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Introduction

In Brazil, the establishment of the National Solid Waste Policy 
under Act Number 12,305/2010 (MMA, 2010), determines the 
ban on open-air dumps and landfills, which came into force from 
August 2014, where these must be replaced by landfills in which 
only waste without any possibility of recycling and reuse can be 
disposed.

Article 7 of Act number 12,305/2010 determines integrated 
management (item VII) as one of the objectives of the Brazilian 
policy on solid waste, as well as the adoption, development and 
improvement of clean technologies as a way of minimising envi-
ronmental impacts (item IV). Article 9, which specifies the order 
of priority in management and solid waste management, assists 
it, namely: no generation, reduction, reuse, recycling, solid waste 
treatment and an environmentally correct ultimate disposal of 
waste.

Term 1 of article 7 of Act Number 12,305/2010 clearly states 
that techniques can be used for energy recovery from municipal 
solid waste (MSW) once their technical and environmental feasi-
bility is ensured. In several countries, the use of energy recovery 
technologies is based on burning the biogas generated in landfills 

(LFG, landfill gas) especially in internal combustion engines, or 
on incinerating solid waste; latest alternatives involve the inte-
gration of incinerators with combined cycles (hybrid cycles), as 
well as waste gasification.

The amount of generated MSW varies according to the 
Brazilian Regions, and although in 2016 the Brazilian per capita 
production was of 1.04 kg inhab day-1, Southeast Region, the 
most densely occupied and industrialised one, generated 104,790 
t day-1, which means an index of 1.21 kg inhab day-1 (Abrelpe, 
2016). The same reference estimates that 71.34 million t y-1 are 
landfilled, from which 12.4 million t y-1 are sent to dumps. A 
preliminary estimate of electricity production by incinerating 
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half of the total landfilled amount represent 2.5 GW of sustaina-
ble energy added to the Brazilian energy mix.

In order to meet this demand of electricity generation, some 
initiatives have been developed in Brazil in terms of energy use 
from LFG through research and development (R&D) projects 
funded by the Brazilian Electricity Regulatory Agency (Aneel, 
2012). The main results expected from this initiative are the 
installation of a facility for harnessing biogas from waste or liq-
uid effluents for electricity generation with capacity exceeding 
200 kW; and an analysis of current technologies and basic data 
collection for electricity generation using biogas from waste/liq-
uid effluents, including the state-of-the-art in terms of electricity 
generation. A third expected result is suiting and/or adapting 
existing technologies to the operation conditions of electric 
power plants using biogas from wastes/effluents located in its 
national territory.

The objective of the present work is to present and discuss, 
technically and economically, waste-to-energy cycles to be incor-
porated to the Brazilian electric mix. The findings of a study that 
was focused on accomplishing the first two previously proposed 
results are presented with a critical introduction of the state-of-
the-art technologies in terms of energy recovery from MSW, and 
for this, several configurations for a pilot low-capacity facility 
are conceived and compared, according to the best current tech-
nologies identified in the literature review.

Methodology

The state-of-the-art in technologies of energy recovery from 
MSW (waste-to-energy (WtE)) is presented herein with the aim 
of identifying the best available technologies and characterising 
the most strongly recommended ones for commercial application 
nowadays. The hybrid cycle that integrates solid waste incinera-
tors with gas/steam combined is the first technology identified in 
the literature, taking into account that the temperature of the 
steam generated in the incinerator must be limited owing to cor-
rosion problems in the thermal exchange zones. Korobitsyn et al. 
(1999) analysed various configurations of hybrid cycles, defining 
that the aggressive nature of gases released from the incinerator 
does not allow the steam temperature in the boiler to rise above 
400 °C. They also proposed that a significant increase can be 
achieved by the use of an external superheater and a heat recov-
ery steam generator (HRSG) along with the gas turbine.

Qiu and Hayden (2009) assessed the feasibility of using 
hybrid cycles, and demonstrated that they can achieve high effi-
ciency in energy conversion and practicality at handling MSW. In 
comparison with conventional MSW incineration, which 
achieves lower efficiency and presents operational problems, the 
use of a hybrid cycle considerably reduces CO2 emissions. The 
current practice of MSW management under the energy scenario 
in Thailand was analysed by Udomsri et al. (2009), in which the 
potential of energy recovery from MSW was researched by 
assessing various energy recovery technologies. Udomsri et al. 
(2010) has developed a study on the reduction of waste genera-
tion and application of the concept of hybrid thermal power 

plants, thus proving its high efficiency in comparison with the 
combined cycle burning natural gas, where the MSW is burned 
separately in an incinerating unit.

Poma et al. (2010) analysed a hybrid cycle that integrated an 
incinerator into the steam/gas combined cycle, designed as a pos-
sible future alternative for thermal use of municipal waste from a 
part of the northeastern province of Turin, Italy. It was designed 
to supply the local power network with 160 MW and providing 
50 MW to a district heating network operating at full capacity. 
Cheng and Hu (2010) reported an overview of the energy recov-
ery industry, its challenges and possible improvements in China. 
About 13% of the MSW generated in the country is available in 
energy recovery facilities, given that most facilities in operation 
are based on incineration units, which are considered as a mature 
technology if compared with other technologies with significant 
benefits as regards environmental quality, reduction of green-
house gases emission, the Government’s policies and funding 
incentives.

Ribeiro and Kimberlin (2010) proposed a combined cycle in 
which 80% or more of the energy was generated from MSW and 
the rest was supplemented with fuels that were not available in 
large quantities, such as landfill gas or biogas from anaerobic 
digestion. The difference between this concept and other existing 
configurations, for example Zabalgarbi, in Bilbao, Spain, is the 
lower consumption of natural gas, allowing 80% of the energy 
generated from waste to be exported, achieving efficiencies that 
are greater than those of the most advanced WtE facilities, with 
lower capital and operation costs.

The second technology identified for the conception of a pilot 
low-capacity plant is based on the MSW gasification associated 
to combined cycle. Bosmans et al. (2013) present a review of 
thermochemical technologies (incineration, gasification, pyroly-
sis, plasma technologies and their combinations) for energy 
recovery from the heating value of waste flows, focused on 
MSW. For some processes with emphasis on new advanced tech-
nologies, such as the plasma technology, a comparison is made 
between the different technologies in the context of stress factors 
that affect operational suitability and applicability.

Gasification offers distinct advantages over incineration: it 
produces a multipurpose product (H2 and CH4), operates at low 
temperatures, it is generally more efficient than incineration and 
volatises fewer polluting agents than waste incineration, and it 
was concluded that it is a cheaper option than incineration, accord-
ing to Arafat and Jijakli (2013). Fernández-González et al. (2017) 
confirm the economic competitiveness of MSW gasification.

Although the MSW theme is not being considered in Brazil 
as intensely as it is desired, since the establishment of National 
Solid Waste Policy (NSWP) some research is being proposed, 
and both technologies are under evaluation. Owing to the recent 
national policy on solid waste, Brazilian cities are assessing the 
technical and economic possibilities of non-recyclable waste 
incineration plants. Considering the history of solid waste depo-
sition in São Jose dos Campos, a WtE system based on hybrid 
combined cycle (using MSW and natural gas) for the production 
of thermal and electrical energy has been proposed by Balcazar 
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et al. (2013), which is attractive as regards the carbon credit and 
garbage fee included in the project revenues.

Maier and Oliveira (2014) evaluated the implications of the 
NSWP in Brazil on the economic viability of different installa-
tions of energy recovery from MSW, although the Brazilian 
MSW disposal market is still monopolised by landfill deposition. 
Given the comparative shortage of landfill regulation in Brazil 
and its relatively low costs as a method of disposal, plants using 
the energy recovery from MSW are economically unfeasible. In 
this way, the use of financial incentives to promote the construc-
tion of facilities of energy recovery from waste becomes vital for 
the investment’s feasibility.

Leme et al. (2014) compared the energy generation of com-
bustion-engine landfill-biogas and mass-burn incineration for 
hypothetical cities of 100,000, 500,000 and 1,000,000 inhabit-
ants. They concluded that the second option did not present eco-
nomic feasibility for the considered financial parameters adopted, 
mainly owing to the high cost of investment and operation/main-
tenance costs and low waste treatment taxes paid by the cities.

Luz et al. (2015) evaluated the technical and economic feasi-
bility of gasification from MSW to generate electricity for the 
Brazilian municipalities, sorted according to population sub-
groups, whose parameter was used as a basis for the calculation 
of solid waste production, project costs and revenues. Various 
expenses were taken into account, such as investment, operation 
and maintenance costs, and interest rate variations. The revenues 
were estimated from the electricity and recyclable materials sale, 
fees paid by municipalities for MSW disposal in landfills and 
carbon credits. The net present value (NPV) and internal rate of 
return (IRR) were assessed as economic indicators. Nordi et al. 
(2017) demonstrated for a Brazilian city that the removal of 
organic matter and inert components of MSW impacted advanta-
geously on the cycle performance, whose capacity was in the 
range 6–13 MW and cost of electricity production of 60 to 150 
USD MWh-1.

Based on the literature, the hybrid cycle that integrates solid 
waste incinerators with gas/steam combined and the MSW gasi-
fication associated to combined cycle are the technologies that 
best fits the composition of WtE cycles. Configurations for a 
pilot low-capacity plant (referred as Cases 1 to 4 in the following 
sections) are presented and analysed as a way to reverse the 
Brazilian deficit in MSW energy recovery.

Technological alternatives assessment

The project guidelines adopted in this work are according to Edict 
014/2012, which states technical and commercial arrangements 
for insertion of electricity generation using biogas from waste and 
liquid effluents in the Brazilian energy mix (Aneel, 2012). 
Because of being a pilot, low-capacity facility, it was decided to 
evaluate the joint burning of LFG and MSW in the comparative 
analysis of technological options for harnessing biogas from 
waste for power generation. According to the literature, however, 
incineration of MSW is environmentally more attractive (Assamoi 
and Lawryshyn, 2012). As just a small fraction of the LFG and 

MSW of the considered landfill is proposed to be burned, the con-
flicting concomitance of burning both fuels (once LFG originates 
from an anaerobic decomposition of MSW deposited in sanitary 
landfills) do not apply.

For modelling and simulating the configurations, the software 
Cycle Tempo (TU Delft, 2007) was used because it provides the 
necessary components for the intended conceptions. In the simu-
lation configurations, mass and energy balances must be followed, 
and the exergetic efficiency of each component should be in 
appropriate levels. For the various addressed technologies, several 
parameters identified in literature were adopted so that the pro-
posed configurations are consistent with the laws of thermody-
namics, as well as constraints on energy sources availability.

•• Adopted consumption of 150 t day-1 (1.736 kg s-1) of MSW 
and 0.480 kg s-1 of biogas from landfill collected in Santo 
André, SP, a possible site in which the pilot low-capacity 
facility could be erected.

•• The chemical composition of LFG in the city of São Bernardo 
do Campo, SP, and the composition of MSW collected in 
Santo André, SP (other compositions were also considered 
for a sensibility analysis) was assumed; the corresponding 
heating values were calculated from Mendeleev’s equation 
and are arranged in the Table 1.

•• An air condensing system was adopted owing to constraints 
on water availability.

For deciding on the electrical generation capacity range of the 
configurations to be simulated, a balance was sought between the 
cost of investment in equipment and the revenue resulting from 
selling the electricity generated by the IRR. It was considered that 
the IRR should be greater than 10% p.a., with simulation horizon of 
up to 30% p.a.; such values represent minimum and maximum 
annual interest rates to be considered, respectively, for an enterprise 
on a pilot scale. A service life of 20 years, retail electricity price of 
77 USD kWh-1 and 7000 h y-1 of WtE facility operation (values 
consistent with the market and the technologies’ state-of-the art) 

Table 1. Elemental analysis (wet basis) of LFG and MSW.

LFG composition MSW composition

% volumetric fraction % mass fraction

Components LFG Components MSW1 MSW2 MSW3

CH4 0.4769 Carbon 26.70 20.11 35.50
CO2 0.3739 Hydrogen 3.37 2.92 5.10
H2S 0.0027 Oxygen 16.14 12.58 23.90
N2 0.0749 Nitrogen 0.52 0.55 2.40
H2O 0.0639 Chlorine — 0.18 —
O2 0.0077 Sulphur 0.11 0.80 0.50
 Moisture 41.30 50.65 25.00
 Ashes 11.87 12.21 7.60
LHV (kJ/kg) 13,804 LHV (kJ/kg) 9743 7275 14,112

Source: LFG – personal data; MSW1 – Adapted from Nordi et al. 
(2014); MSW2 – Chang et al. (1998); MSW3 – Ujam and Eboh (2012).
LFG: landfill gas; MSW: municipal solid waste; LHV: lower heating value. 
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was assumed, being that such values were subsequently varied in 
the sensitivity analysis. The investment cost of the gas turbine and 
condensing steam turbine was based on the equations described in 
Khoshgoftar Manesh et al. (2013), by simply considering that the 
cost of the single pressure HRSG corresponds to 11% of the gas 
turbine cost (Silva, 2004). Under these conditions, it was found that 
the capacity range of the configurations to be analysed should be in 
the range of 4–11 MW, given that such a range could be expanded 
as long as the initial parameters were changed.

From the literature review results, it was defined that the rec-
ommended technologies for designing a low-capacity pilot facil-
ity would be the integrated gasification combined cycle (IGCC, 
burning gasified MSW) and different conceptions of hybrid 
cycles (incineration of municipal waste integrated to gas turbines 
burning LFG or natural gas), as illustrated in Figure 1. For each 
of the proposed configurations, mass, energy and exergy bal-
ances were carried out by considering the technological parame-
ters. An air excess of 100% was assumed as a parameter of the 
hybrid cycle incinerator project (Chang and Huang, 2001; 
Kranert and Cord-Landwehr, 2010; Kunz, 2009). The tempera-
ture of the exhaust gases from the incinerators air heater was set 
at 199 °C (Chang and Huang, 2001; Kranert and Cord-Landwehr, 
2010). An isentropic efficiency of 75% was assumed for the 
steam turbines, which is compatible with the power generated in 
the four studied cases.

According to Tobiasen and Kamuk (2013), the thermal effi-
ciency of WtE facilities that are aimed at electricity generation 
depends on the installation size, on the temperatures to be 
observed so as to avoid corrosion of the steam generator tubes, 
and the fact that the configuration connection occurs by cogen-
eration (electricity and district heating network) or only electric-
ity generation. According to this reference, indicative values with 
respect to the thermal efficiency of WtE installations are 23%–
26% for capacities up to 100 MWt and higher than 30% for more 
than 100 MWt when operating in the mode electricity only; for 
heat and power mode, values are 17%–23% and higher than 25%, 
respectively. In the present analysis, reliability is not considered 

as a decision variable, although its relevance to the consecution 
of the project is: waste incineration is a consolidated technology 
if compared with waste gasification, however both present a sim-
ilar availability factor, of 92% and 95%, respectively, according 
to Wilson (2014).

Hybrid cycle: Heat recovery steam generator (Case 1). The 
modelled hybrid cycle consists of a Brayton cycle from a non-
commercial gas turbine burning LFG; a Rankine cycle, struc-
tured by an incinerator that burns MSW and provides superheated 
steam at a temperature of 400 °C for a condensing steam turbine 
with air cooling system in the condenser. The steam temperature 
limit was established according to Korobitsyn et al. (1999) owing 
to the aggressive nature of the gases leaving the incinerator.

The preliminary parameters taken as reference for the model-
ling of a non-commercial gas turbine burning LFG were obtained 
from an Optimal Radial Turbine (http://www.opraturbines.com/
en/NEWS/) model OP16-3C, which was designed to operate with 
low heating value fuels, such as waste gas, syngas, biogas, coal-
derived gas, pyrolysis oil and ethanol. The following values 
apply for the gas turbine: ISO net power of 1850 kW, heat rate of 
14,827 kJ kWh-1, compression ratio of 6.7, mass flow of 8.7 kg 
s-1 and exhaust gas temperature of 573 °C. Figure 2 illustrates the 
proposed configuration (Case 1), which resulted in a plant with 
5016 kW of installed capacity.

Hybrid cycle: Heat exchanger for external superheating  
(Case 2). Korobitsyn et al. (1999) presented a configuration with 
external superheating named hot windbox. Such configuration 
offers high efficiency along with lower natural gas consumption, 
with smaller heat transfer area and greater thermal efficiency if 
compared with other hybrid cycle proposals.

In order to evaluate possible improvements in the original 
conception of the cycle, a hybrid model using the software Cycle-
Tempo was presented for this configuration, with LFG being 
used as fuel in the gas turbine and burning the MSW in the incin-
eration boiler along its combustion process, referred to as Case 2. 

Figure 1. Conceptual schemes of proposed configurations.
HRSG: Heat recovery steam generator.

http://www.opraturbines.com/en/NEWS/
http://www.opraturbines.com/en/NEWS/
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The heat recovery boiler was replaced by heat exchangers, which 
harness the outlet temperature of gases from the gas turbine to 
increase the temperature of steam to be sent to the steam turbine. 
Non-commercial equipment was modelled for this configuration, 
as shown in Figure 3.

Hybrid cycle: Heat exchanger for modified external heating 
(Case 3). Case 3 corresponds to the hybrid cycle in designing a 
hot windbox combined cycle with improvements found in litera-
ture in terms of thermal recovery of gases, including an addi-
tional heat exchanger between the condenser and the deaerator 
(Ghasemi, 2014; Petrov, 2003; Udomsri et al., 2011). The same 
conditions were simulated from previous cases, with emphasis on 
the fact of keeping the temperature of the steam leaving the incin-
erator at 400 °C. However, under such conditions, the configura-
tion did not meet the requirements of mass and energy balances, 
which is the reason for setting the temperature of the superheated 
steam leaving the incinerator at 300 °C to avoid corrosion in the 
sections where the superheated steam is at maximum tempera-
ture, according to studies conducted by Branchini (2012). This 
configuration is illustrated in Figure 4.

Integrated gasification combined cycle (Case 4). The configu-
ration comprising an IGCC consists of a gasifier that processes 

MSW to generate synthesis gas (syngas) to be burned in a gas 
turbine, whose preliminary parameters taken as reference for the 
modelling of a non-commercial unit burning syngas were 
obtained from the Solar Mars 100 (Solar Mars 100; http://s7d2.
scene7.com/is/content/Caterpillar/C10550139). Net power gen-
erated in this case is higher than that obtained in the previous 
cycles, and this imposed taking another commercial gas turbine 
as a reference. The main reference data of such gas turbine is 
represented by ISO net power of 11,350 kW, heat rate of 10,935 
kJ kWh-1, pressure ratio of 17.7, mass flow of 41.6 kg s-1 and 
exhaust temperature of 485 °C. The thermal cycle also comprises 
a HRSG that harnesses the outlet temperature of gases from the 
gas turbine to provide thermal energy to a steam cycle with a 
condensing turbine, an air cooling system in the condenser and a 
system to remove impurities from the syngas.

According to Zafar (2009), higher capacity gasifiers are pref-
erable to MSW treatment because they allow greater variations in 
fuel flow, present a uniform temperature in the process owing to 
the highly turbulent flow through the bed, good interaction 
between gases and solids and high carbon conversion rates. The 
author identifies the fuel capacity of 1.0 kW to 1.0 MW for 
downdraft gasifiers, 1.1 MW to 12.0 MW for updraft, 1.0 MW to 
50.0 MW for bubbling fluidised bed and 10.0 MW to 200.0 MW 
for circulating fluidised bed. For the present model, a heat 

Figure 2. Case 1: Hybrid cycle, superheated steam from MSW incinerator at 400 °C.

http://s7d2.scene7.com/is/content/Caterpillar/C10550139
http://s7d2.scene7.com/is/content/Caterpillar/C10550139
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capacity of 16 MW was conceived for the use of a fluidised bed 
gasifier.

According to Tan et al. (2015), the temperature of burning 
waste in an incinerator ranges from 850 °C to 1100 °C, being the 
range of 790 °C to 1650 °C recommended for the gasification 
process. Zafar (2009) states that gasification processes involving 
a carbonaceous raw material reaction with a reagent containing 
oxygen, air, steam or carbon dioxide usually occur at tempera-
tures exceeding 800 °C. Thus, the gasification temperature was 
set at 850 °C in this study, which is considered appropriate from 
an environmental point of view, since dioxins released from the 
MSW incineration process are destroyed and/or decomposed at 
temperatures above 800 °C (Sun et al., 2015).

For the technical modelling of the gasifier, a pressure of 1.4 
MPa and an air/fuel factor of 1.60 was still considered, based on 
Elmegaard (1999). Figure 5 illustrates the IGCC identified as 
Case 4.

Results and discussion

The comparative analysis between the proposed configurations 
shows that the IGCC (Case 4) proved to be technically more 
appealing than the hybrid cycle integrated with incineration 

owing to the high thermal efficiency for electric generation, con-
sidering the initially defined propositions, although the incinera-
tion technology is at a more advanced stage, thus presenting a 
greater number of equipment vendors.

Given the fact that the MSW composition can undergo sea-
sonal variations, it was deemed important to evaluate the varia-
bility of the technical parameters used under these conditions. 
For assessing the robustness of each configuration, the four cases 
were simulated with three different compositions of MSW (pre-
sented in Table 1), with the results of the technical assessment 
shown in Table 2. It should be emphasised that the configurations 
of hybrid cycles (Cases 1 to 3) are designed to burn the MSW in 
an incineration boiler and biogas in a gas turbine (whose compo-
sition is presented in Table 1), while the IGCC configuration 
(Case 4) burns the gasified MSW in a gas turbine.

The data shown in Table 2 reveal that the hybrid cycles exhibit 
little variability in net power capacity (for each specific Case) 
owing to a slight variability in the pumps’ power (0.15% to 
0.22%) and great variability in thermal efficiency (and heat rate), 
in which the highest value is 62% superior to the lowest one. The 
IGCC, in turn, presents less thermal efficiency variability (the 
highest value is 26% superior to the lowest one), but turns out to 
be quite sensitive to net power capacity variability that reached 

Figure 3. Case 2: Hot windbox combined cycle, steam from the MSW incinerator at 400 °C.
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Figure 4. Case 3: Improved hot box combined cycle, steam leaving the incinerator at 300 °C.

Figure 5. Case 4: IGCC.
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145%. For the establishment of such variations in all cases,  
the difference between the lowest and highest value in each anal-
ysis divided by the parameter corresponding to MSW1 was 
considered.

Economic assessment

For the economic assessment of the proposed energy recovery 
configurations, traditional parameters are going to be calculated 
– NPV, IRR and payback – and the cost of power generation, 
according to the concept of levelised cost. The cost of investment 
in each technological concept will be established by equation (1) 
through parameters of comparison with reference installations, in 
accordance with Amoo and Fagbenle (2013):

 C C
M

Mcp cp reference
MSW

MSW

effective

reference

=












0 7.

 (1)

in which Ccp is the effective investment fixed cost; Ccp reference 
is the reference investment fixed cost; MMSW effective is the effec-
tive installation capacity (t y-1); MMSW reference is the reference 
installation capacity (t y-1).

For the hybrid cycles (Cases 1 to 3), it was estimated a capac-
ity of 150 t per day of MSW, which equals 52,500 t of MSW per 
year, assuming 8410 h of operation per year and the composition 
of MSW1, as regards a possible location for implementing the 
energy recovery facility. The values of fixed costs for a MSW 
incineration facility are 21.2 (106 USD) for a reference plant size 
of 62,500 t y-1, and 41.4 (106 USD) for a reference plant size of 
703,000 t y-1, according to Amoo and Fagbenle (2013).

In the IGCC (Case 4), the parameters of capacity and opera-
tion hours per year are assumed the same as those of the hybrid 
cycles. The investment cost of an installation of MSW gasifica-
tion, according to Klein and Themelis (2003), is estimated to be 
between 86,000 and 97,000 USD t-1 of waste daily. For the pres-
ently studied IGCC, it was assumed an average value of 91,500 
USD t-1 of waste daily for the analysis development.

With these data, the cost of investment of the studied configu-
rations can be estimated. By equation (1), the capital expenditure 
(CAPEX) was estimated to be at 18,764,257 USD for the hybrid 
cycles, where the CAPEX of IGCC was estimated at 13,725,000 
USD for the location conditions of the enterprise implementa-
tion. It is necessary to consider, however, that such values can 
suffer significant variations. According to Greater London 
Authority (2008), the incineration technology investment cost is 
in the range 540–740 USD t y-1 (400–550 £ t y-1): For example, 
for Case 1 with the lower heating fuel (MSW2), a CAPEX of 
7530 USD kW-1 is obtained. Yap and Nixon (2015) estimated 
that, in the case of England, the investment cost for gasification 
ranges from 620 to 850 USD t-1 per year: for Case 4, CAPEX 
varies from 3636 to 8945 USD kW-1 according to the lower heat-
ing value considered.

Table 3 presents the main economic parameters of each one of 
the four analysed cases, as well as the selling price of electricity 
and average electricity cost. The economic analysis presented 
here is based only on the simulation of each case considering the 
composition of MSW1, which corresponds to the actual condi-
tion of the facility to be constructed and, for the baseline sce-
nario, which was established with 12% annual interest rate. The 
investment cost of Cases 2 and 3 were assumed to be 8% and 4% 
less than that estimated to Case 1, respectively, in face of the 
reduction of heat recovery area. It is observed that only Case 4 
(IGCC) presents a great variation of CAPEX, owing to a signifi-
cant variation of net power capacity generated with three differ-
ent waste compositions, which is reflected in all economic 
parameters.

The levelised cost of energy (LCOE) corresponds to the cost 
of electricity generation produced by the thermal cycle under 
analysis (USD MWh-1). It considers the investment cost of the 
employed technology by the capital recovery factor (CRF) in 
relation to its capacity factor (CF) of the plant, corresponding to 
96% operational availability and the annual operation time (YH 
= 8760 h y-1), as described in equation (2), according to Masters 
(2004): 

Table 2. Comparison between the configurations for the parameters that showed variation with MSW composition change.

Configuration Hybrid cycles IGCC

Composition Case 1 Case 2 Case 3 Case 4

MSW1 MSW2 MSW3 MSW1 MSW2 MSW3 MSW1 MSW2 MSW3 MSW1 MSW2 MSW3

Wnet (kW) 4962 4966 4955 6176 6180 6169 6706 6710 6700 6708 4314 10,612
WST (kW) 3196 3196 3196 4429 4429 4429 4963 4963 4963 1997 1405 2947
WGT (kW) 1820 1820 1820 1820 1820 1820 1820 1820 1820 4739 2931 7703
ηt (%) 21.05 25.75 15.91 26.20 32.41 19.80 28.45 34.79 21.51 39.66 34.16 43.01
Pexit inc (bar) 43.98 43.98 43.98 43.98 43.98 43.98 43.98 43.98 43.98 — — —
Texit inc (°C) 400 400 400 400 400 400 300 300 300 — — —
Heat rate (kJ kWh-1) 17,151 14,395 21,697 13,780 11,568 17,425 12,690 10,653 16,047 9116 11,016 7873
m· inlet GT (kg s-1) 0.48 0.48 0.48 0.48 0.48 0.48 0.48 0.48 0.48 4.305 4.287 4.372
m· inlet ST (kg s-1) 4.015 4.015 4.015 5.600 5.600 5.600 6.090 6.090 6.090 2.631 1.851 3.883

MSW: municipal solid waste.
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=  (2)

The selling price of electric energy (PEE) set by the local grid 
was established according to the data available (Trade Energy, 
2013), corresponding to 78.18 USD MWh-1, considering the 
American currency exchange as 1.00 USD = 2.20 R$ on that 
opportunity. The differences between the cost of electricity gen-
erated and the selling price of electric energy do not vary for 
Cases 1 to 3 for the three distinct MSW compositions, but the 
IGCC (Case 4) is very sensitive to this variation. The largest per-
centage of such a parameter is observed in Cases 1 and 4; how-
ever, as MSW composition varies in time, a mean value could be 
more representative for Case 4, and the obtained value of 44% is 
the lowest and the most desirable one.

IRR presented in Figure 6 illustrates the variation of this eco-
nomic parameter regarding the annual operation time of energy 
recovery facilities, ranging from 6510 to 8760 h a year. The 
return of investment (ROI or payback) is presented in Figure 7 
for a desirable condition of the Brazilian economy, given that 
Cases 3 and 4 achieved, once again, the best results, with 5.5 y 
and 4 y, respectively.

As previously presented by Ferreira and Balestieri (2015), a 
sensitivity analysis with respect to the variability of interest rate 
and selling price of electricity for the network is presented for 
three scenarios. The optimistic scenario considered a favourable 
economic condition to Brazil in terms of annual interest rate (8%) 
and an increase in revenue owing to cheaper electric energy sell-
ing price (100 USD MWh-1). The baseline case is the reference 
condition (12% p.a. and 78 USD MWh-1), and the pessimistic 
scenario is associated to the worst condition (16% p.a. and 60 
USD MWh-1).

Figure 8 presents the NPV as a percentage of investment capi-
tal from 70% to 130% for annual interest rates of 8%, 12% and 
16%. As is assumed by several enterprises, foreign currency cov-
ers 50% or more of the capital taken on loan of an installation of 
such magnitude (World Bank, 1999). Figure 9 shows the varia-
tion in LCOE for different annual operation times of the facility, 
ranging from 6510 the 8760 h per year at an annual interest rate 
of 8%, 12% and 16%. In both analyses, Cases 3 and 4 maintain 
the best economic performance in comparison with the other 
alternatives.

Conclusions

Energy recovery through incineration of MSW is a well-
accepted technology in other countries than Brazil, in addi-
tion to being a rational form of environmental liability 
solution for that matter, thus analyses that assist in making 
such technology technically and economically feasible should 
be encouraged.

From the obtained technical results, it was found that the configu-
ration with MSW gasification showed significantly higher levels of 
thermal efficiency than the analysed hybrid cycles (43% of the 
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IGCC against 35% of the most efficient hybrid cycle). This is partly 
explained by the fact that the IGCC burns syngas from gasification 

of MSW, while the hybrid cycle was designed with landfill biogas 
burning, which is concomitant with MSW incineration.

Figure 8. NPV by varying the percentage of investment capital for different annual interest rates.

Figure 7. Payback at 12% annual interest rate.

Figure 6. IRR according to capacity (installation operation time per year).
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Although the performed analysis was preliminary, from an 
economic point of view the cost of electricity of the cycle with 
gasification (Case 4) was revealed to be inferior to that of the 
hybrid cycle, with better energy conversion efficiency of MSW. 
A LCOE in the range 32–53 USD MWh-1 is obtained for annual 
interest rate of 8% and 16%, respectively, for the gasification 
plant operating 6500 h per year, and these values are altered to 
24–39 USD MWh-1 for the same interest rates if operating 8760 
h per year. This study puts forward a preliminary recommenda-
tion that additional studies on MSW gasification technologies 
should be conducted, and that such technology must be included 
in future endeavours.
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