
factor of WTP for RE.

Fourth and finally, research design followed in this study can
also be replicated to elicit green tariffs amongst Micro Small
and Medium Enterprises (MSMEs) in India. Self-financing
RE systems have become more challenging for Indian
MSMEs in the post COVID-19 times, since MSMEs are
unable to justify the cost benefit analysis of high RE system
costs vis-a-vis low energy demand. Added business
uncertainties on account of COVID-19-related slowdowns are
also making financial lenders cautious of lending to SMEs,
exacerbating RE financing bottlenecks [111, 112]. Given this,
incumbent power suppliers would benefit from marketing
green tariffs, especially MSME clusters in the state. By paying
the green tariff premium, MSMEs can meet RE procurement
targets (voluntary targets or as mandated by business partners,
as applicable) without making capital expenditures in RE
systems.

7. LIMITATIONS

This study was undertaken in two urban concentrations in the
state of Maharashtra. Since the sample was collected from
only one Indian state, the willingness to pay estimates are not
generalizable to the entire India. However, the research design
used in this study could be replicated in other Indian states to
elicit WTP for that state, since WTP estimates are sensitive to
state-wise social, economic, and individual attributes of
respondents.
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This study was conducted in the Loka Abaya District of Sidama Region, Southern Ethiopia to assess the
environmental impacts of biomass energy production with particular emphasis on charcoal and firewood. The
data collection was undertaken using the questionnaire survey administered to 186 randomly selected
households. This task was followed by key informant interviews and an analysis of the literature. The sampled
households produced 208 432.9 kg firewood yr'! for domestic consumption and 261 039.8 kg charcoal yr' for
sale in town. 2.3 x 10 km? of the forest is cleared to produce a single sack of charcoal. Charcoal and firewood

giynlf;ggcéiergy’ production is totally responsible for the degradation of 39.4 ha of forest per year. The associated emissions of
Wood Fuel, CO,, CO, N,O, CH4, and TNMHC (total non-methane hydrocarbon) during the production and consumption of
Charcoal, firewood and charcoal were calculated based on the emission factors indicated by previous studies. The results
Firewood, demonstrated that the trace gases produced during charcoal making were higher than that of charcoal burning.

Greenhouse Gases,
Environment Impacts

Further, the amounts of greenhouse gases generated during firewood burning were higher than the ones
generated during charcoal burning. In order to minimize the challenges of deforestation and greenhouse gas
emissions caused by charcoal and firewood consumption, a strategy of promoting the utilization of alternative
clean energy sources such as solar and biogas should be implemented in parallel to the effort of adoption of

improved biomass energy-saving cook stoves.

https://doi.org/10.30501/jree.2022.334270.1346

1. INTRODUCTION

Global wood removal for wood fuel production is estimated to
be 61 per cent [1]; over the last 50 years, global charcoal
production increased from 17.3 million tons in 1964 to 53.1
million tons in 2014 [2]. In Sub-Saharan Africa (SSA), the
vast majority of households depend on wood energy
-comprising firewood and charcoal- for their daily energy
requirement; the projection done by International Energy
Agency reported that the number of wood-based biomass
energy consumers in Sub-Saharan Africa would reach almost
one billion by 2030. This indicates that reliance on wood-
based biomass energy from firewood and charcoal is far
greater in Sub-Saharan Africa (SSA) than in any other region
in the world. In 34 countries worldwide, wood-based biomass
energy satisfies more than 70 percent of energy needs, and it
satisfies more than 90 percent in 13 countries. The majority of
these countries are located in SSA [7]. Statistically, Africa
accounts for 63 % of the global charcoal production [8].
About 94 % of the African rural population and 73 % of the
urban population use wood fuels as their primary energy

*Corresponding Author’s Email: 20aro201@gmail.com (A.D. Seboka)
URL: https://www.jree.ir/article_160919.html

source with the urban and rural areas heavily dependent on
charcoal and firewood, respectively [9].

The Ethiopian total rural household consumption of wood
(including the charcoal equivalent of wood) is estimated to be
91.2 million per year with 4.2 million tons per year of
charcoal. Total consumption of residues and dung is estimated
to be 19.3 million tons per year and 20.7 million tons per year
respectively [10]. Biomass energy is highly consumed in rural
and urban areas for cooking and heating [11]. Both urban and
rural households have upgraded their biomass use from low-
quality residues and dung to firewood and charcoal [12]. The
availability of these fuels at low cost and the lack of available
alternative energy sources are causes for the high dependence
of the communities on firewood and charcoal across the
country. In urban areas, firewood as the primary fuel varies
according to factors such as differences in price and
availability of alternatives. Firewood is often burned in open
stoves resulting in low energy density and low total energy
efficiency during combustion, often between 10 % and 20 %.
Furthermore, the difficulty of controlling heat levels in an
open stove implies that large masses of fuel must be burned.

Concerning the combustion of firewood and charcoal, the
cooking stoves and kitchens are majorly unvented in the study
area and this is true for rural households in developing

(https://doi.org/10.30501/jree.2022.334270.1346).
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countries. Consequently, Particulate Matter (PM) and gases
such as carbon monoxide (CO), carbon dioxide (CO,), oxides
of nitrogen (NOy), volatile organic compounds (VOCs),
sulphur oxides (SOy), and a range of trace species including
polyaromatic hydrocarbons affect the health of household
members directly involved in cooking and heating activities.
Furthermore, most of these compounds have a much higher
global warming potential than carbon dioxide [13].

The lack of clean alternative energy services in the study
areas caused social and economic impacts as well as serious
environmental and health problems. The main environmental
challenge of the study area was excessive deforestation, which
led to the depletion of tree stock, and caused what is known as
the household energy crisis in Ethiopia. For the great majority
of the population, wood and other biomass fuels are the only
sources of energy that have negative environmental,
ecological, economic, and health impacts on the lives of the
rural poor.

This study was conducted in Loka Abaya district, Sidama
Region, Southern Ethiopia. In rural households of Loka
Abaya, the inefficient and unsustainable energy production
and consumption practices have serious implications for the
environment, such as forest resource degradation, land
degradation, and tree species diversity loss. In the area, nearly
all of the rural households depend on firewood for their
cooking requirements, which has led to high deforestation.
Furthermore, consumed and produced biomass fuels use
smoky and inefficient traditional stoves and kilns. The current
study mainly focuses on quantifying the amount of wood
removed for fuel in the form of charcoal and firewood as well
as assessing their environmental impacts. Specifically, this
study is intended to i) estimate the amount of firewood and
charcoal produced in the area, ii) analyse the implications of
firewood and charcoal production on forest resources, and iii)
estimate the number of greenhouse gases emitted during
production and consumption.

The study area is the hot spot of firewood and charcoal
production mainly for commercial purposes. The
environmental consequences of massive wood extraction in
the district have not been studied; as a result, there was no
meaningful data regarding the amount of wood removed from
the area for firewood and charcoal production. Both
researchers and development agents have not taken into
account the issues of forest resource degradation, biodiversity
loss, and emission of pollutants from firewood and charcoal
production and consumption. However, the current study
mainly (a) focused on generating reliable data that indicate the
magnitude of deforestation and forest resource degradation
caused by firewood and charcoal production and (b) carried
out the estimation of the trace gases emitted during firewood
and charcoal combustion.

2. RESEARCH METHODS
2.1. Study area

Loka Abaya District is found in the Sidama region of
Southern Ethiopia with a total area of 119,000 ha, at about
325 km south of Addis Ababa. The district is geographically
situated between 60 46° N and 380, 04’E. The study area has
bimodal rainfall: July to September (heavy rains) and
February to April (light rains), the remaining months of the
year are fairly dry. The mean annual rainfall and temperature
in the area are 1,001-1,400 mm and 17.6-25 °C, respectively
[14]. The district is endowed with forest vegetation that is
dominated by species such as Acacia species, Erythrina
brucei, Commiphora africana, Albizia gummifera, Balanite
eagyptiaca, Ficus species, Cordia africana, Calpurnia aurea,
Croton macrostachyus, and others. Exotic plant species such
as Grevillea robusta, Pinus patula, and Eucalyptus and
Cupressus lusitanica occupy the plantation forest of the
district.
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2.2. Data collection and sampling

In sampling, the population of the study multistage sampling
was used. The target district was purposively selected based
on its potential for charcoal and firewood production. In this
study, 5 % of the study populations were randomly sampled
for the household surveys. Moreover, the key informants from
the energy and agricultural sectors were interviewed to gather
general information regarding charcoal and firewood
production in the area.

The data of various aspects of charcoal and firewood
production were collected through the techniques such as
questionnaire surveys, key informant interviews, and
literature-based surveys. The questionnaires of different
contents were designed and administered to 186 households to
gather reliable information from households that use charcoal
and firewood at the household level and for sale. Because the
amount of wood used to produce these fuels for sale and
household level consumption are unquestionably different.
Besides, the key informant interview was used to collect
qualitative information from government officials, experts,
charcoal and firewood sellers, and users.

2.3. Estimation of wood fuel

The estimation of the amount of fuelwood consumed for
different household activities such as cooking, heating, and
other uses has been undertaken during fieldwork. This was
conducted at both the household level and sellers of charcoal
and firewood to the nearby towns. The estimation was based
on the common weight of a sack of charcoal and a bundle of
fuelwood used and sold in the market of the area. The number
of households administered in this study was not manageable
to carry out the measurements of wood fuels in each
household. Thus, a sub-sample of 60 households was selected
for wood fuel estimation. Hence, initially, the households
were stratified based on family size and wealth categories.
Practically, the measurement of charcoal and firewood was
carried out by listing the types of meals cooked in the selected
households; then, the repetition of each meal cooked per week
was recorded and the respondents classified the amount of
wood fuel they consume per activity. The data collectors were
hired to measure the amount of woo duel using weight
balance. In this work, females are entirely engaged in the

estimation of wood fuel as the household activities are mainly
accomplished by them.

3. RESULTS AND DISCUSSION

3.1. Wood estimation for firewood and charcoal
production

The Loka Abaya district is a hot spot for charcoal and
firewood production in the Sidama zone. The charcoal and
firewood produced in the district are transported to the nearby
towns such as Boricha, Dilla, Yirgalem, Hawassa,
AletaWondo, and Hantate. This aggravates the environmental
degradation in the area. Moreover, the use of inefficient
charcoal production kilns and illegal cutting of trees for fuel
results in excessive deforestation, land degradation, and
emission of green house gases to the environment. This study
mainly addressed the environmental impacts of biomass
energy production, specifically the problems posed during
charcoal and firewood production.

The amount of annual firewood and charcoal produced for
household consumption and the market sale was assessed and
estimated in kilograms per household. Accordingly, the
annual average consumption of firewood and charcoal is
estimated to be 1126.6 kg and 702.4 kg, respectively. On the
other hand, the amount of firewood and charcoal produced in
the district is estimated to be 208432.9 kilograms/year and
261039.8 kilograms/year, respectively (See Table 1). The
study conducted in Western Ethiopia estimated that the
amount of charcoal production was about 4514400 kg of
charcoal used annually in the area [15], which is much higher
than the current study. Likewise, the annual firewood
consumption presented by [16] is 3635.3 kg of firewood used
per household in western Ethiopia, which is higher than the
current study. Although there is a difference across the
districts, the amount of charcoal and firewood consumed at
the district level is an indicator of increased national
consumption, which is estimated to be 260,000 tons, all of
which was produced by traditional kilns needing at least 2.3
million tons of wood [17]. The household survey revealed that
the amount of firewood and charcoal produced in Falka kebele
was higher than that in the rest of the target villages, whereas
there are no charcoal production activities except firewood in
Tula Gorbe kebele.

Table 1. Summary of the monthly production of firewood and charcoal across the study kebeles

Kebeles Fuel types Mean Median Sum St. deviation SE
Kutayo Charcoal 2308.7 2217.2 48483.1 1856.2 405.05
firewood 864.7 630 34587.4 1176.9 186.09
Charcoal 12661.2 3433.7 189918.7 24750.4 6390.5
Falka
firewood 1822.8 630 1184854 3492.6 433.21
Charcoal 3234 3332 22638 668.87 252.8
Danshe Gambela
Firewood 644.8 630 25149.4 192.15 30.77
Charcoal - - - - -
Tula Gorbe
Firewood 736.8 750 30210.6 162.9 25.44
3.2. Household’s woodfuel consumption and In the study area, the houschold energy sources for cooking

production

and heating include firewood, charcoal, agricultural residues,




8 A.D. Seboka et al. /JREE: Vol. 10, No. 2, (Spring 2023) 70-80

and animal manure. However, more frequently firewood and
agricultural residues are the principal energy sources
consumed by the majority of the households. In rare cases,
households use animal manure for cooking as it is easily
accessible. Charcoal is produced by the households and used
as a source of income rather than domestic consumption. As a
result, firewood is the dominant household energy source
compared to charcoal. The study conducted in the other parts
of Ethiopia indicates that almost 100 % of the households
subjected to the sampling of their study use firewood as a
primary energy source [16].

According to the respondents, firewood is preferred for
cooking and heating than other fuels due to its accessibility
and affordability. Charcoal is not affordable and needs a
lengthy process for production. Nevertheless, the community
extensively participates in charcoal production to generate
income for their livelihood. This is realized by other studies
such that the sale and trading of charcoal and firewood
provide an income for the rural communities; particularly,
landless and very poor households gather and sell wood for
fuel [4].

3.3. Impacts on forest resources

In Ethiopia, wood extraction for domestic firewood or
charcoal production constitutes one of the major threats to
forests in Ethiopia. The key factors in the increase in fuel

production and consumption are mainly urbanization and
population growth; as a result, these fuels are highly
demanded by urban household markets and other businesses.
In the study area, the production and consumption of charcoal
and firewood have enormous consequences on the forest
resources since the mode of production and consumption of
these fuels still remain traditional. This leads to an important
waste of wood resulting in the clearance of a large number of
trees, as previous studies revealed that 90 % of forest removal
was associated with firewood and the production of 3.2
million tons of charcoal in Ethiopia, leading to the overall
deforestation rates of 141,000 hectares per year [17].
Consequently, excessive exploitation of forest resources for
firewood and charcoal puts pressure on the ecosystem and is
ultimately harmful to the environment and biodiversity.

The traditional earth-mound kilns and traditional earth pit-
kiln are the two most dominant types of technologies used for
charcoal production in the study area, which are similar with
kilns used in other African countries such as Mozambique,
Malawi, Tanzania Kenya Zambia, and others [15, 18].
Consequently, the wood-to-charcoal conversion efficiency of
these technologies is very low. According to Chudimayo and
Gumbo [19], average wood-to-charcoal conversion rates of
commonly used kilns in tropical regions range from 0.118 to
0.257. Hence, the efficiency of charcoal production in Loka
Abaya district of Southern Ethiopia also lies in the same range

Table 2. the forest areas in the study village and their potential of charcoal and firewood production

No. Kebeles

Name of forest in the locality

Amount of wood fuel produced
in Kg per year in each village
Charcoal Firewood

1 Falka

Erbe, wachano, huluto, lukito, shigasha
Loka-Merera, sucha, Adama
Woda kao, Tulula, Hadho, Dudda

Lafa lixa, Mokona, Gado, Kalala

189918.70 118485.40

2 Danshe
Gambela

Bukito,Wochano, Erbe, Bikka, Shombicha
Shanashno, Dalacha, Sinto, Sinto Molalogn, Argada , Tulo, Chala, Kute
Olano, Qararcho, Gado, Gambela, Ogolo
Edola, Hogano

22638.00

25149.45

3 Kutayo

Wachano, Lukkito, Chafa, Aga
Darba, Chafa, Gada, Gagagsa
Dubbisa, Sache, Mereera
Lukume, Solosa, Wayicho, Hates, Ogolo

She-gasha

48483.10 34587.40

4 Tula

Duda, Adama, Gada
Gorbe Mokona, Hadhosa, Etano
Gale, Matigola, Lukkito

-- 30210.62

3.4. Estimation of forest needed for charcoal and
firewood

In this research, the forest area needed to produce firewood
and charcoal was estimated, although the amount of wood
used to produce a kilogram of charcoal varies depending on
the type of woody species and efficiency of conversion
methods used for charcoal making and the amount of wood
contained in a hectare of forest used for wood fuel production.

The total forest area (ha) that can be deforested each year
due to charcoal production in the district was estimated using
the model suggested by Chidumayo and Gumbo [19].

(Charcoalproduced (1/0.19))
Biomassgensity

Q)

Deforestationye,, (ha) =

The wood-to-charcoal conversion efficiency for the
traditional earth mound kilns (0.19) was adopted from
Chidumayo et al. [19], and the wood biomass stocking rate for
woodland was estimated at 40 ton/ha/yr by FAO [20].
Accordingly, the forest areas cleared due to charcoal
production are estimated to be 34.35 ha year'. Besides, the
area of forest needed for firewood is also calculated based on
the stock density of the area; thus, the area of forest needed
for firewood consumed in the area is 5.2 ha year. This study
showed that in the Loka Abaya district, charcoal and firewood
production was totally responsible for the degradation of 39.4
ha year! of forest resources each year. The area needed for
charcoal production calculated in this research was smaller
than the result of the study conducted in Ambo town of
Ethiopia, in which 21.2 and 254 hectares of forest were
destructed per month and year, respectively [15]. In collective
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terms, charcoal and firewood based energy demands were
identified as a mechanism of forest cover change in Africa
[21].

More specifically, it is important to calculate the amount of
forest needed to produce one sack of charcoal [22], which is
given by:

Fg =M *Eg=*1/S (@)

where Ms is the mass of a single sack of charcoal in tons, Ey is
the kiln efficiency (tons of charcoal per tons of wood), and S
is the stock density (tons of wood/ha of forest).

According to the sample weight taken in the charcoal market
in the area, the average weight of a sack of charcoal is ranging
from 45 to 50 kg; hence, the weight of a single sack used in
this calculation is 47.5 kg. The calculated area of forest
needed to produce a single sack of charcoal in the district is,
therefore, estimated to be 2.3 x 106 km? of forest per year. On
the other hand, charcoal and firewood produced from a
hectare of forest are estimated to be 5.6 m® ha'yr! and 29.6
m?3 ha! yr'!, respectively. This is calculated based on the stock
density of the forest of the area. According to Moges et al.
[23], the mean annual increment of the woodlands of Ethiopia
is 0.79 m® ha! yr'!'. Hence, the amount of forest removed for
charcoal and firewood production is by far greater than the
mean annual increment of the forest. This is an indicator that
charcoal firewood production is the major driver of
deforestation and forest degradation in the district. A study
conducted in the Western part of Ethiopia also realized that
the rate of deforestation and forest degradation increased due
to the heavy demand for forest products, mainly firewood and
charcoal [24].

The result of this study indicates that charcoal production
and firewood collection are the main drivers of deforestation
and forest degradation in the study area. Because the wood for
wood fuel production is most of the time obtained by illegal
cutting of wood from the nearby forest areas. According to the
key informants, there was high commercialization of charcoal,
which is the major cause of deforestation and forest resource
degradation in the study area. Studies conducted in this area
also realized that commercial charcoal production was linked
to forest deforestation and degradation [25]. There is a definite
link between wood fuel (charcoal and firewood) use and
deforestation [26]. Devendra et al. [27] pinpointed this issue
as fuelwood from the forest which is a common source of
domestic energy supply in rural and urban areas of developing
countries. The experience of African countries also showed
that wood for charcoal and firewood production derived from
the woodlands, although an insignificant amount also came
from plantations and trees outside the forests. The potential
for woodland to produce charcoal mainly hinges on the ability
of the woody species to regenerate and grow [4].

In the areas where the households depend on biomass energy
both for their basic energy requirement and livelihood, there
will be continued forest degradation from the legal and illegal
use of the forest for firewood and charcoal, despite the
protection of the forest. This is the reality in most of the
African countries; firewood collection and charcoal
production are the main components of this forest degradation
in most of the African woodlands [19].

3.5. Long term effect of wood fuel production on forest
resources

The forest resources of Ethiopia play significant roles in
provisions of energy, construction wood, poles, and timber
and non-timber forest products (NTFPs) [28]. There is a
significant rate of deforestation in Ethiopia. The main drivers
are small-scale farmland expansion and unsustainable
fuelwood consumption. The reports indicated that 22.7 % of
the African land area was covered by forests, estimated to be
674,419,000 ha. Likewise, the Ethiopian land area that was
covered by forest was 11.2 %; this is estimated to be
12,296,000 ha [8]. To be specific, 10,105.2 ha of the land area
of the study area (Loka Abaya district) was covered by forest
resources [29].

The finding of the current study indicates that the total of
39.4 ha of forest is degraded due to charcoal and firewood
production and consumption in the study area. This is
evidence that a large area of forest was cleared for the primary
energy requirement of the rural and urban communities of the
developing countries.

3.6. Greenhouse gas emission estimation

In the study area, charcoal is produced more dominantly using
traditional earth mound kilns and traditional earth pit kilns.
Consequently, the production is carried out in an oxygen-poor
environment, leading to the emission of greenhouse gases
such as Carbon dioxide (CO), Carbon Monoxide (CO),
Nitrous Oxide (N20), and Methane (CH4) and Non-Methane
Hydrocarbon (NMHC). In this study, the amount of
greenhouse gases emitted from charcoal and firewood
production and consumption is calculated based on certain
baseline emission factors indicated by the previous studies
(Table 3).

The amounts of estimated charcoal and firewood were
obtained through the household survey. Accordingly, the
estimation for firewood and charcoal is 208432.9 kg yr'! and
261039.8 kg yr!, respectively. Based on the previously
estimated emission factors, the amount of pollutants emitted
during charcoal and firewood production and consumption is
calculated and presented in Table 4. The presented emission
factors of the pollutants are displayed in range; however, the
average values of maximum and minimum figures were used
in the current study.

Table 3. Emission factors of the greenhouse gases as stated in several studies

Emission factors
Types of fuel
CO: CO N20 CHa NMHC | References
Fuel wood burning 450 43 0.52 1.5 0.125 [5,21]
Charcoal Burning 170 25 0.29 0.5 - [6, 2]
Charcoal Production 500 550 0.22 700 355 [2,7]
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Table 4. the estimate of the amount of pollutants emitted during charcoal and firewood production and combustion

Charcoal - .
T Emission during firewood
race gases Emission during production Emission during combustion combustion in( T g year "!)**
in (T g year -1)** in (T g year -1)**
Carbon dioxide (CO2) 1.3 %107 4.44 x 107 1.3 x10*
Carbon monoxide (CO) 8.96 x 10 6.5 %10 1.44 x 10
Nitrous oxide (N20) 1.084 x 107 7.57 x 108 5.74 x 108
Methane (CH4) 3.13x 107 1.3 x107 1.83 x 10
Total non-methane hydrocarbon 2.6 x10® - 9.27 x 10
(TNMHC)*

*# (T g year *): Tera gram of greenhouse gases per year.

* Total non-methane hydrocarbons (TNMHC) are defined as organic compounds excluding methane (CHa4) that contain only C and H;
examples include alkanes, alkenes, alkynes, aromatics, and terpenes.

In this study, we have drawn a conclusion that the emission of
trace gases produced during charcoal making is higher than
that of charcoal burning. Other studies also agree with this
result; for example, Kammen and Lew [30] presented that the
emission during charcoal production had a greater global
warming contribution than emissions from charcoal
combustion.

Domestic biomass burning for energy generation constitutes
a continuous input of trace compounds into the atmosphere,
unlike vegetation fires that represent a seasonal phenomenon

[ chrcoal burning

0.0002
0.00018
0.00016
0.00014
0.00012

0.0001
0.00008
0.00006
0.00004

0.00002
0 | 1
Cco2 co

Emisson of greenhouse gases in T g yr!

charcoal production

[31]. In this study, the amount of greenhouse gases generated
during firewood burning exceeds the one generated during
charcoal burning (see Figure 2). The study conducted in
Zambia by Bertschi et al. [32] is in accordance with the result
of the current study; they indicated that fuelwood was used
more than charcoal with wood combustion producing 9.8
T g C yr'! as CO; and charcoal producing 3.3 T g C yr''. NOx
was emitted in the lowest quantities from both wood and
charcoal.

Ofirewood burning

N20 CH4 TNMHC

Greenhouse gases

Figure 2. Emission of GHGs during domestic fuel combustion

According to Akagi et al. [33], biomass burning is the
second largest source of greenhouse gases and the largest
source of primary fine carbonaceous particles in the global
troposphere. The emission of trace gases from biomass
combustion is one of the important factors for global climate
change in developing countries. Firewood and charcoal,
animal dung, and agricultural residues account for more than
30 % of the global sources of atmospheric NOx and NMHC,
about 40 % of CO emissions, and about 15 % of CH4 emission
[35]. This indicates that the emissions associated with
charcoal and firewood production and burning represent a key
component of large CO; emissions and emission uncertainties
on a global scale [34].

3.7. Impact of wood fuel production and consumption
on habitat, economy, and society

Forests and woodlands provide not only wood, livestock feed,
other non-timber products, and environmental goods and
services but also serve as a habitat of biodiversity including
endemic birds and wild animals. Forests provide fuelwood
that is serving as the major source of energy for rural areas,
enhancing the role of the forestry sector in Ethiopia for rural
and urban households. The national fuelwood demand was
estimated as 20 % higher than the combined demand of all
other forest products, which was assessed at 109 million
myr! [36].

The high degree of dependence on wood fuels and
agricultural residues for fuel has an impact on the social,
economic, and environmental well-being of society. Demand
for wood fuels contributes significantly to forest losses and
demand for agricultural residues as fuel reduces what is
available as livestock feed and what can be left for soil
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fertility. This could have a direct impact on the economy and
the livelihood of the society despite the loss of productivity of
land and deficiency of fodder for livestock production. The
district is rich in tree and shrub species such as Comberetum
spp., Acacia drepanolobium, A. mellifera, A. seyal, A.
tortilies, A. senegal, A. albida, A. nilotica, A. olifera, A.
nubica, Aloe vera, Euophorbia tirucalli, Ricinus communes,
Caparis tomoentosa, Balanites aegypitica and Balanites
routindifolia Ficus sur, Ficus vasta, Petrolatum stelatium,
Trechlea sp., Zizihpusspina-christi, and Tamarindus indica.

The Loka Abaya National Park is found in the study area
and the district is home to wildlife such as Lesser Kudu
(Tragelaghus imberbis), Defassa Waterbuck (Kobus defassa),
Common Bushbuck (Tragelaghus scriptus), Lion (Panthera
leo), Leopard (Pantera pardus), and African wild dog (Lycaon
pictus) [37]. The finding of the current study indicated that the
total of 39.5 ha of forest was cleared every year for wood fuel
production and consumption in the area. The uncontrolled
firewood collection and logging for charcoal production
resulted in the migration of wildlife from the area to other
places for survival as their habitat was continuously disturbed
for firewood and charcoal purposes. Undeniably, these have a
direct implication on the economy of the society and the
country at large.

3.8. Alternative and sustainable options

In Ethiopia, biomass energy is not sustainably produced and
used in general, and it thus is not yet carbon neutral. There is a
huge loss of biomass energy during production, transportation,
and utilization. Mostly women and girls are involved in the
process and are considerably impacted by it. Based on the
realities explored in the current study, the authors suggested
sustainable options for biomass energy utilization and
production for rural and urban households’ energy
requirements. Accordingly, the key stakeholders in charge of
household energy developments raise public awareness of the
costs of existing energy losses and associated energy
efficiency and conservation benefits and practices.
Additionally, it is crucial to enhance the transfer and adoption
of efficient and cleaner energy technologies that are
appropriate for the socio-economic needs of the society.
Lastly, the clean and renewable energy technologies should be
based on the local condition and available resources in the
study area. The viable alternative clean energy source could
be solar energy. Biogas and fuel-saving cookstoves are used to
reduce the rate of clearance of forest resources for firewood
and charcoal.

3.9. Policy perspectives

The Ethiopian energy policy enacted in 2012 was a set of
objectives to promote improved bio-energy conversion
technologies including agro-industrial waste for thermal and
power applications and biogas from urban, livestock, and
poultry waste. These directions were focused on building local
capacity in production and generation techniques. The policy
also enacted and enforced appropriate charcoal and firewood
regulations and recommended a strategy to reduce the rate of
deforestation and promote clean energy technology in place.
The establishment and enforcement of standard and quality
control of different energy technologies was stated in the
energy policy of the country [38]. However, the issues
depicted in the energy direction were not properly executed.

In the current study context, the promotion of clean energy
development from locally available feedstock is deemed to be
important. Besides, awareness creation and dissemination of
fuel-efficient cookstoves through specifying their standard and
quality should be implemented and clearly supported by
policy and strategy.

4. CONCLUSIONS

As in many African countries, the majority of rural and urban
households in Ethiopia depend on charcoal and firewood for
their daily energy needs. The expansion of urban areas and
population growth have increased the demand for these fuels
in the country. In addition to household consumption, the rural
households produce charcoal and firewood as means of
livelihood; particularly, landless and poor households entirely
rely on this business. In the study area, the estimation for
firewood and charcoal is 208432.9 kg yr!' and 261039.8
kg yr!, respectively. Charcoal and firewood production has
far-reaching impacts extending across a range of social and
environmental and economic aspects of human life. These
include health problems resulting from pollutant gases that
specifically affect charcoal producers, women and children;
environmental impacts are greenhouse gas emissions and
depletion of forest resources.

In the Loka Abaya district, the firewood collection and
charcoal production were becoming attractive businesses and
the farmers are shifting their livelihood from agricultural
activities to firewood and charcoal businesses. The finding of
the current study indicated that the total of 39.4 ha of forest
was degraded due to charcoal and firewood production and
consumption in the study area. This implies deforestation is
overwhelmingly high in the area as a result of the traditional
and inefficient mode of production and consumption of fuels.
Consequently, the estimated amount of wood needed for
charcoal and firewood production has a major contribution to
the deforestation, loss of important native species, and
emission of greenhouse gases. Therefore, immediate
intervention is needed to retard the rate of vegetation
clearance, loss of tree species diversity, and greenhouse gas
emissions. Depending on the results of this research, options
to produce environmentally viable household energy sources
should be deemed important. In order to tackle the problem,
priority should be given to adopting improved charcoal
production technologies and efficient utilities, developing
alternative energy sources (biogas, solar), enhancing wood
lots plantation, and promoting incentives that encourage
investments in sustainable forest management recommended
on the basis of the present study.
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NOMENCLATURE

CH,4 Methane
CO Carbon monoxide
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CO, Carbon dioxide PM Particulate Matter
FAO Food and Agriculture Organization SOx Sulphur oxides
ha Hactare SSA Sub Saharan Africa
Kg Kilogram T g year ! Tera gram of greenhouse gases per year
km? Kilometer square TNMHC Total non-methane hydrocarbon
N,O Nitrous oxide VOCs Volatile organic compounds
NTFPs Non-timber forest products

APPENDIX

Questionnaire survey

Name of Enumerator: Date: Signature:

Location: X Y

I: The socio economic characteristics of the respondents

1. Kebele:
2. Sex of respondent (household head) (1=Female, 2= Male):
3. Age of respondent:
4. Marital status (1=single, 2=married, 3=divorced, 4=widowed, S=widower):
5. Education level (1=Illiterate, 2=Able to read and write, 3=Lower primary (1-4), 4=Upper primary (5-8), 5=High school (9-10),
6=Preparatory(11-12), 7=Diploma, 8=Degree and above):
6. Family size of the household:
7. Average landholding size of the household (in ha):
8. Annual Income sources of the households:
No. Livelihood activity Annual estimated yield Estimated annual revenue in ETB
1 Annual mono crop production
2 Agroforestry
3 Monoculture perennial crop production
4 Wood lot
9. Do you have access to credit services (1=No, 2=Yes): please list credit institutions in your locality and the type of
service you are able to access:
10. Is there any social safety net programs in your locality? (1=No, 2=Yes): if your answer is yes please indicate the
amount of cash income you received in the last two years 2008-2010 E.C if any
11. Do any of your household member had involved on any non-farm activities? (1=No, 2=Yes) If your answer is

“yes” please complete the table below:

Z
e

Non-farm activity Number of household members involved Annual estimated earned income

Beckeeping

Poultry

Charcoal production and marketing

Firewood collection and marketing
Carpentry
Labor market participation
Pity trade
If other please specify?

0 A N | B W[ | —

I1. Production and consumption of woodfuels

12.

13.

Which type of fuel is dominantly used in your household? Please give a rank from 1 to 4

No. Sources Rank Remark
1 Firewood
2 Charcoal
3 Crop residues
4 Animal dung

If your household use both firewood and charcoal, please complete the table below:
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Firewood Charcoal
No. List of activities

Bundle (kg) of firewood
consumed per activity

Frequency of
activities/week

Kg of charcoal

Frequency of
consumed per activity | activities/week

‘Injera’ baking

Bread baking

Coffee preparation

'Wot' making

Room heating

AN | | W[N] —

If other please specify

14. What are the methods commonly you use to produce charcoal?

11

(1=Earth mound kiln, 2=Earth pit kiln, 3= Cassamance kiln, 4=Metal kiln, 5=if other please specify) (Multiple answer is possible)

Other:

I11. The species and sources of wood for charcoal and firewood production
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15. What are the names of forest areas found around your locality?
a)
b)
c).
d).

16. Are there areas of forest that degraded due to charcoal and firewood production? a) Yes b) No
17. What class of vegetation used for charcoal production? a)Bushes b) Shrubs c) Trees

18. What class of vegetations used for firewood production? a) Herbs b) Bushes c¢) Shrubs d) Trees
19. What are the most preferred trees you commonly used to produce charcoal?

a) e)
b) f)
c) g)
d) h)

Criteria of preference:

20. What are the most preferred trees you commonly used to produce firewood?
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b) f)
c) g)
d) h)

Criteria of preference:

21. Where do you access these trees for charcoal production?

a) Private wood lots b) Communal forest c) State forest d) Clan forest f) All g) Specify if there is another sources

22. Where do you access these trees for firewood?
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ABSTRACT

The present study aims to explore the role of characterized hydrocarbons in thermally cracked shell liquid in
determining its overall fuel properties and combustion characteristics in a CI engine. For this purpose, waste
shell liquid was extracted from waste cashew nut shell by means of cold extraction technique using a simple
electrically operated mechanical screw press, which reported maximum extractable oil content as 17.7 %. In
addition, it was thermally cracked at 350-400 °C using conventional heating for both lab-scale and pilot-scale
extraction. Based on its chemical composition, raw shell liquid contained anacardic acid and cardol, while
thermally cracked shell liquid had cresol and methyl oleate as their dominant hydrocarbon compounds. Their
composition was found to be 51.84 %, 33.68 %, 43.87 %, and 28.49 %, respectively. According to their
contribution, both cyclic and aromatic as well as linear-chained hydrocarbons exhibited significant effect on
the fuel properties of the cracked shell liquid, with carbon atoms contributing to its physical and thermal
properties, whereas cyclic and aromatic hydrocarbons enhance its flow characteristics. Next, neat and blend
samples of this cracked shell liquid with petro diesel reported higher peak in-cylinder pressure by 5.6 % (on
average) due to the presence of fatty acid esters, which induced early ignition and provided sufficient time for
combustion. Meanwhile, higher emission levels were attributed by both cyclic and aromatic and linear-chained
hydrocarbons, citing aromaticity and unsaturation in their molecules, which also resulted in reduced thermal
efficiencies by 12.5 % (on average), upon accounting for their inferior calorific content. In conclusion, it is
evident that hydrocarbons in these treated shell liquids play a significant role in their fuel properties and

engine characteristics.

https://doi.org/10.30501/jree.2022.335041.1349

1. INTRODUCTION

Rise in environmental concerns and energy demand has
increased the necessity to rely on renewable energy resources
even for large-scale and industrial applications. These
industrial applications include even food and food processing,
which uses a large volume of biomass and helps reduce
serious pollution threats and climate change issues [1]. One
such biofuel is Cashew Nut Shell Liquid (CNSL) that enjoys a
good potential in serving as an effective alternative fuel for
supplying necessary energy [2].

To begin with, CNSL is a pericarp fluid of cashew nut,
present inside the soft honey comb structure of its shell.
Usually, it appears as a reddish brown liquid with high
viscosity and is regarded as a cheap, yet effective, source for
unsaturated phenols [3]. Although the thickness of these
honey comb structures is about 1/8th of an inch, the
availability/concentration of this CNSL-based oil content
ranges between 30-35 wt % and varies from the nature of
plant growth, cultivation technique, and geography [4].

*Corresponding Author’s Email: gokusrinivasan@gmail.com (G.R. Srinivasan)
URL: https://www.jree.ir/article 155097 .html

Besides, this CNSL comprises 4 most dominant chemical
compounds, namely anacardic acid, cardanol, cardol, and
2-methyl cardol and their distribution in the CNSL is entirely
based on the extraction technique used for extracting this
liquid from the shell [5]. By acknowledging this, variation of
the distribution of these chemical compounds in the raw
CNSL extracted by different rendering techniques is
summarized in Table 1 and for different operating parameters
in Table 2 [3, 6, 7]. In fact, numerous researchers reported the
chemical composition and physicochemical properties of these
CNSLs in addition to their extraction techniques in the past
studies and considered them as the most predominantly found
chemical compounds.

Drawing on the above findings, Kyei and Onyewuchi
Akaranta (2019) studied the extraction technique and
physicochemical properties of CNSL extracted from CNS
upon synthesizing resin from these CNS-based liquids. Here,
accelerated solvent extraction was identified as the most
efficient technique and an average yield of 31 % of CNSL was
reported. In terms of fuel properties, CNSL exhibited very
high density (> 950 kg/m?) and acidity with slightly increased
FFA content and very high saponification value (255.26 mg

(https://doi.org/10.30501/jree.2022.335041.1349).
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KOH/g). Moreover, spectral analysis of extracted CNSL
revealed its chemical nature as polymeric with a higher
concentration of phenolic compounds [8].

Looking into the extraction techniques, Rodrigues et al.
(2011) studied the effectiveness of different extraction
methods in extracting CNSL and investigated their
significance. Next, CNSLs extracted by roasting the waste
cashew nut shells at slightly higher temperatures (180 and 200
°C) were considered as technical CNSL (T-CNSL) and were
compared with the CNSL extracted at room temperature using
screw press (CNSL-NP) and hexane-based solvent extraction

(CNSL-NS). Based on the characterization of chemical
compounds, both CSNL-NP and -NS were reported to have a
higher concentration of Anacardic acid and cardol and a lower
concentration of cardanol than T-CNSL; however, natural
extraction techniques were discriminated in terms of cardanol
concentration variation. Besides, these naturally extracted
liquids exhibited poor performance as a result of increased
viscosity and impurity content and lower thermo-oxidative
stabilities and ebullition temperature. Yet, CNSL extracted
using cold solvent extraction retained their actual fuel
properties as compared to other methods [9].

Table 1. Chemical composition (in %) of raw CNSLs extracted by various rendering techniques [3, 6]

Constituents Pyrolysis | Decarboxylation Soxhlet’s extraction SCW SC-C(.)Z Tworstep extraction
Hexane | Methanol | extraction | extraction | Heyane-SCW | Methanol-SCW
Cardanol
Saturated Cardanol 1.22 1.45 2.4 1.52 1.04 1.84
Monounsaturated Cardanol 54 65 26.64 27.19 68.93 1.09 48.84 49.22
Anacardic Acid
Monounsaturated Anacardic Acid ‘ 5 ‘ 2 ‘ 27.9 19.06 | 9.47 52.24 18.64 11.4
Cardol
Saturated Cardol 27 31 20.31 34.88 1.85 29.58 9.76 12.64
Monounsaturated Cardol - - 1.05 - - - 0.57 -
Di-unsaturated Cardol - - 7.62 10.39 - 6.72 4.13 6.07
Known Hydrocarbons
Octacosene - - - - 491 - 225 2.04
Stigmasterol - - - - 3.44 - 1.57 1.43
Triacontene - - 333 341 - 431 1.85 5.45
B-Sitosterol - - 1.38 1.86 1.63 1.63 0.75 1.76
Unknown Hydrocarbons
Hydrocarbon 1 - - 5.7 - - - - 333
Hydrocarbon 2 - - - - 3.42 - 1.57 1.42
Hydrocarbon 3 - - - - 3.29 - 1.51 1.37
Others 14 2 4.85 1.76 0.66 291 7.52 2.03
* SC: Supercritical; SCW: Supercritical Water; SC CO,. Supercritical Carbondioxide

Table 2. Variation in chemical composition of CNSL with varying rendering techniques and operating parameters [3, 7]

Operating SC-CNSL from CNS SC-CNSL from CNS obtained through heat SC-CNSL from Pyrolysis CNSL
parameter exchanger unit
(P bar/T °C) Compound Comp. % Compound Comp. % Compound Comp. %
Cardanol-C15 84.2 Cardanol 62.31 Cardanol diene 48.61
Methyl Cardanol 2.83 Cardanol diene 31.24 2-methyl benzaldehyde 20.51
Hexadecanoic acid 0.71 Heptadecane 0.77 3-ethyl phenol 7.64
Cardanol-C13 0.69 8-methyl heptadecane 0.7 3-butyl phenol 1.39
200/60 Oleic acid 0.62 Hexadecane 0.67
Penthadecane 0.67
2,6,10,14 tetra methyl pentadecane 0.65
Hexadecanoic acid 0.61
Elicosane 0.47
Cardanol-C15 86.26 Cardanol diene 66.82
Methyl Cardanol 3.11 Ethyloxybenzene 11.21
225/60 Oleic acid 0.684 ) Acenaphthylene 7.12
Cardanol-C13 0.65 3-ethyl phenol 331
Hexadecanoic acid 0.56 3-butyl phenol 2.28
Azulene 1.89
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Cardanol-C15 64.89 Cardanol 81.54 Cardanol 64.91
Diethyl Phthalate 12.34 2-methyl Cardanol diene 297 Propyl benzene 11.96
Cardanol-C13 7.42 Tetradecanal 1.99 4-ethyl phenol 5.01
250/60 Methyl Cardanol 3.03 Cardanol-C13 1.62 3-pentyl phenol 3.18
Hexadecanoic acid 0.58 Hexadecanoic acid 1.27 Acenaphthylene 2.83
Heptadecane 0.08 3-butyl phenol 1.35
Penthadecane 0.04
Cardanol-C15 61.34 Cardanol diene 81.94 Cardanol 80.5
Diethyl Phthalate 13.35 2-methyl Cardanol diene 297 2-methyl benzaldehyde 8.73
300/60 Cardanol-C13 232 Hexadecanoic acid 1.01 2-ethyl phenol 4.89
Cardanol-C17 2.06 Oleic acid 0.98
Hexadecanoic acid 0.8
Oleic acid 0.67

On account of their industrial significance, these CNSLs are
used as raw materials for manufacturing paints and varnishes,
polyurethane-based polymers, friction linings, foundry
chemicals, surfactants, epoxy resins, laminating, and rubber
compounding resins; and they even include intermediates for
chemical industry [10, 11]. Although CNSL has its
significance across the diversified industrial domain, it cannot
be used directly for manufacturing or production process as
each end product uses this CNSL in their respective processed
manner. For this purpose, these CNSL are treated using
numerous chemical treatment techniques; and the most
commonly preferred technique uses chemical reactions such
as transfer hydrogenation reactions, isomerization reactions,
metathesis reactions, carbonylation reactions, polymerization
reactions, isomerizing metathesis reaction, and isomerizing
carbonylation reactions [12].

Although these techniques make CNSL as a highly efficient
raw material or even more a suitable candidate for industrial
applications, it fails to to be processed into an ideal fuel
compatible with combustion-based applications. Hence, any
CNSL must be cracked or degraded into its smallest stable
molecular form, and this must be achieved easily with
minimal resource utilization. As a result, thermal and
chemical cracking techniques can be identified as effective
measures for cracking the macro molecules into simple
aromatic and linear hydrocarbons. Specifically, thermal
cracking is widely preferred for processing these CNSLs on
industrial and large scales. Supporting this, Velmurugan et al.
(2014) cracked the raw CNSL by heating it at slightly higher
temperatures (200-400 °C) [13].

Furthermore, Vedharaj et al. (2016) reported the catalyst-
assisted thermal cracking of CNSL before being subjected to
evaluation in a Compression Ignition (CI) engine.
Accordingly, the raw CNSL was preheated at 200 °C using an
electric heater, followed by heating at 400 °C inside the main
reactor. The vapor of CNSL was condensed using a water
cooled condenser before passing the condensed cracked
CNSL into the storage tank. Finally, the utilization of zeolite
catalyst enhanced the rate of cracking of CNSL and overall
yield [14].

These processed CNSLs serve as effective supplements or
alternatives for existing biodiesel and neat diesel and can be
used for wide varieties of combustion-based applications.
However, in order to understand its effectiveness as fuel, it
must be evaluated for its combustion and emission
characteristics. Accordingly, Velmurugan et al. (2014) studied
the performance of Thermally Cracked CNSL (TC-CNSL) in
CI using a single-cylinder, water-cooled, diesel Direct
Injection (DI), Kirloskar AV-1 diesel engine and reported that
its characteristics was slightly identical to neat diesel.

Accordingly, TC-CNSL reported reduced CO and HC mission
and increased NOx and CO, emission on account of its fuel
bound oxygen content. On the other hand, TC-CNSL
exhibited increased rate of fuel consumption, which resulted
in lower thermal efficiency. Interestingly, TC-CNSL exhibited
a prolonged ignition delay followed by a longer combustion
duration due to its aromatic compounds [13].

Next, Loganathan et al. (2020) tested the TC-CNSL in a CI
engine by blending it with neat diesel and enriched the
combustion products with hydrogen, which was administered
into the engine in order to reduce the HC and CO emissions.
In order to achieve a stable emission level, Exhaust Gas
Recirculation (EGR) technique was employed on the engine
with the circulation administered at 10 % of exhaust gas,
while the flow rate of hydrogen was maintained at 6 LPM.
The test results reported a simultaneous rise in the thermal
efficiency up to 36.5 % and a reduction in HC and CO
emission concentrations by 20 % and 10 %, respectively,
while running at full load. On the contrary, these
supplementary enrichments increased the NOx emission by
40 %; however, reduced it upon introducing 30 % of EGR. In
short, this study recommended wusing supplementary
enrichment techniques for improving the engine properties of
both ordinary and thermally cracked CNSLs [15].

Although numerous pieces of relevant literature report the
availability, chemical composition, fuel properties, and engine
characteristics of these CNSLs, the results obtained from these
studies vary accordingly with rendering and processing
techniques used. Hence, it is highly recommended that the
molecular effect of various chemical compounds available in
these raw and processed shell liquids be investigated so as to
determine the parameters mentioned earlier. However, no
previous studies have been focused or reported in relevance to
the molecular impact on fuel properties and engine
characteristics of CNSLs, though being reported for biodiesel
fuels [16]. Considering this as an abridged research gap and
an attempt to understand the molecular contribution, this
present study exclusively focused on the role of characterized
hydrocarbons in thermally cracked CNSLs in determining its
fuel properties and engine characteristics. To be specific, this
study used thermally cracked CNSLs extracted from waste
CNS using mechanical screw press at lower temperatures,
characterized them using GC and FT-IR spectroscopy,
evaluated them for their fuel properties based on IS standards,
and assessed them for the engine properties in single-cylinder
CI engine.

2. MATERIALS AND METHODOLOGY

2.1. Proximate composition of cashew nut shell
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Waste Cashew Nut shells (CNSs) used in the study were
procured from local cashew processing units and were stored
in air-tight containers to avoid any contamination. To begin
with, proximate analysis of waste cashew nut shells to
estimate their fraction mass of moisture and fixed carbon
content, volatile matter, and ash residues was carried out by
following the standard analytical methods, ASTM D 3173-
3175. The fraction of moisture content in these shells was
determined using ASTM D 3173 method in a drying oven.
Then, the fraction of volatile matter was estimated as per
ASTM D 3175 method, while the quantity of residual ash
content was determined according to ASTM D 3174 method.
Furthermore, the fixed carbon content in these shells was
calculated by difference, accounting for the other calculated
proximate compositions. Finally, the higher heating value of
the waste shells was determined using a bomb calorimeter
following the ASTM E 711 method, wherein the combustion
was carried out in an environment with high pressure of
oxygen (to ensure complete combustion) saturated with steam
of water (to ensure that the whole water was converted into its
liquid form).

2.2. Extraction of CNSL using mechanical extraction

Both lab-scale and Pilot-scale extraction of CNSL from CNS
was executed by means of mechanical extraction method
using a customized mechanical screw press. Here, the screw
press was comprised of tapered compression screws mounted
inside a cylindrical casing and was operated using an electric
motor. The CNSs were fed into cylindrical casing using a
feeding hopper attached transversely, and they were fed in the
batch process. Furthermore, the compression screw was
operated at a spindle speed of 7-13 rpm, while the maximum
feeding and extraction rate were found to be 54-95 kg/hr and
11.93-14.90 kg/hr, respectively [17, 18]. It may be noted that

the waste CNS residues were re-fed into the screw press to
extract the leftover CNSL from it.

2.3. Thermal cracking of CNSL

The extracted CNSL was thermally cracked using the high-
temperature distillation technique on both lab and pilot scales.
Accordingly, a simple distillation setup was used for cracking
CNSL on a lab scale and it comprised a 500 mL flat bottomed
flask mounted on a tripod stand and was fitted with a water
jacketed condenser to cool the vapor collected post cracking.
Here, a simple LPG fuelled gas burner was used for the
purpose of heating and the temperature was maintained at
350-400 °C. In case of pilot-scale extraction, a stainless steel
container was mounted on a customized LPG fuelled gas
stove, which was used as the prime source for heating the
CNSL inside it and was fitted to a water cooling jacket. The
gas stove was capable of producing heat up to 550 °C, while
the temperature was maintained at 410 °C throughout the
cracking process. In the case of both of these setups, the
condensates (TC-CNSL) were collected in the storage tanks
and used for further analytical purposes.

2.4. Characterization of raw oil and TC CNSL

Both raw oil and TC CNSL were characterized for their
chemical compounds using GC-MS and evaluation of function
group using FT-IR spectroscopy, respectively. Tables 3 and 4
summarize the technical specifications of GC-MS and FT-IR
spectroscopy [19, 20]. All the samples were prepared as per
the standard sample preparation technique and obtained
results were compared with those in standard library search
databases to identify the suitable component and their
activities.

Table 3. Technical specifications of gas chromatograph — mass spectrometer [19, 20]

Gas chromatograph

Mass spectrometer

Equipment Agilent 6890 chromatograph

Equipment JOEL GC mate II bench top

Injector liner direct/2 mm

Type Double focusing magnetic sector MS

15 m all tech ec-5

Helium carrier gas

(constant flow mode)

Column (25 um ID, 0.25 um thickness) Operation mode Electron ionization (EI) mode
Split ratio 10:01 Software TSS-2001
Oven temperature 35 °C/2 min Resolving power 1000 (20 % height definition)
Ramp 20 °C/min @ 300 °C for 5 min Scanning feature 25 m/z to 700 m/z @ 0.3 s/scan
2 ml/min

Inter scan delay 0.2s

Table 4. Technical specifications of FT-IR spectrometer

JASCO

FTIR-4700

Standard wavenumber measurement range

7800 to 350 cm™!

Wavenumber range

15,000 to 0 cm’!

Detector

deuterated L-alanine doped triglycene sulphate-

attenuated total reflectance (DLaTGS.ATR)

Crystals

Zinc selenide (ZnSe)

Optical system

Single beam

2.5. Fuel properties evaluation for raw oil and TC CNSL

The necessary fuel properties and other physicochemical
parameters were evaluated for both raw oil and TC CNSL as
per Indian standards (IS: 1448). Accordingly, properties like
density and kinematic viscosity were evaluated as per IS

standards using relative density balance method (IS:1448(P-
32) 1992) and viscometer (IS:1448(P-25) 1976), respectively.
Then, properties like flash and fire, ignition point, pour point,
and calorific value were evaluated as per IS:1448(P-69) 2013
(Cleveland Open Cup Method), 1S:1448(P-10/Sec-2) 2013,
and I1S:1448(P-6) 1984 (Bomb Calorimeter Method) testing
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methods, respectively. Next, IS:1448(P-15) 2004 was
followed to study the corrosiveness induced by the test
samples on a copper strip, while the carbon residue content in
these samples was evaluated using Conradson method as per
IS:1448(P-122) 2013 testing standard.

2.6. Assessment of engine characteristics of TC-CNSL

Effects of identified hydrocarbons on combustion and
emission characteristics of TC-CNSL were studied from their
engine data and reported based on their testing in a single-
cylinder CI engine, whose technical specifications are
tabulated in Table 5 [16, 19]. For this purpose, three different
samples of TC-CNSL, namely (i) TC-CNSL 20 blend, (ii) TC-
CNSL 50 blend, and (iii) neat TC-CNSL or TC-CNSL 100
blend were prepared by blending with neat diesel in varying

proportions, in addition to comparing it as the reference
sample. Here, TC-CNSL 20 sample represented the cracked
biofuel at their minimal blending ratios and was considered as
the globally accepted high-performance blend for any biofuel
with neat diesel on global and commercial scales, whereas the
TC-CNSL 50 sample signified the equivalent contribution of
both cracked CNSLs and neat diesel. Moreover, the
parameters studied from the engine characteristics include the
peak pressure recorded, total delay period taken by fuel to
initiate its combustion, rate of fuel consumed for unit power
and their convertible efficiency, harmful emission gases like
carbon monoxide (CO) and unburnt hydrocarbon (HC), and
completely combusted carbon dioxide (CO;) and nitrogen
oxide (NOx) emission.

Table 5. Technical specifications of Kirloskar TV1 Engine and AVL DI GAS 444 N Flue gas analyzer [19]

Kirloskar engine TV 1 specifications AVL DI GAS 444 N (five gas analyzer)
Type: Four-Stroke, Single-Cylinder Water Cooled Measurement Resolution
Rated power 52 KW CO [0-15 Vol. %] 0.0001 Vol. %
Rated speed 1500 rpm HC [0-20000 ppm Vol.] 1 ppm/10 ppm
Bore diameter (D) 87.5 mm CO2 [0-20 Vol. %] 0.1 Vol. %
Stroke (L) 110 mm 02 [0-25 Vol. %] 0.01 Vol. %
Compression ratio 17.5:1 NOx [0-6000 ppm Vol.] 1 ppm Vol.

2.7. Error analysis

To ensure increased accuracy of the results, all the expriments
were carried out in triplicates and results were reported in the
form of mean + standard deviation. This deviation was taken
into account as the variation results from the mean value and
can be originated from different means, including human error
and instrumental error. Equation 1 was used to calculate the
standard deviation of each measured entity, where o is the
deviation from the mean value, X; is the reported result, u is
the average mean of the reported results, and N is the number
of times experiments were repeated (N=3, in this case) [20].

12— w2
7= N (D

3. RESULTS AND DISCUSSION
3.1. Proximate analysis of CNS

From the results of proximate analysis on cashew nut shell, it
was clearly evident that the collected wastes were highly
suitable for gasification. Table 6 summarizes the proximate
composition of waste CNS estimated as per ASTM standards.
It was observed that the average moisture content of cashew
nut shell waste was 5.9 % and was well within the acceptable
limit (below 15 %), as prescribed for any fuel [21], and this
ensured its free flow and ability to produce good quality gas.
Next, the average volatile matter content in cashew nut shell
was estimated to be 74.83 %, and the higher amount of
volatile matter was encouraged for its gasification. Then, the
analysis of the suggested their average ash content at 0.9 %
points to its suitability for gasification with minimum
blocking of flow of air and fuel and formation of clinkers.
Moreover, as the most desirable component for stating the
volume of non-voltile carbon in the biomass, the average fixed
carbon content in these waste shellst was calculated as 18.4 %.

Again, heating value of the biomass also decides its suitability
for their gasification and the results present the average higher
heating value of these cashew nut shells as 5036.8 Kcal/m?
(21.09 MJ/kg).

Table 6. Proximate composition of waste CNS

Proximate composition CNS Standard
Moisture (%) 5.9 ASTM D 3173
Volatile matter (%) 74.83 ASTM D 3175
Ash content (%) 0.9 ASTM D 3174
Fixed carbon (%) 18.4 By difference
Higher heating value (MJ/kg) 21.09 ASTME 711

3.2. Extraction of raw CNSL

CNS, in this present study, had a maximum pericarp liquid
(lipid) content of 23.8 % and this liquid played a significant
role in protecting the seed kernel from harmful pests and
moisture content entering into it [22, 23]. In general,
maximum renderable oil content was found to be between
21.5 % and 22.9 %; however, extraction of CNSL using
mechanical screw press yielded only up to 17.7 %. The
reduction of oil content resulted from the lack of chemical
interaction, wastage, and evaporation of highly volatile
chemical compounds due to high compression force exerted
by the mechanical components in the screw press. Eventually,
slightly increased rendering yield was explained by the
re-feeding of CNS residues into the press, which helped
extract the leftover CNSL (upto 5.7 %) from the waste
residues. Moreover, CNSL obtained by this method was
highly viscous with increased concentration of impurities
(CNSL purity: 83.2 wt %), in addition to lower boiling
temperature and poor thermal oxidation stability [9].

3.3. GC and FT-IR characterization of raw CNSL



2 G.R. Srinivasan et al. / JREE: Vol. 10, No. 2, (Spring 2023) 81-94

3.3.1. GC characterization

Based on the previous pieces of the literature, raw CNSL
reportedly had 7-42 % cardol, 47-63 % anacardic acid, and
3-25 % Cardanol [5, 9]. From the present study, the chemical
composition of raw CNSL was found to be anacardic acid
(51.84 £ 1.14 % ), cardol (33.68 + 0.86 %), cardanol (8.11 +
1.07 %), methyl cardol (0.35 + 0.074 %), and others (6.02 =
0.87 %), and it was in closer agreement with the chemical
composition reported by the literature works mentioned
earlier, in which CNSL was extracted though mechanical
extraction. In fact, the reported chemical composition was
widely different and irregular with respect to the chemical

composition of the raw CNSL extracted using other
techniques. A significant change in GC composition was
reported exclusively between anacardic acid and cardanol; the
mentioned variation was dependent on the extraction
technique. In this study, the higher composition of anacardic
acid was reported as a result of cold extraction of CNSL.
Table 7 consolidates the chemical compounds characterized in
the raw CNSL using GC, and Figure 1 depicts the GC spectra
of raw CNSL. In addition, Figures 2-4 illustrate the optimized
3D molecular structure of anacardic acid, cardol, and cardanol
designed using Avogadro tool.

Table 7. Chemical compounds characterized in the raw CNSL using GC

Chemical compound Oliveira et al., TC-CNSL Rodrigues et al., 2011
P 2011 (in %) (present study) (in %) (in %)
Anacardic Acid 62.94 51.84 47
Cardol 6.99 33.68 42
Cardanol 24.52 8.11 3
2-Methylcardol 0.59 0.35 N.A.
Others 4.96 6.02 8
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Figure 1. GC spectra of raw CNSL

Figure 2. Optimized 3D molecular structure of anacardic acid
developed using Avogadro tool (molecular formula: C22H3403;
molecular weight:346.5 g/mol)

L

Figure 4. Optimized 3D molecular structure of cardanol developed
using Avogadro tool
(molecular formula:C21H340; molecular weight:302.5 g/mol)

3.3.2. FT-IR characterization

Table 8 consolidates the dominant peaks in the FT-IR spectra
and chemical compounds contributing to these based on their
corresponding bond activities in raw CNSL. First off, a broad
peak at 3348.19 cm’! reported the hydroxyl (-OH) stretching
noted in polymeric compounds and was contributed by —OH
in cardol and cardanol. Then, another notable peak at 3074
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cm!, related to the stretching of carbon and hydrogen, was
found only in the aromatic compounds (anacardic acid, cardol,
and cardanol). Likewise, peaks corresponding to unsaturation
in hydrocarbon moieties of anacardic acid, cardol, and
cardanol were reported at 3016 cm’'. In addition, the
asymmetric and symmetric stretching of alkyl C-H bond was
considered based on the peaks reported at 2912 and 2859 cm’!,
respectively. The stretching of unsaturated carbon bonds
(-C=C-) in the aromatic rings of anacardic acid, cardol, and
cardanol were noted at two distinct peaks reported at 1637
cm’!. Peak at 1444 cm! represented the C-H bending between
the phenolic ring and hydrocarbon chain in the characterized

compounds. Meanwhile, the peak at 1373.4 cm! signified the
—O-H bending corresponding to the -OH bonded with
aromatic rings of cardol and cardanol. Next, the peaks at 988
and 907 cm! corresponded to the C=C bending in the
polycardanol structure, which were reported at the conjugated
cis-trans double bond and the terminal vinyl group. Moreover,
the peak at 687 cm™ corresponded to the C=C bending of the
vinyl group which is formed as the polyaromatic structure.
Summing up, it was clearly evident that CNSL existed in
polymeric form, with carboxylic and hydroxyl groups bonding
to aromatic (phenolic) compounds. The same finding was
achieved in the existing literature [24-26].

Table 8. Peaks and chemical compounds contributing to various bond activities in raw CNSL

Peak (cm) Bond activity Contributing chemical compound
3348.19 O-H stretching Anacardic acid; cardol; cardanol
3074 Aromatic C-H stretching Anacardic acid; cardol; cardanol
3016 Vinylic =C-H stretching Double bonds in hydrocarbons and aromatic rings
2912 Asymmetric C-H stretching Alkyl groups in hydrocarbon chains
2859 Symmetric C-H stretching Alkyl groups in hydrocarbon chains
1637 Aromatic C=C stretching Anacardic acid; cardol; cardanol
1444 Methyl group C-H bending Anacardic acid; cardol; cardanol
1373.4 O-H bending Anacardic acid; cardol; cardanol
1291.7 Ester group C-O stretching Anacardic acid
988 and 907 C=C bending (vinyl group) Polyaromatic structure
687 C=C bending (vinyl group) Polyaromatic structure

3.4. Properties of raw CNSL bio oil

Based on the characterization data, CNSL is distributed at a
higher concentration of anacardic acid and cardol followed by
cardanol and it comprises aromatic hydrocarbons attached to
long aliphatic carbon chains ranging up to 18 carbon atoms
[27]. Owing to these aromatic rings and long carbon chains,
raw CNSL displayed higher density and kinematic viscosity,
which were 15.8 % and 73.45 mm?%s higher than the
permissible range for neat diesel, respectively [28].
Furthermore, increased molecular integrity in view of these
phenolic ring structures provided the lowest pour point for
CNSL (-21 °C) and ensured its functioning even at very low
temperatures and in cold weather conditions. In addition, these
anacardic acid and cardol contributed to the higher flash point

for CNSL, which made it safe for handling and transportation,
besides increasing its auto ignition temperature slightly higher
than neat diesel. The higher acidic pH value (4.1) for CNSL
was accounted by the higher concentration of anacardic acid
(51.84 %), which was the result of controlled low-temperature
extraction of CNSL. Upon investigating the proximate
elemental composition, raw CNSL exhibited high carbon
content of 81.02 %, hydrogen content by 8.5 %, and oxygen
content by 8.6 %. Besides, raw CNSL reported mild traces of
nitrogen and sulphur content, which reduced its overall caloric
value compared to its counter petro products. Table 9
summarizes the fuel properties of the raw CNSL evaluated as
per IS and ASTM standards.

Table 9. Fuel properties of raw CNSL evaluated as per IS and ASTM standards

Parameters Raw CNSL Standards

Gross calorific value, kcal/kg 9061 + 17 1S:1448(P-6) 1984
Kinematic viscosity @ 40 °C, cSt 77.05+1.14 1S:1448(P-25) 1976
Density @ 15 °C, g/ml 0.9611 £0.01 1S:1448(P-32) 1992

Ash content, % by mass 1.3+0.2 1S:1448(P-4) 1984
Flash point, °C 206+5 1S:1448(P-69) 2013

Pour point, °C 21+2 1S:1448(P-10/Sec-2) 2013
Carbon residue (CCR), % by mass 6.45 £0.45 1S:1448(P-122) 2013
pH value 41+04 By pH meter
Copper strip corrosion at 100 °C for 3 hours 1 No. 1S:1448(P-15) 2004
Ignition temperature, °C 230+ 8 1S:1448(P-69) 2013
Ultimate analysis
Carbon, % by mass 81.02+0.84 By CH analyzer
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Hydrogen, % by mass 8.50+£0.12 By CH analyzer
Nitrogen, % by mass 0.30 £0.015 ASTM D3228
Sulphur, % by mass 0.09 +£0.001 1S:1448(P-33) 1991
Ash, % by mass 1.31£0.1 1S:1448(P-4) 1984
Moisture, % by mass 0.16 £0.03 ASTM D 6304
Oxygen, % by mass 8.62+£0.67 By difference

3.5. Thermally cracked CNSL (TC-CNSL)
3.5.1. GC characterization of TC-CNSL

Based on GC characterization on TC-CNSL (Table 10),
methyl phenol (cresol), methyl oleate, methyl tetradecenoate,
isopropyl cyclohexanedione, and 1-butyl-2-ethyl cyclobutane
were identified as the dominant chemical compounds present
in the thermally cracked CNSL (TC-CNSL). Eventually, the
formation of linear chained and aromatic ring-shaped
hydrocarbons is altogether justified by the thermal cracking of
polymeric macro molecules available in raw CNSL [29],
which induced cracking of linear HC from the aromatic ring in
their carboxylic functional group. Further, TC-CNSL reported

a significant concentration of FAEs (upto 31.49 %), which
made it suitable for combustion-based applications; in
particular, methyl oleate played a major role in exhibiting fuel
properties slightly similar to biodiesel. Interestingly, thermal
cracking of CNSL also resulted in the formation of
octadecane, sulfurous acid up to a concentration of 3.48 % and
was found to be a source of sulphur in the resulting product.
Figure 5 illustrates the GC spectra of TC-CNSL, whereas
Figures 6-8 illustrate the optimized 3D molecular structure of
cresol, methyl oleate, and methyl tetradecenoate designed
using Avogadro tool.

Table 10. Chemical compounds characterized in the TC-CNSL using GC

Chemical compound Composition (in %) | Chemical formula | Linearity/aromaticity
Phenol, 2-methyl 43.87 C7Hs0 Aromatic
8-Octadecenoic acid, methyl ester 28.49 Ci9H3602 Linear
Methyl 9-tetradecenoate 7.63 Ci5H2302 Linear
Octadecane, sulfurous acid 3.48 CisH39S03 linear
Ethanone, 1-cyclopentyl-cyclopentane 1.34 CoH1402 Aromatic
4-Isopropyl-1, 3-cyclohexanedione 7.12 CoH1402 aromatic
Cyclobutane, 1-butyl-2-ethyl 6.89 CioHzo Aromatic
1-Dodecene, cyclododecane 1.18 CaaHar aromatic
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Figure 5. GC Spectra of TC-CNSL
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Figure 6. Optimized 3D molecular structure of cresol developed
using Avogadro tool (molecular formula: C7HsO; molecular weight:
108.14 g/mol)

"}d-
Figure 7. Optimized 3D molecular structure of methyl oleate
developed using Avogadro tool (molecular formula: C19H3602;
molecular weight:296.5 g/mol)
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Figure 8. Optimized 3D molecular structure of methyl tetradecenoate
developed using Avogadro tool
(molecular formula: C15sH2802 ; molecular weight:240.4 g/mol)

3.5.2. FT-IR characterization of TC-CNSL

Based on the FT-IR spectral curve, a significant peak was
reported at 3274 cm’!, which signified the stretching of
hydroxyl functional group (-OH) of methyl phenol (Cresol).
Then, another peak between 2769 and 2934 c¢cm™! reported the
asymmetric and symmetric stretching of C-H bonds in the
alkyl chains of hydrocarbons. In the following, two significant

peaks at 1197 and 1738 cm! signified the presence of ester-
based compounds (methyl oleate and methyl 9-tetradecenoate)
[16] and played a significant role in improving the fuel
properties of the resulting TC-CNSL and cresol. Moreover,
another distinct peak at 1434 cm signified the -OH bending
and was related with the bending activities noted, exclusively,
for any acidic compounds (cresol, octadecane, and sulphurous
acid in this case). Furthermore, another distinct peak was
reported at 1288 cm’!, which corresponded to the stretching
between carbon and oxygen molecule present in any aromatic
esters. In addition, it contributed to the cyclic hydrocarbons
available in it. Most importantly, the presence of octadecane
and sulfurous acid was confirmed based on the peak reported
at 1056 cm™!, which was dedicated exclusively to the sulfoxide
(S=0) stretching [30]. Table 11 consolidates the dominant
peaks in the FT-IR spectra and chemical compounds
contributing to these based on their corresponding bond
activities in raw CNSL.

Table 11. Peaks and chemical compounds contributing to various bond activities in TC-CNSL

Peak (in cm™) Bond activity Contributing chemical compound
3274 Phenols -OH stretching Methyl phenol (Cresol)
1738 Ester C-O stretching Methyl oleate, methyl 9-tetradecenoate
2769 Alkane C-H stretching Hydrocarbon compounds
1434 Carboxylic (-OH) bending Methyl phenol; octadecane, sulfurous acid
1288 Aromatic ester C-O stretching Ethanone, 1-cyclopentyl-cyclopentane
1197 Ester C-O stretching Methyl oleate, methyl 9-tetradecenoate
1056 Sulfoxide S=O stretching Octadecane, sulfurous acid

3.6. Fuel Properties of TC-CNSL

According to the fuel properties of TC-CNSL, a drastic
reduction in density and kinematic viscosity was reported and
was estimated to be reduced by 8.75 % and 96 %,
respectively, as compared to raw CNSL. Yet, higher density
and viscosity than neat diesel (density: 830 kg/m® and
kinematic viscosity: 2.47 mm?/s) were reported by 5.7 % and
21.5 %, respectively. Eventually, variation in density and
kinematic viscosity was accounted for the formation of
thermally cracked chemical compounds like cresol, FAEs, and
cyclic hydrocarbons. In addition, the flash point of TC-CNSL
was reduced by 46.6 % and was justified by the presence of
FAEs in it, whereas its pour point was reduced by 24 °C due
to its aromatic and cyclic hydrocarbons, whose molecular

structure resembled the molecular structure of neat diesel.
Furthermore, the formation of chemical compounds like cresol
and Octadecane and sulfurous acid simply increased the pH
by 43.2 % than compared to raw CNSL. Besides, high gross
calorific value of TC-CNSL was explained by the presence of
hydrocarbons, including long carbon chained molecules and
combustible sulphur content; however, mild traces of nitrogen
and sulphur content produced a slightly lower calorific value
than neat diesel. The proximate elemental composition of TC-
CNSL reported high carbon content of 84.16 %, hydrogen
content of 11.45 %, and oxygen content of 4.01 %. Table 12
summarizes the fuel properties of TC-CNSL evaluated as per
IS and ASTM standards.

Table 12. Fuel properties of TC-CNSL evaluated as per IS and ASTM standards

Parameters TC-CNSL Standards
Kinematic viscosity @ 40 °C, cSt 3.0+£0.62 1S:1448 (Pt-25) 2013, RA-2018
Gross calorific value, kcal/kg 10530 + 23 1S:1448(Pt-6)1984, RA-2018
Density @ 15 °C, g/ml 0.877 £0.01 1S:1448 (Pt-32) 2019
Flash point (Abel), °C 110£5 1S:1448 (Pt-20) 2019

Copper strip corrosion at 100 °C for 3 hours

1S:1448 (Pt-15) 2004, RA-2016

Pour point, °C -45+2.5 1S:1448 (Pt-10/Sec-2) 2013, RA-2018
pH 59+0.6 By pH meter
Ultimate analysis, % by mass (IS:1448 (Pt-4) 1974, RA-2012)
Ash content 0.001 1S:1448 (Pt-4) 1974, RA-2017
Carbon content 84.16 £0.75 ASTM D 5373-14, Guidelines
Hydrogen content 11.45+0.5 ASTM D 5373-14, Guidelines
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Nitrogen content 0.33 £0.025 ASTM D 5373-14, Guidelines
Sulphur content 0.05 £0.001 ASTM D 4239-17, (method B), guidelines
Oxygen content 4.01+0.72 By calculation

Moisture (water) content, % by mass Less than 0.05 1S:1448 (Pt-40) 2015

3.7. Combustion analysis

The stoichiometric air-to-fuel ratio required for combusting
the TC-CNSL was calculated from the quantity of air needed
for completely combusting its one mol. For this purpose, the
quantity of air (Nair) was calculated using Equation 2, with
numbers of carbon (Nc), hydrogen (Nu), and oxygen (No)
molecules determined using the molecular formula of TC-
CNSL, which was found to be Ci2H2;0 [19]. As can be seen
in this formulated molecular formula, the volume of air
required for combusting one mol of TC-CNSL was calculated
as 16.75 mols and the stoichiometric air-fuel ratio was
12.74:1. However, an excess amount of air is always needed
to completely combust these TC-CNSLs; hence, the actual
stoichiometric air to fuel ratio was adjusted to 19.12:1; thus,
extra requirement for air was 1.5 times the calculated amount
[31].

4N¢ + Ny — 2Ng

3.8. Engine characteristics of TC-CNSL

As can be seen from their engine characteristics (from Table
13), both neat TC-CNSL (TC-CNSL 100) and TC-CNSL
blend samples reported superior combustion characteristics
and mixed emission characteristics, besides reporting slightly
poor performance characteristics. In fact, the increased
combustion behavior of the biofuel samples was justified by
their enhanced cetane number, which prolonged the duration
of their combustion, whilst fuel-bound oxygen -content
ensured their complete oxidation [16, 32]. On the other hand,
mixed emission concentrations and poor fuel performance
were measured based on their increased density and viscosity,
cyclic structure, aromaticity, unsaturation, and inferior
calorific value. Here, this aromaticity and cyclic structure
were predominantly contributed by cresol and 4-Isopropyl-
1,3-cyclohexanedione, respectively, while unsaturation was
affected by both long linear carbon chained (8-Octadecenoic

Nare = Q) acid, methyl ester and methyl 9-tetradecenoate) and aromatic
AIR
4 hydrocarbons.
Table 13. Engine characteristics of neat diesel and variation of engine data for TC-CNSL blends
Parameters Unit Diesel TC-CNSL 20 TC-CNSL 50 TC-CNSL 100
Peak in-cylinder pressure Bar 56.7 2.01 % 1 4.74 % 1 10.15 % 1
Ignition delay °CA 11.8 10.17 % 1 1525% 1 27.12% 1
Specific fuel consumption Kg/kW-hr 0.37 5.46 % 1 12.82% 1 2491 % 1
Brake thermal efficiencies % 27.8 533% | 11.89% | 20.40 % |
Carbon monoxide emission % 0.06 48.33% 1 196.41 % 1 361.59 %7
Carbon dioxide emission % 5.09 19.72 % 1 41.67 % 1 97.96 % 1
Nitrogen oxide emission PPM 405.9 15.59 % 1 45.92 % 1 89.35% 1
Unburnt hydrocarbon emission PPM 52.6 1521 %1 3745 % 1 74.90 % 1
Exhaust gas temperature °C 198.8 7.34% 1 22.69 % 1 50.50 % 1

To begin with, TC-CNSL had higher cylinder pressure than
neat diesel (Figure 9) and it increased along with the
concentration. This finding is justified by the early start and
prolonged durations of their complete combustion, attributed
by their higher cetane number, and fuel bound oxygen content
[33]. Here, the higher concentration of oxygen molecules in
TC-CNSL samples, especially from cresol, methyl oleate,
methyl 9-tetradecenoate and 4-isopropyl-1, 3-
cyclohexanedione, ensured their early ignition upon injection,
followed by administering a complete oxidation, which
resulted in liberation of a large amount of heat and pressure
inside the cylinder. Accordingly, ignition delay was reduced at
100 % for neat TC-CNSL sample, citing the increased
availability of fuel bound oxygen content from the injected
fuel mass, which also helped meet the energy demand.
However, ID of TC-CNSL samples remained higher than the
neat diesel throughout the experimental runs (Figure 10) and
were caused by physical and chemical delay raised due to the
linear FAEs, followed by cyclic and aromatic hydrocarbons
[34]. As a result of prolonged combustion duration and
availability of surplus oxygen content, these TC-CNSL
samples underwent complete combustion and generated
significant heat, which resulted in higher EGTS and NOx
emission than neat diesel (Figures 11 and 12). In particular,

the oxidation of long-chain hydrocarbons like FAEs and
cyclic hydrocarbons liberated a large amount of heat, fairly
enough for nitrogen in the intake air to react with oxygen
molecules to recombine into nitrogen oxides (NOx) [35].
Here, both EGT and NOx emissions increased propotionally
with increase in concentration of TC-CNSL in the blended
samples.
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Figure 9. Peak in-cylinder pressure of neat diesel and TC-CNSL
blends for varying engine loads
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In view of their complete oxidation, these TC-CNSL
samples reportedly had a higher concentration of CO»
emission than neat diesel (Figure 13) and remained higher for
equivalent and neat TC-CNSL blend. This was accounted by

the fuel bound oxygen content from the hydrocarbons, which
helped oxidize a large amount of hydrocarbon molecules in
CO;, and water, leaving behind a part of incomplete
combustion and uncombusted by-products [36]. In this regard,
carbon monoxide (CO) was produced as the incomplete by-
product during the combustion and increased significantly
with TC-CNSL concentration owing to their higher degree of
unsaturated double bonds [19] (Figure 14). Unfortunately,
these bonds failed to undergo complete combustion due to the
need for high bond disassociation energy, which increased
further at higher loads, citing the increased injection of fuel
mass. On the other hand, from Figure 15, TC-CNSL samples
reported a notable amount of unburnt hydrocarbon emission
due to the lower adiabatic flame temperature near the wall
surfaces and area surrounding large fuel droplets. Here,
increased density and viscosity from both linear and cyclic
hydrocarbons failed to atomize effectively, thus forming large
droplets of fuel during injection and quenching the flame
temperature inside the cylinder, thereby leaving behind a
significant amount of unburnt hydrocarbon. Besides,
unsaturation played a crucial role in contributing to this
unburnt HC emission, as these unsaturated hydrocarbons
needed more energy and heat for initiating combustion [31,
37].
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blends for varying engine loads
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Figure 15. Unburnt hydrocarbon emission of neat diesel and TC-
CNSL blends for varying engine loads

Based on their performance characteristics (Figures 16 and
17), TC-CNSL samples reportedly had a higher rate of fuel
consumption and slightly reduced brake thermal efficiencies,
citing their lower calorific content and higher density and
viscosity than neat diesel. Here, the higher rates of density and
viscosity for TC-CNSL samples were predominantly
contributed by cresol, followed by FAEs and cyclic
hydrocarbons, thus causing certain setbacks like increased
quantity of injected fuel and poor atomization [16]. On the
other hand, the absence of oxidizable molecules like nitrogen
and small portion of sulphur content failed to report higher
calorific value for TC-CNSL samples, thus requiring a greater
amount of fuel for combustion to deliver equivalent energy as
delivered by neat diesel [33, 38]. Moreover, their efficiency
increased with engine load to maintain the engine speed all the
time; however, it decreased with increasing TC-CNSL
concentration, citing reduced calorific value due to the
reduction of neat diesel concentration. Eventually, no
knocking activities were reported for any test samples
throughout the experimental runs; hence, this fuel is
recommended given its compatibility with commercial
applications.

=3 ]
. s P T I E
B L Teennm B —— maenhnl 40
Z
B - —
= _—
=
E o P —
£ " 4] =
§ |iFps Ea = [
= ] —
L. — = =
= ' 2- | = L
E e
K e e =
& = - —] %
on =, - —]
Fii] ]

Lo (%]

Figure 16. Specific fuel consumption of neat diesel and TC-CNSL
blends for varying engine loads
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4. CONCLUSIONS

Aimed at developing a suitable alternative to existing
petrodiesel, this study achieved a sustainable biofuel from
renewable biomass by thermally cracking the CNSL extracted
from waste cashew nut shell by means of cold extraction
technique. Effective utilization of this biofuel could be
achieved upon evaluating its fuel properties and performance
in CI engine, which in turn were determined by the chemical
compounds available in it. Hence, it is of proiority to
understand the contribution of these chemical compounds on
these entities. Thus, the impact of characterized hydrocarbons
on deciding the overall fuel properties and engine
characteristics of thermally cracked shell liquid was studied
and the following were the major conclusions drawn from this
study:

(i) Both waste cashew nut shell and its liquid were
identified as potential biomass feedstocks, which could
be used as energy sources for both domestic and
industrial purposes, accounting for their technical
aspects.

(i) Waste CNS reported its maximum pericarp lipid content
as 23.84 %; yet, the amount of CNSL rendered depends
on the type of rendering technique. Next, the
concentration of organic hydrocarbons in raw CNSL
varied with respect to rendering technique; accordingly,
the higher concentration of anacardic acid was reported
in raw CNSL extracted using cold extraction technique.

(iii)) Thermal cracking of raw CNSL extracted using cold
rendering was effective in the temperature range of 300-
400 °C and it produced a higher concentration of cresol,
methyl oleate, and tetradecenoate as the most dominant
aromatic and linear chained hydrocarbons, respectively.
It was also evident that thermal cracking of macro-
molecules was seen as an alternative means of
synthesizing FAEs, besides transesterification.

(iv) Fuel properties of TC-CNSL were deeply affected by the
characterized hydrocarbons, with a large number of
carbon atoms and long carbon chained molecules
contributing to its physical and thermal properties,
especially its calorific content. To be specific, cyclic and
aromatic hydrocarbons facilitated enhancing their flow
characteristics, whereas the presence of oxygen
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molecules in the cracked shell liquid improved its cetane
number.

Combustion of TC-CNSL in the CI engine presented a
higher combustion rate and emission levels owing to the
early start and prolonged duration of complete
combustion contributed by both cyclic and aromatic and
linear chained hydrocarbons including FAEs. Besides,
aromaticity and unsaturation in these molecules
increased their density and viscosity and reduced their
calorific content, thereby resulting in reduced thermal
efficiencies.

To sum up, it can be strongly concluded that the entire
molecular composition of any CNSL is dependent on its
rendering technique and thermal cracking of these liquids
induces changes in their molecular structures, which has made
a significant contribution to deciding its fuel properties and
engine characteristics. Ultimately, understanding the impact of
these molecules will facilitate (a) using this biofuel more
effectively depending upon its end applications and (b) easily
predicting its behavior during its life cycle, thereby ensuring
sustainability and renewability throughtout.
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PAPER INFO ABSTRACT

Paper History: In this study, energy management of grid-connected Multi-Microgrid (MMG) is performed through joint
Received: 14 February 2022 optimization of the energy and ancillary service market. The test system comprises the IEEE 30 bus system as
Revised: 05 August 2022 the main grid and the 16-bus system as an MMG. The MMG is comprised of dispatchable and non-

Accepted: 07 August 2022 dispatchable generation and loads. The non-dispatchable generators are based on renewable energy sources

(RES) such as solar and wind. The uncertainty modeling for wind and solar is performed by Weibull and beta
probability distribution function. The strategic integration of RES helps MMG deliver both energy and
ancillary services to the utility grid. This research aims to reduce the total energy cost while reducing reserve
cost by maximizing the use of RES under normal operation and during contingency conditions. It is observed
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Multi-Microgrid, that if MMG is incorporated into the system, then the total generation cost, reserve cost, and power losses are
Energy Market, reduced to 0.11 %, 0.325 %, and 1.201 %, respectively, in normal operating conditions. Under contingency,
Ancillary Service Market when Generator 5 is out of service and the main grid is operating alone, the total generation cost increased

significantly from 22118.92 $ day™ to 22435.68 $ day and the real power loss increased from 233.35 MW
day to 245.11 MW day’'. However, by interconnecting MMG with the main grid, generation cost and power
loss get reduced to 22375.60 $ day™! and 243.35 MW day’!, respectively. It is analyzed that participation of
MMG provides techno-economic benefits during normal operation and contingency conditions.
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In this paper, LMP-based pricing scheme is used for market
price settlement. There are different methods used by ISO for
Competition in the restructured power market is a driving clearing Energy Market (EM) and Ancillary Services Market
force for price minimization and social benefit maximization. (ASM) [5]. These are explained below:

Co-optimization of energy and reserve markets is used by Merit Order Dispatch (MOD): This is the basic form of

several 1n(.1ependent system - operators .(ISO.) »_including dispatch where the independent stacks of the quantity of the
Pennsylvania—Jersey-Maryland (PJM), California I1SO, New energy and offers are considered for the EM and ASM. The

York ISO (NYISO), New England ISO (ISO'NE.)’ Australian, bid blocks are then arranged based on merit. The energy
and New Zealand markets [1, 2]. The ISO coordinates energy market is then dispatched until the supply is equal fo the

and reserve dispatch to reduce total operating costs while demand. The same process is repeated for the AS market. This
meeting load demand and reserve requirements as well as h is simpl d 4 d when there i

taying within network limits [3]. In this paradigm, ISO approach 1S simple anc casy fo understand when t ere 1s a
stay ) ’ coupling between EM and AS markets. However, this will

considers the overall offered cost to be the market cost, and : . . .
; . . . lead to infeasible results when there is no coupling between
determine payments for clearing energy and reserve bids using .
. . products. The coupling means that the sum of energy and
a settlement process. Three price resolution procedures are . . e
reserve dispatch is less than the unit limit.

employed in energy markets: uniform pricing system, pay-as- o )
bid, and LMP-based scheme (Locational Marginal Price). All Sequential flispatch optimization: This is the extension for
accepted offers/bids are paid at the uniform market clearing MOD. Herein, both the energy market and the ASM have the
price (MCP) in a uniform pricing scheme. Each accepted offer same generation capacity. The EM apd ASM are dispatched
is paid according to the offer price rather than the MCP in separately apd sequentially. Th.e EM is cleared ﬁrst, foll(?wed
pay-as-bid. Accepted offers are paid based on locational by the clearing of the ASM. It is easy to determine the winner
marginal price in the LMP-based technique [4]. because both markets are dispatched separately.

1. INTRODUCTION

Joint or simultaneous optimization: The goal of this
*Corresponding Author’s Email: vmahajan@eed.svnit.ac.in (V. Mahajan) technique is to distribute several indivisible items to a group
URL: https://www.jree.ir/article_156095-html of bidders while minimizing the collective bid cost of
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delivering energy and ancillary services. It is difficult to
justify the schedule and pricing with this mechanism. As
compared to MOD and sequential techniques, this technique
has a strong coupling between the products.

Authors in [2, 6-10] presented several models for market
clearing of joint energy and reserve auctions in which the
energy and reserve offer costs were minimized while static
and dynamic security criteria, such as the voltage drop and
overloading indices, as well as corrected transient energy and
voltage stability margins (VSMs) were also taken into
account. In Ref. [2], the joint energy and reserve market
clearance was performed considering the proposed multi-
objective optimization problem, i.e., the payment cost
minimization and voltage stability maximization. However,
the stochastic nature of RES is not considered in this paper. In
Ref. [6], a multi-market paradigm is proposed to facilitate the
trading of energy and ancillary services across nano-grids in
an islanded microgrid (MG). However, energy management in
the grid interconnected mode is not considered in this work. In
Ref. [10], simultancous optimization of energy and reserve
market is performed for IEEE 39 bus test system. In this
study, wind and solar plant with PSP-based energy storage is
integrated with the system, but uncertainty modeling for RES
is not performed.

The primary factor contributing to the fast depletion of fossil
fuels and rise of the green-house gas (GHG) emissions is the
rapid rise in load demand. In order to overcome these issues,
the world is moving towards the deployment of renewable-
based distributed generation. The integration of these
distributed generations (DG) with grid introduces the concept
of microgrid [11]. A microgrid is a group of micro sources,
loads, and batteries that represents itself as a single entity
which can reciprocate the control signals sent by the central
control center. MG is a low-voltage intelligent distributed
network that is composed of micro sources or distributed
generations, energy storage devices (ESD), and loads [12, 13].
In the case of the grid, it is termed as the controlled entity
which can be operated as the aggregated load and as a micro
source for power and ancillary services. From the consumer
side, it is termed as the low-voltage distribution system [14].
Microgrids have a self-healing ability, thus improving the
reliability of the distribution network by minimizing the
chances of load shedding [15, 16], increasing the power
quality, reducing carbon emissions [17, 18], and decreasing
the price by optimally scheduling the renewable energy
sources [19]. In addition, it supplies energy to remote areas
[20]. Though the MG enjoys numerous benefits, the major
issue faced by the microgrid central controller (MGCC) is to
deal with the uncertainty of Renewable Energy Sources (RES)
and to predict the generation from these sources accurately.
The inaccuracy in prediction will results in failure of
components and blackouts. The authors in [21] maintained
that wind and solar were the fastest growing and most
attractive RESs for electricity production. They identified
wind and solar energy potentiality for four cities of Iran
including Ahvaz, Sirjan, Neyshabur, and Tabriz. The results
show the comparative analysis of wind and solar power
generation potential for four cities. The wind turbine type and
solar photovoltaic (PV) panel should be compatible with the
geographical location and environmental conditions of the
selected site for installation. In [22], the Technique of Order
Preference by Similarity to Ideal Solution (TOPSIS) approach
was used to determine the most compatible turbine with

respect to the geographical and topological characteristics of
the location under consideration. In [23], the effect of
environmental and turbine parameters on the energy gains
from wind farm was investigated. The Artificial Neural
Network (ANN) model was developed, which demonstrated
how energy gain increased with increase in annual mean wind
speed. In [24], multi-group grey wolf optimizer (MG-GWO)
was used to retrieve the parameters of a single-diode
photovoltaic solar cell module. According to their results, the
MG-GWO exhibited its superiority over classical GWO.
There are various factors that affect the performance of wind
turbine generator and solar PV panel. The output of solar
panel depends on the ambient conditions, intensity of solar
irradiance falling on it, and module temperature [25, 26].
Solar insolation is affected by the dust accumulating on the
panel [27] or by partial shading of solar panel [28]. The
performance of a solar PV plant can be improved by cooling
technology [29] or shade dispersion technique explained in
[30].

The main feature of MG is that it can be operated in the
grid-connected and islanded modes. The decision on the mode
of operation is taken by MGCC considering the economic and
security constraints. The MG usually operatea in the grid-
connected mode for the economic operation of the power
system. However, if it is operating in the standalone mode,
then it should have sufficient capacity to supply its load
during emergency conditions. The MG is isolated from the
main grid through switches at the point of common coupling
[31]. In the grid-connected mode, MG provides the reserved
energy to the main grid in cases of (a) a sudden increase in
load demand, (b) reduction in energy generation from
Conventional Generators (CGs), or (c) inaccurate load
forecast [32]. There is an extensive scope of literature
available on optimal scheduling of MG in the grid-connected
mode [33-35], but quite a limited literature is available on the
islanded operation of MG .The optimal energy management of
MG can be done in a centralized or decentralized manner. In
the centralized method, all the information regarding the
available generation and load is collected for centralized
operation and control [36], whereas in the decentralized
method, every entity is considered as an agent which is free to
take decisions [37]. For the systematic operation of MG in the
interconnected mode, it is required that MGCC be coordinated
with grid operations. Four different control strategies for
energy management in MMGs were explained in Ref. [38].
First is the centralized control, in which all the generation and
consumption devices are controlled by the central controller,
but it fails to protect the customer privacy. Its main objective
is to maximize profit of the whole MMG system. The MMG
in this case operates at a very high risk given that the whole
system will get affected if the centralized control fails. In
decentralized control, individual MG is an autonomous entity
that has a local controller (LC) to maximize its profit. The LC
manages the MG and determines the operating point of
generation and loads. Failure of one LC will not result in the
failure of the operation of MMG. However, this method will
introduce a competitive environment between the MGs to
maximize their profit. In hybrid control, the central controller
is at the MMG level and the local controller at the MG level.
The LC performs local energy management and informs the
central controller about the surplus/deficit of energy. Then, the
central controller negotiates with multi-MG for its reliable
operation. Thus, it is a two-level controlled strategy. The last
one is the nested multi-microgrid energy management system
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(MMGEMSY). It is a hierarchical structure with multiple levels,
and each microgrid constitutes a level of the whole MMG
system. The privacy of customers with this control scheme
can be preserved due to the multiple-layered privacy structure.
The functionalities and operations of MGs were explained in
[39]. In this study, the multi-agent system for the operation of
the integrated MG was explained. A hierarchical control
scheme was utilized for maximizing the production of DG and
optimizing the power exchange between MGs and the grid. A
novel double-layer coordinated control approach to MG was
proposed in [40]. The schedule layer operates on the
forecasted data and the dispatch layer provides power for
controllable units in real time. The error between the two
layers is resolved by their coordinated control.

According to the literature review, it is observed that much
of the literature is focused on the islanded operation of the
MG. However, a limited scope of the literature has focused on
the joint optimization of the energy and ancillary services
market of MMG in interconnected operation with the main
grid considering the uncertainty of wind and solar. In this
study, the uncertainty modeling for wind speed and solar
irradiance is done through beta-Weibull probability
distribution function (pdf). Also, this work considered the
(N-1) contingency analysis. The contingency considered is
generator and line outage. The energy management of MMG
in the grid interconnected mode is performed by joint
optimization of the EM and Reserve Market (RM). Generally,
the RES is thought of as the consumer of ramping services
due to their variability and intermittent nature. However, when
these sources are integrated with fast ramping generators
(micro-turbine and energy storage system), they can support
the grid by providing reserves in the ASM. Thus, MMG
considered in this work is composed of dispatchable and non-
dispatchable generators as well as loads.

The rest of the paper is organized as follows. Section II
shows the problem formulation and modeling of wind and
solar power. Section III outlines the results and discussion.
Section IV concludes the paper.

2. PROBLEM FORMULATION AND UNCERTAINTY
MODELING

2.1. Objective function

The aim of this study is to minimize the energy and reserve
costs by utilizing the energy available with RES in the MMG
system. The market model considered in this paper is based on
a joint dispatch mechanism. The simplicity and transparency
of this mechanism are the main reasons behind the widespread
use of this approach. In simultaneous or joint optimization, the
ISO task is to match consumer demand with power plant
capability in the most cost-effective manner while maintaining
system stability and security. The goal is to achieve the
following criteria by procuring energy and reserves at the
lowest possible cost. In the deregulated power market,
generating companies (GenCo) and distribution company
(DisCo) submit their bids for the energy and reserve market in
day-ahead of actual schedule. In this work, only the generator
side bidding for energy is considered. There is no bidding
from the consumer side. The cost minimization problem was
given in [10], which was modified in this study. The proposed
objective function is shown in Eq. 1. The proposed approach
and its flowchart are shown in Figure 1 and Figure 2,
respectively.
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Figure 2. Flowchart of the proposed approach
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The above objective is subjected to equality and inequality
constraints. The equality constraints are binding constraints,
whereas inequality constraints may or may not be binding.
Here, P; and R; are the generations of the i unit of the main
grid in the energy and reserve market, respectively. However,
P; and R; are the generation of the j™ unit of MMG in energy
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and reserve market, respectively. RR; is the ramp rate of the i
conventional generator (CG) at the main grid, h is the number
of hours, and Ng and Nwmmcg represent the number of
generators in the grid and MMG, respectively. Here, (P;max-Pi)
represents the maximum reserve available for CG.

D PGk =Pioss + Ppx )
2.Q6.k =Qpk *+ Quoss 3)
P, + R; <P, max 4)
R; = min{(P; jax —P),RR;} ®)
P, + R <Pjmax (6)
ijm < Pj < ijax (7)
Pimin <P < Pimax ®)
Py < Pijmax ©)
Vimin < Vi < Vimax (10)

2.2. Uncertainty modeling of RES
2.2.1. Wind speed modeling

The power output of a Wind Turbine Generator (WTGQG)
depends on the wind speed [41]. As the wind speed increases,
the power output of the wind energy increases approximately
as the cube of the wind speed is shown in Eq. 11 as follows:

1
szgxprxvz' (11)

where Pw is the power generated from WTG, p the density of
air in kg m3, A the area of blades in m?, and v the wind speed
in m s™. Thus, the power generated from WTG is defined as in
Eq. 12.

0,V <V, V> Vo

w,vm<v<vr (12)
V-V

in

PWT = Pr X
T
P,ve<v<vyy

Wind speed is variable and follows a Weibull PDF shown in
Eq. 13 [42]:

£(v)= kmkl e{[j} 13)

c\¢C

For Rayleigh PDF, the value of k is 2. This is the preferred
PDF as it has periods of both low and high wind speeds.
Hourly mean wind speed and standard deviation of wind are
used as the input data to create the pdf for wind speed.

2.2.2. Solar PV modeling

The generated power of the PV module is determined by the
site's ambient temperature, solar irradiation, and module
features. The beta distribution is used to model the solar
irradiations. The solar irradiation follows the bimodal
distribution, which 1is, combination of two unimodal
distributions [43].

_ [r(‘“ﬁ) xir® 1 #(1-i) B, for 0<ir<1,a>0,8>0
fo (i) =| LTBTB) (14)

0,otherwise
The values of alpha and beta can be calculated using Eq. 15:

B=(1—H)X(“X(1;“)—1J
()

oo xB
I-p

(15)

From the generated PDF, the output power of the solar is
modeled, as shown in Eq. 16 to Eq. 20.

P,y (h) = NxFFx V(h)x I(h) (16)

FF = Ymep < upp (17)
Voo % g,

V(h) =V, —ky xT, (18)

I(h) =S, x[I +k;(T, —25)] (19)

Not —20
T, =T, +S, x| ——
c a a ( 08 j

(20)

3. RESULTS AND DISCUSSION

In this study, IEEE 30 bus system is considered as the main
grid, whereas the 16 bus test system is taken as the MMG
system. The IEEE 30 bus system is composed of 6 generators,
41 transmission lines, and 21 loads [44, 45]. The MMG
system is comprised of MGI1, MG2, and MG3. The MGI1
contains 1 wind turbine (WT), 1 micro turbine, 1 photovoltaic
(PV), and 1 fuel cell and 5 loads. The MG2 is composed of 1
diesel generator, 1 PV, 1 WT, and 1 load. The MG3 has 2
WT, 1 PV, 1 CHP, and 7 loads. The MMG system data is
taken from [46]. Figure 3 shows the system under study, and
Figure 4 shows the architecture of the main grid. The data of
solar irradiation and wind speed is taken from [47, 48]. The
wind and solar power available for a day is shown in Figure 5
and Figure 6, respectively. The load data of MMG shown in
Figure 7 is taken from [49] and scaled for the considered test
system. The load data for the main grid in the energy market
and reserve market are shown in Figure 8, which were taken
from [50], and normalized according to the system data. The
demand of the reserve market is taken as 10 % of the demand
in EM. Table 1 and Table 2 show the generator data and its
cost coefficients for the main grid and MMG. The ramp rate is
measured at almost 10 % of the maximum power.
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Table 1. Generator data in the main grid

No. Pmax (MW) Energy price Reserve p:‘ice RR
a B Y ($ MW
Gl 200 0.00375 2 0 2.25 15
G2 80 0.0175 1.75 0 2 8
G3 50 0.0625 0 1.5 5
G4 35 0.00834 3.25 0 3.5 3
G5 30 0.025 0 3.25 3
G6 40 0.025 0 3.35 4
Table 2. Dispatchable and non-dispatchable units in MMG
No. Gen Pmax (MW) Energy price (§ MW-) Reserve price ($ MW1)
WT1 2 1.5 1.5
PV1 1 1.5 1.5
MGl
FC 1 2 2.25
MT 1.5 2.25 2.5
PV2 1.2 1.5 1.5
MG2 DG 0.8 2.5 2.75
WT2 1 1.5 1.5
WT3 1 1.5 1.5
PV3 1.1 1.5 1.5
MG3
CHP 0.4 2 2.25
WT4 1 1.5 1.5
Mot Grkd
|
| [ j i : @ 2
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Figure 3. Test system
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Figure 4. Main Grid (IEEE 30 bus system)

—o— WT1_MG1

WT2 MG2 —4 —WT3_MG3 ====WT4 MG4

Figure 5. Available wind power in MMG

~===PVI_ MGl  ====PV2 MG2

PV3_MG3
0.9

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

Power MW

1 3 5 7 9 11 13 15 17 19 21 23
Hour




R.Jain and V. Mahajan / JREE: Vol. 10, No. 2, (Spring 2023) 95-107 3

Figure 6. Available solar power in MMG
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Figure 7. Load data of MMG
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Figure 8. Load demand in EM and RM

The study is divided into three cases. The contingency
analysis is also performed for all three cases. The considered
contingencies are as follows: conventional generator No. 5
(G5) is out of service, line 3 outage, line 6 outage, and line 8
outage of the main grid (IEEE 30 bus system).

Case 1: When CGs in the main grid participate in EM and
ASM.

Case 2: CGs will engage in EM and RM, whereas MMG will
participate in EM.

Case 3: When MMG and the main grid both will engage in
EM and ASM.

Case 1: When CGs in the main grid participate in EM and
ASM

In this case, only CGs will engage in EM and RM. The ramp
rate of CGs is taken as almost 10 % of the maximum power of
the generator. The maximum reserve of each generator is
taken as the maximum capacity minus the power generated at

peak load. The CGs will bid energy at a higher price in RM
than EM to gain maximum profit in the reserve market. They
send their bid of energy and price for both of the markets to
the ISO. The ISO will perform simultaneous optimization for
both markets according to the bids received from the CGs.
The reserve capacity available by each CG is equal to the
minimum of maximum reserve bid by the generator and its 10
mins ramp rate. The power generated by generators in EM and
RM should always be less than or equal to the maximum
power available. The energy dispatched by CGs in the energy
and reserve market is shown in Figure 9 and Figure 10,
respectively. The hourly generation cost is EM and RM in
Case 1 (no outage) is shown in Figure 11. The total cost
including energy and reserve for a day is 22118.92 $ day'.
The total reserve cost and power loss are 1540.299 $ day™! and
233.3481 MW, respectively. The payment total load is
27534.04 $ day!. The Table 3 shows the comparative analysis
between Case 1 (no outage case) and different contingency
conditions. When compared with Case 1 (no outage), the %
increment rates in the generation cost, reserve cost, and power
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loss in Case 1 with gen outage are 1.43 %, 0.47 %, and
5.04 %, respectively. Similarly, due to the outage of Line 3 of
the main grid (the line connecting Buses 2 and 4), The %

respectively. From the results, it can be concluded that the

#Gl ®G2 RG3 =G4 G5 mGo6

N
(=]

increment rates in the generation cost and power loss are 40

0.26 % and 6.01 %. The outage of Line 6 of the main grid 35

(connecting bus 2 and 6) increases the generation cost and

power loss by 0.46 % and 10.79 %, respectively. The outage 30

of Line 8 (connecting buses 5 and 7) will increase the gl
generation cost and power loss by 0.019 % and 0.44 %, 25 E

outage of the generator has a significant effect on the total
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Figure 10. Power scheduled in reserve market in day-ahead market
in Case 1 (no outage)
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Figure 9. Power scheduled in the energy market in day-ahead market
in Case 1 (no outage)
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Figure 11. Hourly generation cost in EM and RM market in Case 1
(no outage)

Table 3. Comparative analysis between Case 1 (no outage) and different contingency conditions

Case 1 Generation cost Reserve cost Power loss % increment in % increment in | % increment in
($ day™h) ($ day™) (MW day™) gen cost reserve cost power loss
No outage 22118.92 1540.29 233.35 - - -
Gen5 out 22435.68 1547.55 245.11 1.43 0.47 5.04
Line 3 out 22176.43 1540.29 247.37 0.26 0 6.01
Line 6 out 22222.54 1540.3 258.54 0.46 0 10.79
Line 8 out 22123.23 1540.29 234.39 0.019 0 0.44

Case 2: When CGs will engage in EM and RM, MMG will
participate in EM

In this case, the MMG will participate in the energy market,
but the CGs will engage in both markets. The presence of
MMBG in EM will affect the dispatch of CGs in EM, whereas
the reserve market will be the same as in Case 1. In this case,
the RES available in MMG will dispatch to its full limit in
energy market. This will reduce the energy cost in EM,

because the RES is the cheaper source than the CGs.
Maximum energy transferred from MMG to the main grid is 6
MW. The power schedule by MMG in EM, load, and power
transfer from MMG to the main grid is shown in Figure 12.
From the Figure 12, it is observed that the MMG will first
satisfy its load and then, transfer the surplus power to the main
grid. The comparative analysis between Case 2 (no outage)
and its contingency cases is shown in Table 4. When
compared with Case 2 (no outage), the % increments in the
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generation cost, reserve cost, and power loss in Case 2 with
generator outage are 1.36 %, 040 %, and 5.16 %,
respectively. Similarly, due to the outage of Line 3 of the
main grid (a line connecting Buses 2 and 4), the % increment
rate in the generation cost and power loss are 0.25 % and
5.88 %. The outage of Line 6 of the main grid (connecting
Buses 2 and 6) increases the generation cost and power loss
by 0.45 % and 10.47 %, respectively. The outage of Line 8
(connecting Buses 5 and 7) will increase the generation cost
and power loss by 0.023 % and 0.55 %, respectively. The
outage of Line 8 is having the least impact on the generation
cost and the power loss. The Table 5 shows the power
dispatch from various sources in MMG in the energy market.
In this case, it is also observed that the RES is fully utilized in
EM. The power scheduled by CGs in EM is reduced mainly in
the valley period, i.e., from hour 1 to hour 10 and shown in
Figure 13. In Case 2 (no outage), the total energy cost is
22096.71 $ day™' and the reserve cost will be the same as in

Case 1. The power loss and load payments are 230.593 MW
day! and 27522.61 $ day!, respectively.
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Figure 12. Energy scheduled, load, and Pexh in MMG

Table 4. Comparative analysis between Case 2 (no outage) and different contingency conditions

Case 2 Generation cost Reserve cost Power loss % increment % increment in % increment in
($ day™) ($ day™)) (MW day™) in gen cost reserve cost power loss
No outage 22096.71 1540.29 230.59 - - -
Gen5 out 22396.13 1546.49 242.48 1.36 0.40 5.16
Line 3 out 22151.79 1540.29 244.16 0.25 5.88
Line 6 out 22195.44 1540.29 254.74 0.45 10.47
Line 8 out 22101.81 1540.30 231.85 0.023 0.55
Table 5. Power dispatch (MW) in MMG
No. WT1 PV1 FC MT PV2 DG WT WT1 PV3 CHP WT2
MG1 MG1 MG1 MG1 MG2 MG2 MG2 MG3 MG3 MG3 MG3
1 2.00 0.00 1.00 0.00 0.00 0.00 1.00 1.00 0.00 0.40 0.95
2 2.00 0.00 1.00 0.08 0.00 0.00 0.64 1.00 0.00 0.40 1.00
3 2.00 0.00 1.00 0.55 0.00 0.00 1.00 1.00 0.00 0.40 0.00
4 0.72 0.00 1.00 1.50 0.00 0.58 1.00 0.36 0.00 0.40 0.32
5 0.00 0.00 1.00 1.50 0.00 0.80 0.60 0.40 0.00 0.40 0.54
6 0.00 0.00 1.00 1.50 0.00 0.80 0.81 0.56 0.00 0.40 0.70
7 0.61 0.28 1.00 0.78 0.33 0.00 0.62 1.00 0.31 0.40 1.00
8 0.50 0.11 1.00 1.50 0.14 0.80 0.63 1.00 0.12 0.40 0.16
9 1.58 0.23 1.00 1.50 0.28 0.48 0.83 0.97 0.25 0.40 0.34
10 2.00 0.45 1.00 1.17 0.54 0.00 0.82 0.33 0.50 0.40 1.00
11 0.89 0.43 1.00 1.50 0.51 0.57 1.00 1.00 0.47 0.40 0.62
12 1.57 0.68 1.00 1.50 0.82 0.59 0.27 0.43 0.75 0.40 0.62
13 0.82 0.52 1.00 1.50 0.63 0.80 0.26 1.00 0.57 0.40 0.20
14 0.52 0.60 1.00 1.50 0.72 0.27 0.87 0.97 0.66 0.40 1.00
15 0.72 0.69 1.00 1.50 0.83 0.69 0.91 0.12 0.76 0.40 0.90
16 2.00 0.35 1.00 1.50 0.41 0.80 0.00 0.80 0.38 0.40 0.27
17 2.00 0.08 1.00 1.50 0.09 0.80 1.00 1.00 0.09 0.40 0.00
18 0.00 0.24 1.00 1.50 0.28 0.80 1.00 0.68 0.26 0.40 0.78
19 1.14 0.03 1.00 1.50 0.04 0.80 0.83 1.00 0.04 0.40 1.00
20 2.00 0.00 1.00 1.50 0.00 0.80 0.54 0.00 0.00 0.40 0.58
21 0.00 0.00 1.00 1.50 0.00 0.80 0.80 1.00 0.00 0.40 0.79
22 0.16 0.00 1.00 1.50 0.00 0.80 0.74 0.09 0.00 0.40 1.00
23 0.85 0.00 1.00 1.50 0.00 0.80 1.00 0.00 0.00 0.40 0.25
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(which connects Buses 5 and 7) will raise the cost of

400 generation by 0.023 % and the power loss by 0.54 %. The

summary of all the cases with no contingency is shown in
350 Table 7. It is observed that in case of the generator outage (G5
300 out) in the main grid, the total generation cost increased

significantly from 22118.92 $ day! to 22435.68 $ day' and
the real power loss increased from 233.35 MW day™! to 245.11
MW day!. However, due to the participation of MMG,
generation cost and power loss are reduced to 22375.60 $ day’!
and 243.35 MW day’, respectively. Similarly, if we consider

150
the case of Line 3 outage, when only CGs of the main grid are
100 contributing to EM and RM in Case 1, the generation cost and
power losses are 22176.43 § day! and 247.377 MW day’,
50 . . .
respectively. However, in case of the same contingency of
0 Line 3 outage, if we take Case 3 when MMG is contributing

Hour
Figure 13. Power schedule by CGs in EM in Case 2 (no outage)

Case 3: When MMG and the main grid both will engage in
EM and ASM

In this case, the conventional as well as the DGs in MMG will
participate in both markets. This will affect the dispatch of
CGs in the reserve market. As in the previous case, they are

to the EM and RM, generation cost and power loss are
reduced to 2214938 $ day' and 244.165 MW day’,
respectively. From the results, it can be concluded that the
participation of MMG in EM and RM will not only bring
about economic and technical benefits to the power system
during normal conditions but also support the main grid
during contingency conditions.
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dispatched in RM though they have a higher cost. The 0.8

maximum reserve of DGs in MMG is taken as 50 % of the

installed capacity. The dispatch of DGs in RM is shown in 0.7

Figure 14. From Figure 14, it is observed that all dispatchable 0.6

DGs are either dispatched in EM or result from their high cost

not dispatched in RM. The total energy cost and reserve cost 0.5

in this case are 22094.30 $§ MW and 1534.86 $§ MW", 04

respectively. The power loss and total load payment are '

230.58 $ MW-! and 27542.5 $ day™!. The comparative analysis 0.3

between Case 3 (no outage) and contingency cases is shown in 02

Table 6. Compared to Case 3 (no outage), the percentage of ’

increase in generating cost, reserve cost, and power loss is 0.1

1.27 %, 0.49 %, and 5.53 %, respectively, in Case 3 with I || | |
generator outage. Similarly, owing to the outage of Line 3 of 0.0 “ : '
the main grid (the line linking Buses 2 and 4), the generation 0.1 1234567 89 101112131415

cost and power loss increased by 0.25 % and 5.89 %,
respectively. The failure of Line 6 of the main grid (which
connects Buses 2 and 6) increases the generating cost by
0.46 % and the power loss by 10.47 %. The loss of Line 8

Hour
Figure 14. Dispatch of RES-based DG in MMG in the RM

Table 6. Comparative analysis between Case 3 (no outage) and different contingency conditions

Case3 Generation cost | Reserve cost Power loss % increment in % increment in % increment in
($ day™!) ($ day™) (MW day™) gen cost reserve cost power loss
No outage 22094.3 1534.86 230.58 - - -
Gen5 out 22375.61 1542.52 243.35 1.27 0.49 5.53
Line 3 out 22149.38 1534.86 244.17 0.25 0 5.89
Line 6 out 22193.02 1534.86 254.73 0.46 0 10.47
Line 8 out 22099.39 1534.86 231.83 0.023 0 0.54
Table 7. Comparison between base cases in case of no outage
No. outage Total Gencost | Total reserve Power loss % reduction % reduction % reduction in

cases ($ day’h) cost ($ day™!) MW day! in Gencost in Rcost Ploss

Casel 22118.92 1540.29 233.35 - - -

Case2 22096.71 1540.29 230.593 0.104 - 1.181
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4. CONCLUSIONS

In this study, the energy management of multi-microgrids was
performed in the joint energy and ancillary service market.
The MMG was composed of dispatchable and non-
dispatchable DGs and loads. The RES was considered as the
consumers of ramping services due to its volatile nature.
However, when they are strategically placed in integration
with other sources, they can provide energy in both the energy
market and ancillary services market. In this study, the MMG
strategically contributed to both the energy and ancillary
services market by effectively utilizing all its resources. In
Case 1, when there were only CGs, the energy and reserve
cost was high and power loss was also high. However,
through the participation of MMG in the energy and reserve
market, the total generation cost, reserve cost, and power loss
were reduced to 0.11 %, 0.325 %, and 1.201 %, respectively.
In this study, the system was subjected to N-1 contingency
and it was observed that MMG would support the grid in not
only normal operation but also contingency conditions.
During contingency, the contribution of MMG to EM and RM
would reduce the generation cost, reserve cost, and power loss
as compared to the case when only CGs would be present in
the system. This study can be further extended by the
placement of energy storage for effectively utilizing the
surplus RES available.
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NOMENCLATURE
TC Total cost ($/MW)
CEi(P) Energy cost of i CG of main grid ($/MW)
CRi(R)) Reserve cost of i generator of main grid ($/MW)
P Active power dispatch by i CG of main grid (MW)
R; Reserve power available with i CG (MW)
CE;(Py) Energy cost of j generator of MMG ($/MW)
CRj(R)) Reserve cost of j generator of MMG ($/MW)
P; Active power dispatch by j* generator of MMG (MW)
R; Reserve power available j* generator of MMG (MW)
i Generator number in main grid
] Generator number in MMG
Ng Total number of CGs in main grid
Nmme Total number of generators in MMG
h Hour (1 to 24)
RR; Ramp rate of i CG in main grid (MW/min)
V(h) Voltage of PV cell at h hour (volts)
Voc Open circuit voltage
Isc Short circuit current
Vupp Voltage at maximum power point
Py Power generated by PV module
o Cost coefficient ($/MW?h)
% Cost coefficient ($/MW)
Pimax Maximum power available with i generator
Vinin Minimum voltage
Vimax Maximum voltage
Pwr Power generated by WITG (MW)
P; Rated wind power (MW)
Vi Actual wind speed (m/sec)
Sa Solar irradiation in (kW/m?)

Vin Cut-in wind speed (m/sec)

| 0.111 | 0.352 | 1.201 |

Vout Cut-out velocity (m/sec)

k Shape factor

c Scale factor

c Standard deviation

n mean

N Number of PV modules

FF Fill factor

1(h) Current of PV cell at h hour (amps)

Tyvpp Current at maximum power point

Nor Nominal operating temperature (°C)

T, Ambient temperature (°C)

T Cell temperature (°C)

B Cost coefficient (§/MWh)

Abbreviation

ASM Ancillary Services Market

CHP Combined Heat Power

DER Distributed Energy Sources

DG Distributed Generation

Disco Distribution Company

Ecost Energy Cost

EM Energy Market

FC Fuel Cell

Genco Generating Company

Gencost Generation Cost

GHG Green House Gas

ISO Independent System Operator

LC Local Controller

LMP Locational Marginal Price

MCP Market Clearing Price

MGCC Microgrid Central Controller

MMG Multi-Microgrid

MMGEMS  Multi-Microgrid Energy Management System

MT Micro-Turbine

PDF Probability Distribution Function

Ploss Power Loss

PV Photo Voltaic

Rcost Reserve Cost

RES Renewable Energy Sources

RM Reserve Market

WTG Wind Turbine Generator
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As one of the main consumers of electricity, industries account for in releasing a large amount of emission.
Using renewable energies to feed factories is not an easy task and they should be economically viable to
compete with fossil fuels. The goal of this study is to analyze the possibilities of using energy local area
networks in off-grid and on-grid modes in an industrial project by considering and calculating all primary and
deferrable loads in detail for the first time. The industrial project is sensitive and all possibilities should be
considered closely to avoid economic losses. In this case, changes in electrical loads during the project,
degradation of components, environmental risks, and economic risks of the investment (for each scenario) are
considered and determined too. The results indicate that component degradation can cause 24,000 kWh drop in
total electricity production at the end of the project and the total biogas consumption increases from 742 kg/yr
to 9330 kg/yr. The results also show that the on-gird scenario (solar/battery) with the Net Present Cost of
200,000$ will be an easy and low-risk choice for investment, but has high environmental risks. On the other
hand, the stand-alone scenario (solar/wind/bio/battery) with Net Present Cost of 598,0008 minimizes the
environmental risks at the expense of high investment risk. A proper comparison between the multi-year and
single-year modes at the end of the project ensures the high accuracy of techno-economic analysis in terms of
optimum system types, emissions, and economics.
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them considered the degradation of installed components
during the project lifetime. The goal of this paper is to
introduce an accurate plan for establishing green industries.
This study attempts to consider and determine the effects of

1. INTRODUCTION

Renewable energies and hybrid systems have been developing
in recent years and research on their possibilities is growing in

scope. Most studies addressing these systems are validated by
HOMER (Hybrid Optimization of Model with Multiple
Energy Resources) pro software enjoying the ability to
simulate multiple systems together and to optimize them [1].
Microgrids are more reliable and cheaper than single energy
systems and can be installed in regions without access to grid
power like rural regions [2]. Table 1 shows detailed
information and results of recent techno-economic studies
over hybrid renewable energy systems.

The use of hybrid energy systems for factories and industrial
projects is on the rise recently as industries are one the largest
producers of emissions [10]. Table 2 shows economic,
technical, and environmental information of recent researches
over establishing green factories.

However, failing to consider the effects of inflation rate and
discount rate fluctuations, almost all studies on establishing
green factories did not predict the effects of development of
the factory that may change the electrical load and none of

*Corresponding Author’s Email: mh.jahangir@ut.ac.ir (M.H. Jahangir)
URL: https://www.jree.ir/article 155103.html

fluctuations in inflation and discount rates on the most
important economic and environmental parameters of an
industrial project using sensitivity analysis of HOMER pro
software. This will show the amount of both economic and
environmental risks of establishing green factories for
different scenarios. Moreover, for the first time, the deferrable
load of an industrial factory will be considered and
determined in detail along with the effects of photovoltaic
panel degradation and changes in electrical loads during the
project using multi-year module of HOMER pro software.
This will encourage factory managers around the world to use
hybrid renewable energy systems and save the environment
while investing their money in a safe project.

2. CASE STUDY
2.1. Factory information

The adopted case study is a factory that manufactures the
needed machinery for petrochemical industries. The factory is
located in Shamsabad Industrial town in Tehran, Iran. The
area where factory is located is 2450 m? and its main structure

(https://doi.org/10.30501/jree.2022.330754.1338).
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is 1000 m2. There is also a technical department featuring the
area of 120 m? and a parking area with 45m?. Figure 1 shows
details of the factory area in a map.

2.2. Electrical load

The factory has a primary electrical load mainly derived from
industrial machines. There is also a deferrable load which is

2.2.1. Primary load

Table 3 shows the consumption values for the past three years
and explains how much they increase after each year. The
primary electrical load profile is also shown in Figure 2 in
detail.

According to Figure 2, the maximum monthly peak load is
165 kW and the daily peak load is 90 kW.

available due to use of water pumps and air compressors.

Table 1. Detailed information and results of recent findings over hybrid renewable energy systems

Location I;;;: Year | Grid System Results Ref.
It was found that hybridizing photovoltaic panels with fuel cells
Tripoli Electrical | 2020 | Off PV?/FC3/Bat* ensured a better minimum threshold power of 5 kW than solar [3]
thermal energy and fuel cells.
A real hybrid renewable energy system that is using pumped-storage
China Electrical | 2020 | off | PV/WTS/HSPSI® system instead of batterle?s was studied, which 1gd1cated that such [4]
systems could considerably reduce the capital cost and
PV/WT/HSPSI was the most cost-effective combination.
A Gasifier was designed and coupled with PV panels. For the first
Honduras Electrical | 2021 | On PV/bio/Bat time, a gasifier was used in HOMER software to simulate a microgrid | [5]
for rural areas.
Turkey Electrical | 2021 | Both | PV/WT/FC/HE HOMER So.ftware was ut.lllzed to ana.lyze the pepetratlon leyels of [6]
resources in both on-grid and off-grid systems in rural regions.
A techno-economic study was done to implement a Hydrogen based
. . Power to Gas to Power (P2G2P) in a microgrid, located in Mexico.
Mexico Electrical | 2022 | Both | PV/WT/FC/Bat This study explains that by using hydrogen and fuel cells to substitute 7]
diesel generators, it is possible to reduce COz emission by 27 %.
The paper goal is to reduce the emissions of industrial livestock
. . farms using several microgrids. This study also created a scenario
fran Electrical | 2022/| Both | PV/WT/bio/Bat that could help all livestock farms of a country to use their biomass to [8]
produce green energy.
An off-grid microgrid for both Diesel Generators (DG) and solar PV
. . based systems was designed using HOMER. The final DG-based
Nepal Electrical | 2022 | Off PV/Diesel microgrid system reduced fuel consumption by 19 % and costs of the 9]
system by 5 %.
Table 2. Detailed techno-economic-environmental results of recent studies on environmental-friendly industries
Industry System NPC ($) | COE ($/kWh) | CO: (kg/yr) Emission desc. Ref.
Telecom PV/DG/Bat 401,000 1.28 -60,595 - [11]
Generic PV/WT/DG/Bat | 1,684,118 0.19 -278,191 Compared with diesel only [12]
Cement PV/WT/Bat/Grid - 0.20 -71,373 Tons In total [13]
Cement PV/BG/Bat 022M 0.14 35,731 - [14]
Dairy PV/WT/DG/Grid | [0 143 M 0.02 -205,334 Compared with grid only [15]
2 Photovoltaic
3 Fuel Cell
4 Battery
> Wind Turbine

% Pumped Storage

7 Hydro Electric
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Figure 1. Area details of the case study (KSJ factory)

Table 3. Average power consumption of the factory

Year Ave. monthly consumption (kWh/month) Ave. daily consumption (kWh/day) Increase (%)
2019 5201.5 173.4 9%
2018 4771.5 159.1 14 %
2017 4170 139.0 -
100
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Figure 2. Primary electrical load of the selected factory. (Up: daily load profile, down: seasonal load profile)

2.2.2. Deferrable load

The deferrable load consists of two water pumps and two air
compressors. Calculating the deferrable load and its
parameters is the next step of the work. The peak load of the
deferrable load is equal to load of pumps and compressors and
can be easily determined using Eq. 1 in Table 4 [16].

Scaled annual average (kWh/day) is the next needed
parameter in this part. HOMER Pro software can
automatically determine this number if the user adds the
average load of each month [16]. The average time that each
of these devices remained operational during all months of
one year is measured. Table 5 is available and the scaled
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annual average value will therefore be determined
automatically.

By setting up the deferrable load chart in HOMER pro
software using data available in Table 5, the scaled annual
average is determined and reported as 4.34 kWh/day.

Storage capacity calculation represents the last step in

completing the data of deferrable load. Storage capacity is

equal to the time when pumps or air compressors need to fill
their tanks and it should be reported in kWh [16]. The storage
capacity of water pumps is equal to 2.22 kWh. The storage
capacity of each compressor is also 0.37 kWh. In this case, the
total storage capacity for the deferrable load is equal to 2.96
kWh. Table 6 shows a summary of assumptions and results of
storage capacity calculations.

Table 4. Deferrable load equation

Equation

Eq. No.

zl:’Componem;s = Peak Load

Ppump no.1 + Ppump no.2 + Pcomp. no.1 + Pcomp. no2 = Peak Load

1 [16]

Table 5. Information of each available deferrable load in the factory during one year

Month Ave. operation time (hour) Ave. consumption (kWh/d) Total consumption (KWh/d)
Pumps Compressors Pumps Compressors
January 2 1.34 0.74 2.95 3.7
February 2 1.34 0.74 2.95 3.7
March 2 1.34 0.74 2.95 3.7
April 1 1 0.37 2.2 2.57
May 2 1.34 0.74 2.95 3.7
June 4 1.67 1.5 3.67 5.17
July 6 1.34 22 2.95 5.15
August 7 1.67 2.6 3.67 6.27
September 4 2.5 1.5 5.5 7
October 2 1.34 0.74 2.95 3.7
November 2 1.34 0.74 2.95 3.7
December 2 1.34 0.74 2.95 3.7
Table 6. Assumptions and results of storage capacity calculations
Device Power (kW) Quantity Storage capacity (m®) | Filling time (hour) | Total storage capacity (KWh)
Water pump 0.37 2 10 3 2.22
Air compressor 22 2 0.3 0.17 0.74

3. ENERGY RESOURCES
3.1. Solar energy

Photovoltaic panels can be installed at the roof top of the main
structure, technical department, and parking (Figure 1). By
considering half of the rooftop of the main structure that faces
the sun, the roof of technical department, and parking, 665 m?
available space for installing panels is available.

Figure 3 shows the solar GHI and clearness index
information of the area where the case study is located. This
information is available from NASA website [17].

HOMER software uses Eq. 2 to calculate the output power
of photovoltaic panels (Table 7) [18]. where Ypy is the rated
capacity of photovoltaic panels, fpy the derating factor, Gr the
solar radiation incident, Grstc solar radiation incident under
Standard Test Condition (STC) of photovoltaic panels, ap the
temperature coefficient of PVs available in the data sheet of
solar panels, Tc the temperature at which PVs are working,

and Tcsrc equal to the temperature of the standard test
condition of the photovoltaic panels.

Table 7. Out power of PVs equation

Equation Eq. No. | Ref.
Gr
Ppy = Ypyfpy (G—) (1
T.STC 2 [18]
+ ap(T¢ — TC.STC))

As shown in Eq. 2, the temperature also affects the
efficiency of solar panels and the average daily temperature of
the selected environment where the factory is established is
gathered using the same method that solar GHI and clearness
index were achieved, as shown in Figure 4.

The data of ambient temperature in Figure 4 is employed to
calculate the temperature of PVs using Eq. 3 (Table 8) [19].

Table 8. Impact of temperature on PVs equation
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Equation Eq. No. Ref.

atGy = Uy (T¢ — T,) + ncGr 3 [19]

where a is equal to the solar absorption of the photovoltaic
panels, T is related to the solar transmittance of PVs that

belong to the cover that is over them, Up the coefficient of
heat transfer, T, the ambient temperature which is available
from the data in Figure 4, and m. belongs to the electrical
efficiency of the solar panels.
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Figure 3. Solar GHI and clearness index of the selected factory’s environment [17]
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Figure 4. Average daily temperature of the selected factory’s environment

3.2. Wind energy

Given that wind turbines can be operational for 24 hourd of
the day and produce power, they are necessary components
for stand-alone energy hub systems [20]. HOMER pro
software uses the power curve of wind turbines to calculate
their output power in every time step using the ambient wind
data in Figure 5 [21].

In order to determine and achieve the power curve of the
wind turbine, Eq. 4 in Table 9 is used for calculating output
power of the wind turbine [22].

Table 9. Wind turbine output power equation

Equation Eq. No. | Ref.

OLV3 (t) - BPR vCi <V< Vr
Py () = Pr V., <V < Vg, 4 [22]
0 else

where V; belongs to the rated speed, Vi is equal to the cut-in
speed, V, is related to the cut-off speed, Pr is the rated power
3

of the wind turbine, a = ﬁ, and = Vr;,f—:/cf

The wind speed data shown in Figure 5 belong to the 50 m
above the surface of the earth. In order to determine the speed
of the wind that reaches the blades of wind turbines and
calculate the power of the wind turbine (Eq. 4), Eq. 5 is
employed (Table 10) [22].

Table 10. Equation of the wind speed which reaches the blades
| Ref.

Equation | Eq. No.
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V=v, (_) 5 [22]

where V is equal to the wind speed at the height of the hub,
Vi is the wind speed that is available in Figure 5, h; is equal to
50 m, h is the hub height, and Y ranges between 0.14 and 0.25.

Ave. wind speed (m/s)
w E-S W [*)} 3 oo

[\S]
T

Figure 5. Average wind speed of the selected factory’s environment

3.3. Grid network

Being connected to the grid network gives the system a
chance to sell the surplus green energy and provides both
economic and environmental profits. There are some hours
during the working hours of factory when renewable energies
may not be available. In this case, the factory can use grid
power to avoid the capacity shortages in grid-connected
scenarios. The system will do so at the cost of producing
emissions and paying carbon taxes. Emission content values
of grid network and carbon taxes are shown in Table 11.

Table 11. Emission penalties and emission contents [23, 24]

Emission Emission Emission contents
penalties ($/t) (gr/’kWh)

CO2 2.86 660.65
CcoO 54 0.62
SOz 521.5 1.66
NOx 171.5 2.38

Unburnt hydrocarbons 60 180.18
Particulate matter 1228.6 0.12

There is an average of 30 times grid power outage in this
industrial town over the course of a year with the average of
2-hour shortage for each one that considerably affects the
operations of the factory. Figure 6 shows the grid power
outage times in a year.

Grid prices in Iran and the corresponding schedule in
different months and hours are also shown in Figure 7 and
explained further in Table 12 [24]. Note that charging battery
from grid power and also grid sales from battery are not
allowed at all.

3.4. Fuel resources

Using generators that consume fuels to produce power is
common among factories and they act as backup systems [25].
Fuel resources are always available and can provide enough
electricity for energy-local area networks when the renewable
energies are not available, but they mostly do so at the
expense of producing emissions. The case study of the paper
uses a diesel generator to provide electricity during grid
outages. Although it is possible to hybrid the diesel power
with wind energy, solar energy, and grid power, it should be
considered that diesel fuel causes emission and the goal of the
paper is to minimize the use of fusil fuels and establish a
green factory. In this case, using biofuels instead of diesel is
recommended and Biogas (bio-methane) is going to be used
instead of diesel fuel in the simulations at a price of 1.1 $/kg
[26]. Biogas produces 60-80 % less greenhouse gas and can
provide power for the hybrid energy systems while reducing
the emissions [27]. Buying biogas instead of diesel and using
it as a backup energy source can also encourage industrial
livestock farms to produce green fuels from their produced
biomass and help the environment while investing in green
energies.

4. COMPONENTS AND SCENARIO

In this part, all technical and economic information of used
components is gathered and discussed over. The hybrid
renewable energy system that is going to supply the energy
demands of this factory was also studied in both off-grid and
on-grid modes. Figure 8 shows the schematic of the system
and all the components used.
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Figure 6. Grid outage times of the industrial town during one year

0:00
Hours
I
24:00:00 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Figure 7. Grid rate schedule of Iran during different hours and months [24]
Table 12. Grid rates and electricity prices of Iran [24]
Rate Price ($/kWh) Color
Low-power-consumption hours in non-summer season 0.05
Medium-power-consumption hours in non-summer season 0.07
High-power-consumption hours in non-summer season 0.10
Low-power-consumption hours in summer season 0.06
Medium-power-consumption hours in summer season 0.08
High-power-consumption hours in summer season 0.12
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Figure 8. Schematic of the system which is going to supply energy demands of the factory

4.1. Photovoltaic panel

There is a limited space of 665 m? for installing the solar
panels at the rooftop of the factor. Table 13 shows the
characteristics and information of selected solar panels.

The solar panel data sheet also provides a chart that shows the
warranted output during the operational years of the solar
panel (Figure 9) [29].

Figure 9 indicates that installed solar panels will degrade 0.68
percent each year and will not have constant output during the
lifetime of the project.

Table 13. Technical and economic information of selected
photovoltaic panels

Name Value Unit | Ref.
Module type TBM72-370M -
Module dimension 1956 x 992 x 40 | mm
Maximum power (Pmax) 370 W
Maximum voltage 39.59 v
Maximum current 9.35 A
Open-circuit voltage 48.04 Vv 28]
Short-circuit current 9.83 A
Module efficiency 19.06 %
Operating temp. -40 ~ +85 °C
opzzgilglilezgzgteme 4022 ‘
Temp. coefficient of Pmax -0.39 -
Capital and replacement 1300 $
cost per kW [29]
O & M Cost 20 $/yr

4.2. Converter and electrical storage

In order to consume the DC output of solar panels and
electrical storages (batteries) and store the AC output of
biogas generator and wind turbines, the system uses
converters to transform DC to AC, and vice versa. The output
of the converter also affects the output power of PVs as shown
in Eq. 6 in Table 14 [24].

100% 97%
g 90% 80%
g 80% |
S 70% f
2 60% |
2 50% |
B 40%
5 30% |
& 20% |
= 10%

0%

) [ 0 Yo
Year

Figure 9. PV warranted output during 25 operational years [28]

Table 14. Converter output power equations

Equation Eq. No. Ref.
Penv.out = NenvPrv 6 [24]

where Nenv is equal to the efficiency of the converter and is
assumed to be 90 %.

The optimization ability of HOMER pro software is used
here and the values of 0, 50, 100, and 200 kW are chosen for
converter to determine the best result for use in this project.
Table 15 shows the summarized information of the converter.

Table 15. Summarized information of the installed converters

Component | Type | Simulation rates (kW) | Life time (yr) | Capital cost (§) | Replacement cost ($) | O & M ($/yr) ‘ Ref. ‘
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Converter | Generic | 0, 50, 100, 200 15

600 600 10 ‘ [30] ‘

Surrette 4 KS 25P flooded deep cycle battery is chosen in
this study. Each of these batteries has a nominal capacity of
7.55 kWh and the corresponding values of 0, 20, and 50 are
chosen for optimization. Data sheet of the selected batteries is
shown in Table 16 [24].

Table 16. Technical data and information of Surrette 4 KS 25P

battery
Name Value | Unit Ref.
Nominal voltage 4 A%
Nominal capacity 1350 Ah [24]
Nominal capacity 7.55 | kWh
Life time 20 yr
Capital cost 1259 $
[31]
Replacement cost 1100 $
O & M cost 10 $/yr

4.3. Wind turbine

Due to the average wind speed during past 22 years ranging
between 5 and 8 m/s, generic wind turbines with the nominal
capacity of 10 kW are used and the numbers of 0, 1, and 2 are
chosen for optimizations in HOMER pro software. Table 17
shows the summarized technical and economic information of
the selected wind turbines.

Table 17. Data sheet and economic information of wind turbines

Name Value Unit Ref.
Rated power 10 kW
Life time 20 yr
Capital cost 45000 $ [11]
Replacement cost 30000 $
O & M cost 500 $/year

Figure 10 shows the power curve of the chosen 10 kW wind
turbine used in HOMER pro software for wind power
simulations [32, 33].

4.4. Biogas generator

In order to use the potentials of biofuel resources, a biogas
generator is used in the simulation. The capital cost for a
biogas generator is 1500 $/kW with the same value for its
replacement, O & M cost of it is 60 $/yr hour, and its life time
is assumed to be 20,000 hours [29]. The main use of this
biogas generator is for backup during the times that other
renewable energies are not available to prevent the capacity
shortages. Using a backup system will also reduce the use of
batteries, too. The values of 0, 10, 25, and 50 kW for biogas
generator are used for optimization in HOMER pro software.
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Figure 10. Power curve of generic 10 kW wind turbine [32]

5. PROJECT MANAGMENT

In this part, the paper will explain economics of the simulation
and the effects of variable changes during the project life time.

5.1. Multi-year module

This module will help simulate the variable changes in the
project during its life time and discuss its effects. Multi-year
module is capable of simulating photovoltaic panel
degradation and continuous changes in electrical loads (both
primary and deferrable loads).

5.1.1. PV degradation

The photovoltaic panels will degrade 0.68 percent after each
year and this will affect the investment of solar energy. In this
case, the factory may need greater backup energy. To ensure
that the simulation has enough insurance to be used in the real
world, given that it is an industrial project and economic
losses should be minimized, this degradation is considered in
multi-year module of HOMER pro software.

5.1.2. Increase of electrical load
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The increase in the electrical load of the factory is shown in
the electrical consumption of the past three years in Table 3.
This means that the project reaches the fifth year by the time,
the electrical loads will be 1.5 times larger than their first
value. By considering this increased amount of power
consumption, the investors of hybrid renewable energies can
make sure that their factories will no longer have the problem
of future capacity shortages.

5.2. Economics and sensitivity module

The life time of this industrial project is assumed to be 25
years. At the time of writing this paper, the nominal discount
rate is 18 % and the inflation rate is 15 % [24]. However, it is
possible that these values of discount rate and inflation rate
change during the project life time [34]. In this case, the
sensitivity module of HOMER pro software is employed to
analyze the future possibilities and plan for them. The average
5 % of changes for each of these economic parameters is
assumed [35]. Table 18 shows the summarized information of
the assumptions of project management part in the
simulations.

Table 18. Assumptions of the project management part in the simulations

N Project life time Nominal discount Expected inflation PV degradation Increase of loads until
ame

(year) rate (%) rate (%) (%lyr) year 5 (%l/yr)
Value 25 13,18, 23 10, 15, 20 0.68 10

6. RESULTS AND DISCUSSION

Summarized results of both off-grid and on-grid scenarios are
shown in Table 19.

6.1. Grid-connected system

The advantage of using grid-connected systems is that there is
a possibility to sell the surplus energy to the grid at non-peak
hours and at times when the factory is not operational and yet,
the components and the system are producing electricity using
renewable energy resources. Selling the surplus green energy
will provide both economic and environmental profits.

Among the optimal on-grid systems that are shown in Table

19, the application of photovoltaic panels without the use of
wind turbines and biogas generator in Scenario 1 has the
lowest NPC, COE, and initial capital cost and can be chosen
as the most economic system. In order to show the costs of the
system in Scenario 1 in detail, a chart is established and
shown Figure 11.
Operation of the solar panels is important, especially due to
the changes that are programed in the multi-year module.
Figure 12 shows the PV output during a day in its initial state
in the 1% year and Table 20 compares this initial state with 5,
10%, and 25" years of the project.

Table 19. Best results of off-grid and on-grid scenarios (present inflation and discount rates)

Components Grid Costs
Scenario PV Wind turbine | Bio Gen. Battery | Converter | Purchased | Sold NPC COE Initial
(kW) (Qty.) (kW) (Qty.) (kW) (kWh) | (kWh) (%) (%) capital ($)
= 1 100 - - 20 50 31,693 63,489 | 200,415 | 0.070 195,180
E" 2 100 - 10 20 50 31,693 63,493 | 207,729 | 0.072 210,180
S 3 100 1 - 50 50 26,995 72,154 | 231,476 | 0.076 240,780
= 1 100 2 25 50 50 - - 597,970 | 0.35 360,450
E" 2 100 - 25 50 50 - - 651,058 | 0.38 270,450
=
= 3 100 2 50 - 50 - - 9.25M 5.42 335,000
250000
200000 [
150000 | .
& 100000 |
2
O 50000 r —
0 I
-50000 F
-100000 *
Capital Operating Replacement Salvage
Taban PV mGrid Other ® Surrette 4 KS 25P ® System Converter
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Figure 11. Cost summary of the optimum on-grid system (PV/battery/grid)
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Figure 12. PV power output in its initial state in year 1

Table 20. Compression between the states of PVs during the project life time

Year Maximum output (kW) PV penetration (%) | Levelized cost (3/kWh) | Total production (KWh/yr)
1 98.2 250 0.061 158,254
5 95.6 162 0.063 153,994
10 92.4 157 0.065 148,829
25 83.4 142 0.072 134,350

According to Table 20, PV penetration experienced a
significant reduction after 5 years and reached the amount of
162 % from its initial value (250 %) due to increase in
primary and deferrable loads of the factory. However, even
after this time, degradation of PV panels during the project
life time has a considerable effect on its penetration and
electricity production. The total reduction in the production of
PVs is near 24,000 kWh/yr. The amount power that the
factory consumes from grid during the day when the factory is
operational is also affected by PV degradation, as shown in
Figure 13.

Figure 13 shows the effects of PV degradation on grid status
and explains how it influences needed power and the way that
the system works. Comparison of the 1* year and last year of
the project indicates that the amount of excess energy that can
be sold to the grid is reduced at the 25" year and also, greater
energy is purchased from the grid during the final hours of the
day.

T PAa TIPS TR T |

- a (=8 (=t Pl

The optimal system can be different for each economic
condition and the sensitivity analysis has the ability to indicate
each one clearly. Figure 14 shows the optimal system type for
each economic condition and the effect of both inflation and
discount rates on the operating hybrid renewable energy
system type.

On-grid results shown in Table 19 are at the center of Figure
14; however, higher discount rate (more than 20 %) and lower
inflation rate (lower than 13 %) will prompt the system to use
biogas generators instead of using PVs. Reduction of discount
rate will also make the system use PVs and biogas energy
together. There is also a small chance that the system uses
biogas generator, PV, and wind turbine together if the
inflation rate reaches the value of 20 % while the discount rate
is 13 %. Fluctuations of inflation and discount rates also affect
the NPC of the project and these effects are shown in a surface
plot in Figure 15.
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Figure 13. Grid status during the project life time (up: 1* year, down: 25" year)
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Figure 14. Optimal system type for each economic condition (on-grid system)
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Figure 15. Surface plot of Net Present Cost in the grid-connected scenario

The surface plot of NPC indicates that lower discount and
higher inflation will lead to reduced NPC and COE and the
inflation rate of 20 % and discount rate of 13 % have the
lowest NPC and COE, which belong to the
PV/bio/WT/battery system. The inflation rate of 10 % and the
discount rate of 23 % also reduce the NPC while creating the
highest COE.

In addition to optimum system type, NPC, and COE,
economic fluctuations can also affect the emissions. Figure 16
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shows the effects of inflation rate and discount rate on CO,
emissions and the environmental effects of this project.

Figure 16 indicates that when the inflation rate increases and
discount rate decreases, the bio/battery system will produce
carbon emissions while other optimum systems of the factory
are all negative-carbon producers. CO> emissions of the on-
grid system vary between -60,000 kg/yr and 90,000 kg/yr.

¥ dsoount rate (%) 19 2 3

Figure 16. Surface plot of average CO2 emissions per year in the grid-connected scenario

6.2. Stand-alone system

In this part, this paper attempts to analyze the stand-alone
system to determine what it will take to make an industrial
factory off-grid and use total renewable energies to make it
become a green factory. Cost summary for the optimum off-
grid scenario involving the present inflation rate and discount
rate is shown in Figure 17.

As is given in Figure 17, the largest capital cost in this
scenario belongs to PVs followed by wind turbines, given that
the lifetime of the project is 25 years.

In this scenario, wind turbines and biogas generator should
be analyzed as new components of the system in the off-grid
mode. Figure 18 shows the status and production of wind
turbines in the off-grid system.

Degradation of PV panels (24,000 kWh drop in total
production) and increase of electrical loads have greater
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effects on this scenario as the factory does not have the
support of the grid power. In this case, wind turbines and
biogas generator should produce enough electricity to keep the
factory operational. Table 21 shows the status of biogas
generator and biofuel consumption during the project lifetime.
According to Table 21, the operational hours of biogas
generator and its production increase after 5 years due to a
10 % increase in electrical loads of the factory. Comparison of
the scenarios indicates that the degradation of the PVs leads
the system to use more biogas after each year in the off-grid
scenario. PV degradation itself leads the system to increase
the use of biogas generator. The amount of biogas
consumption reaches 9330 kg/yr in the 25" year from 7260
kg/yr in the 5" year of the project.

Lack of grid power forces the system to use more batteries,
and 30 batteries are added to the stand-alone system to make
sure that it is going to meet capacity shortages. Figure 19
shows the status of batteries in the stand-alone system in the
1%, 10™, and 25" years from top to down, respectively.

Figure 19 indicates that effects of the continuous changes
that are simulated in the multi-year module on the storage
system. As the project progresses, the system uses more stored
energy to supply the factory.

Figure 20 shows the results of sensitivity analysis in off-grid
system types, and Figure 21 shows the effects of inflation rate
and discount rate on the economic parameters of the project.

400000
300000 -
& 200000 f
@
S 100000 .
: = B
-100000 *
Capital Operating Replacement Salvage
m10kWWT H Biogas Gen Taban PV
B Surrette 4 KS 25P m System Converter

Figure 17. Cost summary for the optimum off-grid system (PV/WT/bio/battery)
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Table 21. Status of biogas generator during the project lifetime (off-grid scenario)

Year Hours of operation Number of starts Electrical production Biogas consumption
(hrs/yr) (Qnt/yr) (kWh/yr) (kg/yr)
1 27 17 338 742
5 248 127 3320 7260
10 267 130 3561 7789
25 315 154 4271 9330
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Figure 19. Status of batteries during 1%, 10%, and last years (from top to down, respectively)
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Figure 20. Surface plot of optimal system type in the off-grid scenario
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Figure 21. Surface plot of NPC in the off-grid scenario

The center of Figure 20 shows the current status of the stand-
alone system; however, when the discount rate increases and
the inflation rate decreases, the system will delete wind
turbines and avoid using them. The center of the NPC surface
plot (Figure 21) also shows the status of the present
investment and changes in NPC and COE are predicted to
help the factory to decide whether this is affordable to use this

project or not. Comparison of the scenarios explains that
inflation rate and discount rate fluctuations have significant
effects on the stand-alone scenario, compared to the grid-
connected scenario. Environmental effects of economic
fluctuations are also shown in a surface plot in Figure 22.
Unlike the on-grid scenario, the off-grid system cannot
become a negative-carbon producer as it is not connected to
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the grid and cannot sell the surplus green energy. Carbon
emission of the stand-alone system only varies between 500
kg/yr and 1100 kg/yr. However, the amount of carbon
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emissions produced by the on-grid system will significantly
change and increase when inflation rate decreases and
discount rate decreases.
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Figure 22. Surface plot of average CO2 emissions per year in the stand-alone scenario

6.3. Multi-year/single-year compression

The results and effects of using the multi-year module on the
whole project consisting of the changes of the optimum
system type, NPC, COE, and carbon emissions are analyzed
and reported in this part. Effect of economic fluctuations
without enabling multi-year module in the simulations on the
optimum system type of the grid-connected system is shown
in a surface plot in Figure 23.

According to Figure 23, effects of fluctuations of inflation
and discount rates while multi-year module is disabled creates
four different optimum systems. The optimum systems shown
in Figure 23 totally differ from those that are obtained in
Figure 14. Although the present system at the center of Figure
23 is the same as the one in Figure 14 (PV/battery), using
multi-year module of HOMER pro software significantly
affects the installed systems in other economic conditions.
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Increasing the inflation rate deletes the battery component in
the single-year model and adds the biogas generator. If the
inflation rate reaches 16 % and discount rate decrease to 15 %,
batteries will be added to the PV/bio system again. Stand-
alone system is no exception and disabling the multi-year
module will affect the optimum system type of it, too. Effect
of economic fluctuations while the multi-year module is not
enabled on the off-grid system is shows in Figure 24.

Figure 24 indicates that disabling the multi-year module will
delete the wind turbine component in the present condition.
The wind turbine can only be added to the bio/PV/battery
system if the inflation rate reaches 19 % and discount rate
goes under 14 %. Table 22 compares the amount of NPC and
COE of the multi-year mode with those in the single-year
mode. Note that this compression belongs to the present
inflation rate and discount rate.
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Figure 23. Surface plot of the optimum system type while the multi-year module is disabled (on-grid mode)
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Figure 24. Surface plot of the optimum system type while the multi-year module is disabled (off-grid mode)

Table 22. Multi-year module effects on NPC and COE

Parameter Multi-year Grid-connected Stand-alone Unit
NPC ] 200,415 597,970 $
NPC o 144,620 371,074 $
COE [ 0.07 0.35 $/kWh
COE o 0.0528 0.314 $/kWh

The difference between the NPCs of the grid-connected
system between the multi-year mode and the single-year
mode, which is shown in Table 22, is 55,795 $. For the stand-
alone system, the amount of difference is equal to 226,896 $.
From this difference between the NPC values, it can be
obtained that using the multi-year module of the HOMER pro
software improved the simulations by adding greater accuracy
to them. In addition to economic parameters, emissions can
also be analyzed more accurately. Carbon emission trend of
designed energy hubs for both single-year and multi-year
modes is shown in Figure 25 (Present inflation rate and
discount rate).

Changing the CO; emission during the project life time due to
PV degradation and changes of electrical loads is clear in
Figure 25. Further, by disabling the multi-year module, CO;
emission of both on-grid and off-grid systems remains a
constant value. The grid-connected system saves 43,819 kg of
CO; per year. By enabling the multi-year module, this value
will change as the project progresses and will reach 14,673
kg/yr in the last year. The stand-alone system only emits 149
kg/yr in the single-year mode. However, by employing the
multi-year module of HOMER pro software, the amount of
emitted CO; in the off-grid system will increase and reach 655
kg/yr in the 25" year of the project.
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Figure 25. Effects of the multi-year module on the carbon emission trend of the system

7. CONCLUSIONS
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This paper, for the first time, aimed to investigate the use of
green energies in factories and industrial projects by
considering the industrial deferrable load, changes in electrical
load, degradation of components, and economic fluctuations.
Most factories use air compressors and pumps in their
production lines. The most important results of this research
are given as follows:

e Increasing the electrical consumption of the factory and
degradation of PVs together reduces the solar energy
penetration from 250 % in the 1* year to 142 % in the
last year and also, increases the levelized cost of solar
energy from 0.061 $/kWh in the beginning of the project
to 0.072 $/kWh in the 25" year (optimum grid-connected
scenario).

e Increasing the electrical loads of the factory and reducing
solar panels production can increase the use of biogas
from 742 kg/yr at the beginning of the project to 9330
kg/yr at the end of the project. The electrical production
of the biogas generator also reaches 4271 kWh/yr in the
25" year from 338 kWh/yr in the 1° year.

e Economic fluctuations lead the simulation to choose two
off-grid systems: PV/bio/WT/battery and PV/bio/battery.

e Fluctuations of economics do not have considerable
effects on carbon emissions of stand-alone systems, but
may significantly increase the carbon emissions of on-
grid systems.

e Comparison of the single-year mode and multi-year
mode indicates that disabling the multi-year module will
totally change optimum system types of both on-grid and
off-grid systems. However, the present grid-connected
system will remain a PV/battery system, while the
optimum stand-alone system will be changed into
PV/bio/battery.
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NOMENCLATURE
Bat Battery
BG Biogas generator
COE Cost of Energy ($/kWh)
DG Diesel generator
eLAN Energy local area network
FC Fuel cell
HE Hydro Electric
HSPSI  Pumped Storage
KSJ Name of the Case Study Factory

NOCT  Nominal Operating Cell Temperature (°C)
NPC Net Present Cost ($)
O &M  Operating and Maintenance

ocC Operating Cost ($)

PV Photovoltaic

STC Standard Test Condition

WT Wind Turbine

Greek letters

T Solar transmittance of the cover over PV array (%)
n temperature coefficient (-)
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In this paper, an industrial dairy farm unit was taken as a case study to carry out the applicable technical
assessment for the construction of a biogas plant using a combined heat and power (CHP) unit. A
comprehensive sensitivity analysis was applied to examine the effectiveness of the operational parameters and
feed composition in the purity and production rate of biogas. Aspen Plus was used to implement the anaerobic
digestion process. The results showed that any increase in the digester’s operational performance and mass rate
of feedstock water led to the modification of biomethane content, but dropped in biogas mass flow rate.
Moreover, an increase in the mass rate of carbohydrates, protein, and organic load rate (OLR) of feedstock
reduces methane composition. Besides, increasing the rate of lipids has raised the rate of methane production

https://doi.org/10.30501/jree.2022.336371.1354

1. INTRODUCTION

Nowadays, dairy products include more than 30 % of the
gross volume of agricultural wastes in developing countries
[1]. This value has an ever-increasing growth due to income
and population growth and changes in lifestyle and diet. Dairy
products create around 60 million tons of waste annually,
about 20 % of the total globally produced wastes [2]. Such an
enormous quantity of wastes accumulated without suitable
management is quite hazardous to the environment. They
would cause a series of irreversible damages to water and soil,
environmental contaminations like pollution of aquifers,
groundwater eutrophication, accumulation of nutrients in soil,
dispersion pathogens, accumulation of toxic ingredients, and
greenhouse gas emissions (methane, oxide nitrogen, and
ammonia) [3, 4]. Farm-based management approaches could
reduce these issues in dairies. Anaerobic digestion is one of
the most attractive and economical ways based on
environmental regulations [5, 6]. By producing heat and
power and remaining digestate as organic compost, this
method can decrease the organic waste volume and increase
the total efficiency of resources [7]. Anaerobic digestion has
four stages where in each stage, a group of microorganisms
degrades primary substrates and leaves them to the next stage

[8]:

e Hydrolysis: In this stage, complex organic molecules are
converted into monomeric compounds by hydrolyzing
bacteria, and all non-dissolved particles change into

*Corresponding Author’s Email: mhosseinpour@nri.ac.ir (M. Hosseinpour)
URL: https://www.jree.ir/article 156474.html

aqueous solutions that would become usable for
microorganisms [9]. During this stage, carbohydrate, lipid,
protein, lignin, and nonorganic materials break down into
simple molecules such as sugar, alcohol, short-chain fatty
acids, amino acid, aromatic compounds, non-degradable
organic materials, and nonorganic materials. It should be
noted that lignin degradation is complicated due to its
weak solvability, molecular largeness, and complicated
structure.

Acidogenesis (fermentation): After the fermentation of
primary molecules and their transformation into
monomeric compounds, all monomers are converted into
short-chain organic acids, acetic acids, propionic acids,
butyric acids, pentanoic acids, hydrogen, CO,, and other
compounds by acidogenic bacteria. Also, alcohols like
ethanol and methanol can be extracted from the remaining
substrates. Also, aldehydes and oxygen are produced in
this stage. Finally, all produced products are left to the
methanogenic bacteria [10-13].

Acetogenic phase: In the third stage, the decomposed
substrates are converted into CO,, H,, and acetate by
acetogenic bacteria. The hydrogen released during this
stage has toxic effects on the process [13].

Methanogenic phase: The last step of the anaerobic
digestion process is the methanogenic phase. In this stage,
methanogens produce methane by utilizing the previously
produced products (CO», hydrogen, and acetate). This
phase is carried out by two groups of microorganisms. The
first one converts acetate into methane and CO, and the
second group uses hydrogen as a donor and CO, as an

Please cite this article as: Norouzi, F., Hosseinpour, M. and Talebi, S., "Analysis of biogas recovery from liquid dairy manure waste by anaerobic digestion",
Journal of Renewable Energy and Environment (JREE), Vol. 10, No. 2, (2023), 125-132. (https://doi.org/10.30501/jree.2022.336371.1354).
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acceptor to produce methane. The methane production
process takes a long time via methanogenic bacteria in the
range of 3-50 days [14, 15].

Any degradable and organic material can be used as the
feedstock of anaerobic digestion that can be transformed into
methane (CH4), carbon dioxide (CO;), and other gases
through biological processes [16-18]. CH4 usually comprises
about 45-75 % of the total biogas volume. Based on the CH,4
volume percentage, the lower heating value (LHV) of biogas
varies between 16-28 MJ/m® [7]. The composition and
ingredients of feedstocks significantly affect the efficiency of
producing biogas [7, 19]. Due to the physical properties,
organic content, and abundancy, dairy manures are known as
the best biomass and feed for biogas units, especially in
developing countries [20]. Carbohydrates, proteins, and lipids
are the main compositions of dairy manures that would be
very attractive due to their anaerobic bacteria, high water
contents (acting as a solvent), and low price [6, 7]. Dairy
manure is one of the richest sources of carbohydrates
(cellulose, hemicellulose, lignin, sugar, and starch),
accounting for over 80 % of organic materials. According to a
report published by International Energy Agency (IEA), the
agriculture sector will be the biggest biogas producer in the
world up to 2040, and animal and agricultural wastes will
account for 40 % and 35 % of the total globally produced
biogas, respectively [7]. Also, this agency predicts a 2.5 %
annual growth in animal waste. The European Union and
China are the biggest producers of biogas in this sector [7].

Operational condition including temperature, pressure, pH,
retention  time, carbon-to-nitrogen  ratio, ammonia

concentration, and long-chain fatty acid concentration affect
the digestion process in terms of its performance and stability.
Hence, optimal conditions can bring about the health and
growth of microorganisms which would be necessary for
continuous digestion process [17, 21, 22]. Accordingly,
implementation and simulation of anaerobic digestion is a
scientific and complicated process. Many studies have been
carried out on modeling. Among them, Anaerobic Digestion
Model NO. 1 (ADM1), a mathematical model developed by
the International Water Association (IWA) task group [23], is
a precise and complete one over its information, reactions, and
kinetic calculations. Angelidaki et al. introduced a model
covering most of inhibiting factors like free ammonia, volatile
fatty acids (VFAs), and long-chain fatty acids [24]. However,
this model is characterized by some defects including not
considering hydrogen and temperature parameters. Al-Rabiei
et al. [25] developed a process simulation model (PSM) and
implemented sensitivity analyses considering the effect of
hydrogen injection, substrate concentration, and operational
parameters on raising the production efficiency of biogas,
quantitatively and qualitatively. However, only limited
attention has been dedicated to the simulation of anaerobic
digestion via physical-chemical processes and parameters
affecting biogas production efficiency [13, 25-27]. Hence, this
paper aims to conduct a process study of dairy waste produced
in livestock farms and production of value-added streams,
including biogas and digestate. Moreover, the effect of
operational parameters and some inhibitors on CHy4 production
was studied.

CRY MANURE

Figure 1. Schematic of anaerobic digestion process from row material to end products

2. EXPERIMENTAL
2.1. Case study description

An industrial dairy farm is a case study for the integrated
management of livestock-made dairy manures. This unit is
located in the southeastern province of Khorasan Razavi and
has 1620 head of livestock, including cattle and dairy cows.
The average weight of cows is around 670 kg, and each one
produces approximately 0.048 m® manure daily. The keeping
system is based on freestalls, and the flushed-water system is

ANAEROEBIC DIGESTION FROCESS Y a

FEATILIZER

used for waste collection, washing, and sand scratching. It
should be noted that before storing the wastes, solid-liquid
separation is needed because the solid particles derived from
livestock beds can cause many problems during the pumping
of waste and dislocation, and their concentration over time
decreases the capacity of the waste storage system (see Fig.
1). Moreover, mechanical separators can facilitate recycling
wastes and land applications. More information about this
case is shown in Table 1.
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Table 1. Animal husbandry, liquid dairy manure, and biogas
components information [28]

Animal husbandry

Total number of mature animals (head) 1620

Free stall-flushed

Type of keeping and washing system

water system

Bed type Sand

The volume of manure produced per 0.048

animal (m®/day)

The volume of consumed water by each 0.01

animal (m?/day)

Yearly produced waste (m*/day) 34295
Total solid (%) [5] 9.5
Volatile solid (%) [29] 4.355
Liquid dairy manure
Main components of liquid dairy (% TS)
manure [26]
Carbohydrates (cellulose, 90.2
hemicellulose, lignin, and starch)
Fat 1.5
Protein 83
Elemental composition of manure See [30]
(typically dry)
Biogas
Biogas yield (m’t ODM) [5] 300
Main components of biogas: Composition (%)
CHa 50-75
CO2 25-50
N2 0-10
H> 0-1
H2S 0-3

2.2. Process design

In this process, the degradable materials were decomposed in
the absence of oxygen and converted into CHs, CO,, and other
gases [5, 13, 31]. Table 1 shows the biogas compounds from
the anaerobic digestion process. The PSM was chosen to
model the anaerobic digestion process. The model, developed
by Karthik Rajendran [26], is a library model estimating the
productions of the anaerobic digestion process from any
organic feedstock in different process conditions. This model
includes 46 reactions (13 reactions of hydrolysis and 33
reactions related to acidogenic, acetogenic, and methanogenic
stages) and inhibitions such as pH, ammonia concentration,
load rate, retention time, and ten calculator blocks. The model
has investigated biogas reactors working in 55 °C
thermophilic conditions. Due to the comprehensiveness of the
model (in terms of reactions, kinetic, stoichiometry, and
inhibition factors), it was selected as the implemented model.
Aspen Plus software was used to simulate the process. Making
the right choice of the thermodynamic model is crucial since

its inappropriate selection affects the calculations and can
yield results ranging from non-optimal to catastrophic. The
thermodynamic model NRTL is chosen as the property
package. The reason for this selection is its ability to compute
the activity coefficient and the molar fraction [13]. The heater
was also used to increase the feed temperature up to 55 °C.
All the kinetic reactions are followed by the power-law model
and are represented by first-order kinetics. Acid-base reactions
are carried out as equilibrium reactions.

The Aspen Process model is shown in Figure 1. Apparently,
the digestion process takes place within two phases: the first
phase is hydrolysis in which all of the reactions were carried
out by stoichiometric and based on the extent of the reaction
inside a stoichiometric reactor. The second stage comprised
acidogenic, acetogenic, and methanogenic steps. The output of
the first reactor is carbohydrate, lipid, and protein monomers
added to the continuous stirred tank reactor (CSTR). At real
biogas power plants, the same reactor model is used. In this
reactor, the feedstock is continuously mixed, entered, and
exited. Acidogenic, acetogenic, and methanogenic reactions
were operated based on kinetic reactions. Residence time was
chosen as the design and reactor simulation parameter. The
CSTR reactor has one source stream and two product streams:
biogas and digestate. The flow of biogas contains inert gases
which must be separated by the splitter component during the
separation process. Feedstock characteristics and process
parameters such as temperature, pressure, load rate, and
retention time are shown in Tables 2 [13, 20, 32]. Since the
degradation of lignin is highly complicated and time-
consuming, it is considered an inert component.

Table 2. Liquid dairy manure composition used as feedstock and
presumed operational parameters in the Aspen Plus model

Component (dry composition)

Cellulose 0.204

Hemicellulose 0.086

Glucose 0.257

Protein (glycine) 0.083

Triolein 0.015

Lignin 0.20

Inert 0.155

Assumed operational parameters of the process

Reactor temperature (°C) 55
Reactor pressure (atm) 1
Hydraulic retention time (day) 15

Volumetric flow rate” (m3/day) 93.96

* volume of manure and consumed water

3. RESULTS AND DISCUSSION
3.1. Biogas production and compounds

Table 3 shows the biogas composition from the simulation.
CH4 and CO; make up 54 % and 37 % of biogas, respectively.
The left 9 % includes other gasses: water vapor, hydrogen
sulfide (H»S), nitrogen, ethanol, and ammonia. About 95 % of
feed is converted into digestate, and its compound is shown in
Table 3. To investigate the effect of operational parameters
and the composition of the liquid dairy manure on the
composition of CHy, sensitivity analysis is performed.
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Table 3. Biogas compounds and characteristics resulting from the
anaerobic digestion process

Biogas

Biogas flow (m?*/day) 1306

Enthalpy flow (kW) 300

Density (kg/m®) 1.12

Component Composition (%)

CHa 0.54

CO2 0.37

H>O 0.02

HaS 0.009

NH3 0.003
C:Hs0H 0.004

H> 0.002

Digestate
Biogas flow (m?/day) 105.3
Enthalpy flow (KW) -16710
Density (kg/m®) 1.003
Component Composition (%)

Water 0.84

CO: 0.01

Glucose 0.04

Cellulose 0.01
Hemicellulose 0.006
Ethanol 0.008
Protein 0.001
Ammonia 0.001

Inert 0.06

3.1.1. Effect of the hydraulic retention time and
operational pressure

The Hydraulic Retention Time (HRT) indicates the time it
takes to exchange the entire feedstock volume in the reactor
and this is dependent on feed composition, reactor
temperature and volume, and reaction kinetic rates. Due to
longer HRT, the volume of the reactor and investment cost
will also increase. On the other hand, lower HRT inhibits the
growth and activity of microorganisms and increases the
accumulation of VFAs [33]. HRT must be long enough so that
the number of microorganisms removed with digestate would
not exceed the number of regenerated microorganisms [34].
The residence time required for duplicating anaerobic bacteria
is at least 10 days [6]. Besides, the operating pressure is one of
the most critical process parameters affecting anaerobic
digestion. The solubility of some components in the liquid
phase depends on the pressure of the digester [25]. For
example, since compounds such as CO, and triglycerides have
acid-based reactions, they affect the pH level and inhibit the
toxic effect of ammonia and non-ionized hydrogen sulfide
[21, 35, 36].

As shown in Figure 2, the volume percentage of CHi
increased by increasing digester pressure, but a higher HTR

did not significantly affect the composition of CHy4 product.
The reason for this trend is the availability of the substrates
that have been reduced and decomposed. In addition, the
increase in retention time increases the risk of VFA
accumulation. This increase leads to a decrease in the pH level
and inhibits the activity of microorganisms, especially
methanogenic microorganisms. However, accumulation of
VFAs does not always reduce pH levels, and it depends on the
capacity of the digester and alkalinity of feedstock. It can be
concluded that increasing the operating pressure will reduce
the content of CH4 product and cause the formation of the
inhibitor effects on the process.
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Figure 2. Effect of retention time on composition of biogas at
different digestion pressures

3.1.2. Effect of carbon-to-nitrogen ratio

The C/N ratio shows the nutrient content of substrates [37].
Too low or high C/N ratios can inhibit or even stop the
digestion process. At high C/N ratios, methanogenic
microorganisms rapidly consume nitrogen in the substrates,
and the lack of nitrogen disrupts the growth and duplication of
microorganisms and reduces biogas efficiency [38, 39]. On
the other hand, at a low C/N ratio, ammonia is produced from
the decomposition of excess ammonia nitrogen, which is toxic
to the health and growth of microbes and increases the risk of
ammonia inhibition [13]. Since carbon is the main element of
carbohydrates to study the effect of carbon-to-nitrogen ratio
on the anaerobic digestion process, carbohydrate is considered
a representative of carbon [27]. Carbohydrates are substances
resisting decomposition; therefore, pretreatment is needed to
hydrolyze them [40]. The addition of enzymes is one of the
best ways to increase the efficiency of biogas production from
carbohydrate-rich organic substrates [19]. Because of their
smaller size, higher solubility, and greater dynamism of
enzymes, they have more access to substrates and the
digestion process occurs faster [41]. According to Figure 3,
increasing the mass rate of carbohydrates and digestion
retention time decreases the biomethane content. This
declining trend results from the resistance of carbohydrates to
degradation @ and  decomposition by  hydrolyzing
microorganisms, reducing the rate of hydrolysis, and process
efficiency. Also, increasing the mass rate of carbohydrates
leads to the reduction and deficiency of nutrients required for
the activity of microorganisms and also, it increases the
production rate of VFAs and long-chain fatty acids resulting
from the acidification process [42].

3.1.3. Effect of fatty acids
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The concentration of fatty acids has a direct effect on digester
stability [37]. Fatty acids and glycerol are intermediate
components produced by fat (lipids) hydrolysis. First,
Glycerol is decomposed into propionic acid during the
acidification process and then, decomposed into hydrogen,
CO», and acetic acid during the acetogenic process along with
long-chain fatty acids [19]. Finally, hydrogen and CO, are
converted into CHs during the hydrogen utilizing step
reactions and acetic acid during acetoacetic reaction [12]. Due
to the high degradability of fat-rich substrates, the yield of
biogas production from them is high [42]. The potential for
CHj4 production from this biomass is 170 % and 111 % higher
than feedstocks, which are rich in carbohydrates and proteins,
respectively [43]. However, excessive concentrations of fatty
acids reduce the pH level [6, 42]. Figure 4 shows the effect of
fat mass flow rate on CHs composition and volume flow at
different HRTs. As can be seen, by increasing the amount of
lipid, the CH4 composition would be modified. The upward
trend is due to more volatile organic substrates, which are
available to microorganisms, and the high alkalinity of dairy
manure preventing excessive accumulation of VFAs.
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Figure 3. Effect of carbohydrate rate on the composition of biogas at
different retention times
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Figure 4. Effect of lipid on biogas composition of at different
retention times

3.1.4. Effect of ammonia

The amino acids produced during the process of protein
hydrolysis are converted into ammonia by Stickland reactions.
Ammonia is essential for the growth and nutrition of bacteria,

but its excessive concentration interferes with the activity of
methanogenic bacteria and can be perceived as an inhibitory
parameter for the process [0, 44]. According to findings,
protein-rich biomass is not a viable resource for biogas
production, and even it can stop the anaerobic digestion
process [45]. According to Figure 5, the addition of protein
increases the biomethane content. Due to the high
concentration of dairy manure ammonia (derived from
livestock urine), the ammonia obtained from protein
breakdown intensifies the ammonia inhibition effect and
reduces the biomethane purity. One way to reduce the
concentration of ammonia is the addition of calcium
hydroxide (Ca(OH),), magnesium hydroxide (Mg(OH),), and
sodium hydroxide (NaOH) [46-48]. The concentration of free
ammonia is directly related to temperature, and temperature
control affects the dissolution rate of the ammonia component.
Increasing the temperature increases the solubility of the
ammonia and increases the risk of ammonia inhibition [46].
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Figure 5. Methane composition as a function of mass protein rate at
different retention times

3.1.5. Effect of water

The balanced amount of dry matter and water in the feedstock
are vital factors in the design of the anaerobic digestion
process. The water content of feedstock affects the growth rate
of cells. If the water content is too high, less dry matter will be
available to microorganisms, and the process will not be
economical. Also, if the amount of water is too low, cell
growth will be delayed and the material conversion becomes a
limiting factor [49]. Figure 6 show the decline in biomethane
content as the water rate increases.
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Figure 6. Effect of protein on composition of biogas at different
retention times
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3.1.6. The effect of organic load rate on CHi gas
production

The OLR represents the amount of volatile solid mass entered
into the digester per unit of time. This parameter is often
defined as the mass flow rate of volatile solids (e.g., kg VS
per day). According to Fig.7, the addition of the OLR led to a
decrease in CH4 composition. This declining trend is due to
the composition of liquid dairy manure and the operating
conditions of the process. The major composition of liquid
dairy manure is fiber (carbohydrates) and will have a more
significant impact on the digestion process than other dairy
manure compounds.
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Figure 7. Effect of OLR on composition of biogas at different
retention times

As discussed in previous sections, with increasing the mass
flow of carbohydrates and proteins, the CHs composition
decreased. Further, increasing the OLR has increased the
methane production rate. The effect of increasing retention
time is not significant and even negligible. It is due to the
percentage of volatile organic matter in liquid dairy manure,
which is lower than other degradable organic matter. As a
result, the degradable substrates are consumed quickly, and
the increase in retention time does not have a significant
impact on the increment of CH4 production efficiency.

4. CONCLUSIONS

Anaerobic digestion is one of the most appealing waste
management systems in developing countries which, in
addition to producing value-added materials (biogas and
digestate), has significant impacts on reducing adverse
environmental problems. The technical performance of this
industrial unit was evaluated by selecting a typical industrial
livestock farm using the anaerobic digestion system to manage
the liquid dairy manure produced on dairy farms. The PSM
model is one of the most comprehensive models; thus, it was
implemented for anaerobic digestion at a thermophilic
temperature of 55 °C and pressure of 1 atm. According to the
results, biogas compounds include 54 % biomethane, 36 %
CO3, and around 5 % of trace elements, hence being in good
agreement with the results of previous studies. Besides,
1306m* of biogas and 105 tons of digestate were produced
daily under specified operating conditions. To examine the
effect of process operating conditions and liquid dairy manure
compounds on the efficiency of biomethane production,
sensitivity analysis was performed. According to the results,
since the solubility of some compounds at the liquid phase
depends on digestion pressure, increasing this parameter

reduces the ammonia inhibition and increases the biomethane
composition. The increase in carbohydrates mass rate and
OLR increased the inhibition of the fatty acids, and increasing
the mass rate of protein increased the ammonia inhibition
effect and reduced CH4 composition. As demonstrated by the
results, an increase in lipid mass rate increases biomethane
composition. The increase in process water led to an increase
in the composition of produced biomethane.
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NOMENCLATURE

LHV Lower Heating Value

PSM Process Simulation Model
CSTR Continuous Stirred Tank Reactor
HRT Hydraulic Retention Time

VFA Volatile Fatty Acids

OLR Organic Load Rate

CHP Combined Heat and Power
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base fuel in CI engines. The used biodiesel used was readily available Karanja Oil Methyl
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Ester (KOME), its scientific name being Pongamia Pinnata. Initially, 5 %, 10 %, 15 %, and
20 % amounts of ethanol (volume) were mixed with biodiesel. Further, the optimum

Keywords: selected blend BE15 was mixed with 5 %, 10 %, 15 %, and 20 % DEE by volume to make
DEE-Ethanol-KOME Biodiesel Blend, the ternary blend. This DEE-ethanol-biodiesel blend was tested on the same engine under
CI Engine, the same conditions. The experimental results exhibited that the DEE-ethanol-biodiesel
Combustion Behaviour, ternary blend, BE15DE10, mitigated BTE by 8.89 % and the smoke, NOx, and CO
Engine Performance, emissions by 15.66 %, 50.7 %, and 18.5 %, respectively, compared with neat biodiesel. The
Emission Characteristics HC emission exhibited a slightly increasing trend. The results summarize the trade-off

between smoke and NOx reduction using DEE and ethanol oxygenated fuels. The addition
of ethanol by 15 % and DEE up to 10 % by volume to biodiesel could be considered the
most favorable blend without any significant modifications in the CI engine.
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Paper History: The optimal combination of distributed generation units in recent years has been designed to
Received: 30 January 2022 improve the reliability of distributed generation systems as well as to reduce losses in
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electrical distribution systems. In this research, the improved Genetic Algorithm has been
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proposed as a powerful optimization algorithm for optimizing problem variables. The
objective function of this paper includes power loss reduction, hybrid system reliability,

Keywords: voltage profile, optimal size of distributed generation unit, and finally improvement of the
Optimal Placement, construction cost of combined wind and solar power plants. Therefore, the problem
Improved Genetic Algorithm, variables are subject to reliable load supply and the lowest possible cost during the
Distributed Production, optimization process. In order to achieve this goal in this study, the IEEE standard 30-bus
Loss Reduction, network is examined. The results of the system simulation show the reduction of total
Combined System system losses after DG installation compared to the state without DG and the improvement

of other variable values in this network. This loss index after installing DG in the desired
bus has a reduction of about 200 kWh during the year and has a value equal to 126.42 kWh
per year.
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Paper History: In this research, the performance of an asphalt solar air collector was experimentally tested
Received: 17 March 2022 and the daily thermal and exergy efficiencies of the collector were analyzed. The sun's

Revised: 26 June 2022

radiant energy is absorbed by asphalt and converted into thermal energy. Then, it is
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transmitted to aluminum pipes buried under the asphalt and, finally, to the air passing
through the pipes. A suction fan induces the ambient air to the collector. The experimental

Keywords: results show that the daily thermal efficiencies at mass flow rates of 0.007 (kg/s) and 0.014
Asphalt Collector, (kg/s) are 11.98 % and 24.10 % and daily exergy efficiencies are 0.34 % and 0.66 %,
Air, respectively, showing the increase in daily energy and exergy efficiencies with increasing
Solar Energy, the air mass flow rate. In addition, results show that as the flow rate increases, the outlet air
Efficiency temperature decreases. The presence of temperature difference between the inlet and outlet

of the collector in the last hours of the day, when the sun's radiation is low, indicates that
asphalt acts as a thermal energy storage medium.

https://doi.org/10.30501/jree.2022.334587.1347

2423-7469/© 2023 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>

A )y p 4ilg, g HeiSIS (65,551 9 Syl 003l g <85 B (ialejl 850 il (a5 plga SIS Sy o Slas (v ol o
Slop & Caled 5o 5 el 5 50 0ad s (saseiasll (sl W) & s 5 Jios ()l 5l 4 g iz lawl bawg aidjes 86 65
W15y 033 45 wimo go s siales] 3l ol Canny gl S o (iSa ,5iSIS 4 | Lo (slon codiSie b Sy 0gib o Jiite Lo alg) I3l
5 IV L ol a5 4 55 65,35 i, e85k o L YE 7 VVARA o -V E (K@/S)s -1+« V (KE/S) ooy csloas o )y
S Lo sl o I3 U sz Alhse Gl I3 53,381 5 55 4l ooil G 38 osimsglis o itlye . 59
ol 3 5 o 532 5 i oF 3y, bl Sl 5 SIS g (o355 5 oo STy 55 e g 580530
S oo Joo (il 6551l 038 Lanme SO e 4 il oS el


https://doi.org/10.30501/jree.2022.334587.1347
https://doi.org/10.30501/jree.2022.334587.1347
https://en.merc.ac.ir/
https://creativecommons.org/licenses/by/4.0/

Z.Sabzian-Molaee et al. / JREE: Vol. 10, No. 2, (Spring 2023)

An Optimal Master-Slave Model for Stochastic Planning of AC-DC Hybrid
Distribution Systems

Zeinab Sabzian-Molaee 2, Esmaeel Rokrok?*, Meysam Doostizadeh b

a Department of Electrical Engineering, Khorramabad Branch, Islamic Azad University, Khorramabad, Lorestan, Iran.
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PAPER INFO ABSTRACT
Paper History: In this study, a novel stochastic planning method is proposed for AC-DC hybrid distribution
Received: 05 January 2022 networks. The proposed approach is based on the graph theory, and the optimal AC-DC

Revised: 02 June 2022

structure of the network is selected among the system spanning trees. The presented method
Accepted: 14 June 2022

is a Mixed Integer Nonlinear Programming (MINLP) problem, which is solved using
genetic algorithm. The buses and lines of the network can be either AC or DC to minimize

Keywords: the system investment costs in the master optimization problem. The location and capacity
AC-DC Distribution Systems, of the Distributed Energy Resources (DERs) as well as the site and size of the Electric
Stochastic Planning, Vehicle (EV) charging stations are optimized in the slave problem to minimize the network
Graph Theory, losses and system costs. The proposed model utilizes Monte Carlo simulation to deal with
Converter Efficiency Curve, the stochastic variations of the renewable energy resources power and load demands.
Distributed Energy Resources, Besides, the converter efficiency curve in the proposed planning problem is modeled based
Electric Vehicle Charging Stations on a function of its input current using PLECS software. The proposed approach for network

design can be applied to different DG resources and AC-DC loads. The comparison between
the simulation results of the proposed approach and the conventional AC planning method
demonstrates the efficiency of the proposed model in reducing network losses and system
costs.
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Biogas Production by Co-Digestion of Food Waste with Sewage Sludge and
Poultry Litter: A Way Towards Sustainable Waste-to-Energy Conversion

Uttam Bista, Bhawana Rayamajhi, Bipasyana Dhungana, Sunil Prasad Lohani*

Renewable and Sustainable Energy Laboratory, Department of Mechanical Engineering, School of Engineering, Kathmandu
University, P. 0. Box: 6250, Dhulikhel, Nepal.

PAPER INFO ABSTRACT
Paper History: Anaerobic digestion is one of the most effective technologies for managing degradable
Received: 10 March 2022 waste, which produces renewable energy and digestate as the byproduct. In this study,

Revised: 01 May 2022

sewage sludge (SS), poultry litter (PL), and food waste (FW) were co-digested at ratios
Accepted: 21 May 2022 5 ge (SS), p 4 (PL) (FW) 8

(SS:PL:FW 2:1:1) with 8 % total solid content at ambient temperature (average 22 °C) and
controlled temperature (35 °C) in summer. The synergistic effects of co-digesting substrates

Keywords: enhance the biogas production potential when digested at an optimized ratio. The maximum
Co-Digestion, biogas yield was 688.7 L/kgVSa at the controlled temperature and 462.3 L/kgVSa at
Biogas, ambient temperature. The ambient reactor had a methane composition of 55 %, while the
Waste, controlled temperature reactor had about 60 %. The results provide approaches to increase
Temperature, biogas production in the anaerobic digestion process through co-digestion and controlled
Sustainability mesophilic temperature. Biogas production from anaerobic co-digestion could significantly

transform waste into energy in low-income countries to achieve the objective of clean
energy production and environmental sustainability.
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Investigation of the Enhancement of Thermophysical Properties of New
Combinations of MWCNTs with Several PCMs Consisting of a Type of Paraffin
in Comparison with Some Mineral Compounds (AN-MN-6H,0)

Seyed Amir Hassan Bathaei?, Masoud Iranmanesh 2*, Hossein Amiri?, Hajir Kourki®b

a Department of Energy, Institute of Science and High Technology and Environmental Sciences, Graduate University of Advanced
Technology, Kerman, Iran.

b Department of Chemical Engineering, Polymer Engineering Group, Institute of Science and High Technology and Environmental
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PAPER INFO ABSTRACT
Paper History: Thermal Energy Storage (TES) for solar thermal systems has attracted great attention
Received: 08 May 2022 because of the intermittent availability of solar energy. In the current paper, new

Revised: 12 June 2022

combinations of several Phase Change Materials (PCMs) including a type of paraffin and
Accepted: 28 June 2022

some mineral compounds like ammonium nitrate and magnesium nitrate hexahydrate were
exanimated and their thermophysical properties were compared. This study targets solar

Keywords: heating systems at different temperature intervals for the TES. Another new approach of this
Solar Thermal Energy Storage, study is to determine the effect of Multi-Wall Carbon Nanotubes (MWCNTSs) with two
Phase Change Materials, diameters (D) of 8 and 10-20 nm on paraffin's thermophysical property to improve these
Paraffin, properties. An innovative method was used to measure Electrical Conductivity (EC) as it is
MWCNTs, easier to measure than thermal conductivity (K) to study the effect of nanoparticles on PCM
Thermophysical Properties behavior. The results showed that the highest values of improvement over paraffin

properties were related to 5 % nanoparticle additive for both nanoparticle diameters among
the percentages studied. The addition of 5 % nanoparticles with 10-20 nm and 8 nm to
paraffin at 25 °C increased heat conductivity by 142 % and 156 %, respectively. The
addition of nanoparticles to paraffin improved EC several times such that a diameter of 8 nm
made a 300 % increase in EC compared to 10-20 nm.

https://doi.org/10.30501/jree.2022.339549.1363

2423-7469/© 2023 The Author(s). Published by MERC. This is an open access article under the CC BY license

(https://creativecommons.org/licenses/by/4.0/).

os.l:‘.fg-

a5 sadygt (65,0 Ly sl 00,5 iz 055 |y (loanyl3h Az g (sand et il slapians sl (TES) )l (6551 (55lwe s
Sl s asile game SLuS 55l (S g ol (5 dex 5l asax PCM) suiesjlé s ool iz wadllae ol jo ol o yws [0 gl
Ol S Glapius o iz (olos Jolgh o adlllas ol wind anlin Wl (Sesudgay olsm 5 (opyt e Sl SljaealiSe 5 pgiise]
L MWCENTS) o oz iz (0,5 slo dglsil ).».)l) aiS aalllas opl was slas Sog, 5l 508 (o el soliwl LB TES 1y sowi g
Pl S Sy polie 0 SVL a8 3l (LS gl el (oloS Cal dgete sl (Ll (Sudse s PleP 2 egl VoY g A koo
Coloce (6 pSeslasl L asilygles o, S 09 aalllas 350 sladuo o s 10 0,340 a8 90 1o (sl 0,350 G993l aojd O s bogsye (bl
olis s e PCM L, 0 ol,3450 56 adlae sl K) Sl alas 5l 5oLl GT 6 yuSelail 1y el sas sslanwl (EC) (S xSl
Aoy VOF G VFY oy an |y Sl colam ol T nle a2 0 YO (sles ;1o 5egib A g egil Vo=V L &ldgil o jo 0 (09380 45 o oo
o, Vet el VooV e L aunlio 10 yiegils A Jlad a8 (6 y5b b el sopidn sgage b ooz |, EC wol, 3656 09380 .amo e ol
Das e plas [, EC l58l


https://doi.org/10.30501/jree.2022.339549.1363
https://doi.org/10.30501/jree.2022.339549.1363
https://en.merc.ac.ir/
https://creativecommons.org/licenses/by/4.0/

V. Sen / JREE: Vol. 10, No. 2, (Spring 2023)

Residential Consumer’s Willingness to Pay for Renewable Energy: Evidence
from a Double-Bounded Dichotomous Choice Survey from India

Vasundhara Sen*

Department of Infrastructure, Symbiosis Centre for Management and Human Resource Development, Symbiosis International
(Deemed University), Pune, India.

PAPER INFO ABSTRACT
Paper History: Despite the falling costs of Renewable Energy (RE), RE adoption in Indian residential
Received: 03 January 2022 households is still at tepid growth rates. With the onset of retail electricity market

Revised: 21 June 2022

deregulation in India, the introduction of “green tariffs” for residential households can be
Accepted: 06 July 2022

effective in resolving the issue of low RE adoption. This study investigates the willingness
to pay for green tariffs/renewable energy-based electricity contracts using the contingent

Keywords: valuation method. Data collected from 476 Indian residential households are analyzed by the
Green Energy Contracts, Double-Bounded Dichotomous Choice technique. The results of the conducted maximum
Contingent Valuation, Likelihood Estimation (MLE) method reveal the mean willingness to pay 308.52 Rs per
Renewable Energy, household/month for consumption of green power in a premium-paying setting. Results
Willingness to Pay indicate that although households hold positive perception of renewable energy, the

willingness to pay is not commensurately high, indicating an attitude-action gap. The study
recommends green energy defaults in residential energy contracts, direct marketing of
non-use value of RE use (altruistic and bequest) by power supplying utilities, and promoting
RE use through RE opinion champions/influencers as measures to enhance RE adoption
amongst Indian residential energy consumers.
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Assessing the Environmental Impacts of Biomass Energy Production in Loka
Abaya District, Sidama Region, Southern Ethiopia
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PAPER INFO ABSTRACT
Paper History: This study was conducted in the Loka Abaya District of Sidama Region, Southern Ethiopia
Received: 15 March 2022 to assess the environmental impacts of biomass energy production with particular emphasis

Revised: 18 June 2022

on charcoal and firewood. The data collection was undertaken using the questionnaire
Accepted: 23 June 2022

survey administered to 186 randomly selected households. This task was followed by key
informant interviews and an analysis of the literature. The sampled households produced

Keywords: 208 432.9 kg firewood yr'! for domestic consumption and 261 039.8 kg charcoal yr! for sale
Biomass Energy, in town. 2.3 x 10° km? of the forest is cleared to produce a single sack of charcoal. Charcoal
Wood Fuel, and firewood production is totally responsible for the degradation of 39.4 ha of forest per
Charcoal, year. The associated emissions of CO2, CO, N2O, CH4, and TNMHC (total non-methane
Firewood, hydrocarbon) during the production and consumption of firewood and charcoal were
Greenhouse Gases, calculated based on the emission factors indicated by previous studies. The results
Environment Impacts demonstrated that the trace gases produced during charcoal making were higher than that of

charcoal burning. Further, the amounts of greenhouse gases generated during firewood
burning were higher than the ones generated during charcoal burning. In order to minimize
the challenges of deforestation and greenhouse gas emissions caused by charcoal and
firewood consumption, a strategy of promoting the utilization of alternative clean energy
sources such as solar and biogas should be implemented in parallel to the effort of adoption
of improved biomass energy-saving cook stoves.
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Impact of Organic Hydrocarbons on Fuel Properties and Engine Characteristics
of Thermally Cracked Cashew Nut Shell Liquid
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PAPER INFO ABSTRACT
Paper History: The present study aims to explore the role of characterized hydrocarbons in thermally
Received: 26 March 2022 cracked shell liquid in determining its overall fuel properties and combustion characteristics

Revised: 06 July 2022

in a CI engine. For this purpose, waste shell liquid was extracted from waste cashew nut
Accepted: 07 July 2022

shell by means of cold extraction technique using a simple electrically operated mechanical
screw press, which reported maximum extractable oil content as 17.7 %. In addition, it was

Keywords: thermally cracked at 350-400 °C using conventional heating for both lab-scale and pilot-
Cashew Nut Wastes, scale extraction. Based on its chemical composition, raw shell liquid contained anacardic
Thermal Cracking, acid and cardol, while thermally cracked shell liquid had cresol and methyl oleate as their
Screw Press Extraction, dominant hydrocarbon compounds. Their composition was found to be 51.84 %, 33.68 %,
Anacardic Acid, 43.87 %, and 28.49 %, respectively. According to their contribution, both cyclic and
Cresol aromatic as well as linear-chained hydrocarbons exhibited significant effect on the fuel

properties of the cracked shell liquid, with carbon atoms contributing to its physical and
thermal properties, whereas cyclic and aromatic hydrocarbons enhance its flow
characteristics. Next, neat and blend samples of this cracked shell liquid with petro diesel
reported higher peak in-cylinder pressure by 5.6 % (on average) due to the presence of fatty
acid esters, which induced early ignition and provided sufficient time for combustion.
Meanwhile, higher emission levels were attributed by both cyclic and aromatic and linear-
chained hydrocarbons, citing aromaticity and unsaturation in their molecules, which also
resulted in reduced thermal efficiencies by 12.5 % (on average), upon accounting for their
inferior calorific content. In conclusion, it is evident that hydrocarbons in these treated shell
liquids play a significant role in their fuel properties and engine characteristics.
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Energy Management of Multi-Microgrids in Joint Energy and Ancillary Service
Market Considering Uncertainties of Renewables
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PAPER INFO ABSTRACT
Paper History: In this study, energy management of grid-connected Multi-Microgrid (MMG) is performed
Received: 14 February 2022 through joint optimization of the energy and ancillary service market. The test system

Revised: 05 August 2022

comprises the IEEE 30 bus system as the main grid and the 16-bus system as an MMG. The
Accepted: 07 August 2022

MMG is comprised of dispatchable and non-dispatchable generation and loads. The non-
dispatchable generators are based on renewable energy sources (RES) such as solar and

Keywords: wind. The uncertainty modeling for wind and solar is performed by Weibull and beta
Renewable Energy Sources, probability distribution function. The strategic integration of RES helps MMG deliver both
Energy Management, energy and ancillary services to the utility grid. This research aims to reduce the total energy
Multi-Microgrid, cost while reducing reserve cost by maximizing the use of RES under normal operation and
Energy Market, during contingency conditions. It is observed that if MMG is incorporated into the system,
Ancillary Service Market then the total generation cost, reserve cost, and power losses are reduced to 0.11 %,

0.325 %, and 1.201 %, respectively, in normal operating conditions. Under contingency,
when Generator 5 is out of service and the main grid is operating alone, the total generation
cost increased significantly from 22118.92 $ day™!' to 22435.68 $ day™! and the real power
loss increased from 233.35 MW day™! to 245.11 MW day’!. However, by interconnecting
MMG with the main grid, generation cost and power loss get reduced to 22375.60 $ day!
and 243.35 MW day’!, respectively. It is analyzed that participation of MMG provides
techno-economic benefits during normal operation and contingency conditions.
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PAPER INFO ABSTRACT
Paper History: As one of the main consumers of electricity, industries account for in releasing a large
Received: 26 February 2022 amount of emission. Using renewable energies to feed factories is not an easy task and they
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should be economically viable to compete with fossil fuels. The goal of this study is to
Accepted: 29 June 2022

analyze the possibilities of using energy local area networks in off-grid and on-grid modes
in an industrial project by considering and calculating all primary and deferrable loads in

Keywords: detail for the first time. The industrial project is sensitive and all possibilities should be
Micro Grid, considered closely to avoid economic losses. In this case, changes in electrical loads during
Green Factory, the project, degradation of components, environmental risks, and economic risks of the
Carbon Emission, investment (for each scenario) are considered and determined too. The results indicate that
Deferrable Load, component degradation can cause 24,000 kWh drop in total electricity production at the end
Economic Analysis of the project and the total biogas consumption increases from 742 kg/yr to 9330 kg/yr. The

results also show that the on-gird scenario (solar/battery) with the Net Present Cost of
200,000$ will be an easy and low-risk choice for investment, but has high environmental
risks. On the other hand, the stand-alone scenario (solar/wind/bio/battery) with Net Present
Cost of 598,000$ minimizes the environmental risks at the expense of high investment risk.
A proper comparison between the multi-year and single-year modes at the end of the project
ensures the high accuracy of techno-economic analysis in terms of optimum system types,
emissions, and economics.
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PAPER INFO ABSTRACT
Paper History: In this paper, an industrial dairy farm unit was taken as a case study to carry out the
Received: 12 April 2022 applicable technical assessment for the construction of a biogas plant using a combined heat
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and power (CHP) unit. A comprehensive sensitivity analysis was applied to examine the
Accepted: 12 August 2022

effectiveness of the operational parameters and feed composition in the purity and
production rate of biogas. Aspen Plus was used to implement the anaerobic digestion

Keywords: process. The results showed that any increase in the digester’s operational performance and
Anaerobic Digestion, mass rate of feedstock water led to the modification of biomethane content, but dropped in
Biogas, biogas mass flow rate. Moreover, an increase in the mass rate of carbohydrates, protein, and
Process Simulation, organic load rate (OLR) of feedstock reduces methane composition. Besides, increasing the
Liquid Dairy Manure rate of lipids has raised the rate of methane production and its composition.
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