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Abstract

A gasification plant was designed and built to test syngas production from biomass for electricity generation on microscale. The
plant is mainly composed by a downdraft reactor, a gas cleaning section with a cyclone and a wet scrubber, a blower for syngas
extraction and an ICE (Internal Combustion Engine, Lombardini LGA 340), equipped with an alternator. A small quantity of
producer was also eventually sent to a button cell SOFC (Solid Oxide Fuel Cell) for preliminary characterization. The plant was
tested in a preliminary experimental campaign to evaluate mass and energy balances and process efficiency. Woody biomass was
used and the producer gas firstly passed through impingers bottles, to condense and measure tar concentration (according to
CEN/TS 15439), and then the remaining uncondensed gas was analyzed with a micro-GC (Gas Chromatograph). The paper
presents and discusses the results of the preliminary tests carried out.
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1. Introduction

Biomasses and wastes are renewable energy sources and their energy conversion does not increase the
concentration of greenhouse gases in the atmosphere. State of the art technology for electricity production from
biomass is direct combustion and thermal recovery in steam power plants, on a scale higher than 1 MWe, which
implies high investment and operational costs (due to the complexity of the supply chain).

The production of electricity on a micro-scale, on the other hand, presents an easier authorization path and a
simpler supply chain management, also increasing the possibility of using waste heat for CHP applications.

Gas turbines and ICEs are available on the market also on the microscale but require the conversion of biomass
into a liquid or gaseous which, may be realized through pyrolysis and gasification processes [1-7].

Fixed bed downdraft technology is the most adopted and produces a gas having a low tar content and the
investment cost of the plant is about 3,000 €/kWe [8-10].

However this technology is not completely mature, with few companies selling micro-CHP plants based on
gasification process, with interesting payback of the investment and adequate installed capacity and running hours,
to minimize risk assessment. Syngas use in engines and gas turbines, in fact, requires handling a gas with low LHV,
tar, water and particulate contamination; moreover different fuel gases in the mixture will show different
combustion behavior (flame speed, ignition delay, etc.). This turns into costly gas cleaning systems and combustion
chamber modifications [11-23]. Coming to fuel cell applications with syngas from gasification and pyrolysis similar
problems are encountered however, particularly for Solid Oxide Fuel Cell (SOFC) applications, tar presence may
provide additional energy to the reformer and integrated cycles with gas turbines are particularly favourable [24-27].

From these premises a low cost a micro-scale gasification plant was designed and built at the Biomass Research
Centre of the University of Perugia to be coupled to a small ICE or a botton cell SOFC for experimental testing.

Syngas production capacity of the reactor was set to 17 kg/h and the reactor was considered with a downdraft
technology.

Nomenclature

ICE Internal Combustion Engine
SOFC Solid Oxide Fuel Cell

GC Gas Chromatograph

CHP  Combined Heat and Power
LHV  Low Heating Value

C Carbon

Cirix Fixed Carbon
H Hydrogen

N Nitrogen

O Oxygen

AFR  Air to Fuel Ratio
1/0 Input/Output

2. Materials and methods
2.1. Plant design

The downdraft reactor was designed to supply a producer gas to be used in a Lombardini LGA 340 ICE, adapted
for Liquefied Petroleum Gas (with a nominal power of about 6 kWe).

The electric power output for the Lombardini ICE, when fuelled with producer gas is about 3 kWe. A producer
gas LHV (Low Heating Value) of 3 MJ/kg and gas mass flow of 17 kg/h was assumed.
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The biomass composition shown in table 1 was considered to determine the air needed for the gasification
process. Biomass elemental analysis (and biomass fixed carbon: Csy) for a wood chip sample were derived from the
Biomass Research Centre Laboratory database.

Table 1. Elemental analysis of wood chips (dry basys)

Element Letter Weight ratio
C p 0.41
Cfix X 0.14
H q 0.07
N / 0.03
o r 0.49

Air to fuel stoichiometric ratio (AFRg) is given by the following equation [28]:

*8 1
AFR . = 0.3 % [35)_233 +(Bxq—1)=* ol = 5.0 Q)
The letters indicated in equation 1 correspond to chemical elements mass fraction and are reported in table 1. Air
to fuel stoichiometric ratio (AFRstec) is equal to 5.0, assuming an equivalence ratio of 0.3 because typical values are
comprised between 0.25 e 0.35 [28-29], considering that biomass enters the gasifier at 15% moisture content.

2.2. Plant layout

The layout of the gasification plant is presented in figure 1, it is composed by a down draft reactor, a cyclone, a
scrubber to condense gasification tar, a blower to feed producer gas to the ICE. Producer gas can be fed to a burner,
or to the internal combustion engine, or alternatively it can pass through a tar sampling line (based on CEN/TS
15439) and then it can be fed to a button cell SOFC. In preliminary tests the scrubber was filled with vegetable oil
(sunflower oil), because it showss a higher efficiency in tar absorption, with respect to water [12]. Moreover the
mixture of tar and oil could be fed to an ICE, increasing the production of electrical energy.

‘GASIFIER
J \
ANDICYGLONE

Fig. 1. Gasification plant layout

Biomass feeding system is based on a hopper, that works in batch conditions with a capacity of one charge per
hour. Air flow regulation is carried out by an inverter, to control the blower which is at the outlet of the gasification
plant and keeps the reactor below atmospheric pressure. Air is provided above the throat through 4 holes and 4
stainless steel pipes which enter the holes for a depth of 8 mm.

The low cost downdraft gasifier was designed according to the criteria adopted in [30]. The body of the reactor is
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realized in high density (2,340 kg/m®) refractory cement "CALDE CAST M30" and its negative shape was initially
designed and realized using teflon pipes and copper pipes to realize air inlet nozzles and thermocouples sites. The
oxydation zone is situated in the throath of the reactor, realized using two cylinders made in teflon, that were
eventually conically shaped. Once the mold was completed, the cement was inserted between two concentric
cylinders. The external cylinder was made of iron, the internal was made of teflon. The hopper and the tank for
ashes storage, have been also realized in iron C30.

The space between the refractory cement and the external cylinder was filled with Sibral ceramic fiber. The skid
to support the reactor, was realized with commercial square tubes (40 x 40 mm) with a thickness of 2 mm. The grate
positioned at the base of the reactor is a steel mesh, and is composed by three layers to decrease the square holes
dimensions so also fine biomass can be used.

Figure 2 shows the mold together with the final reactor and the skid that supports it and its section.

The main dimensional parameters for the reactor were calculated assuming a specific consumption of biomass
equal to 1.250 kg/h m? [31], referred to the surface of the grate. Figure 2c shows a section of the gasifier.

Cyclone design focused on the elimination of particles with diameter higher than 10 pm and was performed
according to [32] and adjusted considering the dimensions of pipes available on the market.

The cyclone was realized in stainless steel with thickness of 2 mm. In correspondence of the lower section a plug
is positioned to permit the removal of particulate matter, separated from producer gas flow.

During the preliminary tests presented in this paper a scrubber consisting of a vertical cylinder was used, made of
AISI-304 stainless steel. Gas is inserted below a column of vegetable oil, that occupies about one third of the
cylinder height (220 mm), thanks to the depression produced by the blower, the producer gas gurgles through this
cooling liquid and condense tar vapors.

In the vegetable oil a submerged copper tube coil is connected to a refrigerator, so that the vegetable oil is
continuously cooled. The scrubber was eventually modified, inserting a Venturi pipe at the inlet to improve gas
cooling and the mixing of tar and oil (figure 2d).

Fig. 2. (a) Gasificator mold; (b) reactor assembly; (c) reactor section; (d) Venturi scrubber

To calculate the scrubber efficiency tar concentration before and after the scrubber was measured through a tar
sampling line, according to standard CEN/TS 15439 [33].

The gas exiting the tar sampling line is analysed using a micro-GC (GC Varian 3800). The control system of the
gasification plant consists of a notebook with PCMCIA adaptator, connected to the National Instrument 6024E
board. The board is connected to shielded 1/0 (Input/Output) connector block model SCB-68, produced also by
National Instruments. Three K-type thermocouples monitor pyrolysis temperature, oxidation temperature and
gasification zone temperature. The blower rotational speed is varied by an Omron inverter and controlled by a
software, realized in Labview environment (in figure 3 the front panel is shown). Temperatures are monitored in the
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most significant zones of the plant, also an oxygen sensor was introduced to regulate automatically the blower
frequency.
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Fig. 3. Gasification plant control panel
3. Results of experimentation
3.1. Gasifier
Preliminary tests had the objective to determine producer gas composition and heating value, efficiency of tar
removal as a function of time, using vegetable oil as an absorbing fluid. Wood chips were used as input biomass to
the gasifier and the scrubber was filled with 20 liters of sunflower oil.

A typical gas composition measured in the gasification tests performed in the laboratories of the University of
Perugia, is reported in table 2.

Table 2. Composition and heating value of producer gas

Gas concentration Value

H, (%V) 12.30
O; (%v) 4.60
N2 (%v) 52.60
CH4 (%vV) 0.98
CO (%v) 18.90
CO; (%v) 9.53
CzHs (%v) 1.09

LHV [kd/kg] 4,036




The heating value of the gas resulted to be higher with respect to the value assumed in the design phase, while tar
concentration at the outlet of the cleaning system was about 5 g/Nm®. The values presented in table 2 agree with
those of other studies [34]. In this first preliminary tests the producer gas was used to fuel the Lombardini LGA 340
ICE, working smoothly in idle condition. The trends of the temperatures of the pyrolysis zone, oxidation zone and
gasification zone inside the reactor are shown in figure 4. The gasification temperature trend is clearly constant,
because it is not influenced by the opening of the reactor hopper when a new charge of biomass is introduced.
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Pyrolysis temperature is obviously lower with respect to gasification temperature.

The used sunflower oil scrubber demonstrated a scrubbing efficiency, equal to 80 %, in agreement with previous
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Fig. 4. Temperature trends inside the reactor

works in collaboration with Tokyo Institute of Technology [12].

Figure 5 shows tar removal efficiency as a function of the amount of producer gas passed through the vegetable
oil. With 20 liters of vegetable oil an efficiency of 67% removal was obtained 70 Nm® of gas were cleaned; this
value decreased to 53% when 112 m® were treated from an initial value of 80%, hence an average oil consumption
of 1-3 It/h maybe considered. However the residual oil-tar mixture could be burnt successfully in a diesel engine

providing additional 2-6 kWe of useful electric power.
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Fig. 5. Tar removal efficiency vs volume of producer gas treated
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The mass balance during preliminary tests is shown in table 3.

Table 3. Gasification Mass balances | n Experimental test

Experimental conditions
(15% biomass moisture)

INPUT

Biomass (kg/h) 5.00
Air (kg/h) 7.74
OUTPUT

Solid residue (kg/h) 0.50
Tar and water (kg/h) 1.47
Producer gas 10.77

It could be seen from table 3 that design condition had forecasted a solid residue that is about 10% of the dry
matter for biomass inserted in the reactor, while in experimental case this percentage was equal to 12%. Decreasing
this value would provide a better efficiency.

Optimizing air flow also could improve efficiency: in experimental conditions an equivalence ratio of 0.4 was
used, while the optimal equivalence ratio should be comprised in the 0.25-0.3 interval.

3.2. Internal combustion engine

The Internal Combustion Engine Lombardini LGA 340 worked continuously and smoothly in idle condition,
when fuelled with producer gas. After the test the throttle valve was weighted, cleaned and remounted showing that
with olive oil scrubbing tar deposit on the valve was lower, respect to water scrubbing (see figure 6).

Fig. 6. (a) Throttle valve tar deposits with water scrubbing, (b) oil scrubbing; (c) cleaned throttle valve

A datasheet on the most important characteristics of the engine is reported in table 4.



3.3. SOFC Button Cell
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Table 4. Lombardini LGA 340 Engine Technical Data

Technical data Value
Cylinders (n) 1
Bore (mm) 82
Stroke (mm) 64
Displacement (cm®) 338
Compression ratio 8.5:1
Power (with LPG) 6 KWe
Max torque (Nm/kgm) 23.7/12.42
Min. specific fuel consumption (g/kwWh) 342
Fuel tank capacity (I) 6.0
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Eventually syngas was fed to a button cell SOFC at the Fuel Cell Lab of the University of Perugia. Tests were
carried out with an atmospheric pressure NiYSZ/YSZ/LSCF button cell (figure 7) supplying syngas at the anode
(fuel electrode) and air at the cathode. Syngas to be sent to the anode chamber was drawn after the cleaning unit,

which was discussed above.

Figure 8 shows cell performances during the operation with syngas. SOFC was operated

Figure 7 (left) SOFC anode, (right) SOFC cathode

(0.5 A) during all the duration of trial.
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Figure 8: Constant load SOFC performance under syngas.
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Before connecting the gasifier to the cell feeding line, the fuel used in the SOFC was 100% pure hydrogen. When
hydrogen is replaced by syngas, a decrease in cell voltage is shown as predicted because carbon dioxide and
nitrogen are diluting the active species (hydrogen, carbon monoxide and methane) in producer gas, causing a
decrease in the maximum voltage achievable.

The trial lasted for two hours and during that period voltage was quite stable. Any small fluctuation is to be
ascribed to the variation in syngas composition. To this end, a GC online analysis was performed on the syngas
entering the cell. Figure 9 depicts how the concentration of the major species changed over time. The gas sampling
frequency was 0.5 samples/minute. Gas composition is different from that shown on table 2 because they were taken
during different tests.

60,0 Txt5e5o5c R X RIS RR K
50,0
§ ©C02 <& Hydrogen
g 40,0 02 N2
_g Methane co
> 30,0
20,0 +
10,0 +- 7eYes JoOOOOOOS S A00
A Yal
0,0
0 10 20 30 40 50 60 70
Samples (n)

Figure 9 Fast online GC analysis on syngas supplied to the SOFC

This preliminary study demonstrates that the coupling of the two systems is feasible and further researches are
ongoing.

4, Conclusions

This work analyses the production of energy from biomasses on micro-scale from different perspectives: from the
obtainment of producer gas from a gasifier to the cleaning of it removing tar in a scrubber filled with vegetable oils,
to the use of producer gas in engine and SOFC.

The experimental tests performed and presented in this paper have shown an interesting heating value of the gas,
equal to 4 MJ/kg, that was used to run successfully an ICE and a SOFC button cell.

The results obtained from the experimental campaign were compared with the mass and energy balance assumed
during the design phase. Further tests will concentrate the attention on the optimization of producer gas quality,
controlling air volumetric flow in the reactor, based on oxygen measures and on the temperatures measured in the
three zones of the reactor (pyrolysis, oxidation and gasification).
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