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Abstract. Brazil has problems with biomedical waste (BW) incorrect disposal. New technologies studies to mitigate that
problem are becoming increasingly important. The plasma gasification technology can destroy a range of materials,
producing, as a result, an inert slag and syngas. The slag can be used in civil construction, whereas syngas can be burned
in an internal combustion engine (ICE) for electricity and heat production. This paper aims to carry technical studies of
plasma gasification of 3000 t/month of BW to determine the amount of syngas and slag produced and figure out the
potential for electricity production by burning the produced syngas in the internal combustion engine.
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1. INTRODUCTION

Brazil is not an example when it comes to the proper disposal of biomedical waste (BW). The Report on the
Diagnosis of Solid Waste from Health Services, carried out by IPEA (2012), pointed out that 41.5% of Brazilian
municipalities do not perform any type of BW treatment.

Inadequate biomedical waste management causes major environmental problems, can contaminate and elevate
hospital infection rates, generate epidemics and pollute groundwater. Thus, it is essential that Brazilian municipalities
mobilize to insert technologies that aim at the correct disposal of BW [CAFURE and PATRIARCHA-GRACIOLI,
2015].

The heat treatment and gasification are one of the most effective hazardous waste disposal technologies.
However, there are many substances when treated with conventional processes are not neutralized and can cause
prejudices to the environment and human health. The plasma technology is designed to alleviate or eliminate this
problem by destroying all wastes containing harmful substances [ZHOVTYANSKY and VALINCIUS, 2018].

The waste plasma gasification exploits the thermochemical properties. The plasma provides the energy necessary
to maintain the temperature inside the reactor at enough values for the gas molecules dissociation produced by material
decomposition. Due to the high temperature, inorganic components are melted, organic components are volatilized and
complex molecules are dissociated. The organic materials, containing mainly chemically bonded carbon, hydrogen, and
oxygen, are broken down into syngas which can be used as a high-quality fuel or in the chemical synthesis industry
[HRABOVSKY and VAN DER WALT, 2019].

The plasma gasification technology is recommended for processing municipal, commercial, industrial,
petrochemical, and biomedical waste. The clean syngas produced by plasma gasification can be converted into a wide
product variety, including electricity, through gas turbines, alternative engines, and, in the future, fuel cells, heat, and
steam [ZHOVTYANSKY and VALINCIUS, 2018].

The plasma gasification has also gained interest in the production of syngas and electricity generation in recent
years, as costs have entered a commercially competitive range. A plasma gasification plant in Utashinai, Japan, has been
in operation since 2002 and, as of 2014, it gasifies 268 tonnes of municipal solid waste per day and, producing 7.9 MWh
of electricity [Sikarwar et. al, 2016].

New technologies must be implemented to eliminate biomedical waste and produce energy. The plasma gasifiers
installed worldwide are of high capacity and the vast majority are used to process a few cases BW. Considering the
incorrect disposal of BW in Brazil, this paper aims to present a technical methodology applied to biomedical waste plasma
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gasification. Technical studies are carried out to determine the production and electricity generation capacity from gas
flaring or the plasma gasification feature in the internal combustion engine.

2. MATERIALS AND METHODS
2.1 MATERIALS

In Brazil, there is little research on biomedical waste characterization, making it difficult to develop new
research. For this paper, consider a biomass characterization study carried out in a hospital in the S&o Carlos city, S&o
Paulo, Brazil, where it was only possible to evaluate the occurrence percentage, since the only visual characterization
of the residues is allowed, harming the indication by weight and specific mass of each component. Thus, the materials
with the highest occurrence are shown in Table 1.

Table 1. Materials with the highest occurrence in the BW in Brazil [GIL, 2020]

Element [%]
Paper 76.2
Plastic 57.0
Surgical gloves 43.9
Disposable cups 39.9
Paper used in the bathroom 28.7
Leftover food or easily degradable material 23.8

The composition chemical of BW used for technical analysis of the plasma gasification process, are shown in
Table 2 [GIL, 2020].

Table 2. Biomedical waste composition in Brazil [GIL, 2020]

Substance %

C 35.73
H 3.87
o] 37.40
N 0.51
S 0.00
Cl 0.32
Moisture 18.33

In the plasma gasification process of waste is produced syngas, it goes through a cooling system to reduce the
temperature from 1600 °C to 800 °C, the temperature indicated to enter the ICE, and then it is taken to the cleaning
system to remove all impurities. Finally, the syngas is burned in the internal combustion engine to generate electricity.
The process diagram is shown in Fig. 1
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Figure 1: Plasma gasification process associated ICE scheme.
2.2 TECHNICAL ANALYSIS

The technical analysis of the plasma gasifier aims to determine the waste and air mass flow, beyond slag and
syngas through mass conservation, being it is also determined its energetic efficiency.

The plasma gasifier has a biomedical waste inlet (point 1), air inlet (point 3), slag outlet (point 4), and syngas
outlet (point 5). Eq. (1) presents the mass conservation applied to this control volume.

my + 1y = m, + g @

Through the product between air volume, air factor, specific mass, and waste mass flow is determined the air mass
flow. The air volume (AV) can be calculated by Eq. (2) [PEREZ et. al, 2014].

v = (0.0889. (C; + (0.375.Cy)) ) + (0.265.C,,) — (0.0333.Co) 2)

The air factor is determined by Eq. (3).

AF (T)= -058+(1,17.103.T)-(2,93.107.T2)+(6,89.101T%) 3)
The Eq. (4) determinates the air mass flow.

Ty = AV % AF % poy % 11, 4

Where:

AF: air factor [-]

AV air volume [Nm3/kg]

m, : waste mass flow (point 1) [kg/s]
ms: air mass flow (point 3) [kg/s]
m,: slag mass flow (point 3) [kg/s]
ms: syngas mass flow (point 4) [kg/s]
Pair air specific mass [kg/m3]
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The syngas mass flow is determined by the Eq. (5) [MESSERLE et. al, 2018].
1 = 1,68.11 ®)

The syngas lower heating value is determined by the equation Eq. (6) [VICENTINI, 2011].

—(Hp—HR)
LHV;yngas: =" (6)

Where:

LHVgyngas- Syngas lower heating value [kJ/kg]
H,,: Product enthalpy [kJ/kmol]

Hp: Reagent enthalpy [kJ/kmol]

MM_,: Molar mass of syngas [kmol/kg]

Table 3 presents the syngas composition of MSW and BW plasma gasification.

Table 3. Syngas composition of BW [MESSERLE et. al, 2018]

Substance BW[%]
H, 44,6
co 26,5
N, 29,9

The Eq. (7) shows the combustion reaction of syngas from BW with excess air of 40% [FILHO et. al, 2013].
0,446H, + 0,265C0 + 0,299N, + 0,360, + 1,34N, — 0,27C0, + 0,45H,0 + 2,16N, + 0,140, (7
Table 4 shows the enthalpy difference, formation enthalpy, and molar mass of the syngas composition elements.

Table 4. Enthalpy difference, formation enthalpy, and molar mass [BORGNAKKE and SONNATAG, 2013]

Substance AR[KI/kmol]g73 & h2[kI/kmol]zog k MM [kmol/kg]
COz 31947’9 -393522 44
co 20797.9 -110527 28
H, 20632,9 0 2
N, 20588,2 0 28
CH4 35964 -74873 16
0, 21768,26 0 32
H.O 24902,9 -241826 18
The enthalpy of products from Eq. (6) is calculated using Eq. (8) for BW.
Hppw = 0.27(AR + hY)¢o, + 045 (AR + )0 + 2.16 (AR + RY)o, + 0.14 (AR + AD)y, (8)
The enthalpy of reagents from Eq. (6) can be determined using (9) for BW.
Hpgw = 0.27(Ah + h))co + 0.45 (Ah+hD)y, + 0.29 (Ah+ hD)y, + 0.36 (Ah+ kD)o, + 1.33 (AR + kD), 9)
The Eq. (10) determines the syngas molar mass from BW.
MM, gy = 0.265MMc, + 0.446 MMy, + 0.299MMy, (10)

The BW lower heating value can be calculated using Eq. (11) [VICENTINI, 2011].

PCly = 38834C, + 93868C, + 101325C; — 5945Cy — 10802C, — 2449Cy,,

(11)
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The author Messerle et. al (2018), concluded in their work that specific energy input to the plasma reactor BW
gasification process, as estimated in the experiments, ranged from 2.88 to 4.5 kWh/kg. For these studies is used the
value of 3.38 kWh/kgsw

The energy required by the torch is obtained through Eq. (12):

1M1.6req.gp-3600

Etorch - Neorch (12)
Where:

€req.gp- SPECIfiC energy required in the plasma gasification process [KWh/kg]

Eyoren: plasma torch power [KW]

m, : waste mass flow (point 1) [kg/s]

Neoren: torch efficiency [-]

The plasma gasifier energetic efficiency is the ratio between syngas energetic and energy supplied by the waste
plus the electrical energy required in the torch. The Eq. (13) is used to calculate plasma gasifier energetic efficiency.

My.LHVsyngas
m1.LHVw+Etorch

Where:

Eorcn: Plasma torch power [kW]

LHV,,: waste lower heating value [kJ/kg]
LHVgyngas: Syngas lower heating value [kJ/kg]
m,: waste mass flow (point 1) [kg/s]

m,: syngas mass flow (point 4) [kg/s]

1npg- Plasma gasifier energy efficiency [-]

Typically, internal combustion engines that use natural gas and biogas ICE at the same time are currently under
development. However, when these engines use another type of biofuel, such as syngas, which has less low heating value
(LHV), the ICE final performance is reduced, mainly concerning electricity production and electricity generation
efficiency [WANG et. al, 2015].

To select the best ICE was considered the electricity generation efficiency, which is determined by Eq. (14).
Through this selection, it is possible to determine the electricity generation potential in ICE from the syngas produced
amount in the plasma gasification process, and thus select the best commercially available ICE:

Netice = —picE (14)

Esyngas

Where:

E, 1c: ICE electrical power [kW]

Egyngas: €nergy supplied by syngas [kW]
Nevice- ICE electricity generation efficiency [kW]

The electricity generation efficiency of syngas ICE is 14-26% [MAYA et. al, 2016]. In this work is used the
value of 20%. The syngas energy supplied is determined by Eq. (15):
' (15)

Esyngas = Msyngas- LHVsynyas

Where:

Esyngas: €nergy supplied for syngas [kW]
LHVyngas- Syngas lower heating value [ki/kg]
Msyngas: Syngas mass flow [kg/s]
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When a fuel other than natural gas is used in ICE, with lower LHV, Wang, et. al (2015) proposes Eq. (16) to

determine electricity generation efficiency.

E

_ pICE

NetickE = 7 (16)
EsyngasYLHV

Where:

E, cg: ICE electrical power [KW]

Esyngas: energy supplied for syngas [KW]

yiav. LHV correction factor [-]

neuce. 1CE electricity generation efficiency [kW]

The correction factor for the lower heat value is determined using the Eq. (17):
Yiny = 0,102,728 4+ 0,897 17)
Where:
yiuv: LHV correction factor [-]
LHVyg: natural gas lower heating value [kJ/kg]
LHVgyngas: Syngas lower heating value [kJ/kg]

3. RESULTS AND DISCUSSIONS

Through the technical analysis, it was possible to obtain all mass flows the inlet and outlet of the plasma gasifier, the
results are presented in Table 5 for 3000 ton/h of MSW and BW.

Table 5. Inlet and outlet mass flow of gasifier

Mass flow [E;Z]
Waste mass flow (my) 1.15
Air mass flow (ms) 4.88
Slag mass flow (mj) 4.10
Syngas mass flow (ms) 1.93

Table 6 presents the electrical power required in plasma torch, the ICE electricity produced with syngas produced
in MSW and BW plasma gasification process, the gasifier energetic efficiency using MSW and BW, and the ICE coupled
system, and the electricity generation index.

Table 6. Energetic analysis results

Parameters BW

Syngas lower heating value (LHV;ypg45) [KI/Kg] 14719
Waste lower heating value (LHV,, 4ste) [KI/k0] 17750
Plasma torch power (E,,cx) [KW] 16462
ICE electrical power (E,, ;cz) [KW] 5279
Electricity generation index (A¢; yrcr) [-] 0.32

Plasma gasifier energetic efficiency (n,,,) [%] 77.11
Energetic efficiency of the plasma gasification process associated with ICE (ngp.el.MCI )[%] 15.42

The selected internal combustion engine was two ICE model G 3612 Genset DM5395 with 2615 kW of electrical
power for BW.

The syngas produced in BW plasma gasification has a good potential for generating electricity in the internal
combustion engine, but the energy consumption is very high for all processing. However, the environmental part must be
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taken into account, the destruction of BW in the plasma gasification process is a good option for its disposal, as this type
of waste stops polluting the environment, not causing damage to the health of the population and it still generates
electricity. Furthermore, the slag can be used to commercialize products in the civil construction area.

Table 7 presents a comparison between the production of electrical power in kW for 3000 t/month of BW of this
work and other residues found in the literature, including MSW and BW. Electric power values were found in the literature
for other amounts of waste (t/day, t/year, among others), so the values presented in this table were converted to the
production of 3000 t/month.

Table 7. Electrical power production

msw | Bw RDF Wood S;i‘j‘(’jagee MSW MSW BW
[Minutillo] | [Rutberg] [Kalir?ci] [Ducharme] | [Mountouris] | [Paulino]
Electrical
power 3152 5279 4620 5520 1134 2070 4305 5277
[kw]

4. CONCLUSIONS

The technical analysis applied in this paper made it possible to conclude that the energetic efficiency of the plasma
gasifier for BW is 77.11%. And it also made it possible to determine that the potential for electricity production is 5279
kW, but 16462kw of electricity is required for the operation of the plasma gasifier.

Plasma gasification is still a widespread technology, due to its high cost and high electricity consumption as it was
produced in the technical analysis. Its feasibility is based on the destruction of BW, which in a large part of Brazil has an
incorrect destination, as it is a process that eliminates all waste and still provides the production of energy and products
for the civil construction through the slag. This process should be more widespread and applied to all BW production in
Brazil, so this technology will develop further, providing technical viability and its cost will become more viable.

Therefore, according to the results, plasma BW gasification, although consuming a lot of energy in the process,
still produces surplus energy. In this way, this technology can collaborate for the destruction of BW avoiding soil
contamination and pollution of the environment and still generate electricity.
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