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Abstract: Globally, the agriculture sector consumes a considerable portion of energy. Optimizing
energy consumption and energy loss from different fuel-based types of machinery will increase
the energy sustainability of this sector. Exergy analysis is a useful optimizing method that
applies the thermodynamic approach to minimize energy loss. The main goal of this study is
to highlight the impact of exergy loss on the energy sustainability of the agriculture sector. Hence,
this study focuses on the implementation of exergy-based sustainability parameters to determine
the sustainability of the agricultural sector in Bangladesh. A comprehensive analysis combining
energy, exergy, and sustainability indicators was conducted based on the data obtained from 1990
to 2017. Overall energy and exergy efficiencies varied between 29.86% and 36.68% and 28.2% and
35.4%, respectively, whereas the sustainability index varied between 1.39 and 1.54. The values of
relative irreversibility and lack of productivity indices from diesel fuel are higher than that of other
fuel types. Maximum relative irreversibility is 0.95, whereas maximum lack of productivity is 2.50.
The environmental effect factor of diesel fuel is the highest (2.47) among all the analyzed fuel types.
Replacing old farming devices and selecting appropriate farming methods, appliances, and control
systems will reduce exergy loss in this sector.

Keywords: energy policy; exergetic sustainability; sustainability indicators

1. Introduction

Energy is the ultimate indicator for determining the advancement of a society. A continuous and
reliable supply of energy is essential for ensuring sustainable development [1]. Currently, the necessity
of energy is increasing rapidly in all stages of society. To meet this increasing demand, societies are
leaning toward fossil fuel energy generation. However, energy generation from fossil fuels has some
disadvantages. The increasing use of fossil fuels causes many environmental catastrophes, such as
acid rain, global warming, and greenhouse gas emissions, among others [2,3]. Besides this, inefficient
equipment and processes are responsible for energy wastage. Increasing the energy efficiency of
processes and demand-side energy management can play a vital role in reducing energy loss and
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overdependence on fossil fuels. Thus, improving the energy efficiency of processes can contribute to
better resource utilization and energy savings. Therefore, it is essential to determine the processes that
consume and deplete a significant amount of energy. Identifying energy losses and reducing them
can also help in obtaining energy efficiency. Exergy analysis is regarded as a powerful technique for
obtaining energy efficiency. Exergy can be interpreted as the topmost useful form of energy that can be
obtained from a system when it proceeds to a final state in equilibrium with surroundings [4]. It is an
optimizing technique that can determine the quantity and location of energy losses [4]. Identifying
energy losses opens up the path for future improvement [5]. Reistad first used the sectoral exergy
analysis concept to determine energy and exergy utilization in the USA [6]. Reistad’s analysis has
since been applied globally to determine sectoral energy and exergy efficiencies. Several studies
have used this analysis method in the agricultural sector. Zhang et al. applied exergy analysis in the
Chinese agricultural sector [7]. Yildizihan proposed a new approach based on cumulative energy and
exergy consumption to determine the irreversibilities in potato production [8]. Yildizihan determined
the energy and exergy efficiencies and CO2 emissions associated with strawberry cultivation [9].
Ahamed et al. identified the losses associated with the machinery used in the agricultural sector
in Malaysia [4]. Energy and exergy loss diagrams were presented to highlight the fuel loss to the
environment. Dincer et al. applied exergy analysis to highlight the energy usage in the agricultural
sector in Saudi Arabia [10]. Utlu and Hepbasli investigated the reformation potential of the agricultural
sector in Turkey [11]. Ghandoor and Jaber analyzed the agricultural devices used in the Jordanian
agricultural sector from the viewpoint of exergy [12]. Avara and Karimi calculated the energy and
exergy efficiencies of the agricultural equipment utilized in Iran [13]. An exergetic comparison of
the agricultural sectors of different countries was shown in the abovementioned studies. In previous
studies based on the agricultural sector, the operating efficiency of lorries and tractors (22%) was
assumed similar to that of Reistad [6]. However, the agricultural sector has undergone a significant
change over time. Thus, the operating efficiencies for the devices need to be updated. Bligh and
Ugursal aimed to update Reistad’s efficiencies for various transportation modes [14]. Based on their
findings, this analysis assumes that the operating efficiency for lorries and tractors is 28%. From the
available literature, it can be said that conventional studies based on the agricultural sector did not
address the sustainability of this sector. Exergy and sustainability are interrelated. The change in
exergy efficiency influences the sustainability of a system. Exergy analysis aims to help realize the
proper utilization of energy resources. Thus, improving the exergy efficiency of this sector can help
toward increasing sustainability and proper energy conservation.

Bangladesh located in South East Asia (latitude and longitude are 23.8511◦ N and 89.9250◦ E,
(Figure 1) is an agro-based country. The economy of this country is heavily dependent on the
performance of its agricultural sector. As of 2017, the agricultural sector contributed approximately
14.75% of total GDP [15]. Approximately 70% of the total population is engaged in agricultural
work [16]. The traditional method of farming, overdependence on nature, and the use of inefficient
farming devices are major obstacles in the development of the sector. Due to illiteracy, farmers do not
use energy-efficient devices. Agriculture is responsible for 5.3% of the total energy consumption of
the country [17]. Diesel is used as a major fuel in operating farming machinery. Recently, the use of
electricity has increased in this sector. The performance of the sector will always be important for issues
such as employment generation, human resource development, food security, and poverty reduction.
The main focus of this analysis is to introduce exergetic sustainability indicators for highlighting the
exergetic sustainability of the agricultural sector in Bangladesh. The current model is unique as the
indicators easily provide knowledge on the trend of energy consumption and the effect of waste energy
on the environment and sustainability. Irreversibilities associated with each fuel can be identified,
and steps can be taken to minimize the loss of fuel. To the best of our knowledge, no such study exists
for the agricultural sector in Bangladesh. Therefore, this study can serve as a representative model for
comparing the sustainability of the agricultural sectors in different countries.
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2. Methodology and Data Sources

2.1. Basic Relations for Exergy Analysis

Energy is known as the capacity to cause motion [18]. Energy is always a conserved attribute.
One of the major drawbacks of energy analysis is that it cannot identify the processes responsible
for the depletion of energy. However, in exergy analysis, the area and quantity of exergy losses can
be identified [4]. Exergy is always destroyed in the real process. The following subsection presents
some of the fundamental relations utilized in exergy analysis. The relationships are derived from
Ahamed et al. [4] and Chowdhury et al. [19].

2.1.1. Chemical Exergy

At ambient condition, the specific exergy of a hydrocarbon fuel is equivalent to chemical exergy,
as shown in Equation (1):

∈ = γff Hff (1)

Table 1 shows the exergy factor of several fuels.

Table 1. Typical values of exergy factor for the fuels encountered in the present study [20,21].

Fuel Exergy Factor
γff

Natural Gas 0.93
Diesel 1.07

Electricity 1

2.1.2. Energy and Exergy Efficiencies

“Energy efficiency is the ratio of energy in products and total energy input while exergy efficiency
is the ratio of exergy in products and total exergy input”, as shown in Equations (2) and (3) [20].

Energy efficiency, = (Energy in products)/(Total energy input) (2)
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Exergy efficiency, ϕ = (Exergy in products)/(Total exergy input) (3)

2.2. Sustainability Index and Depletion Number

Compelling use of energy resources is vital for guaranteeing sustainable development [22–24].
Exergy analysis distinguishes the losses related to a procedure. Sustainability can be achieved by
reducing exergy losses associated with fossil fuel utilization [25]. Depletion number (DN) is an
indicator used to determine the productivity of fossil fuel utilization. DN is the proportion of exergy
decimated and exergy input [24–26].

DN = ExDes/Exin (4)

DN = (1−ϕ) (5)

The sustainability index (SI) is related to the DN. Mathematically,

SI = 1/(1−ϕ) (6)

Lack of productivity (LOP) and relative irreversibility (RI) are two significant indicators used to
estimate the sustainability of a process [27,28].

RI = Exl
Des

∑
Exl

Des (7)

LOP = Exl
Des

∑
Exprod (8)

Two parameters, namely waste exergy ratio (WER) and environmental effect factor (EEF), can
be used to show the interconnection between waste exergy and the environment, as shown in
Equations (9) to (11).

WER = Exout/Exin (9)

Total exergy out = Total inlet exergy − Total output exergy (10)

EEF = WEF/ϕ (11)

2.3. Improvement Potential

Reducing the exergy loss from a sector or process can lead to obtaining maximum exergy efficiency.
The exergetic improvement potential (IP) can be used for investigating a system [29] and is expressed as,

IP = (1−ϕ) × (Exin − Exout) (12)

IP is also written as:
IP = (1−ϕ)2

× Exin (13)

IP can be used as a parameter to show the amount of irreversibility in a system or process. A high
IP value suggests that the system has low exergy utilization, and hence, the energy efficiency of the
system is low.

2.4. Data Sources

The total fuel utilization of the various devices used in agriculture processes in Bangladesh was
collected from the United Nations Statistics Energy Statistics Database [30] and the International Energy
Agency [31] and are reported in Table 2. From Table 2, it can be observed that energy consumption in
this sector has increased over time. Energy consumption increased from 10.90 PJ in 1990 to 51.40 PJ in
2017. Diesel contributed the most to energy consumption, and overall, its contribution also increased
with time (with the exception of some years). The share of electricity increased steadily and attained a
value of 5.45 PJ in 2015.
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Table 2. Data for energy use in the agriculture sector of Bangladesh (1990 to 2017) [31,32].

Year Energy Input Data (PJ)

Diesel Electricity Natural gas
1990 10.17 0.61 0
1991 10.63 0.62 0.72
1992 12.48 0.75 0.73
1993 12.43 0.79 0.74
1994 12.43 0.81 0.75
1995 14.91 1.11 0.62
1996 16.37 1.09 0.74
1997 17.54 1.04 0.73
1998 18.21 1.11 0.77
1999 19.80 1.34 0.73
2000 17.71 1.75 0.66
2001 23.81 1.44 0.67
2002 24.62 1.50 0.75
2003 23.99 1.61 0.77
2004 27.80 1.77 0.83
2005 31.40 1.89 0.83
2006 31.86 2.06 0.83
2007 31.82 2.08 0.82
2008 32.36 3.32 0.77
2009 31.90 3.93 0.71
2010 35.63 1.26 0.88
2011 44.92 4.10 0.88
2012 44.92 4.56 0.84
2013 41.11 4.48 0.88
2014 41.45 5.45 0.88
2015 37.22 5.19 0.88
2016 39.52 6.06 0.99
2017 43.84 6.44 1.11

2.5. Methodology

Bangladesh’s agricultural sector mainly relies on diesel to meet its energy demand, and ~90%
of energy demand is fulfilled by diesel. Recently, the consumption of electricity has increased in this
sector. For instance, electricity consumption in this sector increased from 0.61 PJ in 1990 to 6.44 PJ in
2017, i.e., an increase of more than 90% within two decades. The share of natural gas steadily increased
from 1991 to 2017. An increase of ~54% has been observed in the case of natural gas. Farming vehicles
such as tractors and lorries have been taken as representative of diesel- and gas-operated devices,
while the same has been assumed for electricity-operated devices. Statistics regarding devices and
their fuel consumption patterns cannot be utilized due to their unavailability. To determine energy
and exergy efficiency, the methodologies proposed by Ahamed et al. [4] and Dincer et al. [10] were
adapted. The overall methodology of the study is presented in Figure 2. To evaluate the energy and
exergy efficiency of this sector, at first weighting factor is calculated. The weighting factor can be
defined as the ratio of energy input in each device by the total sector’s energy input. By multiplying
the weighing factor with the energy efficiencies of each device, weighted mean energy efficiencies
for each device can be found out. Then, by summing the weighted mean energy efficiencies of each
device, the weighted mean overall energy efficiency of the agricultural sector for a particular year
can be calculated [4]. Herein, we assume that diesel and natural gas are used to operate agricultural
vehicles such as lorries and tractors, and electricity is used to run pumps [11]. The operating efficiency
of diesel- and gas-operated devices (28%) are assumed similar to updated Reistad efficiencies for road
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mode devices [14]. The operating efficiency of electricity is considered as 90% [11]. Using the following
equation, the overall weighted mean energy efficiency can be determined:

F o =
∑
η × Tr (14)
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“By multiplying weighting factors with the energy efficiency of the device divided by the exergy
grade function of the fuels, weighted mean exergy efficiency for each device of the agricultural sector
is calculated. By summing the weighted mean exergy efficiency of each device, weighted mean overall
exergy efficiency of the agricultural sector for a particular year can be calculated” [4]. Using the
following equation, the overall weighted mean exergy efficiency can be determined:

FϕO =
∑

/γ × Tr (15)

Sustainability analysis was conducted using the parameters presented in Section 2.2.

3. Results and Discussion

3.1. Overall Energy and Exergy Efficiencies

In this subsection, the overall energy and exergy efficiencies of the agricultural sector in Bangladesh
from 1990 to 2017 were determined. Equations (14) and (15) and the energy consumption statistics
from Table 2 were utilized to determine these efficiencies. From Figure 3, it can be noted that overall
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energy and exergy efficiency varied between 29.86% and 36.44% and 28.25% and 32.67%, respectively,
during this period. Exergy efficiency was 33.9% in 2015. It is also found that energy efficiency was
more than exergy efficiency, as exergy analysis takes into account the irreversibilities of devices.
Irreversibilities occur due to work loss in tractors. For minimizing work loss in tractors, work output
should be increased for the same input. Minimizing the pressure drop in the pump will help to increase
exergy efficiency.
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Figures 4 and 5 show energy and exergy consumption for 2010. This year was chosen as both
energy and exergy efficiencies were lower than other years due to higher energy and exergy losses.
Approximately 37.77 PJ of energy was consumed by this sector in 2010, and most of it was from
diesel (approximately 35.63 PJ.) Approximately 10.64 PJ of energy was converted into products and
24.99 PJ was lost. The energy transformation factor of diesel is greater than that of other fuels, but the
irreversibilities associated with this fuel are higher. Tractors and other diesel-operated devices used in
this sector are old. Most of the farmers operate diesel and other devices, and they are not properly
trained in operating them. Besides heat and friction losses, rolling resistance, and tire slip during field
operation also contribute toward major energy loss.Sustainability 2020, 12, 4447 8 of 17 
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Figure 4 shows the exergy consumption of Bangladesh’s agricultural sector in 2010. Approximately
10.05 PJ of exergy turned into products and 25.58 PJ was lost. Diesel accounted for the major portion of
exergy, and exergy loss from diesel was higher than that of other fuels. Approximately 24.99 PJ of
exergy was lost from diesel, and 10.64 PJ was converted into produce. Irreversibilities were higher for
diesel-operated devices. Energy and exergy flow diagrams can be used to easily determine the energy
and exergy loss associated with the sector.

3.2. Calculation of Sustainability Indicators

To determine the SI, DN was first calculated using Equation (5). DN is a vital parameter since it
outlines the decline in the constructive outcome of this sector. The constructive outcome is delineated
as the benefaction provided by this sector to supply more output and minimize the waste exergy losses.
For efficient exergy-based sustainability, the reference value of this parameter needs to be zero [27–31].
From our analysis, it has been noted that DN varies fluctuates between 67% and 72%. This higher value
is due to higher fossil fuel depletion, and it contributes to lower sustainability. Equation (6) was used to
calculate the SI, as shown in Figure 6. From Figure 6, it can be seen that the SI varies between 1.39 and
1.54. Higher SI value was 1.52 in 2015, whereas lower SI value was 1.39 in 2010. The value of SI should
be in the range of one to infinity. The higher value of this indicator suggests that the irreversibilities
are low, and energy resources were used efficiently. SI was lower as the exergy efficiencies were lower.
A low exergy efficiency rating means that the fossil fuel utilization rate is low. Maximum sustainability
can be ensured by reducing the DN to zero. The fossil fuel utilization rate can be increased by reducing
the irreversibilities of the devices, as stated in the previous section. Table 3 lists the RI, LOP, WER,
and EEF for different fuel-operated devices in the Bangladeshi agricultural sector. Equations (7)–(11)
were used to calculate these indicators. From Table 3, it is observed that RI and LOP have high values
in diesel-operated devices. The RI signifies the loss associated with fuels, whereas LOP signifies the
inability of the process or equipment to convert the input into useful produce. The values of the RI
and LOP were 0.95 and 2.21 in 1990, respectively, which reduced to 0.87 and 1.70 in 2015, respectively.
From Figure 4, it was found that diesel contributed to higher exergy loss than other fuels utilized for
agricultural purposes. Due to the higher consumption of exergy from diesel, the loss associated with
it also increased. RI and LOP show a decreasing trend with the exception of some years. This was
due to neglecting the impact of advancing technologies during this time, and the presumption that
the effectiveness of the engaged systems was steady to simplify calculations. From Table 3, it is also
noticeable that natural gas-operated devices show lower RI and LOP values. This is because natural
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gas has lower associated irreversibility due to its higher chemical exergy value than diesel. RI and
LOP were also lower for electrically operated devices, as the amount of electrical exergy consumption
and loss from these devices was lower.
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Figure 6. Sustainability index of Bangladesh’s agricultural sector, 1990–2017.

From Table 3, it can be seen that WER and EEF exhibit higher values for diesel fuel. The maximum
WER and EEF values were 0.74 and 2.47, respectively. WER was higher from diesel-operated devices
as the exergy losses were higher. WER and EEF are lower for electricity- and gas-operated devices as
less exergy is demolished from these fuels. WER is an essential variable since it outlines the necessity
of waste energy management in this sector. The value of this variable should lie between zero and
infinity. Higher emissions from this sector adversely affect environmental conditions and ecosystems,
which is further validated by the higher value of EEF. To reduce the value of WER, focus should be
given to minimizing thermodynamic irreversibilities. Machinery and processes responsible for higher
losses should be identified, and proper steps should be undertaken to reduce loss.

3.3. Comparison Based on Exergy Efficiency

In this section, the agricultural sector of Bangladesh is compared with that of other countries.
The outcome of the analysis is that the exergy efficiency of Bangladesh’s agricultural sector is more
than that of Malaysia, Saudi Arabia, or Iran, but less than that of Turkey. Energy and exergy efficiencies
of selected countries are listed in Table 4.

In Saudi Arabia and Iran, the energy efficiencies of the pump and tractor are 90% and 22%,
respectively. Malaysia uses diesel engines, with an energy efficiency rating of 22%. Pumps are less
exergy-efficient (4.53%) than diesel engines (Malaysia 22% and Bangladesh 28%). Thus, Bangladesh and
Malaysia are more exergy-efficient than other countries. While comparing Malaysia and Bangladesh,
we have assumed that the efficiency of diesel-operated devices in Malaysia is higher than that
in Bangladesh [31]. The analysis of the Malaysian agricultural sector did not discuss electricity
utilization in this sector. Exergy loss from electricity in the Malaysian agricultural sector is low.
Hence, Bangladesh’s agricultural sector is highly exergy-efficient. In the Turkish agricultural sector,
the electricity utilization rate is higher than that in Bangladesh. Furthermore, the machinery used is
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modern and energy-efficient. Besides this, the efficiency of diesel engines in Turkey is taken as 50%,
which is higher than that of Bangladesh. Thus, exergy efficiency in Turkey is higher than in Bangladesh.

Table 3. Relative irreversibility (RI), lack of productivity (LOP), waste exergy ratio (WER), and
environmental effect factor (EEF) of different fuels of Bangladesh agriculture sector.

Year Diesel Electricity NG

RI LOP WER EEF RI LOP WER EEF RI LOP WER EEF
1990 0.95 2.21 0.66 2.2 0.05 0.12 0.04 0.13 0.00 0.00 0.00 0.00
1991 0.90 2.14 0.63 2.1 0.05 0.12 0.03 0.10 0.05 0.11 0.04 0.13
1992 0.90 1.83 0.64 2.13 0.05 0.12 0.04 0.13 0.05 0.11 0.03 0.10
1993 0.90 2.08 0.63 2.1 0.05 0.12 0.04 0.13 0.05 0.11 0.03 0.10
1994 0.90 2.08 0.63 2.1 0.05 0.13 0.04 0.13 0.05 0.11 0.03 0.10
1995 0.91 2.10 0.63 2.1 0.06 0.15 0.04 0.13 0.03 0.08 0.02 0.07
1996 0.91 2.10 0.63 2.1 0.06 0.13 0.04 0.13 0.03 0.08 0.02 0.07
1997 0.92 2.50 0.74 2.47 0.05 0.14 0.04 0.13 0.03 0.09 0.03 0.10
1998 0.92 2.12 0.64 2.13 0.05 0.12 0.04 0.13 0.03 0.07 0.02 0.07
1999 0.91 2.12 0.64 2.13 0.06 0.14 0.04 0.13 0.03 0.07 0.02 0.07
2000 0.89 1.89 0.60 1.88 0.08 0.18 0.06 0.19 0.03 0.06 0.02 0.06
2001 0.93 2.15 0.65 2.17 0.05 0.12 0.04 0.13 0.03 0.05 0.02 0.07
2002 0.92 2.14 0.65 2.17 0.05 0.12 0.04 0.13 0.02 0.06 0.02 0.07
2003 0.92 2.14 0.64 2.13 0.06 0.14 0.04 0.13 0.02 0.06 0.02 0.07
2004 0.92 2.20 0.65 2.17 0.05 0.13 0.04 0.13 0.03 0.06 0.02 0.07
2005 0.93 2.16 0.65 2.17 0.05 0.12 0.04 0.13 0.02 0.05 0.01 0.03
2006 0.92 2.15 0.65 2.17 0.06 0.13 0.04 0.13 0.02 0.05 0.01 0.03
2007 0.92 2.15 0.65 2.17 0.06 0.13 0.04 0.13 0.02 0.05 0.01 0.03
2008 0.90 1.91 0.61 1.91 0.09 0.18 0.06 0.19 0.01 0.04 0.01 0.03
2009 0.88 1.82 0.59 1.79 0.10 0.21 0.07 0.21 0.02 0.04 0.01 0.03
2010 0.95 2.41 0.68 2.43 0.03 0.08 0.02 0.07 0.02 0.05 0.01 0.04
2011 0.91 1.99 0.62 2.0 0.08 0.17 0.05 0.16 0.01 0.03 0.01 0.03
2012 0.90 1.91 0.61 1.91 0.09 0.18 0.06 0.19 0.01 0.03 0.001 0.003
2013 0.89 1.84 0.60 1.82 0.09 0.19 0.06 0.18 0.02 0.03 0.01 0.03
2014 0.88 1.76 0.58 1.76 0.10 0.22 0.07 0.21 0.02 0.03 0.01 0.03
2015 0.87 1.70 0.57 1.67 0.11 0.22 0.07 0.21 0.02 0.04 0.01 0.03
2016 0.86 1.59 0.56 1.6 0.12 0.23 0.08 0.23 0.02 0.03 0.02 0.06
2017 0.85 1.58 0.57 1.61 0.11 0.22 0.08 0.24 0.02 0.03 0.01 0.03

Table 4. Energy and exergy efficiencies of the agriculture sector of some selected countries.

Country Energy Efficiency (%) Exergy Efficiency (%) Source

Bangladesh 29.86–36.68 28.2–35.4 This study
Iran 29–41.7 16.9–20.2 [13]

Malaysia 22 20.728 [4]
Turkey 29.1–41.1 27.9–37.4 [11]

Saudi Arabia 27.25 20.65 [10]
Jordan 37.30 23.45 [12]

3.4. Comparison in Terms of Sustainability Index

Efficient use of energy resources is essential to ensure sustainable development. The SI can help
to address the resource utilization efficiency of a sector. In this section, SI is used as a parameter to
compare the Bangladeshi agricultural sector with selected countries. Exergy efficiency statistics from
Table 4 were utilized for this comparison. Table 5 indicates the SI value for the selected countries.
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Table 5. Calculated Sustainability Index (SI) for some selected countries.

Country Sustainability Index (SI)

Bangladesh 1.39–1.54
Iran 1.20–1.25

Malaysia 1.26
Turkey 1.39–1.60

Saudi Arabia 1.26
Jordan 1.31

Table 5 shows that the SI value of the Turkish agricultural sector is higher than that of Bangladesh.
The fuels and devices used in Turkish farming yield higher exergy efficiency. As the exergy efficiency
is higher, the DN is lower, and the SI is higher. For other countries, exergy loss from fuels is higher
as they are heavily dependent on fossil fuels. In Bangladesh, diesel, natural gas, and electricity are
used as fuels. Diesel and electricity have higher exergy utilization factor than other fuels. Therefore,
a higher exergy value is obtained for produce, and the amount of exergy losses is lower.

3.5. Improvement Potential

Figure 7 shows the IP of Bangladesh’s agricultural sector.
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Figure 7. Improvement potential of Bangladesh’s agricultural sector, 1990–2017.

From Figure 7, an increasing trend in IP is observed. IP was 5.64% in 1990 and 20.02% in 2015.
The highest IP value was 24.97% in 2011. An increase in IP value signifies that exergy losses are
increasing with time. Utilization of exergy in this sector is much lower than energy. Conscious and
systematic actions are necessary to ameliorate exergy utilization in the agricultural sector.

3.6. Strategies for Energy or Exergy Saving

In this section, an analysis of energy-saving potential from different farm devices, such as tractors,
lorries, and irrigation pumps, is presented. There are numerous studies on the energy efficiency of
diesel-operated devices. About 10–15% of fuel can be saved if an improved engine/transmission
system is used. About 10–20% of fuel savings can be achieved using the gear up and throttled down
approach [33,34]. Increasing the travel speeds and decreasing load levels of the tractor decrease specific
fuel consumption [35]. “Fitting the tractor with a continuously variable transmission system decreases
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the load levels and increases travel speeds of the tractor” [35]. Approximately 20–55% of energy is
lost due to the wear of the tractive device at the soil interface [36]. Thus, reducing wear may help
to save a significant amount of energy. An electric tractor is a good alternative that can be used to
reduce loss. Utilizing electric tractors can reduce energy consumption and CO2 emissions by 70% [37].
Several strategies that can help in diesel energy saving and their percentages are shown in Figure 8 [38].
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From Figure 8, it is evident that 20% of energy can be saved by improving a driver’s ability.
If drivers or farmers are properly trained, they can properly use tractors to cultivate land. They can refill
the tractor with the proper amount of fuel and adjust the controls and tire pressure correctly. Electronic
controlling, such as a variable transmission system, can help to reduce fuel loss. Engine management
can help to achieve a proper balance in the load on the engine, which can reduce fuel consumption.
Following these recommendations properly can reduce a significant portion of diesel losses, which is
presented in Table 6.

From Table 6, it can be seen that engine management and increasing driver’s ability can be effective
measures to conserve diesel fuel. Other recommendations may be not economical for a poor country
like Bangladesh but creating awareness and teaching proper methods to run diesel operated machinery
can contribute to diesel saving. Reducing losses via these recommendations will minimize the depletion
of diesel fuel. Hence, irreversibilities and productivity lack associated with diesel machinery will be
lowered, which will contribute to lower waste exergy emission and environmental deterioration. Thus,
sustainability will be achieved in diesel fuel utilization [39].

In Bangladesh, irrigation pumps consume a considerable amount of energy. As most of the
farmers are not properly trained, they do not use energy-efficient pumps. Therefore, a major amount
of energy is lost. Besides energy wastage, inefficient pumps put additional pressure on diesel and
electricity. Renewable energy sources, such as solar and biogas, can be helpful in reducing this pressure.
Because Bangladesh is an agro-based country, the amount of agricultural and farm waste generated
is higher than in other countries. This waste can be used to produce biogas, which could be used
to operate a pump. Energy consumption was found to decrease by an average of 80.3% and 79% in
biogas-operated pumps [40]. Solar irrigation may not be feasible for shorter durations of use due
to its higher cost. However, it is more cost attractive for longer periods of cultivation. Hybrid solar
irrigation systems, consisting of a solar photovoltaic system with grid electricity, are an attractive
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choice to reduce the consumption of fossil fuels. It is more cost-effective, and its operation time is
higher than a normal solar irrigation system [41].

Table 6. The amount of exergy (PJ) that can be saved after applying different strategies.

Year Driver
Ability Eco-Torque Engine

Management

Adjusted
Tire

Pressure

Ballasting,
Pull Bar

Automatic
Radiator
Control

Adjusted
Tillage
Depth

Automatic
Steering
System

1990 1.52 0.15 1.14 1.14 0.76 0.15 0.76 0.38
1991 1.60 0.16 1.20 1.20 0.80 0.16 0.80 0.40
1992 1.88 0.19 1.41 1.41 0.94 0.19 0.94 0.47
1993 1.86 0.19 1.39 1.39 0.93 0.19 0.93 0.46
1994 1.86 0.19 1.39 1.39 0.93 0.19 0.93 0.46
1995 2.23 0.22 1.67 1.67 1.12 0.22 1.12 0.56
1996 2.45 0.24 1.84 1.84 1.22 0.24 1.22 0.61
1997 3.02 0.30 2.27 2.27 1.51 0.30 1.51 0.76
1998 2.72 0.27 2.04 2.04 1.36 0.27 1.36 0.68
1999 2.96 0.30 2.22 2.22 1.48 0.30 1.48 0.74
2000 2.58 0.26 1.93 1.93 1.29 0.26 1.29 0.64
2001 3.56 0.36 2.67 2.67 1.78 0.36 1.78 0.89
2002 3.68 0.37 2.76 2.76 1.81 0.37 1.81 0.92
2003 3.59 0.36 2.69 2.69 1.80 0.36 1.80 0.90
2004 4.20 0.42 3.15 3.15 2.01 0.42 2.01 1.05
2005 4.7 0.47 3.53 3.53 2.35 0.47 2.35 1.18
2006 4.77 0.48 3.58 3.58 2.38 0.48 2.38 1.19
2007 4.76 0.48 3.58 3.58 2.38 0.48 2.38 1.10
2008 4.71 0.47 3.53 3.53 2.36 0.47 2.36 1.18
2009 4.6 0.46 3.45 3.45 2.30 0.46 2.30 1.15
2010 5.47 0.55 4.11 4.11 2.74 0.55 2.74 1.37
2011 6.60 0.66 4.95 4.95 3.30 0.66 3.30 1.65
2012 6.54 0.65 4.90 4.90 3.27 0.65 3.27 1.63
2013 5.93 0.59 4.44 4.44 2.96 0.59 2.96 1.48
2014 5.92 0.59 4.44 4.44 2.96 0.59 2.96 1.48
2015 5.26 0.53 3.95 3.95 2.63 0.53 2.63 1.32
2016 5.47 0.55 4.10 4.10 2.76 0.55 2.76 1.37
2017 6.04 0.60 4.53 4.53 3.02 0.60 3.02 1.51

4. Conclusions

In this study, a detailed analysis of the energy, exergy, and sustainability of the agricultural
sector in Bangladesh was carried out, based on actual data from 1990 to 2017. Two main components,
the tractor and irrigation pump, were analyzed. The outcomes of this analysis are given below:

• Overall energy efficiencies differ from 29.86% to 36.68%, and overall exergy efficiencies differ from
28.2% to 35.4% from 1990 to 2017.

• SI values vary between 1.39 and 1.54 within this period.
• Bangladesh’s agricultural sector is more sustainable than that of Iran, Jordan, Malaysia,

or Saudi Arabia.
• The RI and LOP from diesel fuel are much higher than that of other fuel types. Maximum RI is

0.95 and the maximum LOP is 2.50.
• WER and EEF of diesel fuel are higher than that of the other fuels analyzed. The WER value is

0.74, and the EEF value is 2.47.

These losses can be reduced by proper fuel selection. Increased use of electricity can improve
this condition. Using modern technology can not only save energy but can also improve production.
The replacement of old farming devices with modern ones can reduce energy consumption. Replacing
diesel-operated machinery, such as diesel tractors, with electrical tractors can reduce diesel losses.
Arranging training programs for farmers and creating awareness regarding energy efficiency and the
environmental nexus could reduce emissions from this sector. Increasing awareness regarding the
proper farming method and including knowledge about environmental sustainability and cleaner
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production in school and college textbooks could play a major role in reducing energy losses associated
with this sector. A detailed energy audit should be conducted to find out the most convenient energy
efficacy measures that befit local climates. Economic analysis, such as an exergoeconomic analysis,
should also be taken into consideration in future studies. The potential of various sustainable energy
sources, for instance, solar, biogas, and biodiesel, should be investigated in the future.
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Nomenclature

H Higher heating value (kJ/kg)
W Shaft work (kJ)
Tr Energy fraction or weighting factor

F o
Overall weighted mean energy
efficiency (%)

Fϕo
Overall weighted mean exergy
efficiency (%)

IP Improvement potential (%)
DN Depletion number
∈ Specific exergy (kJ/kg)

Energy efficiency (%)
ϕ Exergy efficiency (%)
γ Exergy factor
ex Output condition
ff Fuel
in Input condition
o Overall system
Des Destroyed
EEF Environmental effect factor
Ex Exergy
In Input
LOP Lack of productivity
RI Relative irreversibility
SI Sustainability index
WER Waste exergy ratio
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