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Abstract — The continuous increase of energy consumption and the environmental effects of
fossil fuel combustion are some of the causes promoting the development of alternative clean
energy systems. This work aims to identify the total electric efficiency, and cold gas efficiency of a
10kWe commercial downdraft gasifier fed with Coconut Shells. Moreover, the scope is to establish
the convection and radiation heat losses using thermography images and dimensionless
parameters. An empirical relation to calculate the syngas composition based on the CO and CO,
content was identified. Total electric efficiency was about 20% while cold gas efficiency around
53%. Radiation and convection heat losses from reactors surface were about 3% of total thermal
energy employed. Coconut shells gasification is a feasible alternative for electricity generation for
rural areas. Copyright © 2016 Praise Worthy Prize S.r.l. - All rights reserved.
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Nomenclature
ki Air conduction constant
Mpiomass Biomass mass rate
Lc Characteristic length
CGE Cold gas efficiency
Oconv Convection heat losses
u Dynamic viscosity
Pe Electrical power
A External area
g Gravitational acceleration
HHV Higher heating value
b Inverse average fluid temperature
LHV Lower heating value
e Material s emissivity
MW; Molar weight
Nu Nusselt number
Pr Prandtl number
Oraa Radiation heat losses
Ra Rayleigh number
h Specific convection heat coefficient
Cp Specific heat capacity
o Stefan Boltzmann constant
T Temperature
Nelectric Total electric efficiency
Oroal Total heat losses
X; Weight fraction

I

The continuous increase of energy consumption and
the environmental effects of fossil fuel combustion are
some of the causes promoting the development of
alternative clean energy systems Biomass gasification is
a helpful process for adding value to solid residues and
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agroindustrial waste which are not harnessed in some
developing countries. In this way, this process becomes
an alternative for either electricity generation or heating
applications in rural places where the lack of these
services encumbers the economic development.

This process implies the thermal partial oxidation of
biomass to produce a more valuable gaseous fuel known
as syngas which consists of a mixture of mainly CO and
H, with CH4 and CO, and other byproducts. The process
conditions and final composition of the syngas vary
depending on the reactor configuration and design. There
are some new types of gasifier resulting from research
and development, including the pressurized spout-fluid
bed [1], the bubbling fluidized bed reactor [2], and the
twin fluidized bed reactors [3] nevertheless.

The most common systems available in industrial
scales are fluidized bed, updraft fixed bed, and downdraft
fixed bed gasifier. In the fluidized bed gasifier, the
gasification agent moves upwards with pressure enough
to fluidize the fine biomass inside, enhancing the surface
area and the efficiency [4]; nevertheless, this process
requires advanced control system making it non-
affordable for small and medium scale power plants. The
updraft fixed bed gasifier has a similar behavior because
biomass falls and gasification agent rises throughout the
reactor, but herein biomass does not float and remains
fixed in the equipment making it less expensive. This
reactor is adequate where an external heating source is
available because it needs to maintain the temperature
profile. Finally, there is the downdraft fixed bed gasifier
where biomass falls, and gasification agent moves
through the system in the same direction.

The gasification agent is fed into a throat located
between the hopper and the reactor promoting
combustion reactions that release energy enough to
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maintain the process steady. Despite the results using
pure oxygen, steam or CO, [5], air is still the most
common gasification agent.

This process can be divided into four stages based on
the changes of biomass chemical and physical properties.

The first stage occurs in the upper part of the reactor,
where the temperature is lower than 150°C. Herein, the
biomass gains energy and its humidity boil resulting on a
dry solid. Later, the dry biomass moves downwards
where the temperature is still higher, in the 200-550°C
range; hence, pyrolysis reactions take place and volatile
matter burns out of the solid producing a gaseous stream,
made of volatile substances, and solid char.

Next, both currents, solid and gaseous, move to the
throat of the reactor where they mix with the incoming
gasification agent. In this zone oxidation reactions occur
and release energy enough to maintain the process.

Afterward, there is the last zone where reduction
reactions take place defining the final syngas
composition. In this stage, there are simultaneous
reactions taking place [6]. They are shown as follows:

Water —gas reaction:

C+H,0->CO+H, @)
Boudouard Reaction:
C+ CO, & 2CO 2)
Shift reaction:
CO, + H, & CO+ H,0 3)
Methanation reaction:
C+ 2H, & CH, “)

Downdraft gasifiers have demonstrated to be feasible
alternatives for generating electricity in rural areas where
biomass is available. Therefore, more research has been
done in this area varying biomass species.

Erlich and Fransson [7] analyzed the performance of a
20kWth pellet-fired downdraft gasifier when either wood
pellets or bagasse respectively Empty Bunch Fruits were
fed. Simone et al. [8] compared the feasibility and
reliability of using wood pellets and sunflower seeds
pellets into a 200kW downdraft gasifier. Prasad et al.[9]
carried out an analysis of Pongomia de-oiled cake
gasification. Roy et al.[10] simulated the behavior of a
reactor using Wheat Straw, Rice Straw, and Coconut
Shells and compared the performance when woody
biomass was the feedstock They concluded that non-
woody fuels led to fewer fuel costs than woody biomass
showing the potential of these resources.

Most of the research available in the literature aims to
either simulate the process or find the cold gas efficiency
using prototype and small scale gasification power
systems without analyzing the energy losses distribution.
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This work aims to evaluate the performance of a
commercial downdraft gasifier power system capable of
generating electricity fuelled with Coconut shells.

Moreover, the scope of this work is to identify the
total electrical efficiency of the system, and a
methodology for calculating the losses due to the
convection and radiation heat transfer mechanisms based
on an exhaustive analysis using dimensionless
coefficients and thermography results.

II.
1.1

Methods and Materials
Downdraft Fixed Bed Gasifier Set Up

The tests were performed in the laboratory of Thermal
Plants and Renewable Energies in the Universidad
Nacional de Colombia (4.638°N -74.084°W, 2630m
above sea level). Figure lshowsthe layout of the test
setup. There is an AnkurWBG-20 Gasification power
system, which consists of a WBG-20 downdraft fixed
bed gasifier, the gas cleaning system, and a Prakash
PNG15BG gas engine.

The gasifier has a hopper capable of containing 120kg
biomass; although, the total capacity of the system varies
depending upon the biomass density. Air goes into the
system by two entrances located at side of the hopper.
The air reacts with the pyrolyzed biomass in the throat,
producing heat.

The hopper is located over the reactor; it consists of
two welded cylindrical vessels made of stainless steel.
The inner part contains the char produced after fast
biomass combustion and has a ceramic cover inside
aimed to decrease heat losses by conduction, convection
and radiation to the outer vessel and the atmosphere. In
this part, gasification reactions take place producing
syngas and ashes.

This inner vessel has an ash removal system in the
bottom; it takes out the ashes and disposes them into the
lower part of the external vessel. Moreover, the syngas
gets out from the inner to the outer vessel, which is
attached to the cleaning system.

The first device of this system is a venturi tube, where
the syngas mixes with cold water so rapidly, cooling the
gas and condensing the tars. Afterwards, the mixture
moves into the hydrocyclone, where the liquid stream,
made of water and tars, goes downwards into a recovery
vessel and the gaseous stream, wet syngas, moves
towards the filters. The first one is a passive filter fed
with sawdust; that dries the wet syngas and removes the
remaining tars.

Next, there is a membrane security filter capable of
retaining fine solid particles. After cleaning, the syngas
can be burnt either in the chimney or the gas engine.
During the start-up stage, the syngas goes into the
chimney until the chemical composition reaches a stable
state adequate for the gas engine.

The syngas composition is recorded by using an
Emerson X-stream gas analyzer, which measures the CO,
CO, content in syngas.

International Review of Mechanical Engineering, Vol. 10, N. 4
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Fig. 1. Test set-up general layout
II.2.  Biomass Characterization

Coconut shells were provided by Acquaire Ltda. They
were ground and dried at ambient conditions. Proximate
analysis was performed, and parameters like moisture,
volatile matter, fixed carbon, and ash content were
determined according to ASTM D3173, ASTM D3174,
and ASTM D3175.

The ultimate analysis was assumed to the one
presented on a previous work [14]. Higher and lower
heating values were calculated using the results of
proximate and ultimate analysis according to Obenberger
and Thek [11]:

HHV = 0,3491X, + 1,1783X, +

+0,1005X; — 0,0151X, — 0,1034X, + 5)
—0,0211X 44,
LHV = HHV (1 — (22 ) - 2,447 (22X
v V< (100)) A47 (100) +
x % 6)
—(—H>><1802><2447>< 1—(—”)
200 ’ ’ 100

where, HHV [MJkg™] corresponds to the higher heating
value, and X is the content of C, H, S, N, O, and Ash in
wt% (d.b) from the ultimate analysis.

Moreover, LHV [MJkg"] is the lower heating value,
and Xy is the moisture content in wt% (wb).

11.3.  Energy Efficiency Calculation

Two types of efficiency were analyzed. First, the total
electric efficiency defined as the ratio between the
electricity supplied to the thermal power provided by
combustion of biomass. Secondly, the cold gas efficiency
calculated as the ratio between the power available in the
syngas and the thermal energy of biomass. The previous
parameters were defined as follows:

Pe

(7

Nelectric =
biomass ° LHVbiomass
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Vsyngas : LHV;yngas

CGE = (®

Mpiomass * LHVbiomass

where, g 1S the total electric efficiency, Pe [kW]
relates the electrical power, Mp;opass [kgs’l] is the biomass
consumption, LHVjomass [kag'l] is the biomass lower
heating value. Moreover, CGE is the cold gas efficiency,
Vsyngas [Nm3s'1] means the syngas volumetric flow rate,
and LHVyngas [KINm™] is the syngas lower heating
value. The Power produced was calculated as the product
of Voltage, Current, and the power factor for a three-
phase electrical generator.

Biomass consumed was determined as the difference
between the initial and final biomass load in the hopper
divided by the time. As a result of the mass balance on
the reactor, it is possible to establish the dry syngas mass
flow rate, neglecting tars condensed into the water:

Coconut + a(0, + 3,76N,) = CO + CO, +

+H, + 0, + CH, + 3,76aN, + tars + ash

Chiomass = Cco + Cco, + Cen, (10)
Chiomass ~ Md.biomass _

e (11)

MWy gas *(Xco + Xco, + Xcn,)

where, Xcpiomass [Wt%] is the carbon content in the
biomass, b piomass [kgs'l] the dry biomass mass flow
rate, MWi[kgkmol'l] the molar weight of C, CO, CO, and
CHa, Mgspngas [kgs’l] the syngas mass flow rate,
MWSyngas[kgkmol'l] the molar weight of syngas.

The Syngas composition was established based on a
comparison of data provided with the Emerson X-stream
Gas Analyzer and results available in the literature.

Dry syngas molar weight results from the sum of the
molar weight of each component times the molar fraction
in the syngas. Syngas heating value is evaluated in
accordance with Prasad et. al[9]. Table I exhibits the
heating value of each substance embedded in the syngas:
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LHViyngas = (Xco - LHVe) + (Xp, - LHVy,) +

(12)
+(Xco, - LHVco,)
TABLE I
HEATING VALUE OF THE COMPOUNDS AVAILABLE
CONTAINED SYNGAS
Compound  HV (MINm™)

CO, 0
CcO 12,71
H, 12,78
N2 0

CH4 39,76

II.4.  Convection and Radiation Heat Losses

Heat losses by convection and radiation were
calculated by Newton laws. The temperature profile was
measured using a Fluke TilOInfrared Thermal Imaging
Camera, and compared with some data recorded with K-
type thermocouple at five points throughout the reactor
surface. Meanwhile, the ambient temperature and
moisture were documented. The temperature was
assumed constant at the same height around the reactor.

On that manner, the total heat losses were calculated
as the sum of the flux at different sections:

5

Qtotar = Z (Qconvsi + Qradsl.) (13)
n=1

Qconv = hiA(Ty; — T.i) (14)

Qraa =0-€-A- (Txi4 - Taoi4) (15)

where, QOcomi [kJs’l] is the heat losses by convection at
section i, h; [Wm?K'] the specific convection heat
coefficient, 4 [m?] the external area, T,; [K] the specific
temperature in the surface, 7, [K] is the ambient
temperature. Meanwhile, O, [kJs'] means the
radiation heat losses at section i, ¢ is the Stefan-
Boltzmann constant, € the emissivity of the material [12].

Calculating the convective heat losses is a complex
task when the specific convection heat coefficient is
unknown. The area and temperatures could result from
practical tests; whereas, the coefficient should be
calculated as a function of Nusselt, Rayleigh and Prandtl
dimensionless numbers assuming natural convection and
a vertical plate [13]. Specific convection heat coefficient
h;, depends upon the convection heat loss Nusselt number
Nu, the air conduction constant k; [Wm'K'] and the
characteristic length Lc¢ [m]:

k;-Nu
h; = u (16)
L.
2
0,387Ras \
) as
Nu=|0825+————| (17)

(1 + 0,49219—6)5 /
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B (Tui—Too) - L
Ra, = LB T Te) e, (18)
. Cp;
py = i CP) (19)
ki
fi=r (20)
i sz

The equations above exhibit the procedure to evaluate
Nusselt from Rayleigh and Prandtl Numbers. Where, g
[ms?] corresponds to the gravitational constant, Bi [K™']
the inverse average fluid temperature and v [m”s™'] is the
ratio between the dynamic viscosity 1 [Nsm™] against the
air density p [kgm™]. Likewise, Prandtl depends on the
specific heat capacity Cp [Kkg'K™'] and air conductivity
ki [Wm™'K™]. Tfi [K] is the average temperature between
the ambient and surface.

Fluid parameters such as air viscosity, density,
conductivity, and specific heat constant slightly change
due to temperature differences; hence, it is important to
correlate these properties with the temperature.

Aspen Properties provides the values at different
temperatures; afterwards, these values were plotted and
their trend line determined:

1 [Nsm~2] = 3,6425 x 108 x T + 1,8148 x 105 (21)

cp ng—lK—l] = 990,88 x 00027 22)
k;[Wm K] = 7,0744 x 1075 X T + o)
+2,423 x 1072
p = 1,165555 x g~201578T (24)
III. Results

Coconut shells have a remarkable energy potential
based on their proximate analysis. Moisture content was
less than 11%, whereas fixed carbon and volatile matter
comprehended about 85%wt.

Table II summarizes the results of the proximate
analysis. Comparing the results with literature is possible
to establish the importance of making this analysis
beforehand because biomass characteristics varied due to
parameters like source, or time stored.

In a previous work, we obtained 1,26% ash content
and 12% moisture [14]. Likewise, Satnislav et al [15]
gathered the composition of several biomass samples
including Coconut shells; in this case, the ash content
was 3,1%, but moisture content less than 4,5%.

TABLE II
PROXIMATE ANALYSIS OF COCONUT SHELLS

Parameter (%w.b)  Value
Moisture 10,46
Volatile Matter 67,67
Fixed Carbon 18,29
Ash Content 3,58
Sum 100

International Review of Mechanical Engineering, Vol. 10, N. 4
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According to Van Krevelen diagram [16], coconut
shells have an interesting potential and an increased
heating value in comparison with traditional biomass like
wood. The atomic H/C ratio is 0,11, and the O/C ratio
equals to 0,84. Ultimate analysis and calculated heating
value are presented in Table III.

The initial biomass load was 133,8kg Coconut shells;
after finishing the tests, we recorded the final biomass
load and determined that biomass consumption rate was
8,27kgh”. This meant a thermal power input of
38,62kWth and electrical efficiency of 20,71% with a
maximum 8kWe electrical power output.

Cold Gas Efficiency depended on syngas volumetric
flow and heating value. Syngas composition varied with
time since the equipment started up until it reached its
stable point. At this moment, the CO/CO, ratio was 0,94,
and the maximum CO and CO, content in the syngas
werel3,2 and 14,1 respectively. To establish the
composition of this gaseous fuel, we summarized
different results available in the literature for downdraft
fixed bed gasifiers with a wide variety of biomass and
analyzed the relationship between the CO against CO/N,,
CO/H,, and CO/CH, ratio. These results are shown in
Table IV.

The results showed a remarkable behavior to obtain an
approximate syngas composition based on the CO
content without the installation of expensive gas

CO/N, against CO content in the syngas as presented in
Fig. 2. The CO/CO, ratio is a remarkable manner for
analyzing the equilibrium between these products in the
syngas, based on the fact that the main objective of
gasification is to transform biomass into a gaseous fuel
with high heating values.

When CO content moves upwards the CO/CO,
relationship should increase too because of equilibrium
displacement in the water gas shift reaction [18]
occurring in the final stage of the downdraft reactor.

There is not a simple relation between H, and CHy4
production against CO generation because several
chemical reactions are occurring at the same time inside
the reactor. Some of them are steam reforming of
methane [18], water gas shift reaction, particle surface
reactions like char combustion, and char reduction of
CO,, H, and H,O[16]. Nevertheless, finding an
approximate CH4 and H, content based on CO is possible
using a polynomial trend line of CH,/CO, and H,/CO,
ratios (Fig. 3).

Despite the fact that these trends are not as accurate as
the previous, they exhibited a good correlation with the
results available in the literature.

TABLE III
ULTIMATE ANALYSIS, CALCULATED HIGHER AND LOWER HEATING
VALUE FOR COCONUT SHELLS

. ) C 0 H N S Sum HHV LHV
analyzers. Useful for power systems installed in rural W%  wit%  wt%  wi%  wit% Mlkg!  Mikg'
places where financial support is not an easy task. 51,1 431 56 01 010 100 21481 16,82
Polynomial trend-lines accurately describe the CO/CO,,

TABLE IV
PUBLISHED AND CALCULATED SYNGAS COMPOSITIONS RESULTING FROM BIOMASS GASIFICATION USING DOWNDRAFT GASIFIERS
Ref. [7] [8] [17] [18] [19] [10] [9] Calc.
N, 50,4 53,3 55,0 49,5 55,83 47,7 64,45 53 71,44 61,2
CO 25,7 17,0 17,4 19,7 18,56 22,3 11,38 18,2 10,93 13,2
H, 11,9 13,5 12,9 15,8 11,11 15,9 5,77 15,2 7,44 9,92
CH,4 2,6 1,9 1,5 2,30 2,15 3,1 1,93 5,9 1,02 1,56
CO, 9,9 14,5 13,7 11,60 11,22 11 16,81 13,1 11,46 14,11
> 100,5 100,2 100,5 98,9 98,87 100 100,34 105,4 102,29 100,09
CO/CO, 2,60 1,17 1,27 1,70 1,65 2,03 0,68 1,39 0,95 0,94
CO/N, 0,51 0,32 0,32 0,40 0,33 0,47 0,18 0,34 0,15 0,22
H,/CO, 1,20 0,93 0,94 1,36 0,99 1,45 0,34 1,16 0,65 0,70
CH,/CO, 0,26 0,13 0,11 0,20 0,19 0,28 0,11 0,45 0,09 0,11
o 0B0 T------=-=-=—==-==-======————=————--
0,50
0,40
g #
g gox
g 8
0,20
050 R2=1,9615 010 2= 10,9857
0,00 T . . . ! 0,00 7 : r . !
5 10 15 20 25 30 5 10 15 20 o5 0
CO Vol d.b) C0 (Vol% d.b)
# CO/cO2 — Paoly. [COfC02) # CO/N2Z —— Poly. [CO/N2)

Fig. 2. Existing relationship between CO/CO, and CO/N; ratio as a function of CO content in syngas based on results published
by various authors using downdraft gasifiers
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Fig. 3. Approximation of CH4/CO, and H,/CO, ratio as a function of CO content in syngas, using results available in literature
for downdraft gasification systems

Based on the composition presented before, the syngas
heating value was 3,57MJ/Nm’. Thus, the cold gas
efficiency in this system corresponded to 53,95%; Table
V summarizes the energy analysis in the WBG-20
Biomass gasifier using coconut shells.

These parameters are typical for biomass gasification
systems as summarized in literature [20].

The temperatures were constant after the system
stabilization; although, they varied throughout the reactor
height as presented in Figs. 4. Maximum temperature
near the junction was about 160°C decreasing to 30°C at
the bottom. The total area of the external surface was
divided into five proportional zones and heat losses
calculated for each one.

Convection heat losses calculation depended on air

Figs. 4. (a)Temperature measurement placement along the reactor
and (b) thermography of this vessel under stable conditions

parameters like viscosity, heat capacity, density, and TABLE VI

conductivity. However, the heat losses due to convection TEMPERATURE, DIMENSIONLESS COEFFICIENTS, CONVECTION,
for each zone changed from 34 to 345,6 Wth while the RADIATION AND TOTAL HEAT LOSSES ALONG
temperature rose. Also, the radiation heat losses were THE REACTOR SURFACE

11Wth in the lowest zone and 116 Wth in the warmer Position OTC Fr ka Nu QW QV’;d Q;,’V”"
zone. In both cases, the heat flux increased proportional T1 140,5 0,668 288002,37 27,80 345,65 11641 462,06
to the surface temperature; although the same thermal T2 1258 0,669 28378230 27,66 296,71 96,60 392,31
gradient affects more the losses by convection than by T3 856 0,70 243737,56 26,28 167,01 49,35 216,36
radiation. Table V'I exhibits thg mean temperature along %‘ ;é g:g;g ?ég;gézgg %ggz 1324%’6649 ?Z‘g 14666’5‘70
the reactor and their corresponding losses. > 972,69 310,51 128320

Moreover, the sum of the losses in each area is the
total heat losses due to convection and radiation from the
surface to the ambient. The total heat losses were 1,28 IV. Conclusion
kWth meaning 3,32% of the total thermal energy
released by biomass combustion. Convection heat flux
was 2,52%; whereas, losses due to radiation was 0,80%.

Coconut shells gasification showed an interesting
performance for either syngas production or electricity

generation.
TABLE V The total electrical efficiency was about 20,7%, lower
PERFORMANCE OF THE WBG-20 DOWNDRAFT FIXED BED than conventional fossil-fired energy systems, but with
GASIFIER USING COCONUT SHELLS _ the outstanding advantage of using a non-value and clean
Parameter Unit byproduct from agroindustrial systems. The downdraft
Mass consumption 8,27 kgh . o .

Thermal power input 38,62 kWth fixed l?ed ga51ﬁe:3r 1reached 54% ‘co'ld gas efficiency,
Syngas flow rate 21,02 Nm'h' producing 21 Nm’h™'syngas which is in accordance with
Syngas thermal power 20,84 kWth the rated gas production defined by the manufacturer.
Electrical power 800  kwe Based on the electrical power and syngas production, the

Cold Gas Efficiency 53,95 % fFici £ the i | busti . b
Motor Efficiency 3839 % efficiency of the internal combustion engine was about
Total Electrical Efficiency 20,71 % 38% in the range of gas-fired gensets. Empirical
Copyright © 2016 Praise Worthy Prize S.r.l. - All rights reserved International Review of Mechanical Engineering, Vol. 10, N. 4
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functions were defined to identify an accurate syngas
composition based on the CO and CO, measurements
relating these parameters with the CO/CO,, CO/N, ratios
in such a precise way. Moreover, H, and CHy could be
approximated using the H,/CO, and CH,/CO, ratios.

Heat losses due to convection and radiation
mechanisms from the surface of the reactor to the
environment were calculated using an exhaustive method
based on dimensionless numbers; they corresponded to
2,5 and 0,8% respectively of total thermal energy supply.

This meant that despite the temperatures reached,
about 120°C, the losses in this section were not
significant. Infrared thermography was employed to
analyze the temperature distribution and some hot-spots
along the reactor. Other heat losses, which may require
further analysis, are the remaining calorific potential
contained in the ashes, sensible heat lost during mixing
of gas with water in the venturi tube, heat losses from the
fin created in the junction between the hopper and the
reactor, and tars produced which were neglected in this
study.
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