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Abstract. The management of municipal solid waste is a growing problem that waste-to-energy technologies attempt to
solve. However, there is a lack of studies approaching large-scales projects as the situation requires. Thereby, this work
presents a commercial scale gasification power plant for refuse-derived fuel processing and energy generation. The
circulating fluidized-bed gasification system was designed to produce 72 ton day™ of syngas, with lower heating value
of 4.6 MJ kg, from 30 ton day™ of refuse-derived fuel. A steam power cycle consumes the gas to generate 1.5 MWh of
electrical energy. Characterization of the syngas produced demonstrate good thermal proprieties and its use for
generation of electrical energy indicates low levels of pollutants emissions, such as NOx, SOx and dioxins and furans,
which demonstrate the feasibility of the proposed technology as a renewable energy source.
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1. INTRODUCTION

Many technologies aim to solve or reduce the human being impacts to the environmental. Waste management has
become a problem due to growing generation of municipal solid waste (MSW), approximately 440 kg person™' annually
(Bhoi et al., 2018). On the basis of the sustainable development, the gasification enables energy recovery, since it converts
the biomass in a synthesis gas, named syngas, by heating under controlled conditions. However, the lack of financial
investments (Motta ef al., 2018) and governmental feasibility for the commercialization of electric power (Sikarwar et
al., 2017) limit advances related to industrial scale gasification process.

Although there are some studies involving plasma gasification in large scale, nothing was reported in literature
involving the fluidized-bed reactors at commercial scale.

The fluidized-bed reactors have various advantages related to waste gasification, since its configuration generates
small amounts of tar when compared to fixed-bed reactors (Basu, 2010). It is operationally flexible, which can work with
different gasification agents (air, oxygen, steam), temperatures, residence times or, eventually, the use of catalyst (Arena
et al.,, 2010). Pre-treatment is required in this configuration to obtain small biomass particles to contribute to the
fluidization and maximize the contact with the reacting agents (Widjaya et al., 2018). That gasifier’s types are the most
promising configuration due to its good mixture of the reacting materials, uniformly distributed temperature that enable
the waste gasifying (Materazzi et al, 2016).
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Therefore, this work presents the design of a commercial scale circulating fluidized-bed gasification system with
capacity to process 30 ton day™! of refused-derived fuel (MRDF) obtained from MSW and the production of 72 ton day!
syngas, by gasification process.

1.1 Brazilian Waste Gasification State of Art
Some information of waste gasification technology companies was compiled by Arena (2012), but none of those

involves industrial waste gasification for power generation. The Brazilian perspective on this subject is still at lab-scale.
Table 1 shows recent Brazilian studies involving waste gasification technologies, also the lower heating value (LHV) of

the biomass and the syngas. Due to lack of information, LHV values could not be pulled in the same unit system.

Table 1. Brazilian waste gasification studies

Reference Gasifier Type Biomass Biomass LHV (MJ kg™) Gas LHV
liveira et al.
© lggf‘g‘; | Downdraft fixed-bed |  Coffee wood 18,56 7,76 + 1.27 MJ Nm®®
livei 1.
© “(/;gi;t a Downdraft fixed-bed Eucalyptus chips 17,3 6,81 + 0,34 MJ kg!
Oh\(];gilge)t al. Downdraft fixed-bed Coffee husk 18,07 5,45+ 0,42 MJ kg!
Lopes (2018) Moving grate bed MSW 7,95 3,327 MJ kg!
Casademont et
- li il mill wast - -
al. (2018) Olive oil mill waste
Pacioni et al. Agro-industrial
- . . 13,83 - 28,49 -
(2016) biomass residues
Corréa Jr. etal. | Bubbling fluidized- . 3
(2019) bed Rice hulls 13,29 2,87 MJ m
Galindo et al. 3
(2018) Downdraft fixed-bed Eucalyptus wood 18,06 4,47+ 0,5 MJ Nm
Sales et al
a( ;Z le 7)a ’ Downdraft fixed-bed Eucalyptus wood 18,39 4,20 - 5,02 MJ Nm?
Marti t al
a ( 212?21)6 | Downdraft fixed-bed Eucalyptus wood 18,14 4,5 MJ Nm3

2. MATERIALS AND METHODS
2.1 Gasification Power Plant

The proposed industrial scale Gasification Power Plant (GPP) basically involves three units: the Solid Waste
Processing Line (SWPL), the Gasification Plant (GP) and the Steam Power Plant (SPP), showed in Fig. 1. The first one
is where MSW is converted in 30 ton day! of MRDF, a suitable fuel for the gasification technology proposed. At this
process, the MSW is selected, removing stones and metals, crushed and dried (Fig. 2), to reduce its moisture from
approximately 50 wt% to 15 wt% during those steps. The MRDF has essentially carbon rich products from waste and can
be stored at the MRDF Stock Warehouse (Infiesta et al., 2019) or addressed to the GP, according to demand of power
generation process.

The main equipment of the gasification system consists of the circulating fluidized-bed gasifier, which is continuously
feed by MRDF — with average moisture content of 17 + 8 wt% and average LHV of 14.6 + 1.3 MJ kg !, processed by the
SWPL (Infiesta et al., 2019) — and bed material composed by silica and limestone.

The air is utilized as gasification agent, pre-heated and insufflated at 400 °C by the bottom of the reactor at 2,076 kg
h'! mass flow rate. It operates at pressure slightly above atmospheric 14.7 kPa and temperature 850 °C to produce about
3.8 MWh of thermal power, with dry ash formation, discarded at a rate of 325 kg h™'. The reactor has an external diameter
of 3.1 m and height of 22 m, being built in structural carbon steel and thermal insulation of refractory brick in the inner
part. It has the capacity to consume 1,252 kg h'! of MRDF and produce 2,988 kg h™! of syngas.

All preliminary studies, including the syngas analysis, were performed at the reduced scale reactor from a pilot plant
unit (Fig. 3), which is situated at the Carbogas Energia Ltda installations from Maua (23° 40' 00" S, 46° 27' 44" W),
Brazil.
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Figure 1. Layout of the industrial scale gasification power plant.
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Figure 2. Solid Waste Processing Line (Adapted from Infiesta et al., 2019).

Limestone was added at a rate of 5.15 kg h™! to minimize the formation of sulfur oxide (SOx) during following syngas
combustion at the boiler (Sulaiman et al., 2018). The Fig. 4 shows the aspect of the extracted ash from the bottom of the
reactor during the process. After gasification, the syngas is addressed to a humid gas cleaning system, where solid particles
are removed, gas temperature is decreased and chlorine concentrations are minimized with second addition of calcium
oxide. After cleaning system, 20.15 kg h™! of unconverted biomass and limestone is discarded. All by-products produced,
such as ashes and cleaning residues can be reused at construction, as raw material for cement manufacture (Basu, 2010).

Finally, the syngas can be addressed to its use as gas fuel. A small quantity of this produced gas, about 183 kg h™! is
burned in a furnace to generate heat at the drying stage at the SWPL and the other, 2805 kg h!, to the SPP where it is
burned in a boiler to produce around 5000 kg h™! of steam. For the estimation of the electrical power generation of the
GPP, the regenerative Rankine Cycle (Fig. 5) was proposed for thermodynamics calculations.

The mass and energy balance of this process was conducted based on the available syngas mass flow (Mgyngas)
produced by the gasifier. Once the LHV of the gas (LHV;ypg4s) Was calculated by the stoichiometric combustion, the
energy balance applied at the boiler is:

msyngasLHVsyngas = mvhz - mvhl (1)
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Figure 4. Ash bottom extraction.

According the steam turbine manufacturer, the selected equipment was an extraction turbine, which uses part of the
produced steam to heat the water at the deaerator, to increase the steam power cycle efficiency. Therefore, some of the
steam mass flow (1,,;) is extracted to that finality and the majority (1h,,,) is exhausted to a condenser. The power of
the steam turbine (I/,) was estimated by:

Wi = myhy — Mexehy — Mexghs ()

Finally, the electrical power of the generator (Wge) can be calculated:

Vi(qe = Wt-nge 3)
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Figure 5. Simplified Regenerative Rankine Cycle from the SPP.

The thermodynamic properties, like enthalpy (h), was determined under the boiler and turbine-generator set
information, such as temperatures and pressures of the interested numbered points (Tab. 2). The electrical generator

efficiency (14,) informed by the manufacturer is 83%.

Table 2. Technical information for the selected boiler

Description Variable Value Units
Water/Steam Pressure Py 42 bar
Water/Steam Temperature T, 105 °C
Fuel LHV LHVsyngas 4.6 MIJ kg3
Steam Temperature T, 420 °C

Source: Steam Master (2016)

All the mass flow rate, capacity, sizing and equipment selection was carried by the stoichiometric calculations to
design the gasification plant with SSP with the capacity to generate up to 1.5 MWh of electricity. Besides that, all the
GPP is self-sufficient in terms of energy, which about 15% of the generated electrical energy is sufficient to carry out the
demand from SWPL, GP and SPP. Figure 6 shows the current state of the construction of the industrial scale gasification
power plant at the city of Boa Esperanga (21° 05’ 24" S, 45° 33" 57" W), Brazil.

Figure 6 — Under construction Gasification Power Plant.
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The GPP was arranged near the dump of the city (Fig. 7) to keep the 24-hour operations of the plant. Such
configuration allows the processing of dumped waste and residential collected waste.

Figure 7 — GPP configuration near the dump of Boa Esperanga city.

2.2 Chemical analysis

The characterization of the syngas was determined by a gas chromatography equipped with a thermal conductivity
detector, which was carried out by the company White Martins. The chemical analysis of the flue gases produced from
syngas combustion were performed by SGS Air Services company — an accredited Brazilian laboratory — according to
the methodologies cited in the Tab. 3:

Table 3. Description of the chemical analysis of the flue gases and corresponding methodology

Parameter Expressed as Methodology Reference
Particulate matter - CETESB Method 1.9.225 | CETESB, 1995a
Sulphur oxides SO2 CETESB Method L9.228 | CETESB, 1992a
Nitrogen oxides NO2 CETESB Method L9.229 | CETESB, 1992b
Hydrochloric acid and chlorine HCI EPA Method 0050 U.S. EPA, 1996
Metals - EPA Method 29 U.S. EPA, 2014a
Dioxins and Furans - EPA Method 23 U.S. EPA, 1995
Carbon monoxide - EPA Method CTM 030 U.S. EPA, 1997
Fluorides Hydrofluoric acid CETESB Method 1.9.213 | CETESB, 1995b
Total hydrocarbons Methane and Non- EPA Method 25A U.S. EPA, 2014b

methane

3. RESULTS AND DISCUSSION
3.1 Syngas analysis

The large-scale thermochemical reactor was design based on some parameters obtained from a pilot gasification plant
(Fig. 3). Table 4 shows the volumetric composition (% v/v) of the syngas obtained. This analysis is important for the
calculations of the syngas LHV and adiabatic flame temperature, that conducts the power cycle sizing and power
generation, as shown in Section 2.

Those results show the profile of the syngas. The most important compounds produced was CO, Hz2 and CHa, that
affects directly the LHV of the syngas. Other hydrocarbons contribution was obtained in lower quantities. As expected,
N2z corresponds to the majority of the syngas, due to the use of air as gasification agent.

That composition of the syngas obtained (Tab. 4) is similar to a bubbling fluidized-bed gasification of palm empty
fruit bunch performed on a pilot plant by Lahijani and Zainal (2011). However, the conditions of the gasification process
are strongly dependent of the composition of the biomass, gasifier type and parameters, such as pressure and temperature,
affecting the LHV of the syngas (Couto et al., 2013). The obtained LHV of the syngas produced was 4.6 MJ kg™! and
there was no evidence of tar and heavy hydrocarbons, which makes the syngas suitable for energy generation directly by
motors and turbines (Asadullah, 2014).

When compared to some gasification experimentations of other biomass with higher LHV, such as wood pellets (Plis
and Wilk, 2011), the gasification technology of the present work produces a syngas with better calorific properties.
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Table 4. Volumetric composition (% v/v) of the syngas produced from the gasification of the MRDF.

Parameter Obtained Values
Hydrogen (Ha2) 5.6£0.8
Oxygen (0») 1.8+ 0.6
Nitrogen (N2) 60.0+1.1
Carbon monoxide (CO) 9.5+0.8
Carbon dioxide (CO») 12.4£0.8
Methane (CH4) 5.0£0.5
Ethane (C2Hé) 0.2 +£0.06
Ethylene (C2H4) 22+0.2
Propane (C3Hs) 0.8+0.07
iso-Butane (C4H10) <0.01 £0.00
n-Butane (C4H1o) 0.08 £ 0.007
iso-Pentane (CsHi2) <0.01 £0.00
n-Pentane (CsH12) <0.01 £0.00
n-Hexane (Ce¢H14) <0.01 £0.00

3.2 Pollutants Emissions

The technology viability in terms of the environmental emissions was evaluated through the chemical analysis of the
flue gas obtained from the syngas burning, meeting the requirements of Brazilian legislation (CONAMA 316/2002; SMA
79/2009). That analysis Tab. 5 shows the characterization obtained by three samples realized.

All analyzed parameters were lower than the reference values (Tab. 5). In special, the concentration of dioxins and
furans was 0.0086 ng Nm, which corresponds to less than 10% of the stablished in SMA resolution (0.10 ng Nm).

Table 5. Flue gases results obtained from chemical analysis, corrected to 11% of O2 with Resolution SMA n° 79

Standard Reference
Parameter (mg Nm™) Average Deviati Values
eviation 3
(mg Nm~)*
Particulate matter 17.6 2.4 30
Sulfur oxides 74.5 6.1 200
Nitrogen oxides 98.1 2.8 400
Hydrochloric Acid 7.0 1.3 60
Hydrofluoric Acid 33 0.2 4
Total Hydrocarbons 2.0 0.2 20
Cd+Tl 0.003 0.000 0.05
Metals Emissions | Hg 2.0 x1073 0.9 x 107 0.05
Pb+As+Co+Ni+Cr+Mn+Sb+Cu+V| 22x10! 0.8 x 10! 0.5
Dioxins and Furans 8.6 x 107 0.3 x10° 1.0 x 107
Carbon Monoxide 8.1 3.0 100

* Source: Acceptable limit values corrected to 11% of O2, according to SMA Resolution No. 79 (SMA, 79/2009)

The reference values of the Sdo Paulo Environmental Secretary (SMA, 79/2009) (0.1 ng Nm™) was adopted since it
has lower admitted limit values for all substances analyzed than Brazilian National Council for the Environment
(CONAMA) (0.5 ng Nm™) and others regulations, such as in Japan (0.1 to 0.5 ng Nm™) and USA (0.1 to 0.3 ng Nm™>).
Once all parameters analyzed were below legislation limits, there is no need for any cleaning system to the gasification
power process described.

4. CONCLUSIONS

This study demonstrates a large-scale circulating fluidized-bed gasification process of MRDF to produce syngas for
power generation.

The syngas produced at the pilot gasification plant has lower heating value and quality suitable for the purpose which
it is intended. The studies demonstrate more feasibility of the Rankine cycle for the present project due to manufactures
availability and flexible and robust functionality.
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On this occasion, the flue gases from the burned syngas in a boil does not require advanced cleaning systems.
Generated pollutants substances are under the environmental legislation limits.

Such results supported the construction of the industrial scale gasification power plant, which is designed to process
1,252 kg h'! of MRDF, producing approximately 2,988 kg h'! of syngas. This plant is under final stage of construction in
the city of Boa Esperanga, Minas Gerais, Brazil.

Furthermore, the technology seems to be an WTE alternative both for the reduction of waste environmental impact
and as a renewable energy producing.
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