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Abstract: In this work, an energetic and environmental evaluation of the electricity generation process
through refuse-derived fuel (RDF) gasification coupled to a gas microturbine (GM) was performed.
Two scenarios are considered with different gasification agents in RDF gasification modeling: air and
air enriched with oxygen. A thermodynamic chemical equilibrium approach was used to analyze
the gasification parameters. The results of RDF gasification indicate a maximum value of syngas
low heating value (LHV) equal to 8.0 MJ/Nm3, obtained for an equivalence ratio of 0.3. The use of
these syngas in the gas microturbine produces 79.6 kW of electrical power. For the environmental
evaluation of gasification and electricity generation systems, the Life Cycle Assessment methodology
was employed. The calculated environmental impacts indicate that the emission of contaminants
from fossil fuel combustion (in the stage of transport by heavy load vehicles) and that the electricity
consumption for equipment operation (in the stage of municipal solid waste pretreatment) contributes
to environmental pollution. On the other hand, electricity generation through GM presented lower
environmental impact for all analyzed categories, suggesting that the electricity generation from gas
obtained from gasification could be a viable option for thermochemical conversion of RDF and its
subsequent energetic use.

Keywords: refuse-derived fuel (RDF); gasification; life cycle assessment; energy use; electricity generation

1. Introduction

Currently, Brazil is one of the largest generators of municipal solid waste (MSW) in
Latin America, reaching 79 million tons of waste in 2019, corresponding to a per capita
generation of 379 kg/inhabitant/year [1]. When looking into the associated greenhouse
gases (GHG) emissions, in 2016 a total of 91.97 million tons (Mt) of CO2 equivalent (CO2-eq)
were emitted, with 57.5% coming from the final disposal of MSW [2]. According to
Gouveia [3], due to the various composition of MSW and the inappropriate final treatment
(resulting in pollutants dispersion in air and water, and soil contamination), selective
collection activity is the main alternative to waste management processes.

Another waste management option is the use of refuse-derived fuel (RDF), which
refers to the fuel fraction recovered from non-hazardous solid waste of diverse origins such
as organic matter present in MSW, various types of plastics, biodegradable waste, and con-
siderable amounts of inorganic material, such as pieces of metal and glass [4]. Considering
the need to standardize the information about MSW generation and management Brazilian,
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a list of solid waste was created, where the RDF is classified as combustible waste and
identified by code 19.12.10 [5].

The inappropriate disposal of MSW in the environment has various impacts, affecting
air quality due to GHG emissions, as well as water and soil contamination. These impacts
can be minimized by converting MSW into energy through different Waste-to-Energy
(WtE) technologies, such as incineration, pyrolysis, and gasification [6]. In this way, energy
recovered from WtE technologies can be described as the conversion of non-recyclable
waste materials into heat, electricity, or fuel and other products with high added value,
such as those resulting from biochemical treatments [7].

Gasification is considered the thermochemical conversion process of carbonaceous
materials into fuel gas, where a controlled amount of a gasification agent (air, oxygen, steam,
CO2) or a mixture of them is used, leading to an alteration of the chemical structure of fuel
particles due to the high temperatures reached (above 700 ◦C) [8]. This gaseous fuel, known
as syngas, is generated from the gasification process with air in the temperature range
between 770 ◦C and 1000 ◦C. The syngas produced from gasification with air mixtures
enriched with oxygen, steam, and CO2, offers an improved calorific value [9].

According to Couto et al. [10], gasification offers a good solution to the recovery of
chemical energy present in MSW, producing syngas that can be used in various applications
for the chemical industry or as fuel for the efficient production of electricity or heat,
becoming an interesting option for the management of MSW. One of the technologies
used for power generation involves gas microturbines (GM), which produce a nominal
power between 25 kWe and 300 kWe [11]. The structural configuration of turbines may
vary according to the manufacturer and its application [12], but GM usually operates in a
single-shaft configuration with a regeneration system, reaching efficiencies of up to 35%.
In the case of GM without a regeneration mechanism, the electrical efficiency can reach
values up to 17% [13].

The GM operating principle is based on the Brayton regenerative cycle and its compo-
nents, which includes a centrifugal compressor coupled to a radial turbine that operates
at a high rotation, and requires a digital power controller to manage the power output
and can utilize both liquid and gaseous fuels [14]. The main operational concerns of GM
are associated with damage to components subjected to high temperatures, susceptible to
severe degradation when there is an excess of contaminants in the fuel and the supply air.
Liquids found in gaseous fuels can also cause structural damage to the microturbine [15].
According to Capstone [16], the fuel must enter the Capstone C200 GM with a pressure
of 5.5 bar and a temperature between −20 and 50 ◦C, which indicates a need for fuel
conditioning before usage in a GM.

Life Cycle Assessment (LCA) is a methodology used for the evaluation and quan-
tification of environmental impacts attributable to the life cycle of the process, or service.
Likewise, LCA involves the compilation and assessment of inputs, outputs, and asso-
ciated potential environmental impacts throughout the lifecycle of products [17]. The
structure, principles, requirements, and guidelines that a study must consider for LCA
methodology are based on the ISO 14.040 and ISO 14.044 standards. Thus, the LCA study
includes objective and scope, allocation method, inventory, impact assessment, and finally
interpretation [18].

Rabou et al. [19] analyzed the performance of GM using syngas and identified that the
lower limit for stable GM operation was obtained by using a syngas with a lower heating
value (LHV) of approximately 8 MJ/Nm3. Corrêa et al. [20] studied the effect of mixtures of
syngas and natural gas use in a GM. The results showed that the efficiency drops about 13%
(compared to using only natural gas) when the GM was powered with a mixture of 50%
natural gas and 50% syngas. This behavior is associated with the composition of fuel gases
and their LHV since the syngas/natural gas mixture contained lower concentrations of
CH4 (1.8%vol.) and H2 (5.1%vol.) due to the presence of N2 (57.7%vol.), while for natural
gas the values of CH4 and H2, were 8.6%vol. and 38.1%vol., respectively. Additionally,
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the temperature analysis showed that the temperature of the gases released by the GM
undergoes insignificant variations, despite the different fuel compositions.

Lozano et al. [21] carried out an energetic and economic evaluation of the RDF gasifi-
cation process coupled to an internal combustion engine, operating with air as a working
fluid at 1.0 bar and 25 ◦C. The maximum cold gas efficiency of 57–60% was obtained for
equivalence ratio values between 0.25 and 0.3, where the associated syngas (with LHV
of 5.8 MJ/Nm3) was burned in the engine, reaching an electrical power of 50 kW at 20%
engine efficiency. The economic analysis showed that the project is feasible for a power
greater than 120 kW, for which an investment of approximately $300,000 is required. In
addition, Dong et al. [22] compared seven systems that involve the thermochemical con-
version of MSW (highlighting pyrolysis, gasification, and incineration) and subsequent
syngas energy use in prime movers (steam cycle, gas turbine/combined cycle, internal
combustion engine) through the LCA methodology. The results indicated that pyrolysis
and gasification together with the gas turbine/combined cycle, have the potential to reduce
environmental loads. Furthermore, the heterogeneity of the purification technologies of
MSW and syngas are the most relevant impediments for WtE systems based on pyrolysis
or gasification.

This work aims to perform an energetic and environmental evaluation of refuse-
derived fuel gasification as an alternative for solid waste energy recovery. To simulate the
gasification process, two scenarios were considered. In the first scenario, the air is used
as the gasification agent while a mixture of air enriched with oxygen (60% O2–40% N2) is
utilized in the second scenario. The model of the gasification process was validated and
different parameters such as gasification temperature, cold-gas efficiency, syngas LHV, and
syngas composition were evaluated. The usage of syngas in a gas microturbine to generate
electricity was also modeled. Thus, in order to determine energy recovery potential
from RDF conversion, an analysis of power generated and gas microturbine efficiency at
different operational conditions was performed. For the environmental evaluation of the
gasification/electricity generation process, the LCA methodology was applied by using
the SimaPro software, being possible to quantify the potential environmental impacts of
the analyzed system. Therefore, this paper provides an energetic evaluation and a life
cycle analysis of the RDF gasification and power generation process, which are essential
to determine the viability of RDF thermochemical conversion as well as the associated
environmental impacts.

2. Materials and Methods
2.1. Gasification Model

A thermodynamic chemical equilibrium model was developed using the Scilab®

v 6.1.1. For the simulation of the gasification process, some assumptions were adopted in
agreement with several authors who developed equilibrium models [23–25]:

• Ashes are inert and do not participate in chemical balance.
• The residence time is long enough to allow the chemical balance to be reached, and

thus, the gasification process occurs in a steady state.
• The gasification reactor is completely isothermal.
• The gasifier operating pressure is 1.0 atm.
• The char is composed solely of carbon.
• The formation of tar and heavy hydrocarbons during gasification is negligible.
• Undesirable chemical compounds were separated through the method of adsorption

using iron oxides.
• Clean syngas was cooled to 25 ◦C in a cooler.
• No heat losses are considered.

RDF characterization includes ultimate analysis and proximate analysis, where Table 1
shows the values of these analyses used in simulation modeling.
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Table 1. Ultimate and proximate analysis of RDF on a dry basis.

C H O N S Ash Volatile FC Moisture

44.91% 6.45% 44.82% 1.7% 2.12% 2.43% 72.58% 16.70% 8.29%

The composition of RDF has the chemical formula CxHyOzNwSv. Considering that β
moles of air are gasified, the global gasification reaction can be written as follows:

CxHyOzNwSv + β(O2 + δN2)→
a1CO2 + a2CO + a3H2 + a4H2O + a5CH4 + a6N2 + a7SO2

(1)

where x, y, z, w, and v are derived from the ultimate and proximate analysis results; and
a1 through a7 are the molar products of one mole of fuel. It is worth mentioning that
Equation (1) only presents SO2 as a product from sulfur. However, other compounds
such as H2S, COS, and elemental sulfur (S) may be produced. These products were
not considered in the model because their participation in syngas can be up to 1%vol.
and because their separation, in addition to being complex, requires large amounts of
solvents [26,27].

The following equations are used to solve the global reaction:

Carbon: x = a1 + a2 + a5 (2)

Hydrogen: y + 2a + 2γ = 2a3 + 2a4 + 4a5 (3)

Oxygen: z + a + γ + 2β = 2a1 + a2 + a4 + 2a7 (4)

Nitrogen: w + 2δβ = 2a6 (5)

Sulfur: v = a7 (6)

In order to determine the stoichiometric coefficients, the Gibbs free energy minimiza-
tion approach was used for the following reactions in the gasification process:

C + CO2 → 2CO (7)

C + H2O→ CO + H2 (8)

C + 2H2 → CH4 (9)

CO + H2O→ CO2+ H2 (10)

In addition, for the calculation of the reaction’s equilibrium constants the following
equation was employed:

kp =
∏

p
i=1

(
npi
)τpi

∏r
j=1
(
nRj
)τRj

(
p
po

1
nt

)∆τ

= e−
∆G0

T
RT (11)

where ∆τ is the variation of moles number between the products and reactants of the
reaction (10), ∆τ = ∑

p
i=1 τi −∑r

j=1 τj; p is the system pressure (Pa); pO is the atmospheric
pressure (101,325 Pa); nt is the total number of moles; ∆G0

T is the variation of Gibbs free
energy (J); R is the ideal gas constant (8.314 J/mol·K);

(
npi
)τpi is the moles’ number of

species i from reaction with C,
(
nRj
)τRj is the moles’ number of specie j from reaction

with C; (τi) is the moles’ number of species i from reaction with C that is part of primary
reaction reagents; (τj) is the moles’ number of species j from reaction with C that is part of
the reaction products; T is the temperature (K).
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Through the calculation of the equilibrium constants from the gas-water reaction (k1)
and the methane reform reaction (k2) one obtains

k1 =
a1a3

a2a4
= e− (gT ,CO2 +gT,H2− gT,CO −gTH2O )/RT (12)

k2 =
a5

(a3)
2 = e−(gT ,CH4−2 gT ,H2 )/RT (13)

where gT,i = hT − TsT represents the molar Gibbs free energy at temperature and pressure
of element i (J/mol); hT is the molar enthalpy of specie i at temperature T (J/mol); and sT is
the molar entropy of species i at temperature T (J/mol·K).

The system temperature influences the conservation of energy, as described by:

∑
R

Ni h
0
f ,i −∑

P
Nj

(
h

0
f ,j + ∆hj (25 ◦C, T)

)
= 0 (14)

where Ni is the moles’ number of element i from reactants; Nj is the moles’ number of

species j from products; h
0
f ,i is the formation enthalpy of specie i from the reactants at a

temperature of 25 ◦C (J/mol); h
0
f ,i is the formation enthalpy of specie j from products at a

temperature of 25 ◦C (J/mol); hj (25 ◦C, T) is the enthalpy variation between at temperature
T and 25 ◦C of specie j from the products (J/mol).

The equivalence ratio (ER) is one of the most important operational variables of the
gasification process and corresponds to the value of the actual air/fuel ratio used during
the process, divided by the stoichiometric air/fuel ratio, as represented by:

ER =

(
A/F
)

actual(
A/F
)

est

(15)

where
(

A/F
)

actual
= actual air/fuel ratio;

(
A/F
)

est
= stoichiometric air/fuel ratio.

The molar fractions of CO, H2, and CH4 estimated are used to calculate the syngas
LHV as shown below:

LHVgas = yH2 LHVH2 + yCOLHVCO + yCH4 LHVCH4 (16)

According to Kuo et al. [28], the cold gas efficiency of the gasification process is the
ratio between the chemical energy of syngas and fuel:

Ecold =
Qgas
.

mRDF
×

LHVgas

LHVRDF
(17)

where Qgas is the syngas volumetric flow; LHVgas is the Syngas LHV on a volumetric basis;
.

mRDF is the mass flowrate of RDF; and LHVRDF is the LHV of RDF on a mass basis.

2.2. Validation of Gasification Model

The model that simulates gasification was designed as a self-sufficient process from
a thermal point of view, where the gasifier configuration and bed type were disregarded.
Thus, for the validation of the model, the experimental data reported by Campoy et al. [29]
was considered, who obtained results for autothermal fluidized bed gasification for differ-
ent operating conditions with air, O2, and steam as gasification agents. The ER of the tests
ranged from 0.24 to 0.38 and the steam-biomass (SB) ratio ranged from 0 to 0.63. Table 2
presents the composition of the biomass used in this study as well as the operational
conditions.



Processes 2021, 9, 2255 6 of 17

Table 2. Biomass composition and operational conditions.

Parameter Unit Value Parameter Unit Value

Proximate Analysis Operational Conditions

Fixed Carbon % 19.5 Biomass mass flow kg/h 21.6
Volatiles % 80.0 Reactor pressure bar 1.013
Moisture % 6.3 Average bed temperature ◦C 840

Ash % 0.5 ER - 0.24–0.38

Ultimate Analysis

Carbon % 49.5
Hydrogen % 5.8
Nitrogen % 2.0

Sulfur % 0.1
Oxygen % 42.1

The validation results are presented in Table 3, where E corresponds to the exper-
imental result, M is the result obtained from the model, and SB is the steam-biomass
ratio. The root mean square (RMS) error is calculated for five conditions, where Ei are the
experimental values, Mi correspond to the values predicted by the mathematical model,
and N is the number of experiments performed as given by:

RMS =

√
(Ei −Mi)

2

N
(18)

Table 3. Model validation results on a dry basis (%vol.).

ER SB %CO (E) %CO (M) %H2 (E) %H2 (M) %CO2 (E) %CO2 (M) %CH4 (E) %CH4 (M) RMS

0.35 0.00 15.80 24.57 8.70 17.03 15.10 9.68 5.10 2.08 6.08
0.33 0.22 15.40 19.30 11.90 19.26 15.90 13.96 4.80 3.27 3.89
0.33 0.45 13.80 14.46 13.30 20.12 17.00 17.56 4.60 4.12 3.09
0.27 0.23 15.00 17.62 14.00 18.90 16.20 16.67 4.70 6.46 2.64
0.27 0.43 11.90 12.96 16.20 19.67 18.60 20.12 5.30 7.28 1.97

It can be observed that the results offered by the model have a satisfactory correlation
with the experimental data, presenting RMS values lower than 6.08. Through the compari-
son shown in Table 3, it can be concluded that the equilibrium model developed provides a
slightly higher concentration of H2 and CO than the experimental tests and a slightly lower
concentration of CO2. The greatest percentage difference was concerning CH4, which oc-
curs because equilibrium models assume that all reactions reach a permanent equilibrium
condition, without considering the kinetic parameters of the reactions involved.

2.3. Gas Microturbine Model

The GM model was developed using GateCycle™ v 6.1.2 software, to simulate elec-
tricity generation using syngas as fuel. The GM’s principle of operation is based on the
regenerative Brayton cycle, as presented in Figure 1. The cycle is described as follows:
the airflow (S0) enters the compressor (C1) and is then circulated through the regenera-
tor (HX1); it is subsequently transferred to the combustion chamber (CMB1) where it is
being mixed with the syngas (S3), which was previously compressed (C2). The resulting
combustion gases are sent to the turbine rotor (EX1), where expansion and generation of
mechanical work occurs. The expanded gases finally flow through the regenerator (HX1)
before being released into the atmosphere. The technical specifications of the considered
Capstone C200 gas microturbine are presented in Table 4.
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Figure 1. Schematic representation of gas microturbine.

Table 4. GM operational parameters for on-design condition [30–34].

Parameter Value Parameter Value

Rated power 200 ± 4 kW Compressor efficiency 79%
Net efficiency 33 ± 2% Turbine efficiency 82.5%

Heat rate (LHV) 10.9 MJ/kWh Regenerator effectiveness 85%
Generator efficiency 93.8% Regenerator cold side loss 1.6%
Fuel energetic flow 2400 MJ/h Regenerator hot side loss 3.8%

Exhaust temperature 280 ◦C Combustion efficiency 98%
Pressure ratio 4.0 Turbine inlet temperature 951 ◦C

The modeling of the microturbine and its components assumes on-design conditions,
i.e., the microturbine is operating at the rotation, pressure ratio, and mass flow for which
the components were designed. However, this study seeks to study the variation in
microturbine performance throughout the operating range of rotation and power using a
fuel (syngas) different from that tested in the on-design condition, a situation that is known
as off-design.

To define the characteristics of the compressor in microturbine modeling at off-design
conditions, the compressor map developed by Zhu and Saravanamuttoo [35] was used,
which is available in the GateCycle™ software and is useful for microturbines with pressure
ratios lower than 8. In the developed model, it was considered that the microturbine oper-
ates with the choked flow. Thus, the compressor discharge pressure becomes dependent
on the flow characteristics at the turbine nozzle.

2.4. Environmental Impact Assessment

LCA was carried out to evaluate the environmental performance of the gasifier/gas
microturbine system. Table 5 presents the data considered for the life cycle inventories:
inputs and outputs adopted for MSW transportation stage—consumption and emissions
from diesel-burning in heavy-duty vehicles, RDF processing for taking into account the
waste pretreatment stage, as well as RDF processing until electricity is produced.

The distance assumed for the truck’s route was 9 km, an average data for a medium-
sized city. The emissions corresponding to CO2, CO, nitrogen oxides (NOx), total hydro-
carbons (THC), and particulate matter (PM10) associated with the transport stage, were
calculated using the emission factors reported by Grigoratos et al. [36]. The environmental
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performance analysis of the system was computed through the environmental impact
assessment method ReCiPe v1.10, available in the SimaPro 8.0.3.14 software database. This
method seeks to harmonize the midpoint impacts and the damage categories (endpoint),
as described by Goedkoop et al. [37].

Table 5. Life cycle inventory.

Input Quantity Output Quantity

Stage—MSW Transportation

Diesel 5.09078 kg CO2 13.74 kg
CO 0.09 kg

NOx—Nitrogen oxides 0.01143 kg
THC—Total hydrocarbons 0.0189 kg
PM10—Particulate matter 0.009324 kg

Stage—RDF Pretreatment and Gasification

RDF pretreatment 44.4 kW Ash 2.43 kg
Electricity for gasification 36 kW

Air 64.8 kg

Stage—Electricity Generation from GM

Syngas 164.8 kg CO2 25.35 kg
SO2 7.48 kg

Electricity 79.6 kW

3. Results and Discussion

In the next items are the results of the different evaluation parameters (ER, LHV, cold
gas efficiency) associated with the RDF gasification process (at atmospheric pressure) and
its use in the GM, as well as the environmental impacts from the gasifier/GM system.

3.1. Gasification Process Analysis

The calculated gasification temperature for different equivalence ratios using air as
the gasification agent is in Figure 2. As it can be seen, the temperature rises as ER is
increased, reaching a value of 694 ◦C for ER = 0.30. The temperature in the gasifier results
from interactions of the endothermic and exothermic reactions. Higher ER values promote
oxidation reactions and lead to an increase in temperature due to greater heat release [38].
Meanwhile, more energy is consumed during the process with increasing temperature.
Likewise, these results correspond to those reported by.

Figure 2. Gasification temperature: gasification with air.
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Next, Figure 3 displays the calculated syngas compositions for different equivalence
ratios. As can be observed, higher ERs promote a decrease in the concentrations of H2, CO,
and CH4, as well as an increase in the content of N2 due to high concentrations of air inside
the reactor [39]. Low ER diminishes the gasification temperature, which is unfavorable
for the reactions in the reduction zone. However, lower ER favors pyrolysis reactions and
consequently reduces the H2 content [40].

Figure 3. Syngas composition: gasification with air (dry basis).

Syngas LHV and cold gas efficiency (Ecold) are calculated from Equations (16) and (17),
respectively to evaluate gasification performance. Results (Figure 4) show that Ecold
decreases as ER increases. For the case with air as the gasification agent, an LHV of
5.8 MJ/Nm3 and an Ecold value of 64% are obtained for ER = 0.3. The results obtained for
the LHV, and Ecold agree with those reported in the study carried out by Lozano et al. [21],
where a gasification plant with 100 kg/h of RDF was simulated in a chemical equilibrium
model. Likewise, these results correspond to those reported by Couto et al. [41], who
performed an experimental and numerical analysis of the gasification of RDF in similar
conditions (ER between 0.2–0.5).

Figure 4. LHV and Ecold of syngas: gasification with air.
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Given that the syngas LHV from air gasification is less than 8 MJ/Nm3, it is inappropri-
ate to gasify RDF with air considering GM operation limitations (Rabou et al. [19]). There-
fore, simulations were carried out utilizing air enriched with oxygen (60% O2–40% N2) as
the gasifying agent to obtain syngas with a higher LHV, suitable for GM use.

Figure 5 displays the results for this configuration, where ER intervals from 0.2 to 0.5 are
also employed. As observed, the temperature rises at a near-uniform rate as the ER is
increased since a greater amount of gasification agent fed causes the combustion of a
greater portion of fuel, leading to higher gasification temperatures [42]. The temperatures
obtained are close to those reported in the literature (Ramzan et al. [43]), where for an ER
range of 0.25–0.30 the temperatures are between 700 and 800 ◦C.

Figure 5. Gasification temperature: oxygen-enriched air gasification.

The following results analyze the syngas composition as a function of ER for gasifica-
tion using oxygen-enriched air, as portrayed in Figure 6. As seen, a higher composition of
H2 (31.2%) is observed for ER = 0.30 when compared to the one shown in Figure 3 (17.8%).
However, as the concentration of oxygen increases, H2 decreases due to the oxidation of
the volatiles.

Figure 6. Syngas composition: oxygen-enriched air (dry basis).
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H2 varies from 30% to 31.2% for ER in between 0.25 and 0.3 while CO concentration
varies from 32.8% to 33.4% with ER in between 0.28 and 0.37. In addition, the CH4 content
in the syngas decreases as ER increases, varying from 9.6% to 1.2% for ER values between
0.2 and 0.43. Increasing ER leads to increments of the rate of several endothermic reactions
that consumed methane and subsequently lead to a greater hydrogen production [44].
Similar trends were obtained by Islam et al. [45] using oxygen-enriched air as a reagent
and an ER range between 0.25 and 0.33.

Furthermore, the syngas LHV, obtained using oxygen-enriched air, decreased with
increasing ER and the value ranges between 7 and 8 MJ/Nm3 for ER ranges between 0.3 and
0.36, as shown in Figure 7. Ecold also shows a decreasing trend with an increasing ER, with
Ecold being 81% for ER = 0.2 and 74% for ER = 0.3, respectively. The LHV declined due to
the decrease of H2 (Figure 6), which is associated with the additional oxygen introduced in
the reactor that favors the oxidation reactions. Ecold is the energy input over the potential
energy output based on the LHV of the biomass and of the syngas [46]. Therefore, Ecold
also diminishes as it depends on the syngas LHV. These tendencies in the calorific value
parameters are in agreement with data reported in other works [47,48].

Figure 7. Syngas LHV and Ecold: Gasification with oxygen-enriched air.

The oxygen enrichment can cause a considerable increase in nitrogen oxide emissions
due to increased combustion temperature, however, in this study, it was not possible to
calculate this increase.

3.2. Gas Microturbine Analysis

To guarantee a stable operation of GM, the LHV must be greater than 8 MJ/Nm3

and the content of H2 in the syngas less than 30% (according to Page et al. [49]) because
managing H2 concentration is essential to avoid flashbacks and blowout. To operate the
microturbine, the syngas produced with ER between 0.2 and 0.3 in oxygen-enriched air
gasification were considered, at the maximum fuel flow rate (0.02 kg/s). Under these
conditions, electric powers were obtained in the range of 79.6 and 100 kW, as presented in
Figure 8.
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Figure 8. Power generated by the microturbine using syngas as fuel.

As also seen in this figure, the highest power generated was reached for ER = 0.2,
where there is a higher value of the air/fuel ratio and consequently an increase in the
electrical power generated. The air/fuel ratio used in the GM ranged from 64.7 to 47.8 for
the ER between 0.2 and 0.3. Following the previous data, Figure 9 shows the calculated GM
efficiency for equivalence ratios ranging from 0.2 to 0.3. As can be seen, a decreasing trend in
efficiency is observed, which follows the decrease in generated power with increasing ER.

Figure 9. Gas microturbine efficiency using syngas as fuel.

The highest efficiency values were obtained for ER values between 0.2 and 0.25,
associated with higher electrical power values, 100 and 91 kW, respectively. This behavior
is related to the decrease in the syngas chemical energy since the syngas LHV was reduced
from 9 MJ/Nm3 to 8 MJ/Nm3 as ER was varied, which are associated with augmentation
of the content of CO2 and N2 in the syngas.
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3.3. Environmental Assessment

For the environmental impact analysis, midpoint categories were computed, which
are indicators commonly adopted to calculate the performance of the life cycle of a process.
The impact categories and their respective units are, mainly: Climate change (kg CO2-eq);
Ozone depletion (kg CFC-11 eq); Terrestrial acidification (kg SO2 eq); Freshwater eutrophi-
cation (kg N eq); Terrestrial ecotoxicity and Human toxicity (kg 1.4-DB eq); Photochemical
oxidant formation (kg MNVOC eq) and Agricultural land occupation (m2a). Thus, an
indicator represents a variable, which describes a characteristic of the state of a system,
generally through observed or estimated data [50].

Table 6 shows the results obtained for the impact categories analyzed. Higher val-
ues indicate worse performance in the category, while lower or negative values indicate
environmental benefits. The results obtained for the climate change category were sat-
isfactory, generating values that indicate the reduction of emissions, resulting from the
charges avoided by the improvement of electricity generation. Furthermore, the energy
generation stage is the one that contributes the least to the total CO2 emission, with a value
of −4360.05 kg CO2 eq due to the use of MG. On the other hand, the MSW pretreatment
step is the one that most contributes to the emission of CO2 with a value of 2474.49 kg
CO2 eq, followed by the transportation step with 17.00316264 kg CO2 eq and gasification
with a value of 16.8 kg CO2 eq. According to Nie et al. [51], the emissions originating
from waste transportation activity are mainly related to the fuels used during the opera-
tion in heavy-duty trucks. The study also found that the mixed collection of waste and
conventional transport is not distinguished between categories, and thus revealing the
highest efficiency. Nevertheless, electricity consumption from the use of RDF preparation
equipment also contributes to GHG emissions.

Table 6. Environmental impacts of the gasification/gas microturbine system.

Impact Categories
Midpoint

MSW
Transportation

Pretreatment
MSW/RDF RDF Gasification Electric Generation

in GM Unit

Climate change 17.0 2474.49 16.8 −4360.05 kg CO2 eq
Ozone depletion 6.55 × 10−10 2.83 × 10−7 2.30 × 10−9 −5.07 × 10−7 kg CFC−11

Terrestrial
acidification 0.03 17.74 0.144 −29.84 kg SO2 eq

Freshwater
eutrophication 0 0.001 1.19 × 10−5 −0.002 kg P eq

Marine
eutrophication 0.001 1.00 0.008 −1.8 kg N eq

Human toxicity 0.57 0.28 0.002 −0.51 kg 1.4-DB eq
Photochemical

oxidant formation 0.04 26.54 0.21 −47.43 kg NMVOC

Particulate matter
formation 0.01 6.67 0.05 −11.56 kg PM10 eq

Terrestrial
ecotoxicity 2.03 × 10−5 0.07 0.0006 2.03 × 10−5 kg 1.4-DB eq

Freshwater
ecotoxicity 0.07 0.11 0.0009 −0.20 kg 1.4-DB eq

Marine ecotoxicity 0.07 0.05 0.0004 −0.09 kg 1.4-DB eq
Ionizing radiation 0 1.04 0.008 −1.87 kg Bq U235 eq
Agricultural land

occupation 0 2.45 0.02 −4.39 m2a

Urban land
occupation 0 0.09 0.0007 −0.17 m2a

Natural land
transformation 0 0.007 5.97 × 10−5 −0.01 m2

Water depletion 0 239.05 1.94 −428.56 m3

Metal depletion 0 0.32 0.002 −0.58 kg Feeq
Fossil depletion 5.35 2.36 0.02 −4.23 kg oileq



Processes 2021, 9, 2255 14 of 17

Figure 10 shows the potential environmental impacts for the evaluated scenario
(gasification using air enriched with oxygen coupled to GM), following the stages such as
transportation and pre-treatment of MSW, gasification, and electricity generation. Great
contributions are from the impact categories on terrestrial and marine ecotoxicity, associated
with the burning of organic compounds and SO2 emissions originating in the process
of gasification and power generation in GM, which constitute pollutants that directly
contribute to terrestrial acidification/eutrophication, as well as damage in the climate
change and resource categories.

Figure 10. Impact categories evaluated for gasification/gas microturbine system.

However, these results are better than conventional technologies, as shown by
Dong et al. [22]. The results of this study showed that gasification has the potential
to reduce environmental loads by reducing emissions from the process, when compared to
fossil technologies, in addition to presenting better energy efficiency.

Another work was by Evangelisti et al. [52] who compared gasification with con-
ventional treatments. The results showed less impact from acidification compared to
incineration and less CH4 emission.

It is worth mentioning that the use of land is still one of the difficulties related to
the sustainable management of MSW, while there is a significant reduction in arable land
occupied by sanitary landfills and places of inadequate waste disposal. The limitations
regarding the use and occupation of the land, and the need for advances concerning the
development of practices and technologies that meet the different waste management
scenarios still constitute major obstacles worldwide. For the considered scenario, the
agricultural land occupation category presents a value of −4.39 m2a, which indicates that
less landfill area would be used, as RDF is the fuel in gasification process.

4. Conclusions

This study involves an economic and environmental evaluation of refuse-derived
fuel gasification/electricity generation. In this work, a chemical equilibrium model was
developed for RDF gasification and the Life Cycle Assessment methodology was performed.
Two scenarios were considered in RDF gasification modeling with different gasification
agents: air and oxygen-enriched air (with 60% O2–40% N2). Key results show that in an
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oxygen-enriched RDF gasification environment, the syngas LHV value reaches 8.0 MJ/Nm3

with ER equals 0.3, which produces 79.6 kW of electrical power when used in the GM.
Environmental impacts in various scenarios were assessed using a life cycle assess-

ment. Emissions from the pretreatment and gasification stages of the MSW are the domi-
nant ones with a value of 2474.49 kg CO2 eq. The electricity generation stage had positive
impacts for all categories analyzed through the LCA. The environmental impacts deter-
mined by the ReCiPe method indicate that pollutant emissions from the burning of fossil
fuels present greater impacts for climate change, ozone depletion, terrestrial ecotoxicity,
and fossil depletion categories. Therefore, gasification can be considered a promising
technology for the management and use of MSW, it enables the production of useful syngas
for different applications and with low environmental impact when compared to tradi-
tional MSW management methods, such as incineration. Taking into account the results
of environmental impacts, concerning emissions from the MSW transport stage, a poten-
tial way to reduce these negative impacts would be to re-dimension the MSW collection
routes, optimize the collection of fractions and reduce fuel consumption. The processes
for transforming and obtaining RDF are highly energy-intensive, therefore, an alternative
to reduce the negative environmental impact of RDF production could be the reduction
of energy consumption in these operations with the use of more efficient equipment in
the energy context and use of green energy (use of clean sources of electricity generation
such as solar photovoltaics mainly for MSW drying and crushing steps). These are certain
initiatives that depend on the assessment of economic feasibility among other variables. In
summary, several factors will affect the quality and characteristics of the RDF. The use of
urban solid waste also requires continuous work on environmental education for citizens
and changes in consumption habits, which will allow greater advances in the future in
terms of sustainable management of waste and preservation of the environment.
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