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ARTICLE INFO ABSTRACT

Thermodynamic study such as energy and mass balance and exergy analysis were carried out for
different particle sizes of lignite in present work. An atmospheric pressure 10 kWe downdraft gasifier
was used for the experimentation purpose. Six particle sizes of lignite such as 13-16 mm, 16-19 mm, 19-

22 mm, 22-25 mm, 25-28 mm and 28-31 mm were identified for thermodynamic analysis. Mass balance
closure and energy balance closure were found in the range of 0.95-1 and 0.90-0.95 respectively.
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Exergy efficiency remained in the range of 23.66% -29.64% for all selected particle sizes. Exergy
efficiency was found to be at maximum with 22-25 mm lignite size.
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1. Introduction

Energy is the most crucial component of infrastructure for the growth
and welfare of a nation. For a developing country, about 70% population
in India lives in villages. About 77% of those villages are getting unreliable
or limited access and poor quality of power (http://www.recindia.nic.in/
ddugjy). The major problem occurring in electrification of villages is the
high cost of supplying electricity due to considerable losses in transmission
and distribution. Furthermore the cost of grid extension in remote areas
is economically unfeasible.

India utilizes much diversified sources for electricity generation such
as coal, natural gas, oil, hydro and nuclear power as conventional sources
as well as wind, solar, and agriculture and domestic waste as non-
conventional sources. Out of these diversified sources of the power
generation, the share of electricity generation from coal was about 59.9%
(http://www.cea.nic.in/reports/monthly/executivesummary/2017/
exe_summary-01.pdf). India has about 308.80 billion tonnes of coal
reserves which is distributed across the states of Jharkhand, Odisha,
Chhattisgarh, Madhya Pradesh, Telangana and Maharashtra. Lignite
reserves, as per the Geological Survey of India, were estimated around
44.59 billion tonnes (http://coal.nic.in/sites/ uploadfiles/coal/files /
coalupload /chaplAnnualReportl617en.pdf). But still the lignite
resources is not exploited much due to its poor quality (high moisture
content, high ash content and low calorific value) and stability issues
occurring during storage [Mike et al., 2017].

Rural electrification is the key to socio-economic development of the
nation. From various approaches that are taken to meet this shortcomings,
the Distributed Decentralized Energy Generation (DDEG) has proven
its capability to fulfil the need of clean and reliable power supply [Nidhi
et al., 2014]. DDEG is able to meet the challenges like operation on low
load factor, grid extension to remote areas, and low demand and
consumption and can ease the burden for massive electrification. There
are various technologies that can be opted for the DDEG projects such as
Solar Photo Voltaic power generation (SPV), mini/micro hydro turbines,
Internal Combustion based power generators, Gas engines/turbines
coupled with biomass gasifier, etc. (http://www.worldenergy.org/
documents/ser_2010_report_1.pdf).

Out of all power generating sources, the gasifier coupled with IC
engines/turbine has been one of the most promising way of addressing
the rural electrification as well as exploitation of lignite resources. The
viability of this system along with economic feasibility has been investigated
in literatures [Vimal et al., 2014; Vimal et al., 2017; Tripathi et al.,
1997]. The experiments were done on a pilot-scale downdraft gasifier of
10kWe capacity with lignite as a feedstock. The detailed design of gasifier,
method of experiment, instrumentation and gasification mechanism is
reported elsewhere [Vimal et al., 2014; Vimal et al., 2017]. The
investigation of the feasibility of lignite as fuel in downdraft gasifier, the
effect of particle size on the gas composition, and gas yield, and the effect
of lignite and waste wood mixture on clinker formation and gas
composition has already been done extensively in literature [Vimal et al.,
2014; Vimal et al., 2017].
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The objective of the current work focuses on investigating the
thermodynamic analysis of lignite as a feedstock for the gasifier with
various particle sizes. The particle sizes on which the experiments were
conducted are 13-16 mm, 16-19 mm, 19-22 mm, 22-25 mm, 25-28 mm
and 28-31 mm. The present case study is carried to show the profound
effect of particle size in gasification process. A brief literature study shows
that the particle size in downdraft gasifier is an important parameter to
optimize the performance of gasification process [Vimal et al., 2014,
Ravindranath et al., 1993; Yin et al., 2012; Feng et al., 2014]. In the
present work, influence of different particle sizes of lignite in the downdraft
gasifier in terms of mass balance, energy balance and exergy analysis is
reported.

2. Materials and Methods
2.1 Experimental setup

The experiments were carried out on an atmospheric pressure pilot-
scale 10kW _ downdraft gasifier as shown in Figure 1. It consisted of a

gasifier reactor and a gas conditioning system (water scrubber, saw dust
filled surge tank and fabric filter) [Nidhi et al., 2014]. Vibration mechanism
was installed to avoid bridging or channelling problem of fuel. Water was
circulated by pump and nozzle was kept to increase kinetic energy of
water. Due to the partial vacuum, gas was sucked from the gasifier reactor.
The K type (Chromel-Alumel) thermocouples were used for measuring
the temperature of various zones of the gasifier. The gas flow rate was
measured using an orifice meter (error within £3 Nm?h''). The gas sample
analysis was carried out on gas chromatograph (GC 2010, Shimadzu) to
measure concentration of CO, CO,, H,, N, and cH, gases.

Table 1 shows the design and sizing parameters of the current gasifier
setup. The characteristics of lignite are mentioned in Table 2.

The fuel was feed through the top cover of the gasifier reactor. Electric
motor was used to induce vibration inside the reactor which allowed the
smooth flow of the fuel and air through the throat of the gasifier. The
water pump and tank system was used for cleaning and conditioning of
the gas coming out from the gasifier. The sawdust filled surge tank absorbed
excessive moisture from the gas and also maintain the flowrate of the gas.

1 [Top Cover 9 [Water Tank
2 [Main Body 10 |Water Pump
@ "”“' h 11 |Gas bumner
i II]Sawdtmﬁlkdsurg:unk ol
13 |Fabric Filter
12

Figure 1 Layout of a pilot scale downdraft gasifier

Table 1 List of designed and sizing parameters

Sr. No Design and sizing Parameters Specification
1 Designed electrical output 10 kWe

2 Assumed efficiency of engine 0.33

3 Designed power consumption 35.71 kW

4 Assumed gasifier efficiency 0.7

5 Designed Gas generation rate 28.56

6 Lignite consumption rate of gasifier 11.95 kg hr!
7 Designed gas yield per kg of fuel 2.5 m®kg!

8 Dry fuel consumed divided by the surface area of the narrowest constriction. 0.2

9 Throat area 14300 mm?
10 Throat diameter 135 mm

11 Designed particle size 22.5 mm

12 Hopper diameter 525 mm

13 Height of hopper 1100 mm
14 Designed air flow rate 13.5 m?® hr!
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Table 2 Characteristics of lignite

Analysis Lignite Analysis Lignite
Proximate Ultimate®

Volatile matter 42 Carbon-C 37.8
Ash content 15 Hydrogen-H 4.93
Moisture 12 Nitrogen-N  1.62
Fixed carbon® 31 Sulphur-S 0.14
Heating Value (MJ kg,  16.38 Oxygen-O°  55.5

2 Test method IS 1350 (part-1)-1984 .
b Test method IS 1350 (part-II)-1970.
¢ By difference.

After that, the gas was the passed through the dry fabric filter which
removed the particulate matter and dust from the gases. Details of
experimental setup, instrumentation and working procedure are also
mentioned elsewhere [Vimal et al., 2014; Vimal et al., 2017]. The
complete schematic diagram of the setup is shown in figure 1.

2.2 Mass Balance

The conservation of mass must be satisfied in the gasifier system. The
mass balance was carried out by balancing the input mass to the gasifier
with output masses from the gasifier. The input mass to the gasifier includes
lignite and air as oxidizer, while the output mass to the gasifier includes
mass of producer gas, ash, tar, char and water formed during the gasification
process. The basic mass balance equation used for the gasification process
is:

Meyer + Maiy = Mgas + Mepar + Mear + Masp + Myater. (1)

Where, m , jand m _ in the above equation ( Eq. (1)) represents the
fuel consumption rate of lignite and mass flow rate of air in a gasifier
respectively. m g T e T MO and m represents the mass flow rate
of producer gas, char, tar, ash and water formed in the gasification process
respectively.

The fuel consumption was calculated by marking the initial position
and final position of the feedstock and taking the bulk density of the
feedstock (776 kg/m?3) measured using the test method IS 7190-1974
[Vimal et al., 2014]. A hotwire anemometer with data logger was used to
calculate the flow rate of air to the gasifier. The gas flow rate was calculated
using the orifice meter within + 3 Nm?*h ! or by using following equation:

_ Myyerx(Gas yield (Nm® kg=))

m —
gas Gas production time(hr) 2)

The mass of char and ash was measured by weighing the material
formed at the bottom of the grate (ash pit) after the experiment. The mass
of water represents the moisture content of producer gas. The moisture
content in producer gas was calculated by using the vapour pressure of
water vapour at atmospheric pressure and the average value of hourly
recorded dry bulb temperature during the run. Due to the very low yield
of tar in producer gas, it was neglected from the analysis.

2.3 Energy Balance

The Energy balance was carried out by using the following equation:
Efue! + Eair = Egas + Echar ¥ Etar + Eash o Ewater + Etosses

(3)

Where, E el

E, E,,E

chaP " water

and £ represents the energy inlet of a gasifier respectively,

and E.

losses

represents the energy outlet from the gasifier.
The energy rate of the fuel was calculated using following equation:
Efyer = Mpyer X LHVpy ¢ (4)

Where Mg, is the lignite consumption rate of the gasifier, LH Vi is the
lower heating value of lignite.
The energy content of the air flow was calculated using the equation

(Eq. (5)):
Egir = Mgir X Cp atr(Tair — Tref) ©)

Where, m_, represents the mass flow rate of air and C is the specific

heat of air, 7, and T ,(298.15 K) are the inlet air temperature and

air ref

reference temperature respectively.

Energy from the producer gas was obtained by the combined effect of
chemical and physical energy of producer gas. Density of producer gas
was calculated by using density of different gas compositions in producer
gas at measured temperature and their composition. LHV of gas was
calculated from the gas composition obtained by gas chromatograph (GC-
2010, Shimadzu) equipment as suggested in the literature [Vimal et al.,
2014; Vimal et al., 2017, Reed 1988]. The total energy of producer gas
includes the physical energy rates and its chemical energy rates. The
following equation (Eq. (6)) was used to calculate the chemical energy
rate of the producer gas:

E,

LHV,
— gas
gas—chemical = Mgas X

(6)
Pgas

Where, P, represents the producer gas density, LH V s
heating value of producer gas.
The physical energy rate of producer gas was calculated using equation:

represents the

Egas—physicat = Mygas X h_gas (7
Where, hgm is representing the specific enthalpy of producer gas.
The specific enthalpy of the producer gas was calculated by using the

correlation (Eq. (8) or Eq. (9)) between enthalpies and mole fractions of
the gas components i.e. N,, H,, Co,, CH, and CO:

hgas = Liz1 hoi + Yil (8)
(or)
hgas = Yiz1 hoi + yiCp;dT )

Where, &, and %, represents the specific enthalpy of dead state and a
specific temperature respectively for ## component of gas, ¥, represents

the mole fraction of various gas components and C, represents the
specific heat of various gas components. The equation used to calculate

is:
Cpb=a+bT+cT? +dT? (10)

Where, the values of a, b, c and d are reported elsewhere [Cengel
1994].

The energy content of char was calculated using Eq. (11) and the
energy rate of ash was calculated by using any of Eq. (12) and Eq. (13)

Echar = Menar HHV cpar (11)

Eqsh = Mgsn hasn (12)
or

Eqsn = Masn Cp qsndT (13)

Where, #,, and C,. are the specific enthalpy and specific heat of ash
respectively. The specific heat capacity of ash was calculated using the
following correlation:

Coash = Ko + KsT™S + T2 + KaT™3 1y

Where, the values coefficients of the Eq. (14) are reported in the
literature [Dahlquist 2013].

2.4 Exergy Balance

Exergy analysis was carried out for the gasification process of lignite
with different particle sizes. Based on the exergy analysis, the performance
of gasifier system is optimize in terms of Exergy efficiency and Exergy
destruction.
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Exergy efficiency or second law efficiency is defined as a ratio of
exergy of the producer gas (q)w) to sum of exergy of Lignite (d),ww) and
gasification medium (¢ . . The equation used for calculating the second

law efficiency as shown in (Eq. (15)):

Bgas (15)
Dlignite + Pmedium

Nex =

In current analysis, air was used as an oxidising medium. The air was
supplied to the gasifier at atmospheric condition. Exergy of air was neglected
as it was very less compared to fuel and gas exergy.

The total exergy of the producer gas is the sum of its thermo-
mechanical and chemical exergy. Thermo-mechanical exergy is further
classified into mechanical and thermo-mechanical exergy. Mechanical
exergy includes sum of potential and kinetic exergy, while thermo-
mechanical exergy can be decomposed into temperature and pressure
based component. Kinetic and potential exergy are independent of
temperature and pressure and hence it’s been neglected in analysis.
Chemical exergy includes the exergy from mixing & separation and
exergy from chemical reactions. [Truls 2009]

The total exergy of produces gas includes thermo-mechanical exergy
and chemical exergy which is shown in the Eq. (16).

ij,gas = 65x,t—irnec.‘t + ij,chem (16)

The specific thermo-mechanical exergy for different gas species can be
calculated using Eq. (17).

mx.t—mech = (h - ho) - To(s - So) (17)

Where, h and s represents the enthalpy and entropy respectively at the
specified temperature and specified pressure, while /2 and s, are dead
state enthalpy and entropy respectively (T = 298.15 K, P, = 1 atm.).

To calculate specific chemical exergy of ideal gas fluid, following Eq.
(18) was used:

=2iXiPeni +RT,Xix;Inx; (18

Where, x, represents mole fraction of # species and R is the universal
gas constant (R=8.314 gmol”), ¢, . is standard chemical exergy of species
in kJ . The standard chemical exergy of various gases is reported in
literature [Bejan 1996].

The standard specific chemical exergy of the lignite can be calculated
using [Kotas 1985]:

D fyer = (LHVfuel + 2442 X quet)ﬁ (19)

mx.chem

Where, LH Vi is the lower heating value of the lignite and W s is the
mole fraction of the moisture present in the lignite, S is the ratio of
standard chemical exergy to LHV of the lignite which is expressed by:

1.0438+0.1882 ZH 0 2509 22 [1+0.7256ﬂﬂ]+0.333—ﬂ
me me me

m
me

B =

mg
1—0.3{]35m—c (20)

Where, m,, m , m_and m are mass fraction of substances of which is
shown in Table (3).

Table 3 The mass balance of the lignite gasification with various particle sizes.

particle Inputs (kg h™) Outputs (kg h™) .

Sizes(mm) Fuel Air Total Drygas Char Water Ash Total

13-16 10.67 1831 2898 2486 030 180 165 2861 0.98

16-19 1055 1823 2878 2377 028 182 163 2750 0.95

19-22 1025 18.01 2826 24.03 027 189 157 2776 0.98

22-25 10.01 17.66 27.67 2299 023 179 154 2655 0.95

25-28 9.86 1745 2731 23.05 022 173 148 2648 0.96

28-31 9.72 1710 26.82 2314 015 168 146 2643 0.98

MBC means Mass Balance Closure

Another important parameter for exergy analysis of lignite gasification
is exergy destruction. Exergy destruction was found by exergy balance as
shown below [Shayana et al., 2018].

mdestruction = Z min - Z Ejf_)ut 21

Where, ¢, ¢, and ¢, arethe exergy destruction, inlet exergy and
outlet exergy respectively. The total inlet exergy is the sum of exergies of
the medium and exergy of fuel while the outlet exergy is the exergy of
producer gas leaving out.

3. Results and discussion
3.1 Mass Balance

The mass balance for different particle sizes viz. 13-16 mm, 16-19
mm, 19-22 mm, 22-25 mm, 25-28 mm and 28-31 mm is shown in Table
3.

Mass of lignite and air mixture was taken as input whereas mass of dry
gas, char, water and ash were taken as output in gasification process.
Generally the mass of tar content in producer gas is very less compared
to other constituents in the output, hence it was neglected. Mass of fuel,
air and dry gas were decreased as particle size increased. It is due to the
fact that smaller particle size has higher surface area which may react with
larger quantity of air. Water content in producer gas with all particle sizes
was not uniform. It is because of different relative humidity content
during various experiments. The ash content per kg of lignite was assumed
to be constant. Ash content in the output is only dependent on the fuel
consumption. It was observed that ash content reduced with the increment
of particle size of lignite as the fuel consumption decreased. Char content
also reduced with increase in the particle size of lignite. For small particle
size of lignite, the fuel easily escaped to the reduction zone. MBC ratios
for all selected size of lignite were found in the range of 0.95 to 1.

3.2 Energy balance

Input and output energies for different particle size of lignite along
with energy balance closure (EBC) are shown in Table 4. Energy of fuel
is depending on LHV and fuel consumption rate only. As per kg of lignite
LHYV remained same for different particle size, hence energy rate of fuel
depends only on fuel consumption. Generally the large particle size of
fuel exhibits low rate of combustion [Ruy et al., 2006; Renzhan et al.,
2012]. Due to this more time was taken by the fuel for the complete
combustion. From table 4 it can be seen that the energy of fuel keeps on
decreasing as the particle size increases. This is the result of low rate of
fuel combustion. Energy of producer gas is dependent on the LHV of the
fuel and gas yield. The LHV of the fuel kept on increasing [Vimal et al.,
2014] as the particle size increased and was maximum for particle size
22-25 mm and then decreased on further increase in particle size. The gas
yield kept increasing for increasing in particle size [Vimal et al., 2014].
Hence the energy of producer gas was increasing of lower particle sizes
and then kept decreasing as the particle size was further increased. It can
be seen that the highest energy of producer gas was achieved by the
particle size 16-19 mm and not with 22-25 mm size. However energy
input by fuel was higher for particle size 16-19 mm compared to 22-25
mm. Hence the thermal efficiency of 22-25 mm was found highest
compared to other particle size of lignite. Energy of air is dependent on
mass and specific velocity of airflow as well as the air temperature. Variation
in air temperature was observed as different experiments were conducted
on different days. It was observed that the energy from ash was higher for
smaller sizes of lignite. ECB ratio was found in the range of 0.90 to 0.95.

3.3 Exergy analysis

Exergy destruction, fuel feed rate and exergy efficiency for different
particle size of lignite are as shown in figure 3. Exergy of fuel is dependent
of the fuel composition. Exergy of fuel for different particle sizes of
lignite remain constant as exergy of fuel is independent of particle size
and the fuel composition was fairly same throughout the experimental
run. It can be observed from figure 3 that the exergy efficiency keeps on
increasing for particle size from 13-16mm to particle size 22-25 mm and
achieves maximum value for particle size of range 22-25 mm of about
29.64 %. The exergy efficiency can be observed to have decreased for
further increase in particle size. Exergy efficiency was calculated and was
in the range of 23.66% - 29.64 % for all selected particle sizes of lignite.
The exergy destruction was also calculated for different range of particle
sizes. Exergy destruction shows the amount of energy that was wasted in
the gasification process. Figure 3 shows that the total exergy destruction
was decreasing as the particle size was increased from 13-16 mm and was
minimum for particle size 22-25 mm and it was 413.46 kW. On further



62

Upadhyay et al. / Journal of Energy and Environmental Sustainability, 5 (2018) 58-64

Table 4 The energy balance of lignite gasification

Particle Energy in o
Size (MY/hr) Energy Out (MJ/hr) EBC
mm) Fuel Air Input  Producer Gas  Char Ash  Water Output %
13-16 164 0.257 154.0 137.54 3.64 0125 3.34 144.6 93.9
16-19 162 0.293 162.2 139 365 0123 4.01 146.7 90.4
19-22 157.44 0.271 159.8 136.36 3.34 0119 5.01 144.8 90.5
22-25 153.75 0.257 1540 134.60 317 0117 4.59 142.4 925
25-28 151.44 0.243 1516 128.93 523 0112 3.72 137.9 90.9
28-31 149.3  0.242 1495 126.23 491 0110 3.73 134.9 90.2
" EBC means Energy Balance Closure
Tar
( T >
)
Fuel Char
Water
Air e
> i Producer Gas
Gasifier >
Ash
Heat Loss
Figure 2 Gasifier inputs and products
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Figure 3 Exergy destruction, fuel feed rate and exergy efficiency for various particle size of lignite
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increasing the particle size the exergy destruction was increased. While
comparing the exergy destruction with exergy efficiency, the higher value
of exergy destruction corresponds to the lower values of exergy efficiency
and vice versa. This inference was inline with the analysis done in by
[Shayana et al., 2018].

Thermo-mechanical efficiency is generally dependent on enthalpy
and entropy of the producer gas. The temperature achieved in the oxidation
zone is responsible for the producer gas temperature. The smaller particle
size of lignite burned easily compared to bigger particle size, hence more
heat was released in the oxidation zone due to smaller particle size of
lignite. It was responsible for higher thermo-mechanical exergy for particle

95000

size of 13-16 mm and lesser thermo-mechanical exergy for 28-31 mm
lignite size. Chemical exergy was generally depending on exergy of
individual producer gas species. As combustible product such as H,, CO
in producer was higher with 22-25 mm lignite feedstock [Vimal et al.,
2014], its chemical exergy was found higher comparatively. The variations
of thermo-mechanical and chemical exergy for various particle sizes are
shown in figure 4.

Thermo-mechanical and chemical exergy curves were intersected on
22-25 mm lignite size, shown optimum particle size lignite among selected
particle sizes of lignite. This result was in line with higher exergy efficiency
as per figure 3 and higher cold gas efficiency [Vimal et al., 2014] for 22-
25 mm lignite size.

90000 =

85000 |~

80000 p=

ergy ( kJ/kmol)

X

& 75000 |-

70000 p=

= e Thermo-mech. Exergy
- s=fp=—===_ Chemical Exergy

65000

1316  16-19 1922

22-25 25-28 28-31

Particle Size (mm )

Figure 4: Thermo-mechanical and chemical energy of different particle size of lignite

4. Conclusion

The thermodynamic analysis was carried out in the downdraft gasifier.
Six different particle sizes (13-16 mm, 16-19 mm, 19-22 mm, 22-25 mm,
25-28 mm, 28-31 mm) of lignite were taken into consideration for the
thermodynamic analysis. Mass balance and Energy balance were carried
out for all selected particle sizes of lignite. Exergy destruction and exergy
efficiency were calculated for various particle sizes. Following results are
found from the analysis:

» Closure ratio of energy and mass balance were found in the range of
0.90-0.95 and 0.95-1 respectively.

» Exergy efficiency for all the particle sizes varied in the range of 23.66
% - 29.64 %.

* The 22-25mm particle size of lignite had the maximum exergy
efficiency among all the selected feedstocks.

» Exergy destruction first decreased with increment in particle size from
13-16 mm and it was found minimum for the particle size of 22-25
mm. Then the exergy destruction increased for further increment in
the particle sizes.

» The exergy destruction was found in the range of 413.56 kW and
448.69 kW. For 22-25 mm particle size the exergy destruction was
minimum i.e. 413.46 kW.
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