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Biogas plants and solar home systems (SHS) are two technically feasible renewable
energy technologies to deliver cooking and electricity loads in rural areas. The negative
economic perception (i.e. high cost) of these two renewable energy technologies is
primarily responsible for making their diffusion slow in developing countries. This
work presents a model to examine the economic performance (i.e. benefit to cost
ratios) of these new energy technologies against three household load categories.
Applying this model, this study shows that biogas plants used together with SHS show
attractive economic performance e.g. a benefit cost ratio (BCR) of 6.6 for load Category
1(basic load). It is evidenced from this work that biogas plants together with SHS are
economically promising in rural areas in developing country situations particularly in
Bangladesh.
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1. Introduction

Globally, about 1.2 billion people still remain without access to electricity and 1.7 billion people
use conventional solid-biomass as their cooking fuels [1]. In Bangladesh, a developing country, a huge
proportion of the population lacks access to electricity and uses solid biomass for their cooking fuels
in rural areas. Electricity and clean-cooking fuels are the two basic requirements to enhance human
development and to alleviate energy poverty [2—4]. Electricity and clean-cooking fuels bring huge
benefits to users through the provision of brighter lighting, hazard-free cooking, space-cooling,
entertainment, and communication [5]. Rural households in Bangladesh usually use conventional
cooking-stoves fuelled by solid-biomass, which are very inefficient and suffer from heavy smoke and
particulate emission [6]. Households usually use kerosene lanterns or paraffin candles for lighting.
The inefficient use of solid biomass and kerosene has implications for the environment, health and
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energy security [7]. Although rural households experience lower affordability, studies show that they
still have willingness to spend money on their energy needs [8,9]. Households spend money on
buying solid biomass, kerosene and other fuels for use in conventional technologies such as mud-
stoves and lanterns [10]. Biogas plants and solar home systems (SHS) are the two renewable energy
technologies that, can serve both electricity and cooking needs [11,12]. These alternative
technologies offer technically feasible energy alternative in rural areas. The primary inputs for these
technologies, i.e. biomass and solar irradiation, are available and almost evenly distributed in rural
areas. However, success of these technologies does not merely depend on economic performance;
rather, it depends on the three sustainability dimensions, namely social, economic and environment.
Several studies examined the techno-economic performances of biogas and solar resources for small-
scale electricity generation [13-16]. Studies also showed that biogas plants and solar electricity are
environmentally sound and bring net benefits to society [17-22]. Katuwal and Bohara [23] found that
biogas plants have been proved to be a clean and environmentally friendly source of energy in rural
areas and provide huge benefits to society. Asif and Barua [24] found that SHS present numerous
benefits to society and has been recognised as an environmentally friendly technology. Although
biogas plants and SHS have emerged as technically feasible and promising technologies, their
dissemination rate is slow, primarily due to the negative economic perception among the prospective
users that renewable technologies are more expensive than conventional ones [25,26]. To overcome
this conceptual barrier, this study presents a model to examine the economic performance of biogas
plants and SHS over conventional energy services. This study focuses on economic performance of
biogas plants and SHS in terms of benefits and costs. Since biogas plants and SHS individually are not
practically viable to serve both cooking and electricity needs, these two technologies are considered
to serve the household requirements together.

The remainder of this paper is organized as follows: Section 2 briefly describes the two proposed
technologies i.e. biogas plants and SHS. Section 3 presents detailed technique for determining the
economic performance of these technologies. Section 4 presents the applied datasets, which will be
applied to demonstrate the proposed technique. Section 5 presents main results of this analysis
according to the proposed technique and applied datasets. Finally section 6 highlights the main
conclusions of this work.

2. Overview of Biogas Plants and Solar Home Systems (SHS)
2.1 Biogas Plants

Biogas plant is an anaerobic digester that produces biogas from agricultural or other kind of bio-
wastes [11,23]. Biogas is a type of bio-fuel that is produced via anaerobic digestion of organic bio-
wastes through decomposition by bacteria. Biogas plant consists of an airtight underground digester
tank, a gas holder, mixing devices, and gas regulator valves (Figure 1). Digesters under this study are
continuous type as they receive dumped wastes in a regular interval (i.e. every day). The gas holder
harnesses the gases from the digested slurry and delivers to the pipes [25-28]. The effluents are
removed from the outlet tank in a regular interval and are used as fertilizer. The resulted biogas is
methane-rich gas consists of 50—-75% methane, 25-50% carbon monoxide, and 0—-10% nitrogen and
hydrogen. The installed capacity of biogas plant is determined by the amount of biogas a plant
produces (in m3) within 24 hours. In average, 25 kg of fresh cattle dung produce 1 m3 of biogas
through digestion in biogas plants [29]. Biogas burns with blue flames without or with very little
smokes which results in almost CO2 neutral combustion [30].
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Fig. 1. Simple schematic of a biogas plant
2.2 Solar Home System (SHS)

A typical SHS is an assembly of standalone photovoltaic system that supply power for lighting and
electric appliances in households. SHS consists of an array of photovoltaic (PV) modules, rechargeable
batteries, charge controller, inverter, and few wires and sockets (Figure 2). It is a fixed installation in
the household, where the PV array is placed in an open place on the rooftop or with a mast to be
exposed to the best possible sunlight [11]. The charge controller, battery bank, and other devices are
placed inside the room of a household [31-33]. The capacity of a SHS is defined by the maximum
watt (W) it can generate in standard irradiation and weather conditions [34]. The daily energy
generation (kWh/d) of a SHS is estimated with panel generation factor (PGF). The PGF is the amount
of energy generation of a solar panel per watt peak per day in any particular region (i.e. total energy
generation per day = PGF - Wp). The PGF values vary with the geographic locations. Bangladesh is
having average PGF of 3.43 Wh/W-d, which means this country endowed with good solar irradiation
[35].
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Fig. 2. Simple schematic of a typical SHS
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3. Methodology
3.1 Energy Sources in Use in Rural Households

The main purposes of energy use in rural households are cooking and lighting. The other basic
energy applications beyond them include heating and cooling, home-appliances and telecom devices.
Rural households can be categorized into three groups, i.e. Category 1, Category 2 and Category 3,
based on energy applications [9,10,36,37]. Because of geographic and climatic conditions, space and
water heating needs in rural households in Bangladesh are very small [38]. Households use a variety
of energy sources for cooking such as forest-wood, agricultural residues, and kerosene (Figure 3). The
uses of other fuels such as plant oils, biomass briquettes, charcoals, liquefied petroleum gas (LPG),
liquefied natural gas (LNG), and electricity are negligible. The lighting services are provided mostly by
purchased sources such as kerosene and paraffin candle. The other energy applications such as
home-appliances for leisure and cell-phone battery charging are served with either car-battery or
dry-cell battery. Three-stone mud burners are usually used for cooking by biomass fuels; gas and
kerosene stoves are used for cooking by kerosene and CNG. Lighting services in the rural households
are provided by paraffin candles, hurricane lantern or wick lamps. The common home-appliances for
leisure/entertainment and communication are radio, cassette player, TV, and mobile phone.
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Required Cooking Cooking Cooking

equlre. energy ighting — E
P Lighting Lighting

Appliances Appliances Appliances

P
Fuel wood

LPG/LNG
_ Residues

Energy sources

Kerosene

Car battery
Dry cell battery
ry cell battery : ::

( Kerosene stove
Wood stove

Technologies and W ICk, lamp
Hurrican lantern

devices currently in |~
y Paraffin candle
use

vV

Radio/Tap
Fan (space cooling)
S —

New energy Biogas Plant 4 4 L
technologies SHS 4 e

Fig. 3. Energy application pattern in rural households

3.2 Household-level Loads

To formulate the monetary benefits from the two technologies, we require to model household-
level loads. The cooking (heat), lighting and appliances energy demands for the three household-load
categories are presented in Table 1 and 2. The households use biogas-stove for serving their cooking
loads and CFL (compact florescent lighting) bulb for serving lighting loads. This study considers that
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biogas-stove produces thermal output for cooking with 60% conversation efficiency. The gas burner
operates 4-8 hours a day and produces 1.6 MJ/h of final thermal energy per burner [39,40]. The
daily cooking demands for load category 1 (Category 1), load category 2 (Category 2) and load
category 3 (Category 3) are 4, 8, and 8 burner-hour, respectively [36].

Table 1
Cooking (heat) energy demand per household per day

Household load categories

Thermal Category 1 Category 2 Category 3
output per Burner- Daily final Burner- Daily final Burner- Daily final
Device burner hour® heat hour heat hour heat
(MJ/h) consumption consumption consumption
(MJ/d) (MJ/d) (MJ/d)
Gas-stove 1.6 4 6.40 8 12.8 8 12.8

bHousehold uses 4 burner-hour means it operates 1 burner for 4 hours or 2 burners for 2 hours and so on.

Table 2
Electricity energy demand per household

Household load categories

. . . Category 1 Category 2 Category 3

Appliances Power (W) Operation time (h/d) Number of Number of Number of

appliances appliances appliances
CFL bulb 10 6 3 4 6
TV 40 4 0 1 1
Radio/Cassette 10 4 0 1 1

player

Mobile charger 5 2 0 1 1
Others 10 2 0 1 1
Ceiling fan 75 6 0 0 2

3.3 Determination of Costs and Benefits for Alternative Technologies

This model first determines the costs for alternative technologies (i.e. biogas plant and SHS)
against the size of the energy technologies to meet the loads. The model proposes a set of cost-
functions to quantify the costs of the alternative technologies.

3.3.1 Costs of biogas plant
3.3.1.1 Capital cost of biogas plant

The capital cost of biogas plant includes all the costs for supplying, installation, fittings, and fixing
of digester-well, gas-holder, and piping systems. For obtaining the capital cost for the biogas plant of
various sizes, a generalized cost-function is required. Based on the work done by Rahman et al. [11]
and Kandpal et al. [41], we have developed generalized linear Equation (1).

Ccap,bg = CO,bg [a + ﬁ(ng / VO,bg )] (1)

where, Ceop,bg (USS) is the capital cost of biogas plant of size Vg (M?3), Copg (USS) is the capital cost of
biogas plant of reference size, Vg (M3) is the volume of biogas plant of reference size, a and B are
the two curve-fitting coefficients.

The capital cost of biogas plant varies slightly over the service providers and plant locations. We
have utilised the cost data which featured the average value for biogas plants in Bangladesh. The
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coefficients a and B have been reached by solving Equation (1) with Least Squares (LSQ) technique
(minimising the sum of squared errors). The final equation for obtaining capital cost of biogas plant
(Ceap,bg) is given below. The equation is applicable for biogas plant sizes between 1.6 and 12 m3,

Cropig =776+40.2V,, (2)

where, Vg (m3) is the size of biogas plant.
3.3.1.2 Operation and maintenance (O&M) cost of biogas plant

The operation and maintenance costs of biogas plant consist of two cost components: cost of
fresh-dung and other bio-feedstock, and operation and repair costs for digester system. The cost of
fresh-dung is the direct function of daily gas requirements. The operation and repair costs, in
contrast, depend on many factors such as the operational skill of the operator, location of the plant,
guality of the materials etc. The operational activities involve draining out of condensed water in the
pipeline, oiling of gas valves and gas taps, cleaning of stoves and lamps, cleaning of overflow outlet,
checking of gas leakage through all joints and valves etc. It is impractical to develop a generalised
cost function equation for operation and repair cost of the biogas plant, due to heterogeneity of the
cost elements. However, experience reveals that the annual operation and repair costs can be
represented by a fraction of the total capital cost [41]. We proposes the following Equation (3) for
calculating the annual operation and maintenance costs, Cogm,bg (USS/y) of biogas plant.

Ca,O&M,bg = 365ng fCUF du Pd + mccap,bg (3)

where Vi (m3) is the size of biogas plant, fcur is the capacity utilization factor of digester, dy (kg/m3)
is the fresh dung required to produce 1 m3 of biogas, Py (USS$/kg) is the price of raw dung, m is the
fraction of capital cost to be required as annual operation and repair costs of the biogas plant.

3.3.1.3 Size of the biogas plant

The installed capacity of the biogas plant (Vsg) (see section 2.1) for serving the household’s
cooking loads can be calculated by Equation (4) as below

L,
ng :[iJ/pr (4)

where L, (MJ) is the cooking load served by biogas, @, (MJ/m3) is the calorific value of biogas, Mhe

(%) is the thermal efficiency of biogas for cooking, and fcur is as defined in Equation (3).

3.3.2 Costs of SHS
3.3.2.1 Capital cost for SHS

We also propose a linear cost-equation for capital cost of SHS as the following form

Ccup,SHS = CO,SHS [7/+ 5(SSHS / SO,SHS) (5)

19



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 33, Issue 1 (2017) 14-26

where, Ceap,sus (USS) is the capital cost of SHS of size Ssys (W), CoswHs (USS) is the capital cost of SHS of
reference size, Sosus (W) is the reference size of SHS, y and & are curve fitting coefficients.

The final equation [Equation (6)] are reached by applying costs data obtained from Bangladesh
and solving with the Least Squares (LSQ) method [42].

Cmp_SHS =60.6+6.145, ¢

:[20W < S, <500W] (6)
where the parameters are as defined in Equation (5) above.

The size of SHS (W) for serving lighting and other electrical appliance loads can be calculated by
Equation (7).

(Leys , +L5H5'ap)><1000 7)

(Par per fpy ) %36

SHS —

where, Lsus,. (MJ/d) is lighting load served by the SHS, and Lsws,qp (MJ/d) is the appliance loads served
by the SHS, frer (Wh/W-d) is panel generation factor, ¢df is derating factor (sometimes refer to as
efficiency factor) for solar module, fpvis diversity factor of the electrical loads.

3.3.2.2 Operation and maintenance (O&M) cost of SHS

The maintenance of SHS includes battery replacement and occasional cleaning of PV surfaces
from dust and dirt during their lifetime of over 20 years [43,44]. The cleaning of PV surfaces incurs
very little or no costs. SHS batteries are required to replace several times within the lifetime of SHS.
The SHS package includes PV module, battery and other accessories and, therefore, for obtaining the
capital cost of the system, the costs for battery and other accessories are not required separately.
For obtaining the battery replacement costs, it is necessary to know the capital cost of the battery
unit. Batteries with various lifetimes and types are available in the markets. Hence it will be
appropriate to obtain the battery cost in terms of energy to be served by the battery in its whole
lifetime instead of capacity. Capital cost of battery Ceoppat (USS) can be obtained in terms of energy
to be served within its lifetime as Equation (8) and (9):

Ccap,ba[ = Sbat fbat Pbat (8)
D(L +L . )
Sbat _ SHS ,L SHS ,ap (9)

3.6 X100 M 4o

where, S,.. (kWh) is the size (or capacity) of the battery, £, is the number of charge cycles of the
battery to an acceptable depth of discharge naod, 7,,, (USS/kWh) is the unit price of energy generated

by the battery in its lifetime, D (d) is the day of autonomy for the battery, nea: is the efficiency of the
battery, and Lsus,: and Lsws,ap are as defined in Equation (7). The present value of annual maintenance
cost due to replacement of battery can be obtained as Equations (10-15) below [45]:

=C f.. SFF,

Ca,rep,bat cap,bat ~ rep bat

(10)
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frep = CRFproj / CRFrep (11)
ser, =T (12)
(1+ 1) -1
tooi
trEp = tbat '[NT[ﬁ] (13)
1+ 7)r
CRF,, = BACetrl (14)
(1+7r)" 1
r(1+r)"
CRF, = d+r) (15)

(L) -1

Here, Cq repbat (USS/Y) is the annualized battery replacement cost, frp is battery replacement factor,
SFFpat is sinking fund factor for lifetime of battery tsat (y), CRFproj and CRFrep are the capital recovery
factor for lifetime of the project tyr (y) and duration of replacement t., (y) respectively, and r (%) is
real interest rate.

3.3.3 Total annualised cost
The total annualised cost (USS/y) of biogas plants and SHS can be calculated as the sum of

annualised capital costs, and annual operation and maintenance costs of biogas plant and SHS as
Equation (16) below

Ca,tot = (Ccap,bg + Ccap,SHS )CRFproj + Ca,O&M,bg + Ca,rep,ba[ (16)

3.3.4 Benefits for using biogas plants and SHS

The monetary benefits (savings) for using biogas plants and SHS can be determined using equations
developed based on the methodology of [11,41,46][41] as Equation (17).

N x L L L
B, == bg.c p,+ SHS L ot SHS ap Py, |X365 (17)
' - x3.6° bt
n=1 Q,,’],,lg ankL ﬂbatﬂdod

where By tor (USS/y) is the annual monetary benefits for using biogas plant and SHS, x is the fraction
of cooking energy currently met by biomass type n (e.g. fuel-wood, crop-residues or briquette etc.),
n denotes the biomass type used for cooking, Q, (MJ/kg) is the calorific value of biomass type n, nn,c
is the efficiency of combustion of biomass type n for cooking, P, (USS/kg) is the price of biomass type
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n, Qk (MJ/kg) is the thermal value of kerosene, ni is the efficiency of kerosene for lighting, P«
(USS/kg) is the price of kerosene.

3.3.5. Benefit-cost ratio (BCR)

The benefit-cost ratio is the ratio of the annual total benefit to annualized total cost. The BCR can
be calculated by using Equation (18) as below

Ba tot
BCR =—* (18)

a,tot

4. Demonstration of the Model

The economics of biogas plant and SHS are exemplified by demonstrating the proposed method
for rural households in Bangladesh. The applied data are presented in the following section.

4.1 Applied data

The values of various parameters used for calculation of costs and benefits from biogas plant and
SHS are presented in Tables 3 and 4. The calorific value of fuel-wood varies with moisture content
and fuel-wood types, we have taken average value of 16 MJ/kg for 15% moisture content. The other
parameters for biogas plant are taken from a comprehensive World Bank report— namely
Bangladesh’s Rural energy reality [10]. The economic parameters for SHS are also taken from
published literatures [43,47-50].

Table 3

Parameters for economic analysis of biogas plant
Parameters Values
Calorific value of biogas 23 MJ/m3
Calorific value of fuel-wood 16 MJ/kg
Calorific value of kerosene 43 MJ/kg
Efficiency of biogas cook-stove 60%
Efficiency of kerosene lighting 6%
Capacity utilization factor of digester 80%
Availability of nitrogen in fresh dung 2%
Retention factor of Nitrogen 60%

Price of kerosene 1.0 USS/kg
Efficiency of fuel-wood for cooking 15%

Price of fuel-wood 0.02 USS/kg
Price of urea 0.25 USS/kg
Price of dung 0.001 USS/kg
Lifetime of the project 20 years
Real Interest rate 5%
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Table 4

Parameters for economic analysis of SHS

Parameters Values
Derating factor (sometimes refer as to efficiency factor)  64%
Panel generation factor of PV 3.43
Diversity factor of the electrical loads 1.2
Efficiency of battery 85%
Depth of discharge of battery 60%

Price of battery in terms of per unit energy generation in  0.06 USS/kWh
lifetime of the battery

Lifetime of the SHS 20 years
Replacement period of battery 5 years
Charge-cycles of battery 2000 number
Days of autonomy 1 day

5. Results
5.1 Benefit to Cost Ratios

We have calculated the benefit (saving) and costs in monetary terms for adopting biogas plant
and SHS technologies for the three household load categories. The annual benefits (savings) for load
Category 1, Category 2 and Category 3 are 180, 281, and 415 USS/y respectively when adopting the
new energy technologies. The benefit to cost ratios (BCR) are 6.6, 2.95, and 1.32 respectively. This
means that Category 1 and Category 2 can gain 6 and 3 times greater monetary benefits by adopting
the new energy technologies, respectively, while Category 3 can reach the break-even point.

5.2 Influence of Conventional Fuel Prices on Benefit to Cost Ratio (BCR)

The monetary benefit (saving) depends on the price of feedstock materials, which varies
significantly depending on household location and season. The benefit to cost ratio (BCR) decreases
exponentially with increases of the cattle dung price. Nevertheless, even with higher dung costs, for
example 0.006 USS/kg, the BCR still remains more than 1.0 for household load Categories 1 and 2
(Figure 4). The break-even dung price for household load Category 3 is 0.005 USS/kg. The annualised
total cost increases linearly with the increases in the dung price (Figure 4). For example, the annual
total cost would be 95 USS/y for a dung price of 0.001 USS/kg whereas it would be 231 USS/y for a
dung price of 0.009 USS/kg for load Category 2.

6.00 700
5.00 600 —5—BCR: Category 1
—~ = i
) 500 B —o—BCR:Category 2
2 &
M 4.00 =)
b4 2 —A—BCR: Category 3
2 400 %
- o
Z 3.00 = —%—Annualized total cost: Category 1
S =]
2 300 5
= 8 —*— Aannualized total cost: Category 2
3 2.00 =
5 200 Z "
m s —&— Annualized total cost: Category 3
1.00 100
0.00 0
0.000 0.002 0.004 0.006 0.008 0.010

Price of cattle-dung (USS$/kg)

Fig. 4. Benefit to cost ratio (BCR) and annualized total costs for various cattle-dung prices
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The variation in fuel-wood and battery costs also affect BCR. The BCR increases linearly with
increases of fuel-wood prices and decreases with the increases of battery prices (Figure 5). For
example, the BCR is 2.74 for a fuel-wood price of 0.01 USS/kg and 4.38 for a fuel-wood price of 0.09
USS/kg for load Category 2. The BCR does not change significantly with the changing of battery price,
for example, BCRis 2.91 and 2.66 for battery prices of 0.01 USS/kWh and 0.09 USS/kWh respectively
for load Category 2 (Figure 5). The battery prices also have a significant effect on annualized total
cost. The total costs increase linearly with the increase of battery prices.

9.00 128
8.00
126 —o— BCR against fuel-wood price: Category 1
7.00 =
124 & —A—BCR against fuel-wood prices: Category 2
2 60 5
g2 % —©—BCR against fuel-wood prices: Category 3
S 5w 122 §
5 S ; o
5] 2 —8—BCR against battery prices: Category 2
Z 4.00 120 3
2 N —¥— Annualized total costs against battery
- 3.00 E: rices: Category 2
5 118 2 P 8oy
5 200 E
a]
116
1.00
0.00 114

0 001 0.02 003 004 0.05 0.06 0.07 0.08 0.09 0.1
Battery price in term of unit energy (US$/kWh)
Fuel-wood price (US$/kg)

Fig. 5. Benefit to cost ratio (BCR) and annualized total costs against various fuel-wood and battery prices

6. Conclusions

Biogas plants and solar home systems (SHS) are two renewable energy technologies that can
deliver both electricity and clean-cooking fuels in rural areas. Despite the resources being abundant
in rural areas, their technology diffusion is slow due to lack of awareness about the relative economic
benefits with compare to conventional technologies. This study describes a method for examining
the economic performance of these two technologies comparing them with conventional energy
services. By applying the presented method, we found that all the three household load categories
gained attractive annual savings (e.g. 180, 281 and 408 USS) for household load Categories 1, 2 and
3 respectively for these technologies. The benefit to cost ratio (BCR) also shows that the benefits are
much higher than the costs of adopting the new technologies. Although the BCR depends on the
replaced fuel and feedstock prices, a wide selection of prices gives BCR more than unity. Despite
these above findings, the high initial costs of these two technologies will still remain as a barrier for
their rapid adaptation until a suitable and efficient financing skim is available to the rural users. The
presented study will help us to understand the economic performance of these two technologies and
provide evidence for a fair comparison with conventional energy services, and will encourage
households to employ these two clean technologies for their household needs.

Acknowledgement

The authors are grateful to Universiti Teknologi Malaysia (UTM), for providing grant support (RUG-
01K95) to perform this research.

24



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 33, Issue 1 (2017) 14-26

References

(1]
(2]

3]
(4]
(5]
(6]
(7]
(8]
(9]
[10]

(11]

[12]

[13]

(14]

[15]

(16]

(17]

(18]

(19]
[20]
[21]

[22]

(23]

Jones, Richard H. "Energy Poverty: How to make modern energy access universal." Special early excerpt of the
World Energy Outlook (2010).

Bazilian, Morgan, Patrick Nussbaumer, Hans-Holger Rogner, Abeeku Brew-Hammond, Vivien Foster, Shonali
Pachauri, Eric Williams et al. "Energy access scenarios to 2030 for the power sector in sub-Saharan Africa." Utilities
Policy 20, no. 1 (2012): 1-16.

Access, UNDP Integrating Energy. "Employment Creation to Accelerate Progress on the MDGs in Sub-Saharan
Africa." United Nations Development Programme: New York, NY, USA (2012).

IEA, IEA - Energy poverty, (2012), International Energy Agency, Paris, France, 2012.
http://www.iea.org/topics/energypoverty/ (accessed January 9, 2013).

World Bank, The Welfare Impact of Rural Electrification: A Reassessment of the Costs and Benefits, The World
Bank Group, Washington, DC 20433 USA, 2008.

AGECC, UN. "The Secretary-General’s Advisory Group on Energy and Climate Change (AGECC) Energy for a
Sustainable Future Report and Recommendations." New York, April 28 (2010): 2010.

Gwavuya, S. G., S. Abele, I. Barfuss, M. Zeller, and J. Miiller. "Household energy economics in rural Ethiopia: A cost-
benefit analysis of biogas energy." Renewable Energy 48 (2012): 202-209.

Chowdhury, Shahriar Ahmed, Shakila Aziz, Sebastian Groh, Hannes Kirchhoff, and Walter Leal Filho. "Off-grid rural
area electrification through solar-diesel hybrid minigrids in Bangladesh: resource-efficient design principles in
practice." Journal of cleaner production 95 (2015): 194-202.

World Bank, Expenditure of Low-Income Households on Energy, World Bank, Washington, DC, USA, 2010.
Khandker, Shahidur R., Mohammad Asaduzzaman, and Douglas F. Barnes. Restoring balance: Bangladesh's rural
energy realities. 2010.

Rahman, Md Mizanur, Mohammad Mahmodul Hasan, Jukka V. Paatero, and Risto Lahdelma. "Hybrid application
of biogas and solar resources to fulfill household energy needs: A potentially viable option in rural areas of
developing countries." Renewable Energy 68 (2014): 35-45.

Wang, Xiaolong, Yuanquan Chen, Peng Sui, Wangsheng Gao, Feng Qin, Xia Wu, and Jing Xiong. "Efficiency and
sustainability analysis of biogas and electricity production from a large-scale biogas project in China: an emergy
evaluation based on LCA." Journal of cleaner production 65 (2014): 234-245.

Mondal, Md Alam Hossain, Linda M. Kamp, and Nevelina |. Pachova. "Drivers, barriers, and strategies for
implementation of renewable energy technologies in rural areas in Bangladesh—An innovation system
analysis." Energy Policy 38, no. 8 (2010): 4626-4634.

Urmee, Tania, and David Harries. "Determinants of the success and sustainability of Bangladesh’s SHS
program." Renewable Energy 36, no. 11 (2011): 2822-2830.

Akbulut, Arzu, Ramazan Kose, and Abdullah Akbulut. "Technical and economic assessments of biogas production
in a family size digester utilizing different feedstock rotations: Doger case study." International journal of green
energy 11, no. 2 (2014): 113-128.

Kumaravel, S., and S. Ashok. "An optimal stand-alone biomass/solar-PV/pico-hydel hybrid energy system for
remote rural area electrification of isolated village in Western-Ghats region of India." International journal of green
energy 9, no. 5 (2012): 398-408.

Rehman, Shafiqur, and Ahmet Z. Sahin. "A wind-solar PV hybrid power system with battery backup for water
pumping in remote localities." International Journal of Green Energy 13, no. 11 (2016): 1075-1083.

Tian, Yonglan, and Huayong Zhang. "Producing biogas from agricultural residues generated during
phytoremediation process: Possibility, threshold, and challenges." International Journal of Green Energy 13, no. 15
(2016): 1556-1563.

Biswas, Wahidul K., Paul Bryce, and Mark Diesendorf. "Model for empowering rural poor through renewable
energy technologies in Bangladesh." Environmental Science & Policy 4, no. 6 (2001): 333-344.

Biswas, Wahidul K., and N. J. D. Lucas. "Economic viability of biogas technology in a Bangladesh village." Energy 22,
no. 8 (1997): 763-770.

Ghimire, Prakash C. "SNV supported domestic biogas programmes in Asia and Africa." Renewable energy 49
(2013): 90-94.

Mahapatra, Sadhan, H. N. Chanakya, and S. Dasappa. "Evaluation of various energy devices for domestic lighting
in India: technology, economics and CO 2 emissions." Energy for Sustainable Development 13, no. 4 (2009): 271-
279.

Katuwal, Hari, and Alok K. Bohara. "Biogas: A promising renewable technology and its impact on rural households
in Nepal." Renewable and sustainable energy reviews 13, no. 9 (2009): 2668-2674.

25



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 33, Issue 1 (2017) 14-26

[24]

[25]

[26]
(27]
(28]

[29]

(30]

(32]
(33]
(34]
(35]
(36]
(37]
(38]
(39]

[40]

[41]

[42]
[43]

(44]
(45]
(46]
[47]
(48]

(49]

(50]

Asif, Muhammad, and Dipal Barua. "Salient features of the Grameen Shakti renewable energy
program." Renewable and Sustainable Energy Reviews 15, no. 9 (2011): 5063-5067.

Rahman, Md Mizanur, and Jukka V. Paatero. "A methodological approach for assessing potential of sustainable
agricultural residues for electricity generation: South Asian perspective." Biomass and bioenergy 47 (2012): 153-
163.

World Bank, Designing Sustainable Off-Grid Rural Electrification Projects: Principles and Practices -Operational
guidance for World Bank Group Staff, The World Bank, Washington, DC, USA, 2008.

Rosillo-Calle, Frank, and Jeremy Woods. The biomass assessment handbook: bioenergy for a sustainable
environment. Earthscan, 2012.

Li, Rongping, Shulin Chen, and Xiujiu Li. "Biogas production from anaerobic co-digestion of food waste with dairy
manure in a two-phase digestion system." Applied biochemistry and biotechnology 160, no. 2 (2010): 643-654.
Rao, P. Venkateswara, Saroj S. Baral, Ranjan Dey, and Srikanth Mutnuri. "Biogas generation potential by anaerobic
digestion for sustainable energy development in India." Renewable and Sustainable Energy Reviews 14, no. 7
(2010): 2086-2094.

Islam, M. Rofiqul, M. Rabiul Islam, and M. Rafiqul Alam Beg. "Renewable energy resources and technologies
practice in Bangladesh." Renewable and Sustainable Energy Reviews 12, no. 2 (2008): 299-343. [31]Singh, K.
Jatinder, and Sarbijit Singh Sooch. "Comparative study of economics of different models of family size biogas plants
for state of Punjab, India." Energy Conversion and Management 45, no. 9 (2004): 1329-1341.

IDCOL, Solar Energy Program under Infrastructure Development Company Limited (IDCOL), Dhaka, Bangladesh,
2011.

Komatsu, Satoru, Shinji Kaneko, Ram M. Shrestha, and Partha Pratim Ghosh. "Nonincome factors behind the
purchase decisions of solar home systems in rural Bangladesh." Energy for Sustainable Development 15, no. 3
(2011): 284-292.

Khan, Sabbir Ahmed. "Solar Home System (SHS) impact in Bangladesh." PhD diss., BRAC University, 2012.

H. Al-Bustam, M.Z. Mahbub, M.M.S. Shahriar, M.S. Rahman, M.I. Hossain, “Solar Energy Home System for the rural
areas of Bangladesh.” International Journal of Engineering Research and Applications (IJERA) 2 (2012): 614-617.
Grameen Shakti, Biogas plant survey report-2011, Grameen Shakti, Dhaka, Bangladesh, 2011.

Miah, Md Danesh, Rashel Rana Mohammad Sirajul Kabir, Masao Koike, Shalina Akther, and Man Yong Shin. "Rural
household energy consumption pattern in the disregarded villages of Bangladesh." Energy Policy 38, no. 2 (2010):
997-1003.

IEA, World energy outlook 2006: Focus on key topics, International Energy Agency (IEA), Paris Cedex 15, France,
2006.

Barnes, Douglas F., Shahidur R. Khandker, and Hussain A. Samad. "Energy poverty in rural Bangladesh." Energy
Policy 39, no. 2 (2011): 894-904.

Miah, Md Danesh, Harun Al Rashid, and Man Yong Shin. "Wood fuel use in the traditional cooking stoves in the
rural floodplain areas of Bangladesh: a socio-environmental perspective." Biomass and Bioenergy 33, no. 1 (2009):
70-78.

Kandpal, Tara Chandra, Bharati Joshi, and Chandra Shekhar Sinha. "Economics of family sized biogas plants in
India." Energy Conversion and Management 32, no. 2 (1991): 101-113.

Grameen Shakti, Price List of biogas and solar home system, Grameen Shakti, Dhaka, Bangladesh, 2012.

Rajoriya, Abha, and Eugene Fernandez. "Hybrid energy system size optimization and sensitivity evaluation for
sustainable supply in a remote region in India." International Journal of Sustainable Energy 32, no. 1 (2013): 27-41.
Schleicher-Tappeser, Ruggero. "How renewables will change electricity markets in the next five years." Energy
policy 48 (2012): 64-75.

Lambert, T. "Micropower system modeling with HOMER, integration of alternative source of energy." (2009).
Bala, B. K., and M. M. Hossain. "Economics of biogas digesters in Bangladesh." Energy 17, no. 10 (1992): 939-944.
Al-Badi, A. H., M. Al-Toobi, S. Al-Harthy, Z. Al-Hosni, and A. Al-Harthy. "Hybrid systems for decentralized power
generation in Oman." International Journal of Sustainable Energy 31, no. 6 (2012): 411-421.

Rahman, M. M. "Energy Co-Generation in Photovoltaic Thermal-Collector (PVT) System: A Significant Increase in
Efficiency." Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 21 (2016): 13-20.

Samsudin, M.S.N., M.M. Rahman, M. A. Wahid, “Power Generation Sources in Malaysia: Status and Prospects for
Sustainable Development.” Journal of Advanced Review on Scientific Research 25 (2016): 11-28.

Samsudin, M.S.N., M.M. Rahman, M. A. Wahid, “Sustainable Power Generation Pathways in Malaysia:
Development of Long-range Scenarios.” Journal of Advanced Research in Applied Mechanics 24 (2016): 22-38.

26



