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Grid extension from the distribution network is being used to meet the demand for rural electricity all over the world. Due to the
extra cost of extending electric lines to rural villages, it is not feasible as the installing and commissioning costs are directly related to
several constraints such as distance from the main grid, the land location, utilities to be used, and the size of the approximate load.
Consequently, it becomes a challenge to apply technoeconomic strategies for rural electrification. Therefore, considering the above
issues of rural electrification through grid power, the renewable energy system can be an attractive solution. This research analyzes
different types of loads considering domestic, industrial, and agricultural requirements for a remote village in a developing country
like Bangladesh. In this paper, four types of demand scenarios are developed considering the income level of inhabitants of the
village. The investigation identifies the optimal scope for renewable energy-based electrification and provides a suitable
technoeconomic analysis with the help of HOMER software. The obtained results show that a combined architecture containing
solar panel, diesel generator, and battery power is a viable solution and economically beneficial. The optimal configuration
suggested for the primary scenario consists of 25 kW diesel generators to fulfill the basic demand. The hybrid PV-diesel-battery
system becomes the optimal solution while the demand restriction is removed for secondary, tertiary, and full-option scenarios.
Commercial and productive loads are considered in the load profile for these three scenarios of supply. For the primary scenario
of supply, the electricity cost remains high as $0.449/kWh. On the other hand, the lowest electricity cost ($0.30/kWh) is
obtained for the secondary scenario. Although the suggested optimal PV-diesel-battery might not reduce the cost of electricity
(COE) and NPC significantly, it is capable to reduce dependency on diesel utilization. Hence, the emission of carbon is reduced
due to less utilization of diesel that helps to minimize the greenhouse effect on the environment.

1. Introduction

It is a challenge to supply electricity properly to the rural or
isolated areas in a country. It depends on different situations
such as the distance from country grid lines, tough weather
conditions, and difficulties arising due to rough terrains in
the way to the destination area. The selection of certain tech-
nology for power generation [1] or combination of technol-
ogy for rural electrification is mostly contingent on the

concerned place, its area, number of residents, manufactur-
ing companies, learning hubs, medical clinics, obtainability
of resources, etc. [2-5]. For the electrification of the rural
areas, the normally considered are the diesel generator, batte-
ries, LPG, biomass mechanism, and grid extension. Among
these alternatives, grid extension mode 12 is one of the major
means of electrification in rural areas [6].

The communal and monetary development of a country
mostly depends on the electrification of rural areas, because
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the lack of electricity in a rural area can enhance poverty and
quality of education can be affected which has a great impact
on the social environment. Renewable energy-based off-grid
electric power distribution is more suitable than extending
the existing grid for rural areas [7-9].

There are several works done on renewable energy solu-
tions. The feasibility of using solar power, wind power, and
diesel generating power configurations is investigated for a
rural area in Nigeria [10]. An optimum architecture is pro-
posed using HOMER software with the analysis of fuel con-
sumption and CO, reduction. But the investigation was
confined within the basic necessity of the area rather than a
creative view of energy utilization.

A comparison of the expense of electricity generation from
diesel generator with the hydrogen energy storage system has
been made using HOMER power design software, and the
optimized size of the system has been proposed [11]. However,
this study does not consider rural electrification.

A study for rural electrification is done for a community
in Bangladesh with 24 kW base load while considering DG,
hydrogen energy source, wind, and solar resources [12, 13].
The study focused mainly on the need for electricity in
domestic use but not for other important needs of the village
like irrigation, agriculture, small manufacturing facility, and
mobile communication tower. Again, the load profiles are
not in detail. Instead of HOMER modeling software, the
RET screen is used by some authors for the feasibility study
of a combined energy system for wind and solar resources
[14-20]. Other authors gave preference on HOMER model-
ing software specifically for the viability study of renewable
energy system [21-23]. Although RET screen is an efficient
tool for feasibility analysis, the literature [24-29] discourages
its use for hybrid renewable energy system combining wind
and solar energy resources. Hybrid2 is another tool for feasi-
bility analysis of renewable energy system, but it has a limited
focus on the prefeasibility investigation of the system [30].
On the other hand, HOMER provides the facility of complete
investigations including optimization and sensitivity inquiry
[13]. Therefore, HOMER is widely used for renewable energy
system design and optimization research. In conclusion,
some unresolved issues can be summarized as follows:

(1) Grid extension is not environmentally attractive for
rural electrification. On the other hand, renewable
energy systems can be a cost-effective source of
energy but have reduced environmental impact
[15, 16]

(2) The study should not be confined only within the
basic needs of a targeted area, but rather it should
consider other aspects like agricultural, irrigation,
small-capacity manufacturing facility, health care
center, educational center, and mobile communica-
tion towers [23]

(3) The development of a country means that every
modern facility should reach every corner of the
country including rural areas. The social and eco-
nomic development of a rural area mainly depends
on the well-organized rural electrification [16]
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(4) The architecture of the rural electrical power system
should not be based on solving their domestic pur-
poses. Planning of rural electrification should include
the purpose of the productive use of energy as well

Electrifying the rural area is a significant issue for the
communal and monetary development of a country. The
implementation of any electrification project in the rural area
which is far from the main network is the main concern on
the economic analysis and feasibility study. To the best of
our knowledge, there is no such study focusing on the need
for electricity in domestic use as well as all other important
needs such as irrigation, agriculture, small manufacturing
facility, and mobile communication tower. The present study
will provide sufficient information in favor of renewable
energy systems as a cost-effective source of energy, and social
and economic development of a rural area mainly depends
on the well-organized rural electrification.

2. Illustrative Layout of the
Proposed Investigation

Figure 1 shows a schematic diagram of this research work. A
suitable rural area of the northern part of Bangladesh is
traced which is not yet electrified. Then, the load profile
assessment was conducted to identify all the ways to meet
the electricity demand of that locality. The situation of the
nearest grid lines is considered to investigate and classify
the accessible energy resources to that rural village. All these
collected data are used to design a feasible renewable energy
system with the help of HOMER software. HOMER is used
for complete investigations and to propose an optimization
technoeconomic analysis. Technical properties and life cycle
cost (LCC) are also analyzed. LCC consists of all mainte-
nance and operation costs including installation and initial
capital cost over the system lifetime.

3. Village Electricity Model in Bangladesh

3.1. Village Context. A nonelectrified village is chosen in Tha-
kurgaon district under Rangpur division. Thakurgaon is
467 km from Dhaka towards the northwest corner of Bangla-
desh as shown in Figure 2. It is surrounded by Dinajpur dis-
trict on its south and Panchagarh district and India on its east
and west, respectively. The Himalayan plain land is a part of
the district of Thakurgaon. There are six subdistricts under
Thakurgaon. Among those, Haripur has the lowest level of
electrification. Although the Palli Bidyut Samit (PBS) is sup-
plying electricity in urban areas, most of the villages are still
not electrified. Because of being situated at the farthest dis-
tance from the capital city, the rural areas of Haripur subdis-
trict are very poorly electrified.

According to a report published in a famous national
English newspaper on 15 October 2015 [31], Haripur subdis-
trict has a total of 179 villages, among which 43 villages are
considered as urban areas and having facility of a subdistrict
town. The rest of the villages (136) are not electrified yet.
According to the Haripur subdistrict statistics office, Haripur
has 199.43 sq. kilometers of land area containing 1,47,947
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FIGURE 2: Geographical location of Thakurgaon district in Bangladesh.
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FIGURE 3: Geographical location of Haripur subdistrict [33].

inhabitants. More than 50000 students are enrolled in 168
different educational institutions like primary schools, sec-
ondary schools, colleges, and madrasa. Among those, 92
institutions have no electricity.

Nilgaon village is chosen for the current investigation. It
is one of the rural villages of Amgaon union under Haripur
subdistrict, and it is located at 25.91'N and 88.18°E as shown
in Figures 3 and 4. It has 108 households with a total popula-
tion of 468 people [32]. 165 are male and 172 are female aged
10 years and above. 4+ is the average household size. Half of
the houses are occupied with more than 5 family members,
and a maximum of 111 8+ persons are living in 3.9% house-
holds. 45.6% of the total population can write a letter. In this
village, there is a mixed community in terms of religion. 280
people are Muslims and 188 people are Hindus. 85.3%
houses are Kutcha type structured and the rest of households
are based on Pucca structure. All the toilets are sanitary with
a water seal. 39.3% of the 116 population is below 15 years
old, and 7% of the population is above 60 years of age. Mainly
the women take care of household works, and men are
responsible for agricultural activities. The rural roads con-
nect the village with two nearby bigger villages, Jamun and
Nandagaon. In rainy seasons, part of the connected roads
disappears. Kerosene and candles are mainly used for light-
ing because of being nonelectrified. Cooking energy demand

is met by fuel wood, residues of agricultural products (e.g.,
paddy sticks and jute sticks), and cow-dung cakes. These
are collected and procured locally.

3.2. Requirements, Valuations, and Circumstances. Nilgaon is
an agricultural-dependent village. Due to its fertile soil, sev-
eral crops are produced like paddy, jute, potato, wheat, and
mustard seed. Various fruits are also supplied from the vil-
lage such as banana, mango, papaya, and jackfruit. Fishing
is also an important activity because of large water bodies,
namely, ponds and lakes, being available in the village. How-
ever, the products of the village are consumed locally or sold
at nearby markets and cannot be stored due to the lack of
electricity [32-34]. As the village is nonelectrified, the elec-
tricity demand is unknown. But the above circumstances
are used to make a range of demand possibilities as follows.

3.2.1. Primary. Primary service (outlying demand): the pop-
ulation of the village is divided into three basic groups among
poor, middle-income, and rich households. Poor households
are supposed to use electricity only for lighting purposes.
Middle-income and rich households are assumed to utilize
electricity for lighting, battery charging, fans, and TV. No
productive use is considered in this primary service, and elec-
tric facility is provided for evening hours only.
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FIGURE 4: Geographical location of Nilgaon village in Haripur subdistrict.

3.2.2. Secondary. Productive demand is added in this scenario
for which electricity is consumed at an off-peak time. These
activities can include pumping water at night, food drying,
grinding, and rice milling.

3.2.3. Tertiary. The third case of supply scenario satisfies all
the demands of consumers at any time of the day, whether
it is commercial or productive demand according to the
necessity.

3.2.4. Full Option. It is the same as tertiary load scenario but
with full option. The consumers do not have any restrictions.
They have the facility for the highest demand of 24/7 supply.
Many other cases can be studied, but in this paper, these four
scenarios are considered for a proper understanding of a
demand-supply situation and their effectiveness in terms of
technoeconomic performance. Regarding the income limit,
the poor households are expected to earn less than 7000
BDT/month, the middle-income households are considered
to earn between 7000 BDT/month and 16000 BDT/month,
and the rich households are assumed to have an income more
than 16000 BDT/month. As per record, among the total 108
households of Nilgaon village, 16 households are rich, 50
households are poor, and the rest (42) of the households
are in middle-income category [34]. Poor people are likely
to spend 500 BDT/month for their electricity needs.
Middle-income category people are likely to spend 600
BDT/month, and the rich households are expected to spend
800 BDT/month for the same purpose.

3.3. Different Scenarios of Electric Load Demand. An assump-
tion of required load demand is presented in Table 1. It is
important for the purpose of assessment. Four alternatives
are considered here for different scenarios. These four differ-
ent scenarios are further influenced by the economic condi-
tion of households. Electric loads are limited only for
domestic purposes in the primary scenario for the evening
use. Some commercial and productive loads are added in
the evening and off-peak hours in the secondary scenario
along with domestic demand. In tertiary and full option sce-
narios, increased domestic loads are estimated for extended
operation hours according to the economic condition of
poor, middle-income, and rich households. Further, the
commercial load and productive load are considered a mini-
mum 500 W to a maximum 10kW at any time in a day. It is
shown in Table 1 that the poor households use almost the
same level of electric load for all year round except a little
change for tertiary and full-option scenarios. But on the other
hand, middle-income and rich households use an extra load
for cooling purposes in the summer season and some other
reliable loads which require a maximum of 500 W for operat-
ing for 24 h.

3.4. Estimation of Cost for Grid Extension. Cost of grid
extension is estimated by using a linear equation depend-
ing on the number of connections (N) and length of the
grid extension (L):

Cost,q = ;L +¢,N. (1)

gri
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TaBLE 1: Electric load demand estimation.

Types of load Primary

Secondary

Tertiary Full option

Lighting load for 5-10 pm
in the evening: 2 x 10 W

Electric load for 5h in the
evening time: 3 x 10 W of
light, 2 x 40 W of fan in
summer, and 1 TV of 80 W
Electric load for 5h in
the evening time: 4 x 10 W
of light, 3 x 40 W of fan in
summer, and 1 TV of 80 W

Poor households (50)

Middle-income
households (42)

Rich households (16)

Same as primary
scenario

Same as primary
scenario

Same as primary
scenario

5h in the evening:

2h in the morning and
5h in the evening: 2 x 10 W

Lighting load for 8h: 3x 10 W,
fan load in summer for 18 h:
2x40W,and 1 TV of 80 W:

10h in a day

Lighting load for 8 h: 4 x 10 W,
fan load in summer for 18 h:
3x40W,and 1 TV of 80 W:

10h in a day

Same as tertiary

Same as tertiary including
80 W extra load for 10h
in a day

Same as tertiary including
500 W extra load for the
whole day

Load commercial Nil 500 W load 14h a day: 500 W Full day: 2kW

Load productive Nil Maximum 10‘kW: Maxirgum }O kW: at any Maxim.um }0 kW: at any
in off-peak time time in a day time in a day

TaBLE 2: Cost of grid extension.

Component Quantity Unit cost (Apx.)

Cost of 11kV line from 33kV grid point 25km $3870/km

Transformer setup cost, 11 kVA 2 $925

Distribution lines $4620/transformer

Number of households 108

Total number of productive and commercial loads (Apx.) 10

Cost of distribution for each household, fixture, internal wiring, etc. 30$/connection

Annual operation and maintenance costs

2.5% of the total capital cost

Here, Cost,;q
operation and maintenance (O&M) cost for grid extension.
L is the distance from the grid extension. N is the number of
connections in the village. ¢; and c, are the grid extension
coefficients with respect to the distance and number of house-
hold, respectively. The parametric values obtained from
Table 2 are used for equation (1) as follows.

is the total cost including capital cost and

Costygg = (3870 x 25) + (30 x 118) = $100,290.  (2)

Therefore, the total costs of the construction of a new
transmission line through grid extension for the specified vil-
lage are estimated at $100,290. Once the grid extension is exe-
cuted, then the net present cost (NPC) will be increased by this
amount. Further, the cost of buying power from the grid will
be added along with the revenues of grid sales value. The price
of electricity is 0.102$/kWh for households. It is observed that
the cost of grid extension is higher due to initial construction,
operation, and maintenance. This paper considered available
renewable energy sources. It is evident that the solar/DG/bat-
tery system is the most compelling option from a cost perspec-
tive, showing low breakeven distances for the entire range of
village sizes. The expansion of existing grid lines is not a suit-
able choice from both the cost-effectiveness and environmen-
tal protection perspectives.

3.5. Village Load Profile. The daily and monthly load pro-
files of the primary scenario are shown in Figures 5 and
6(a). Poor households do not use fans in summer; there-
fore, the winter load is almost half of that in summer.
The baseline data shows that 21.86kW is the peak load
of the system for this scenario, and 63.81 kWh/day is the
average energy demand. According to HOMER, 15% is
assumed as a day-to-day random variation of the load.
No commercial and productive loads are considered in
the primary scenario. On the other hand, for the second-
ary scenario, 500 W of the commercial load is considered
to be consumed for 5 hours a day. Again, a maximum of
10kW productive load is considered for this scenario during
the off-peak time (between 7 am and 5 pm). The average base-
line need for energy is 166.92kWh/day, and the peak load is
22.81 kW. The secondary scenario load profile shows a better
system load factor of 0.3 while the primary scenario shows
the load factor of only 0.12.

In the tertiary scenario, both the productive and residential
demands are being focused on which allows any amount of load
at any time of the day. Here, 500 W commercial load is assumed
for 14 h a day and up to 10 kW productive load is considered to
be consumed at any time in a day. It improves the system load
factor to 0.37 because of better load distribution. The daily and
monthly load profiles are shown in Figures 5 and 6(c). The daily
baseline energy demand and a peak load of this scenario are
453 kWh/day and 50.42 kW, respectively.
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FIGURE 5: Daily load profile for all four scenarios.

For the fourth case, full-option scenario, all the restric-
tions are removed and provide potential development for
rich households of the village. The daily average energy
demand of this load profile reaches up to 722.85kWh/day
while the peak load is 72.4kW. Consequently, the load
factor improves to 0.42. The daily and monthly load pro-
files are shown in Figures 5 and 6(d).

3.6. Solar Radiation. Solar energy is considered as the main
resource for power generation in this current investigation.
Along with solar PV, diesel fuel is also considered here.
The solar radiation data is obtained from NASA Prediction
of Worldwide Resources data access point [35]. The daily
radiation and clearness index are shown in Figure 7. It is

shown that the range is between 7.7kWh/m® and
11.3kWh/m? daily. It is also observed that the higher solar
irradiance is expected in the month of April to October
and the lower irradiance is to be expected from November
to March. But in the month of December, the solar irradi-
ance is around 9.7 kWh/m?. These behaviors will be par-
tially helpful for the tertiary and full-option load profiles.
HOMER software is capable to generate a clearness index
from the solar radiation data obtained from [35]. The
annual average radiation is shown 9.52kWh/m?*/day for
the targeted location.

3.7. PV Panel. Recently, the cost of solar PV system is
reduced. According to the current price in the market [36],
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F1GURE 6: Monthly load profile for all four scenarios.

the capital cost and the replacement cost of a 1kW PV~ PV system is considered to be 25 years. HOMER software
system are considered as $2500 and $2000, respectively.  will facilitate optimizing the system to ensure optimal
The operation and maintenance cost of the PV system is  combination in terms of size and capacity of the PV
considered to be $10/year/kW. The lifetime of the solar  system.
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3.8. Diesel Fuel. Diesel generators are mostly used as a source
of electricity in other rural areas of Bangladesh. A minimum
civil effort is required in this case. $600 is considered as the
capital cost of 1 kW of power generated from a diesel gener-
ator. Again, the replacement cost is assumed to be $500/kW.
The operation and maintenance cost of the generator is con-
sidered $0.025/hour/kW. The national supply system is a
suitable source of diesel to generate electricity by diesel gen-
erators. It is anticipated that the diesel demand of the village
electrification will not cause problems in the fuel market
adversely. According to the current market price, the price
per liter of diesel is $0.77.

3.9. Storage Battery. Batteries are used for energy storage pur-
poses in the day time. Generic 1 kWh Lead Acid (1kWh LA)
battery is chosen as a storage device for this hybrid system.
The nominal capacity is 1kWh and the nominal voltage is
12V. The maximum capacity is 83.4 Ah for each battery.
The maximum charge and discharge current are 16.7 A and
24.3 A, respectively. The lifetime of this battery is 1 decade.
The initial cost and the replacement cost are both $300 for
each one. The operation and maintenance cost of the battery
is assumed to be $10 per year.

3.10. Inverter. The inverter cost is considered $200/kW, and
$150/kW is taken as replacement cost. It has an efficiency
of 95% and lifetime is normally 15 years. It is noted that the
inverter is rated according to the required capacity of the
PV system. Any operation and maintenance cost of the
inverter is not estimated.

4. Operational Strategies

It is assumed that the design system will follow some strate-
gies. For example, the battery bank will be charged by only
the PV array, not by a diesel generator. The generator will
be used to serve the necessary load only. Further, the cost
of the distribution network is not calculated by HOMER. It
is estimated separately. The capital cost of the distribution

network is considered to be $3000 in total for all the house-
holds of the village. The fixed operating and maintenance
cost is chosen as $200/year.

A typical hybrid PV/diesel system is designed for the pur-
pose of simulation as shown in Figure 8. The quantity and the
capacity of the diesel generator, photovoltaic array, inverter,
and battery bank depend on the different load scenarios.
Actually, the PV produces DC power and is used as a base-
load supply unit. An inverter converts this DC power into
AC power. The PV will charge the battery bank if there is
any extra power left after satisfying the regular load demands
of the consumers. If the PV is unable to fulfill the regular
demands, the battery will not be charged. Instead, the battery
will be discharged to meet the demands. Diesel generators
will be activated when both PV and battery are unable to sat-
isfy the end-user load demand. Normally, the generators will
be used most likely in the nighttime. 10% operating reserve is
considered as a percentage of hourly load, and 25% operating
reserve is considered for solar power output. Operating
reserve is an important issue because it would be measured
as a safety margin of the hybrid system. It increases the reli-
ability of power supply against uncertainties in terms of var-
iable electric load and solar power supply. As an example, if
there is 100kW load demand at an hour and PV produces
50kW, then the operating reserve is 10kW +12.5kW =
22.5kW. Consequently, the diesel generator needs to pro-
duce 50kW of electricity and an operating reserve of
22.5kW. Therefore, the capacity of the generator and battery
reserved combined should be at least 72.5kW.

5. Results and Discussion

HOMER software package is used for the technoeconomic
analysis of this hybrid renewable energy system. All the four
scenarios are taken into account to produce results using
HOMER and thereafter are well analyzed.

5.1. Primary Scenario. For simulation purposes, HOMER
uses baseline data for optimization. As mentioned before that
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no productive use is considered in this primary service
and an electric facility is provided for evening hours only.
According to the HOMER software, a 25kW diesel gener-
ator is the optimal choice for this primary load profile sce-
nario. It is obtained depending upon the availability of
resources and the cost of the components. The initial cap-
ital cost of the generator is $15000, where $0.449 is the
levelized cost or the cost of electricity (COE) per kWh.
The net present cost (NPC) and operating costs are
$135,337 and $9309, respectively. Diesel consumption is
8606 L to run the generator for 2190 h/year, and the electric-
ity production is 23501 kWh/year where the average fuel
consumption per day is 23.6 L. Carbon dioxide emission is
27377 kg/yr of this generator-battery configuration.

The AC primary load is calculated 23291 kWh/yr; hence,
the excess electricity production would be 211 kWh/yr which
is 0.896% of net production. The life of autosize genset is cal-
culated 6.85 years; therefore, a replacement cost of $18025.73
is required for the continuation of electricity generation over
the project life. Table 3 shows the optimized architecture and
the system cost of the primary scenario when the diesel gen-
erator is chosen as the best option. Monthly average electric-
ity production of the diesel generator for the primary
scenario is shown in Figure 9.

5.2. Secondary Scenario. Depending upon the baseline data
and available resources, HOMER is used to design the opti-
mized architecture for the secondary load profile. It is already
mentioned earlier that productive demand is considered in
this scenario for which electricity is consumed at an off-
peak time. Here, 26 kW diesel generator, 22.6 kW PV system,
57.00 strings 1 kWh LA batteries, and a 17.6kW converter
are required as an optimum hybrid configuration. The initial
capital cost of this hybrid system is calculated $92749, where
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$0.3 is the levelized cost per kWh of generated electricity. The
net present cost (NPC) and operating costs are $235,953 and
$11078, respectively. Diesel consumption is 7547 L to run the
generator for 1824h/year, and the electricity production
would be 77198 kWh/year. PV system generates 73.1%
(56449 kWh/yr) of electricity, whereas 26.1% (20750 kWh/yr)
is produced from the diesel generator and then 16.2% extra
unused electricity is generated. The mean output generation
of the PV system is 155kWh/d. It provides the levelized cost
of $0.0815/kWh and operates for 4380 h/yr. During winter,
the PV system produces comparatively less power. The capac-
ity factor and cost of PV system show 28.5% and $59442.71,
respectively. Table 4 shows the optimized architecture and
the system cost of secondary scenarios when the solar-diesel-
battery system is chosen as the best option.

The capacity of diesel generator utilization shows 9.11%
of full power. The generator cost shows $15600.00, but fuel
and operation/maintenance costs are added to an amount
of $119,438 for the lifetime of the project. As the utilization
of diesel generator shows less than 10%, its total life increases
to 8.22 years, and consequently, the total replacement cost
would be $16376. The nominal capacity of 57 batteries is
57kWh which provides the autonomy of 4.9h, and annual
throughput is 7674 kWh. The NPC of the battery system is
$59443 in which $56520 comes from the initial capital cost.
Carbon dioxide emission is 19756 kg/yr of this generator-
battery configuration. The monthly average electricity pro-
duction of the hybrid PV/diesel system with battery in the
secondary scenario is shown in Figure 10.

The second best combination contains a 35.5kW PV
system, 225 1kWh LA battery, and 29.5kW converter. No
diesel generator is recommended for this configuration.
Combining other necessary costs with the initial capital cost
($162,209) and operating/maintenance cost ($33679), the
total NPC shows $295,114. The levelized electricity cost
becomes $0.375/kWh, and 100% energy is produced from a
renewable source of energy in this configuration which is
88701 kWh/yr.

On the other hand, a diesel-only configuration is the
least attractive option in terms of net present cost and leve-
lized rate for this secondary load profile scenario. There-
fore, the PV/Gen/battery system provides the lowest
levelized cost even if it is better than that of the primary
scenario, because in the secondary load profile, it is shown
that electric loads are distributed in a more proper way
which enhances the utilization of energy resources and con-
sequently reduces the cost of electricity generation. A com-
parison table is provided to observe and compare with
other combinations of energy sources for this secondary
scenario. It is shown in Table 5.

5.3. Tertiary Scenario. HOMER produces the optimized
configuration for the tertiary scenario of load profile. Here,
56.0kW diesel generator, 43.4kW PV system, 180.00
strings 1kWh LA batteries, and a 36.4kW converter are
required as an optimum hybrid configuration. The initial
capital cost is calculated $203,420 where $0.34 is the leve-
lized cost per kWh of generated electricity. The net present
cost (NPC) and operating/maintenance cost are $769,966
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TaBLE 3: Optimized architecture and system cost of primary scenario (net system).

Operating cost

Carbon dioxide

System Size (kW) NPC ($) COE ($) ($/yr) Initial capital ($) Total fuel (L/yr) emission (kg/yr)
Diesel generator 25 135,337 0.449 9309 15000 8606 27377
. Production Excess electricity
Operating hours (kWh) Gen($) O&M cost  Fuel cost ($) Per day fuel (L) (kWhiyr) Replacement cost ($)
2190 23501 1369 6627 23.6 211 18025
3
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F1GURE 9: Monthly average electricity production of the diesel generator for the primary scenario.
TaBLE 4: Optimized cost summary of the solar-diesel-battery system for the secondary scenario.
Component Capital cost ($) Replacement cost (§) O&M cost ($) Fuel cost ($) Total cost ($) Carbon dioxide emission (kg/yr)
Autosize genset 15600 16375 15327 75126 119,438 19756
Battery 17100 31412 7369 0.00 52632
PV system 56520 0.00 2923 0.00 59443
Converter 3529 1123 0.00 0.00 4440
System 92749 48910 25618 75126 235,953
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F1cure 10: Monthly average electricity production of the hybrid PV/diesel system with battery for the secondary scenario.

and $91413, respectively. Diesel consumption is 31798 L to
run the generator for 3455h/year, and the electricity pro-
duction comes to 202,971 kWh/year. The PV system gener-
ates 53.4% (108,405kWh/yr) of electricity, whereas 46.6%
(94566 kWh/yr) is produced from the diesel generator and
then 13.5% extra unused electricity would be generated.
The mean output generation of the PV system is 297 kWh/d.
It provides the levelized cost of $0.0815/kWh and operates
for 4380 h/yr. During winter, the PV system produces com-
paratively less power. The capacity factor and cost of PV sys-
tem show 28.5% and $114,155.10, respectively. Table 6 shows
the optimized cost summary of the solar-diesel-battery sys-
tem of the tertiary scenario. The monthly average electricity
production of the hybrid PV/diesel system with battery in
the tertiary scenario is shown in Figure 11.

As the utilization of the diesel generator shows as high as
53.4% of total power, its total life decreases to 4.34 years, and
consequently, a couple of replacements are required. There-
fore, the replacement cost is as high as $70666. The nominal
capacity of 180 batteries is 180 kWh which provides the auton-
omy of 5.72 h and annual throughput is 23990 kWh. The NPC
of the battery system is $114,155 in which $108,542 comes
from initial capital cost. The mean output of the inverter and
rectifier shows 9.10kW and 0.956kW, respectively. The
capacity factors of the inverter and rectifier are 25% and
2.63%, respectively. Operation hours of these components
are 5487h/yr and 3270h/yr. Carbon dioxide emission is
83234 kg/yr of this generator battery configuration.

The second best-optimized configuration for this tertiary
scenario contains a diesel generator and battery system. The
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TasLE 5: Different architectures of energy sources and their performance for the secondary scenario.

Architecture Initial cost ($) NPC($) COE ($)  Fuel cost ($/yr)  Excess electricity (%)  Carbon dioxide emission (kg/yr)
PV-Gen-Bat. 92749 235,953 0.300 5811 16.20 19756
PV-Bat. 162,209 295,114 0.375 00000 20.80 0000000
Gen 15600 352,623 0.448 17676 0.633 60089
Gen-Bat. 15936 353,327 0.449 17676 0.633 60089
PV-Gen 17811 353,424 0.449 17557 2.980 59686
TABLE 6: Optimized cost summary of the solar-diesel-battery system for the tertiary scenario.
Component Capital cost ($) Replacement cost ($) O&M cost ($) Fuel cost ($) Total cost($)
Autosize genset 33600 70665 62530 316,522 481,696
Battery 54000 98488 23270 0.00 164,956
PV system 108,542 0.00 5613 0.00 114,155
Converter 7278 2316 0.00 0.00 9158
System 203,420 171,470 91413 316,522 769,966
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FIGURE 11: Monthly average electricity production of the hybrid PV/diesel system with battery for the tertiary scenario.

capacity of the generator is the same as earlier, which is
56.0kW, but the number of batteries is reduced to 47kWh
LA. Again, the converter capacity is reduced to 11.9kW. No
PV system is recommended for this configuration. Combining
other necessary cost with the initial capital cost ($50075) and
operating/maintenance cost ($144,711), the total NPC shows
$1,025,087. The levelized electricity cost increases to
$0.479/kWh, and 100% energy is produced by a diesel
generator in this configuration which is 170,191 kWh/yr.
The nominal capacity of a battery shows 47.0kWh, and
annual throughput is 11223 kWh/yr. The average energy cost
of the battery shows 0.184$/kWh which provides the
autonomy of 1.49h. The mean output of the inverter and
rectifier shows 1.09 kW and 1.43kW, respectively. The capac-
ity factors of the inverter and rectifier are 9.17% and 12.1%,
respectively. Operation hours of these components are
1100 h/yr and 7659 h/yr. Carbon dioxide emission increases
as high as 160,157 kg/yr of this generator-battery configura-
tion. A comparison table is provided to observe and compare
with other combinations of energy sources for this tertiary
scenario. It is shown in Table 7.

5.4. Full-Option Scenario. The full-option scenario requires a
higher capacity of diesel generator and PV system than all
previous scenarios because of its high peak and average load

throughout the year. HOMER produces the optimized archi-
tecture for this scenario which contains 80.0 kW diesel gener-
ator, 47.7kW PV system, 151.00 strings 1 kWh LA batteries,
and a 32.7kW converter.

The initial capital cost is calculated $219,058 where
$0.369 is the levelized cost per kWh of generated electricity.
The net present cost (NPC) and operating/maintenance costs
are $1.26M and $170,965, respectively. Diesel consumption is
62278 L to run the generator for 5619 h/year, and the total
electricity production comes to 304,676 kWh/year. PV sys-
tem generates 39.1% (119,068 kWh/yr) of electricity, whereas
60.9% (185,609 kWh/yr) is produced from the diesel gen-
erator and then 10.3% (31316 kWh/yr) extra unused elec-
tricity is generated. The mean output generation of the PV
system is 326 kWh/d. It provides the same levelized cost of
$0.0815/kWh and similar operating hours of 4380h/yr as
the tertiary scenario. The PV system produces less power in
the winter season. The capacity factor of the PV system
shows the same as 28.5%, and its cost shows $137,432
including all costs such as capital, replacement, and O&M
costs. Table 8 shows the optimized cost summary of the
solar-diesel-battery system for the full-option scenario. The
monthly average electricity production of the hybrid
PV/diesel system with battery in the full-option scenario is
shown in Figure 12.
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TasLE 7: Different architectures of energy sources and their performance for the tertiary scenario.

Architecture Initial cost ($) NPC($) COE ($)  Fuel cost ($/yr)  Excess electricity (%)  Carbon dioxide emission (kg/yr)
PV-Gen-Bat. 203,420 769,966 0.360 24484 13.5 83234
Gen-Bat. 50075 1.03M 0.479 47112 0.606 160,157
Gen 33600 1.04M 0.488 50371 5.62 171,236
PV-Gen 39591 1.05M 0.490 50186 8.15 170,609
PV-Bat. 516,944 1.06M 0.495 0.0000 24.0 0000000
TasLE 8: Optimized cost summary of the solar-diesel-battery system for the full-option scenario.
Component Capital cost ($) Replacement cost ($) O&M cost ($) Fuel cost ($) Total cost ($)
Autosize genset 48000 181,197 145,279 619,924 988,316
Battery 45300 82028 19521 0.00 137,432
PV system 119,218 0.00 6165 0.00 125,383
Converter 6540 2081 0.00 0.00 8229
System 219,058 265,361 170,965 619,924 1,259,360
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FIGURE 12: Monthly average electricity production of the hybrid PV/diesel system with battery for the full-option scenario.

The diesel generator shows high fuel consumption in this
optimized configuration, and consequently, it produces
53.4% of total electric power and its lifetime decreases to
2.67 years; hence, a couple of replacements are necessary.
The replacement cost of the diesel generator is $181,197.
The nominal capacity of 151 batteries is 151 kWh which pro-
vides the autonomy of 3.01h, and annual throughput is
19943kWh. The NPC of the battery system is $137,432 in
which $45300 comes from initial capital cost. The mean out-
put of the inverter and rectifiers shows 9.93kW and
0.948 kW, respectively. The capacity factors of inverter and
rectifiers are 34.4% and 2.90%, respectively. Operation hours
of these components are 4742h/yr and 4010 h/yr. Carbon
dioxide emission is 163,019kg/yr of this generator-battery
configuration.

The second best-optimized configuration for this full-
option scenario contains a diesel generator and PV system.
The capacity of the generator is the same as the most opti-
mized architecture, which is 80.0kW, but no battery is
used. PV capacity is reduced to 10% of the above option,
which is 9.38 kW. Again, the converter capacity is reduced
to 8.03kW. Combining other necessary cost with the ini-
tial capital cost ($73065) and operating/maintenance cost
($227,703), the total NPC shows $1,472,584. The levelized
electricity cost increases to $0.432/kWh, and 91.6% energy
(254,705 kWh/yr) is produced by a diesel generator in this
configuration and other 8.42% energy (23430 kWh/year) is

produced by the PV system. The mean output of the inverter
shows 1.62kW. The rectifier is not needed because the
energy storage device is not suggested by HOMER in this
configuration. The capacity factor of the inverter is 20.2%.
The operation hours of this device are 3516 h/yr. Carbon
dioxide emission increases as high as 232,738 kg/yr of this
generator-PV configuration. A comparison table is provided
to observe and compare with other combinations of energy
sources for this full-option scenario. It is shown in Table 9.

6. Analysis of Optimal Solutions

A comparison of four scenarios for the optimal solutions
shows (see Table 10) the following.

It appears that a diesel-based system is a preferable solu-
tion when no productive use is considered for the primary
service and an electric facility is provided for evening hours
only. Here, the demand is limited and the supply is restricted.
On the other hand, the hybrid systems appear to be more
appropriate when the demand improves and the supply is
provided round the clock. The hybrid system considerably
increases the initial investment cost.

The initial investment cost is considerable for hybrid sys-
tems. It is due to the intermittent nature of the PV and bat-
tery systems. Consequently, all hybrid systems need extra
capacity which reduces the overall system capacity factor.
In Table 10, it is seen that the cost per KW of peak load and
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TasLE 9: Different architectures of energy sources and their performance for the full-option scenario.
Architecture Initial cost ($) NPC($) COE ($)  Fuel cost ($/yr)  Excess electricity (%)  Carbon dioxide emission (kg/yr)
PV-Gen-Bat. 219,058 1.26M 0.369 47954 10.3 163,019
PV-Gen 73065 1.47M 0.432 68462 4.87 232,738
Gen 48000 1.48M 0.434 71048 1.89 241,528
Gen-Bat. 48841 1.48M 0.434 71048 1.89 241,528
PV-Bat. 782,441 1.64M 0.480 0.0000 23 0000000

TasLE 10: Comparison of the best solutions for four scenarios.

Architecture Peak load  Levelized cost of  Installed capacity Diesel use Carbon dioxide

Scenarios PV DG Bat. (kW) electricity ($/kWh) to peak load ratio (liters) emission (kg/yr) Total cost ($)
(kW) (kW) (kWh) ¥ P &Y

Primary 25 21.86 0.449 1.14 8606 27377 135,337
Secondary  22.6 26 57 22.81 0.30 2.13 7547 19756 235,953
Tertiary 43.4 56 180 50.42 0.34 1.97 31798 83234 769,966
Full option  47.7 80 151 724 0.369 1.76 62278 163,019 1,259,360

carbon dioxide emission varies depending on the size of
excess capacity maintained in each scenario and the use of
diesel. It shows the remarkable periodical investment to keep
the system running continuously. Although the suggested
optimal PV-diesel alternative with battery might not reduce
the cost of electricity (COE) and NPC significantly, it is capa-
ble to reduce dependency on diesel utilization. Utilizing less
diesel helps to reduce carbon emission to the environment
that helps to minimize the greenhouse effect. It is noted that
the optimized PV-diesel system with the battery would con-
sume lower fuel and it would be an economical solution with
respect to other options even if the diesel price increases.
Therefore, the hybrid PV/diesel system is a potential alterna-
tive for use in remote and unelectrified areas in Bangladesh.

7. Conclusion

In this paper, village-level electrification is considered and
analysis is carried out on the viability of a hybrid power
system for a remote nonelectrified peripheral village in Tha-
kurgaon district of Bangladesh. In this analysis, different
demand scenarios are developed considering the income
level of inhabitants of the village. A suitable technoeconomic
analysis is conducted for all the demand scenarios by using
HOMER. Alternative development pathways are captured
by the demand scenarios like the primary level of power sup-
ply for not more than 5h per day, secondary, tertiary, and
tull-option supply consisting of domestic, productive, and
commercial loads. The performed technoeconomic analysis
suggested for optimal configurations for all four scenarios.
A 25kW diesel generator is suggested for the primary supply
scenario as an optimal energy source. The other three scenar-
ios are suggested for hybrid PV-diesel-battery as optimal
solutions. It can be seen from the simulation that the opti-
mum solutions significantly reduced the dependency on
solely available diesel resources. The share of renewable
energy starts from 0% (in the primary case) to 73% (in the
secondary case) for alternative demand scenarios. However,

the initial cost increases depending upon the demand and
system size. Moreover, depending upon the lifetime and their
extent to use, some assets (for example, diesel generators and
batteries) require to be replaced during the project life. As a
conclusion, the hybrid PV/diesel/battery system has potential
use in remote areas in Bangladesh.
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