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Abstract
Paddy parboiling in rice industries is an energy-intensive process that requires huge attention for energy conservation, fuel 
economy, and sustainability. Thus, several research initiatives have been undertaken to adopt a suitable energy conversion 
system in such industries to improve thermal efficiency and reduce environmental impact. In this study, exergy performance 
and exergy-based sustainability indicators have been investigated on a reversible bed paddy dryer coupled with a rice husk-
fuelled downdraft gasifier. The experiment was conducted at the optimum operating conditions such as an equivalence ratio of 
0.2 in the gasifier and a drying air temperature of 80℃ in the dryer. The exergy efficiency of the reversible bed dryer and the 
gasifier were 65.53% and 70.92% respectively. The lowest exergy efficiency of 35.29% was seen in the combustion chamber 
since a huge exergy destruction of 2.75 kW occurred. Therefore, the combustion chamber has a high potential improvement 
of about 1.66 kW. Due to less exergy destruction, the gas cooler and air duct showed high exergy efficiency of 62.36% and 
76.2% respectively and the lowest values in exergy-based sustainability indicators. The assessment of environmental and 
sustainability factors on each component showed that the combustion chamber has a high waste exergy ratio of 0.688, envi-
ronment effect factor of 1.95, exergy destruction coefficient of 0.69, and exergy sustainability index of 0.51.

Keywords  Rice parboiling · Flatbed dryer · Producer gas · Combustion chamber · Exergy performance · Sustainability 
indicators

Nomenclature
Ėx	� Exergy rate (kW)
ṁ	� Mass flow rate (kg/s)
CV	� Calorific value (kJ/kg)
PI	� Potential improvement (kW)
MC	� Moisture content (%)
U	� Uncertainty (%)
F	� Experimental result
u1,u2,..un	� Uncertainty in the independent variable
z1,z2,..zn	� Independent variable

Abbreviation
WER	� Waste exergy ratio
EEF	� Environment effect factor
ESI	� Exergy sustainability index
EDC	� Exergy destruction coefficient

EDI	� Environmental destruction index
EBI	� Environmental benign index

Subscripts
CPG	� Cold producer gas
CW	� Cold water
HPG	� Hot producer gas
HW	� Hot water
HA	� Hot air
FG	� Flue gas
A	� Ambient air
EA	� Exit air
RH	� Rice husk
in	� Inflow
out	� Outflow
dest	� Destruction
i	� Initial
f	� Final

Greek letters
ψ	� Exergy efficiency
ε	� Exergy ratio
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Introduction

Parboiling is an essential and energy-intensive process that 
is done in the parboiling industries to produce cooking 
rice. The increase in population increases the rice demand, 
and hence, the energy consumption in the parboiling mills 
also increases. Paddy is being parboiled in traditional and 
modern mills using biomass such as rice husk and fire-
wood to generate steam for parboiling and hot air for dry-
ing. The less efficient equipment in the mills leads to huge 
fuel consumption and pollution (Beno Wincy and Edwin 
2020; Chakrovorty et al. 2020). Research in modifying the 
processing equipment and development of new equipment 
is undergoing to reduce fuel consumption and improve 
energy efficiency, and sustainability (Kwofie et al. 2017a; 
Kumar et al. 2022; Das et al. 2023). To identify the loss 
in the thermal system, each equipment is to be analyzed 
separately (Compton and Rezaie 2017). The exergy study 
provides valuable insights into the quality of energy uti-
lized and lost in each system component, aiding in the 
design and optimization of energy systems. To evaluate the 
possibility of improving the exergy efficiency of various 
system components, one of the most important concepts 
in exergy analysis is the Potential Improvement (PI). The 
PI quantifies the amount that a component’s energy effi-
ciency may be increased compared to its existing state. 
The sustainability of the system can also be assessed with 
the exergy performance. Several kinds of literature analyze 
the exergy performance of boilers or steamers, pipelines, 
heat exchangers, dryers, and furnaces operated with bio-
mass that are used for paddy drying. It reports the part of 
the system which needs more attention on improvement.

In a cheese powder-making process, a spray dryer was 
operated between 160℃ and 230℃ with an exit air temper-
ature between 60℃ and 100℃. It reported that the exergy 
efficiency was in the range of 2.66 to 6.0% and the poten-
tial improvement (PI) was between 7.54 kW and 10.96 kW. 
It was mentioned that higher inlet temperature and lower 
outlet temperature should be maintained to achieve higher 
exergy efficiency (Erbay and Koca 2012). It was reported 
that the exergy performance of the dryer strongly depends 
on the particle size, temperature, velocity, and quantity 
processed (Prommas et al. 2010). An experiment on chilly 
and ginger drying in a solar tunnel dryer under the drying 
temperature of 42–61℃ and 37–57℃ for 42 h and 33 h 
showed that the exergy inflows were less than 0.031 kW 
and 0.023 kW, and the average exergy efficiency of the 
dryer was observed as 63% and 43% respectively (Rabha 
et  al. 2017). A lab-scale convective type paddy dryer 
showed 32.64–67.75% exergy efficiency and the sustain-
ability index between 1.05 and 1.42 at temperatures 40, 50, 
and 60℃ and air velocities 0.5, 0.8, and 1.1 m/s. Whereas, 

the PI was very low between 0.132 kW and 0.252 kW 
(Beigi et al. 2017). In a plug flow fluidized bed paddy dry-
ing process, the exergy efficiency of the drying chamber 
was between 4.18% and 12.0% with a PI of 0.762–1.33 kW 
(Khanali et al. 2013).

In an industrial pasta production dryer, an exergy effi-
ciency of 2.96% was observed and found that the dryer had 
a potential of 165.54 kW exergy for improvement (Colak 
et al. 2013). In a solar-operated dryer, the dryer showed a 
mean exergy efficiency of 53.57% and a PI of 0.04 kW in 
potato drying (Kesavan et al. 2019). During the banana dry-
ing process, the natural convection solar dryer performed 
with 7.4–45.32% exergy efficiency when the exergy inflow 
was between 3.36 kJ/kg and 25.21 kJ/kg and had an average 
efficiency value of 21.57% (Lingayat et al. 2020). A mixed-
flow dryer operated with a heat pump for peanut drying 
showed an average exergy efficiency of 34.5% whereas the 
improvement potential shows an opposite trend of the exergy 
efficiency (Yan et al. 2022). In a solar dryer, the exergy effi-
ciency was found below 18% whereas the exergy inflow and 
outflow of the dryer were lower than 50 kW and 14 kW 
respectively (Rao and Sivalingam 2023). The highest dryer 
exergy efficiency of 78.2% was recorded during the drying 
of myrobalan in a solar dryer with a thermal storage system 
(Kondareddy et al. 2023). Likewise, several kinds of litera-
ture investigated the exergy performance and PI on various 
dryers used for paddy and other food drying. However, no 
literature is available on the assessment of the exergy-based 
sustainability of paddy dryers.

An investigation on an industrial furnace operated by nat-
ural gas showed that 72.63% of exergy is lost in the furnace 
providing a low exergy efficiency of 27.73% and sustainabil-
ity index of 1.38. It also reported that the industrial furnace 
had an environmental destruction index of 3.65 and an envi-
ronmental benign index of 0.38 (Chowdhury et al. 2021). A 
maximum of 86.4% exergy destruction was observed in a 
biomass-fired furnace component of a boiler (Azami et al. 
2018). In the author’s previous work on the exergy analysis 
of a boiler driven by a gasifier, the gasifier performed with 
an exergy efficiency of 71% when fuelled with rice husk at 
the equivalence ratio of 0.25. It was also mentioned that 
the combustor in the boiler had higher exergy destruction 
than all other components (Beno Wincy et al. 2020, 2022). 
The maximum exergy efficiency of the gasifier fuelled with 
rice husk was found at the equivalence ratio of 0.25 (Zhang 
et al. 2015). Kwofie et. al. developed an integrated parboil-
ing system consisting of a rice husk combustor, steamer, 
and dryer. The system had a very low exergy efficiency of 
10.93% which was due to the exergy loss of around 60% in 
the combustor (Kwofie et al. 2017b). The huge difference in 
the ambient and combustion chamber could be the cause of 
huge exergy destruction. Hence, efforts on improvements in 
the combustion chamber must be concentrated (Saidur et al. 
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2010; Li et al. 2015; Terhan and Comakli 2017). Table 1 
shows the data that have been gathered from other literature 
works to compare exergy efficiency, potential improvement, 
sustainability index, and other factors between different ther-
mal systems.

Several works reported on the exergy performance and 
the sustainability of the dryer, and gasifier systems. How-
ever, to the authors’ knowledge, no studies have addressed 
the exergy-based sustainability of gasifier-operated dryer 
systems. Therefore, the primary goal of this study is to 
address the exergy performance and exergy sustainability 
with various sustainability indicators of a gasifier-operated 
dryer system. The analysis includes the waste exergy ratio, 
environmental effect factor, exergy destruction coefficient, 
exergy sustainability index, and exergy recoverability ratio 
of the gasifier-operated dryer system.

System description and procedure

A pilot-scale reversible bed dryer driven by a biomass 
gasifier system (BGRD) was developed to dry the par-
boiled paddy. Rice husk was used as fuel in the gasifier. 
The schematic diagram of the experimental setup is shown 
in Fig. 1. The system consists of five components: biomass 
gasifier (D1), gas cooling system (D2), combustion cham-
ber (D3), air duct (D4), and reversible bed dryer (D5). The 
component D5 has a capacity of 30 kg parboiled paddy per 
batch. The operation of D5 is quite different from the other 
dryers. The direction of air movement has to be reversed 
from top to bottom and vice versa at a proper interval to 
perform uniform drying and maintain constant temper-
ature difference in the bed which results in less energy 

Table 1   The exergy-based performance and indicators of a few systems

Components Exergy efficiency (%) Potential 
Improvement 
(kW)

Sustainability Index Other parameters References

Spray dryer 2.66–6 7.54–10.96 - - (Erbay and Koca 2012)
Solar tunnel dryer 63

43
- - - (Rabha et al. 2017)

Convective dryer 32.64–7.75 0.132–0.252 1.05–1.42 - (Beigi et al. 2017)
Fluidized bed dryer 4.18–12.0 0.762–1.33 1.04–1.13 - (Khanali et al. 2013)
Rotary dryer 0.25–5.27 525.37 - - (Colak et al. 2013)
Triple-pass solar dryer 2.8–87.02 0.33–11.19 - - (Kesavan et al. 2019)
Natural convection solar 

dryer
7.4–45.32 - - - (Lingayat et al. 2020)

Mixed-flow dryer 34.5 2.7–27.7 - - (Yan et al. 2022)
Solar dryer 2–85 - - - (Rao and Sivalingam 2023)
Industrial furnace 27.73 - 1.38 EDI: 3.65; EBI: 0.38 (Chowdhury et al. 2021)
Biomass-fired furnace 86.4 - - - (Azami et al. 2018)
Downdraft gasifier 71 - - - (Beno Wincy et al. 2020, 

2022)
Integrated parboiling system 10.93 - - - (Kwofie et al. 2017b)
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Fig. 1   Schematic representation of gasifier-operated dryer system
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consumption, and high head rice yield (Wincy et al. 2023). 
D1 was used to generate the producer gas from the rice 
husk without any pretreatment. From the author’s previ-
ous study, an equivalence ratio of 0.2 was identified as 
optimum for gasifying rice husk in the downdraft gasifier 
(Beno Wincy et al. 2020). The same equivalence ratio was 
maintained during the experiment by keeping a constant 
fuel and air supply computed based on the stoichiometric 
air and fuel required for complete combustion. Due to this, 
the calorific value of producer gas had an average value 
of 4.9 MJ/m3 and the gasification temperature was also 
maintained at an average of 840℃. The D2 component 
is a wet scrubber that cools down the hot producer gas to 
room temperature to reduce the thermal stress in the gas 
blower. It reduced the sensible heat of the gas where the 
calorific value of the gas was not affected. D3 is a box-type 
chamber in which air is passed to increase its temperature. 
Baffles were provided in the inside wall of the D3, which 
is exposed to the producer gas flame, to enhance the heat 
transfer between the hot surface exposed to the flame and 
the air. The producer gas was burned at the bottom of D3 
using a producer gas burner with a proper air supply. The 
advantage of adopting a gasifier in drying is that the dry-
ing air temperature can be easily maintained in a narrow 
range by controlling the gas flow rate. In this experiment, 
an average drying temperature of 80 °C was maintained in 
the drying air. The drying condition was set for the opti-
mum performance parameters as discussed in the author’s 
previous work (Wincy et al. 2022).

Before the experiment, paddy was parboiled in the 
laboratory using a producer gas-operated steamer as per 
the common procedure followed by the local parboiler. 
The parboiled paddy is then transferred to D5 after tem-
pering. The initial moisture content was found from the 
paddy sample using the hot oven technique in which 
the wet paddy was kept in the oven at 105℃ for 24 h 
(Wincy et al. 2024). After loading the dryer with par-
boiled paddy, components D1 to D3 are operated sys-
tematically to supply hot air from D3. The weight loss 
was monitored throughout the experiment at an interval 
of 15 min and at that time the direction of air was also 
reversed. The calorific value and exergy ratio of the rice 
husk depends on its chemical composition. The results 
of the ultimate and proximate analyzes are listed in 
Table 2, and the chemical composition of rice husk was 
thus analysed per the ISO standards. The experiment 
was continued until the final moisture content of 14% 
was reached. The weight change in paddy was noted 
every 15 min and the reduction in moisture content of 
paddy was observed using the following relation (Tohidi 
et al. 2017). This helped to attain the desired moisture 
content of the paddy.

During the experiment, the temperature of air to D1, pro-
ducer gas temperature before and leaving D2, water enter-
ing and leaving D2, air entering D3, flue gas leaving D3, 
air entering and leaving D4, air entering and leaving D5 
were recorded. Moreover, the air and gas mass flow rates 
were also noted. The reference environment is important in 
evaluating the exergy utilization. The reference environment 
must be in stable equilibrium and should act as an infinite 
system. With the slight exception of Gaggioli and Petit’s 
model, which Dincer and Saidur support (Dincer et al. 2004; 
Saidur et al. 2010) and according to weather pattern in Tamil 
Nadu, the ambient temperature (T0) and atmospheric pres-
sure (P0) are considered as 25℃ and 100 kPa respectively.

Analysis

Exergy performance

For the components, D1 to D5 shown in Fig. 1, the exergy 
at the inlet, outlet, exergy destroyed, exergy efficiency, and 
various sustainability indicators have been evaluated by con-
sidering the following assumptions.

1.	 The processes in all the components take place in steady-
state conditions.

2.	 Negligible potential and kinetic energy in the system.
3.	 Air behaves as an ideal gas and hence its specific heat 

capacity is constant.
4.	 Ambient conditions (Temperature = 25℃ and pres-

sure = 100 kPa) remain the same during the experiment.
5.	 The heat input and heat output are considered constant 

in all the components.

(1)Instant MC =

[(

MCi − 1
)

×Wi

]

+Wf

Wf

Table 2   Proximate and ultimate analyses of dry basis rice husk

Ultimate analysis (wt. %) Standard method
Carbon (C) 36.42 ISO16948:2015
Hydrogen (H) 4.91 ISO16948:2015
Nitrogen (N) 0.5 ISO16948:2015
Oxygen (O) 35.88 Calculated
Proximate analysis (wt. %)
Moisture, as received 12.01 ISO 18134–1:2022
Volatile matter 53.7 ISO 18123:2023
Ash 22.2 ISO 18122:2022
Fixed carbon 12 Calculated
Higher heating value (MJ/kg) 13.15 Calculated
Lower heating value (MJ/kg) 12.07 Calculated
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6.	 Gasification is considered as isothermal and at equilib-
rium conditions.

7.	 Constant gas composition is obtained throughout the 
process.

The general exergy balance of a system is given by, (Bareen 
et al. 2023)

The exergy efficiency of component D1 is determined from 
the exergy in the supplied rice husk and the exergy in the gen-
erated gas and is expressed as, (Xiang et al. 2021)

The exergy efficiency of D2 is calculated by accounting for 
the exergy input through hot producer gas and cooling water 
and the exergy leaving the D1 through the cold gas and the 
outlet water and it is expressed as (Wincy and Edwin 2022)

(2)
∑

Ėxin −
∑

Ėxout =
∑

Ėxdest

(3)ψD1 =
Ėx

2

Ėx
1

× 100

(4)ψD2 =
Ėx

2
− Ėx

3

Ėx
5
= Ėx

4

× 100

The exergy efficiency of component D3 is determined 
using the exergy of cold producer gas burned, air supplied, 
and the hot air and flue gas leaving the component. The 
expression used is given, (Wincy and Edwin 2022)

The exergy efficiency of D4 is calculated by the exergy of 
air entering and leaving which can be expressed as (Wincy 
and Edwin 2022)

The exergy efficiency of D5 is calculated from the ratio of 
exergy utilized in the drying process to the exergy in the air 
supplied and it is expressed as, (Sarker et al. 2015)

The relations used to find the exergy of fluids at various 
points of the gasifier-operated reversible bed dryer system 
are given in Table 3.

(5)ψD3 =
Ėx

6
− Ėx

8

Ėx
3
− Ėx

7

× 100

(6)ψD4 =
Ėx

9

Ėx
6

× 100

(7)ψD5 = 1 −
Ėx

9
− Ėx

10

Ėx
9

× 100

Table 3   Various relations used 
for the evaluation. (Sarker 
et al. 2015; Wincy and Edwin 
2022; Beno Wincy et al. 2022; 
Kondareddy et al. 2023)

Component Relation Explanation

D1 (Biomass gasifier) Ėx1 = ṁRH × CVRH × ε Fuel exergy inflow rate

� =
1.0438+0.1992

(

H

C

)

−0.2509
(

1+0.7259
(

O

C

)

+0.0383
(

N

C

))

1−0.3035
(

O

C

)

Fuel exergy ratio

CVRH = 0.0041868(1 + 0.15(O))
(

7837.667(C) + 33888.889(H) −
(

O

8

))

Lower heating value of fuel

Ėx2 = ṁHPG × ExHPG Hot producer gas exergy rate
Ėxdest,D1 = Ėx2 − Ėx1 Exergy destruction in D1

D2 (Gas cooler) Ėx3 = ṁCPG × ExCPG Cold gas exergy rate
Ėx4 = ṁCW × ExCW Cold water exergy rate
Ėx5 = ṁHW × ExHW Hot water exergy rate

Ėxdest,D2 =
(

Ėx2 + Ėx4
)

−
(

Ėx3 + Ėx5
)

Exergy destruction in D2
D3 (Combustion chamber) Ėx6 = ṁHAcpHA

[

(

THA − T0

)

− T0

(

ln
THA

T0

)]

Hot air exergy rate

Ėx7 = ṁFGcpFG

[

(

TFG − T0

)

− T0

(

ln
TFG

T0

)]

Flue gas exergy rate

Ėx8 = ṁAcpA

[

(

TA − T0

)

− T0

(

ln
TA

T0

)]

Air inflow exergy rate

Ėxdest,D3 =
(

Ėx3 + Ėx8
)

−
(

Ėx7 + Ėx6
)

Exergy destruction in D3
D4 (Air duct) Ėx9 = ṁHAcpHA

[

(

THA = T0

)

− T0

(

ln
THA

T0

)]

Drying air exergy rate

Ėxdest,D4 = Ėx9 − Ėx6 Exergy destruction in D4
D5 (Drying chamber) Ėx10 = ṁEAcpEA

[

(

TEA − T0

)

− T0

(

ln
TEA

T0

)]

Exit air exergy rate

Ėxdest,D5 = Ėx10 = Ėx9 Exergy destruction in D5



44223Environmental Science and Pollution Research (2024) 31:44218–44229	

Sustainability assessment

Exergy analysis helps to determine the effective utilization of 
energy resources and the effect of energy conversion equip-
ment on the environment. The stringent international pollu-
tion norms have compelled us to conduct the exergy-based 
sustainability analysis in all industrial processes. It identifies 
the equipment with major loss and to which extent it affects 
sustainable development. To perform the sustainability analy-
sis various indicators have been used to reveal the extent of 
environmental damage in the future concerning the present 
energy utilization. Concerning sustainable development in the 
paddy processing sector, the gasifier-operated reversible bed 
dryer system has been analyzed under five categories. They are 
potential improvement (PI), waste exergy ratio (WER), envi-
ronmental effect factor (EEF), exergy destruction coefficient 
(EDC), and exergy sustainability index (ESI).

Potential improvement

The prime objective in sustainable development is to minimize 
the exergy destruction in the processing equipment. This can 
be achieved by minimizing the difference between the exergy 
supplied and the exergy utilized. The exergy which is recover-
able at the equipment and that could improve the exergy effi-
ciency is termed a potential improvement (PI). The PI in all the 
components in the system is determined by, (Beigi et al. 2017)

Waste exergy ratio

The exergy supplied to a system is wasted due to the inef-
ficient conversion equipment and thus a low exergy output is 
produced. This waste exergy is subdivided into reusable and 
unusable exergy and its quantity is measured using the reus-
able exergy ratio and unusable exergy ratio respectively. In the 
micro approach, these exergies are also evaluated to increase 
the reusable waste exergy and minimize the unusable waste 
exergy to enhance environmental sustainability. The ratio of 
exergy wasted in the process to the exergy input is termed 
as waste exergy ratio (WER) which can be represented as, 
(Chowdhury et al. 2021)

Environmental effect factor

The environmental effect factor (EEF) is an important 
parameter which indicates the impact of the system on the 

(8)PI = (1 − 𝜓) ×
(

Ėxin − Ėxout
)

(9)WER =
Ėxin − Ėxout

Ėxin

environment using the unusable waste exergy and the exergy 
destroyed. The EEF value ranges from 0 to + ∞ . Which rep-
resents that the EEF value nearer to zero has less effect on 
the environment. Whereas a higher EEF value will have a 
large impact on the environment. The EEF can be calculated 
from the expression, (Midilli and Kucuk 2015)

Exergy destruction coefficient

An important component in determining the system’s ben-
eficial impact on energy-based sustainability is the exergy 
destruction coefficient (EDC). The system’s beneficial role 
is to increase the targeted energy output, reduce irrevers-
ibility, and reduce waste energy outputs during operation. 
The reference value of EDC must approach “zero” for better 
exergy-based sustainability and it ranges between 0 to 1. The 
EDC is determined by the inverse of exergy efficiency and it 
is represented as, (Midilli and Dincer 2009)

Exergy sustainability index

The exergy sustainability index (ESI) is an important param-
eter to indicate how the energy source is effectively utilized 
in the system toward sustainable development in terms of the 
second law of thermodynamics. The ESI can be calculated 
from the inverse of the environmental effect factor which 
ranges between 0 to + ∞ and the expression to find ESI is, 
(Aydin et al. 2014)

Experimental uncertainty

The following relation was used to calculate the effect of 
measuring equipment uncertainties on evaluating the per-
formance parameters by the standard technique outlined in 
the literature (Holman 2000)

Based on the uncertainty in measurements, the total 
uncertainty in evaluating the exergy inflow, outflow, 

(10)EEF =
WER

𝜓
=

Ėxin − Ėxout

Ėxout

(11)EDC =
Ėxdest

Ėxin

(12)ESI =
1

EEF
=

𝜓

WER
=

Ėxout

Ėxin − Ėxout

(13)UF =

√

(

�F

�z
1

u
1

)2

+

(

�F

�z
2

u
2

)2

+⋯ +

(

�F

�zn
un

)2
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destroyed, efficiency, and PI of biomass gasifier is found 
as ± 0.703%, ± 0.699%, ± 0.638%, ± 2.62%, and ± 2.117% 
respectively. Likewise, the uncertainty in the parameters of 
the other components were determined and is found in an 
acceptable range.

Results and discussion

The exergy performance of the biomass gasifier-operated 
reversible bed paddy drying (BGRD) system was analyzed 
in terms of exergy input, exergy output, exergy destruction, 
exergy efficiency, and various exergy sustainability indica-
tors in each component such as biomass gasifier (D1), gas 
conditioner (D2), combustion chamber (D3), air duct (D4), 
and drying chamber (D5). The potential improvement (PI), 
exergy-based sustainability indicators, such as waste exergy 
ratio (WER), environmental effect factor (EEF), exergy 
destruction coefficient (EDC), and exergy sustainability 
index (ESI), have been evaluated on each of the compo-
nents and the results are portrayed and discussed. During the 
experiment, the necessary parameters such as temperature 
and mass flow rates of producer gas, ambient air, and drying 
air needed to evaluate the exergy performance were recorded 
and its uncertainty are given in Table 4.

The inflow, outflow and destroyed exergy in each com-
ponent have been determined and are shown in Fig. 2. The 
exergy supplied through the fuel and air is 5.4 kW whereas 
at D5 the inlet exergy is 0.88 kW. It shows that around 
84% of exergy is destroyed before the energy supplied to 
the component D5. In other words, 24% of the total exergy 
supplied to the system is only entered into the D5. This can 
be seen from Fig. 2 that the exergy supplied is decreased 
in the successive components. It is found that in D3, the 
exergy destruction is 2.57 kW which is around 47% of 

the exergy supplied to the system. This indicates that D3 
has the maximum exergy destruction among the various 
components followed by D1 (1.58 kW) and D5 (0.58 kW). 
The reason for the huge exergy destruction in D3 is the 
large temperature difference between the temperature of 
air and producer gas entering D3 and the temperature 
inside D3. Also, the irreversibility associated with chemi-
cal reactions in producer gas combustion may contribute 
to the exergy destruction in D3. The exergy destruction 
is found to be 29.3%, 2.4%, 5.1%, and 10.7% in D1, D2, 
D4, and D5 respectively. To improve the overall exergy 
performance, the exergy destruction in the components 
D1, D3, and D5 have to be minimized. In the case of D1, 
the exergy destruction can be minimized by proper cham-
ber insulation, and by preheating the gasifying medium 
by recovering the waste heat from the walls of D1. In D3, 
the optimization of design parameters and the insulation 
has to be considered to reduce the exergy destruction. This 
could also be encountered by preheating the air entering 
D3 by installing a waste heat recovery system to utilize 
the waste exergy taken away by hot flue gas. Whereas in 
D5, the improved tray design and effective utilization of 
heat leaving the D5 after the initial few hours (after the 
evaporation of surface moisture) to preheat the dryer inlet 
air could reduce the exergy loss. The overall exergy loss in 
the BGRD system is estimated as 5.14 kW.

Based on the exergy leaving a component and the exergy 
supplied to that component, the exergy efficiencies were 
determined and are plotted in Fig. 3. It is obvious that the 
lower the exergy destruction, the higher the exergy effi-
ciency. Thus, the exergy efficiency in the overall system is 
found to be high in the D4 component (air duct) at 76.2%. 
This is because of the smaller surface area of component 
D4 when compared with the other components. Also, the 
exergy efficiency in the other components is found as 70.9% 
for D1, 65.63% for D5, and 62.36% for D2. When compared 
with previous literature, exergy efficiency in an industrial 
fluidized bed paddy dryer was found to be less than 58.14% 
(Sarker et al. 2015) and in a gasifier, it showed 46% when 
torrefied rice husk pellet was used (Manatura et al. 2017). 
This showed the outstanding performance of the components 
of the BGRD system. Component D3 has the lowest exergy 
efficiency with 35.29% as it has huge exergy destruction 
when compared with other components. It is reported that 
in a natural gas-fired boiler, the combustion chamber has the 
lowest exergy efficiency of 45.18% (Saidur et al. 2010) and 
in a rice husk fuelled combustor it was around 40% (Kwofie 
et al. 2017b). From this, it is understood that serious atten-
tion to component D3 must be paid to its design as well 
as operating parameters to improve its exergy performance. 
Since the D1 and D2 handle a significant amount of exergy 
in addition to other components, it is clear from Figs. 2 
and 3 that they must be carefully addressed in the design 

Table 4   Measured experimental parameters and their uncertainty

Stream Parameters Mass flow 
rate (kg/h)

Tem-
perature 
(℃)

Uncertainty (%)

1 Rice husk 1.44 27  ± 0.67
2 Hot producer gas 1.8 425  ± 0.33
3 Cold producer gas 1.8 30  ± 0.33
4 Cooling water inlet 324 29  ± 0.03
5 Cooling water 

outlet
324 29.5  ± 0.03

6 Hot air 169.2 80  ± 0.06
7 Flue gas 3.6 225  ± 0.06
8 Cold air 169.2 30  ± 0.06
9 Drying air 169.2 70  ± 0.06
10 Air at the dryer 

exit
169.2 38  ± 0.06
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and operation of the drying system to improve its overall 
exergy performance. Moreover, the exergy efficiency of 
the overall system is also evaluated and found to be 21.2%. 

The necessary improvements as discussed will considerably 
improve the overall exergy efficiency of the system.

The Grassmann diagram is used to represent the exergy 
flow in each component of a system as shown in Fig. 4. It 
clearly shows the quantity of exergy utilized and destroyed in 
each component. Also, it portrays an easy way to understand 
which component the concentration must be kept more for 
the enhancement of exergy performance. It can also encom-
pass the exergy inflow, outflow, and efficiency of all the 
components of the BGRD system. The exergy inflow to the 
BGRD system was 5.44 kW which has been utilized and 
destroyed in each component and at last 0.58 kW of exergy 
was left the system as exergy loss.

The PI of the components in the BGRD system has been 
evaluated and is shown in Fig. 5. The higher the exergy 
destruction, the higher the potential for exergy recovery. 
From Fig. 5, it is found that the component D3 has the max-
imum potential to recover the exergy of 1.66 kW. Though 
component D1 handles huge exergy, the potential to recover 
the exergy loss is less which is 0.46 kW. This could be due 
to the extensive exergy performance of D1 when compared 

Fig. 2   Exergy inflow, outflow 
and destruction in the compo-
nents and the system
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Fig. 3   Exergy efficiency of various components in the BGRD system
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with the other components. Figure 5 shows that component 
D5 also has a significant potential in recovering the exergy 
of 0.2 kW. The components D2 and D4 show the least PI of 
0.049 kW and 0.066 kW.

The exergy-based sustainable parameters such as WER, 
EEF, EDC, and ESI of all the components have been evalu-
ated and are depicted in Fig. 6 (a)–(d) respectively. The 
WER in a component represents the exergy lost in the com-
ponent to the exergy supplied to it. To maintain sustainabil-
ity, the WER must be equal or nearer to 1. Figure 6 (a) shows 
the WER of different components computed using Eq. 9. It 
denotes that WER is higher for D3 and followed by D5 with 
0.688 and 0.66 respectively. This is due to the huge exergy 
destruction caused by these components. Further, the com-
ponents D1 and D4 have WER of 0.29 and 0.24 respectively 
and D2 has the least WER of 0.033 due to its less exergy 
destruction. The optimization technique can be performed 
on each component to identify the best operational param-
eter targeting to bring down the value of WER nearer to 
zero. The calculated EEF of the components of the BGRD 
system is shown in Fig. 6 (b). It follows the same pattern 

of the WER among which component D3 has the highest 
EEF of 1.95 and D2 has the minimum EEF of 0.05. These 
implied that the D3 component has a high negative impact 
on the environment followed by D5 and D1. The EEF of the 
other components D1, D4, and D5 were found as 0.41, 0.31, 
and 0.99 respectively.

The exergy destruction in a component is what controls 
the EDC. Therefore, the EDC must be maintained to a min-
imum while designing any energy conversion system. To 
achieve a sustainable performance, the value of EDC must 
be zero. However, in practice, the value of EDC approxi-
mates zero. From Fig. 6 (c), it is found that component D3 
has the maximum EDC of 0.69 whereas the other compo-
nents D1, D2, D4, and D5 have 0.29, 0.03, 0.24, and 0.66 
respectively. This implies that component D3, i.e., the 
combustion chamber must be seriously considered more in 
improving sustainability and then followed by D5. In addi-
tion to that, for a clear study on sustainability, it is better 
to discuss the ESI of the component. It is obvious that the 
higher the ESI lower the environmental impact. Figure 6 
(d) portrays that component D2, i.e., gas conditioner with 
ESI of 18.49 is found to be more sustainable and the other 
components D1 and D4 are also found to be significantly 
sustainable. Due to the high EEF and EDC, the ESI for com-
ponent D3 i.e., the combustion chamber is the lowest with 
0.51. Thus, towards sustainability, the system must have the 
least exergy destruction, which in turn reduces the WER, 
EDC, and EEF and increases the ESI.

Conclusions

The exergy performance and various sustainability fac-
tors of a biomass gasifier-operated reversible bed paddy 
dryer (BGRD) were investigated. To optimize the perfor-
mance of the system, components must be modified to 
perform at low exergy destruction, PI, WER, EEF, EDC 
and high exergy efficiency and, ESI. However, the analy-
ses show that the exergy destruction in D1 is 1.58 kW 
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which is lesser than D3 with 2.57 kW. Due to the huge 
exergy destruction, component D3 has the lowest exergy 
efficiency of 35.29% whereas it is 70.92% in D1. Also, 
component D3 has a maximum environmental impact 
which can be understood from the lower values of the 
factors WER, EDC, and EEF with 0.688, 2.83, and 1.95 
respectively. It has a high PI of 1.66 and shows the lowest 
value of ESI which indicates that D3 has a huge impact 
on resource sustainability and the environment. It is con-
cluded that in all energy conversion systems, the combus-
tion chamber must have given huge attention to its design 
and heat loss. Practical strategies to increase exergy per-
formance and decrease irreversibility in the combustion 
chamber include appropriate insulation, preheating the 
incoming air, lowering the temperature in the combustion 
zone, and installing a heat recovery system to exploit the 
exergy loss through exhaust gas. Due to proper insulation 
and less exergy handled, component D4 has the maximum 
exergy efficiency of 76.2%. Even though this study focuses 
on the irreversibility of the components further studies 
are needed on enviroeconomic, exergoenvironmental, and 
exergoenviroeconomic analysis to have clear knowledge 
of the cost of waste exergy and environmental advantages.
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