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Abstract

The study aims to rapidly scale up Hybrid Renewable Energy System (HRES) specifically emphasizing bioenergy genera-
tion for isolated rural communities. It aims to identify the most profitable and efficient configuration for HRES biomass-
solar in Jodo Pinheiro, taking advantage of local eucalyptus production to reduce costs associated with the transport of
biomass waste, considering energy, economic and ecological indicators. Eucalyptus waste was chosen as the source of
biomass as fuel, the Downdraft gasifier with air as the gasification agent, and monocrystalline silicon technology was
selected for photovoltaic modules. Two case study scenarios were proposed based on global efficiency calculations. The
techno-economic analysis was applied based on the First Law of Thermodynamics and the Levelized Cost of Electricity
(LCOE) method. Case 2 showed the overall energy efficiency of 17.43% and LCOE 0.034 USS$S/kWh more suitable for HRES
solar-biomass technology. Additionally, the eco-efficiency indicator indicator based on the calculated Net Present Value
and ecological efficiency indicator, allowed evaluation of the relationship between added value and the environmental
impacts associated with the studied configurations, with case 2 presenting 9.28e—05 kgC0O2/USS$ as best result. The
conclusions show that the techno-economic analysis applied to the HRES syngas-solar, along with the eco-efficiency
indicator, presents the viability of decentralized bioenergy supply, particularly in isolated rural communities. This innova-
tive approach encourages sustainable measures to meet energy needs in isolated regions with climatic, environmental
and biomass supply conditions like those of Jodo Pinheiro.

Highlights

Overall efficiency of the Biomass-Solar HRES can range from 14% to 17.8%.
Biomass-solar HRES makes LCOE smaller compared to isolated subsystems.

The higher the pollutant indicator, the lower the environmental efficiency.

Syngas has better eco-efficiency than diesel, and B20 biodiesel.

Biomass-solar HRES can meet energy demands of isolated regions with local resources.
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1 Introduction

The contemporary world suffers with energy consumption issues, particularly due to the rapid population growth, leading
to increase counting on fossil fuels. However, depending on nonrenewable sources increases the risk of depleting finite
energy reserves [1, 2]. Another concern arises from the unequal access to and consumption of energy, which is especially
prevalent in remote areas where a substantial number of people are deprived of energy resources [3].

To achieve the Sustainable Development Goal (SDG) of universal to affordable, reliable, sustainable, and modern
energy in a universal way [4, 5], making studies on energy sources increasingly attractive. for the economy and indus-
trial activities [6]. Recently, the World Bank reported that around 789 million people live without electricity, with 84.2%
of these people living in rural areas isolated from the electricity grid [7]. Given this, rural electrification supports social
and economic development by not only improving the quality of life through meeting people’s health and education
needs but also enabling the enhancement of fundamental activities in small rural industries. This includes extending the
number of working days using lighting and irrigation, leading to increased productivity and, consequently, providing
economic stimulus to the region [8]. On the other hand, that use renewable sources is considered a viable and efficient
option for distributed energy generation in remote areas, such as photovoltaic systems and biomass gasification plants,
since these areas have areas for installing panels, local irradiation and biomass resources available for exploitation [3, 9].

The Brazilian energy sector presents a diverse range of renewable sources, mainly due to the presence of an extensive
Brazilian hydrographic basin [10]. According to the National Energy Balance (BEN, 2022), the Brazilian scenario presented
a distribution of 78.07% in renewable sources (56.8% hydroelectric, 10.6% wind, 8.2% biomass, 2.47% solar) and only
21.93% of its energy matrix from non-renewable sources (12.8% natural gas, 2.2% nuclear, 3.9% coal, 3.0% diesel oil and
fuels and 0.03% from other non-renewable sources) [11].

The renewable energy technologies are mature systems that allow the progressive replacement of conventional fos-
sil technologies [12, 13]. However, due to economic issues, the feasibility and reliability of implementation may not be
attractive when compared to conventional ones [14]. One of the possible solutions to reduce CO, emissions and address
issues of economic viability is through Hybrid Renewable Energy Systems (HRES), which combines several technologies
and Renewable Energy Sources (RESs) to implement the most suitable approach for each case, reducing intermittency
problems and costs, meeting energy demands, and minimizing CO, emissions [15, 16]. Furthermore, HRES are growing
at a fast pace, making them an interesting topic discussed by several authors [17-19].

Because of their abundance of resources and low environmental impact, biomass and solar energy are increasingly
highlighted, researched, and promoted. Nevertheless, each has its own limitations and challenges. While solar energy is
characterized by its intermittent nature, as it depends on sunlight and limits it as a daytime source, biomass faces the chal-
lenge of constant availability of resources at affordable values affected by seasonality [20]. However, the combination of
these two energy sources is considered a solution where one complements the other in their efficiency weaknesses [21].

The main advantages of biomass-solar hybridization for practical applications include reduced space requirements
for solar collectors and minimized biomass supply constraints, as the fixed plant size requires lower fuel input [22].

Recently, modeling with the Ebsilon Proffesional software was applied by Roman [23], with the purpose of analyzing
a hybrid generation system with a municipal waste gasification installation, photovoltaic system, and wind farm in order
to meet a maximum power demand equal to at 10 MW. The hybridization factor for biomass technology was 55.41%,
35.05% for wind and 9.54% for solar. The net energy efficiency found based on the First Law of Thermodynamics was
16.70%. As a result of economic analysis, the results showed the cost of electricity varied from 0.115 to 0.240 $/kWh, thus
showing that the gasification of municipal waste can be used to adjust generation with demand, in addition to being
economically advantageous [23].

Xue and Li [24] proposed in their studies the development of an energy generation system based on the co-com-
bustion of agricultural biomass and dry sludge by solar energy. This integration is achieved by injecting heat collected
from sunlight by parabolic trough collectors into the sludge dryer via the feed water. The total energy efficiency of the
entire plant is 30.47%. The economic evaluation showed the levelized cost of electricity of 0.0834 $/kWh, the payback is
3.73 years and the net present value of 34,806.00 kUSD achievable due to the incorporation [24].

The Hybrid Optimization Model for Renewable Energy (HOMER) was presented for Aditya [25], to find the most
economical and energy efficient configurations for a hybrid system composed of photovoltaics, batteries and palm
kernel biomass gasifiers, located in the remote village of Long Pahangai, in Indonesia. The hybridization factor for
the solar energy system was 50.40%, and 49.60% for the biomass technology, with an energy efficiency of 16.70%
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and LCOE of 0.163 $/kWh, suggesting that a PV system -Diesel-Gasifier-Battery is the best ideal project for Long
Pahangai in terms of energy cost [25].

The study carried out by Mouaky [26] showed the thermodynamic performance of a hybrid biomass-solar plant
producing electricity, fresh water and domestic hot water (DHW) for a community of 40 residences located in the
semi-arid region of Benguerir, in Morocco. Unlike the other cases, composite parabolic collectors and combustion
boilers that use olive waste as biomass are combined sequentially to drive a 46 kW Organic Rankine Cycle and a
reverse osmosis unit, with a solar energy hybridization factor of 11.42% and biomass of 88.58%. The overall energy
efficiency of the plant was found to range between 11.35 and 16.32%, and the specific electricity costs found were
0.231 $/kWh, being considered competitive in the off-grid context [26].

Recently, a techno-economic evaluation was proposed for Pantaleo [20] for a new configuration of a hybrid solar-
biomass energy generation system composed of an externally driven gas turbine powered by 70% biomass (wood
chips) and a bottom organic Rankine cycle, achieving heat recovery from turbine exhaust gases via thermal energy
storage and heat integration from a field of parabolic collectors with molten salts as a heat transfer fluid. The results
showed an energy efficiency of 29% and the LCOE of the proposed system is around 0.140 $/kWh, with IRR is around
15%, based on Italian electricity subsidy tariffs [20].

A study conducted by Anvari [27] evaluates a combined cycle based on a new biomass-solar hybrid energy con-
figuration to produce 13.4 MW of power in three sections (biomass section, solar section and steam turbine section),
with respective hybridization factor: 8%, 49% and 43%. In order to estimate the economics of the proposed cycle, the
calculated LCOE costs were 0.049 $/kWh. The results showed that the addition of the solar section to the biomass-
based system brings an increase of around 25% in energy production, with an energy efficiency of 29% [27].

Zhang [28] proposed, in his studies, a hybrid biomass-solar energy supply system, stating that for biomass tech-
nology, the combustion of agricultural waste was used, with a hybridization factor of 73.31%. For solar energy tech-
nology, parabolic collectors were used, with hybridization of 23.69%. To evaluate thermodynamic performance, the
First Law of Thermodynamics was applied, obtaining average annual energy efficiency results of 25.18%. The system
showed good profitability with a payback period of 5.15 years [28].

A comprehensive energy analysis in a hybrid solar-biomass and steam turbine system was studied by Anvari [29].
With the parametric evaluation, the effect of thermodynamic parameters on the overall performance of the system
was verified by the First Law of Thermodynamics. The biomass chosen was wood, undergoing the thermochemi-
cal transformation process of gasification, responsible for 9% of production, while steam turbine technology was
responsible for 38% of production. Solar energy technology used solar towers with a hybridization factor of 53%.
The results indicated that when adding the solar unit to the biomass section, the power increases by 30%, obtaining
an energy efficiency of 22.30% and an LCOE of 0.042 $/kWh [29].

Two new hybrid solar-biomass energy generation systems are proposed, modeled and compared to each other
by Sarkis [21]. The wood biomass is first gasified in a gasifier and then the syngas is used in a gas turbine power
plant combined with a Rankine cycle. Solar energy is used in the bottoming Rankine cycle, where the first system
uses it indirectly to heat the feed water before the deaerator, while the second system adopts solar energy in direct
steam generation mode to generate additional steam for low temperatures. temperatures. pressure steam turbine.
The hybridization factor of the first system is 91.48% and 8.52% for biomass and solar energy, respectively, while for
the second system it is 64.44% and 35.56% for biomass and solar energy, respectively. The results of the economic
evaluation, through the levelized cost of electrical energy and results of the energy analysis for the first and second
proposed configurations were 0.0749 and 0.0799 $/kWh and 45.06% and 40.12%, respectively [21].

A 2.1 MW and 960 kW hybrid solar-biomass combined heat and power system consisting of an externally driven
1.4 MW gas turbine and an Organic Rankine Cycle power plant with a capacity of 0.7 MW was evaluated techno-
economically by Pantaleo [22]. The results reported an energy efficiency of 25% and levelized energy costs from about
$0.100/kWh to above $0.220/kWh, along with net present values (NPVs) of about 13,000 to—3000 kUSD and internal
rates return (IRRs) from 30% to almost zero when prioritizing the generation of electrical energy [22].

In previous studies, a variation can be observed for the values found in energy efficiency analysis studies of HRES
biomass-solar, ranging from 11.35% to 45.06%, as well as for the values found in LCOE analyses, ranging from 0.042
US$/kWh to 0.247 US$1/kWh. This is related to the variation in the hybridization factor in each case, variation in the
type of biomass and solar technology applied, as well as the fact that in some studies they are optimized with the
recovery of residual heat from the process, increasing the efficiency value found, compared to lower values from
other studies.
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Therefore, it is important to highlight that, despite continuous efforts to implement HRES biomass-solar technologies
around the world, their technical-economic and ecological efficiency studies, no studies were found in the scientific
literature that specifically address a combined technical-economic analysis. with an assessment of eco-efficiency indi-
cators for HRES.

The main objective of this article is to evaluate energy, economic, and ecological aspects, and calculate the eco-effi-
ciency indicator of a HRES biomass-solar generation process in a remote community without access to conventional grid
electricity, and from this, fill the literary gap with the eco-efficiency indicator of the generation process calculated based
on the net present value obtained by technical-economic analysis and the CO, emission factor, obtained by ecological
analysis, so that in addition to the technical and economic indicators evaluated, there is also a survey of economic and
ecological indicators for evaluation.

2 System description

The proposed system is a HRES that combines biomass and solar PV technologies. The biomass subsystem consists of a
gasification technology coupled to an internal combustion engine and generator (gasification-ICEG). The gasification
subsystem—ICEG includes a downdraft gasifier, heat exchanger, filter, internal combustion engine, and generator. Euca-
lyptus biomass is thermally converted in the gasifier at high temperatures, producing syngas. Subsequently, the syngas
passes through the filter and heat exchanger before driving the 100 kW generator engine. In a hybrid configuration,
the solar-PV subsystem comprises photovoltaic panels that convert solar radiation into electrical energy. The generated
electricity is directed to the charge controller, then to the inverter, and finally stored in batteries before being supplied
to the end consumer. Fig. 1 illustrates the flowchart of the HRES biomass-solar.

2.1 Gasification of biomass

Gasification is a thermochemical technology that converts biomass into a low calorific fuel gas called syngas, using an
oxidizing agent [30, 31]. Syngas can then be utilized to produce heat or mechanical energy, powering systems such as
internal combustion engines and gas turbines [32].

The downdraft gasifier model HBF— 300 W from Pulita New Energy Technology Co., Ltd. [33] has a production capacity
of up to 100 kW, with an average consumption of 120-150 kg/h of biomass, offers advantages such as low tar production
and minimal particulate matter, in addition to low cost and operational simplicity [35]. The hopper is fed with biomass
from the top, while air is introduced from the side of the reactor at the top of the grate, and syngas is discharged below
the grate. The biomass first enters the drying zone, where moisture is removed by rising heat from the oxidation zone. In
the pyrolysis zone, thermal decomposition of biomass occurs in an inert atmosphere, producing tar and condensable and
non-condensable gasses. Shortly thereafter, oxidation reactions provide energy for endothermic reactions in pyrolysis
and the reduction zone. Finally, in the reduction zone, tar and carbonized material are converted into a gaseous product
through a reaction with high temperature gases. This reduces the need for gas purification and makes the gas suitable
for a wide range of applications [35].

The Cyclone Filter is an efficient filter even at high temperatures [36]. Its cylindrical shape with a conical base causes
particle to be thrown against the wall by centrifugal force, then descend by gravity and are discharged by a rotary valve
at the lower opening of the base. Clean syngas exits through the top opening [37]. Subsequently, syngas can be collected
for analysis or directed into the gas-water heat exchanger and then into the ICEG. The HBF-300 W downdraft gasifier is

SUN LIGHT »(PHOTOVOLTAICL _,|  CHARGE > BATTERY »| INVERTER [
PANELS CONTROLLER
FINAL
COSTUMER
BIOMASS DOWNDRAFT | |  HEAT | f gy qep > ICE ||
GASIFIER EXCHANGER GENERATOR

Fig. 1 HRES biomass-solar PV flowchart Source: Prepared by the author
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Fig.2 Downdraft Gasifier rep-
resented by a control volume
diagram Source: Adapted of

Copa et al. [36] Tfll @ Fuel

Downdraft —

Gasifier

Table 1 Elementary and

immediate composition of Eucalyptus

eucalyptus biomass Elemental composition (wt.%, Dry Basis) Immediate composition (wt.%, Wet Basis)
C 49.0 Moisture 1.3
H 6.3 Ash 0.8
N 0.2 Volatile matter 727
S 0.1 Fixed carbon 15.2
O (by difference) 444 LHV (MJ/kg) 18.4

Source: Adapted of Sales et al. [38]

supplied with 120 kg/h of biomass, with an estimated syngas generation of 398 m3/h [33]. Fig. 2 shows the control vol-
ume of the gasifier, and provided elementary and immediate composition values for the eucalyptus biomass, as shown
inTable 1, as well as the calorific value of the synthesis gas (LHV) used in the calculations.

The Gas-Water Heat Exchanger employs forced convection to cool the gas through a large area in contact with water.
It utilizes a “Cooler” type of heat exchanger, with one flow as the process fluid and the other as a colder utility, such as
cooling water [39].

The double-tube heat exchanger consists of two concentric tubes, made of stainless steel material, with the inner tube
measuring 0.012 m in diameter and the outer tube measuring 0.088 m in diameter. Synthesis gas flows through the inner
tube, with an inlet temperature of 400 °C and an outlet temperature of 40 °C. Water flows through the annular portion
between the tubes in countercurrent at a flow rate of 0.002 m>/s, at a temperature of 25 °C (ambient temperature) [39].
The cooling liquid (water) absorbs heat when it encounters the heated liquid tube (syngas) and, after condensation,
drains back to the bottom of the heat exchanger [39]. This type of heat exchanger is simple, with a good heat transfer
coefficient, suitable for high pressures, and easy to maintain [39]. Fig. 3 shows the control volume of the heat exchanger.

The ICEG group consists of an internal combustion engine coupled to an electrical energy generator [33]. The ICEG
control volume is represented in Fig. 4 and the main characteristics of the generation system are shown in Table 2.
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Table 2 Main technical Generator model HTG-100 GF
parameters of the generator
set Rated power 100 kW
Rated voltage 220/110V
Rated frequency 60 Hz
Rated speed 1800 rpm

Source: Adapted from Pulita Energy, 2022 [33]

The model of the motor-generator set was chosen based on a capacity and power of 100 kW in order to meet
the demand of 80 kW. Also, the suggestion from the Pulita New Energy Technology Co., Ltd. catalog [33] was taken
into consideration, together with the HBF-300W downdraft gasifier model.

2.2 Photovoltaic solar panel

Solar energy, as an abundant and clean source, is considered as a promising alternative to supply the existing
energy demand [40, 41]. Its significant growth has improved its viability [42] and reduced system prices, providing
competitiveness [43]. Fig. 5 shows the control volume of the photovoltaic array/panel module.

The photovoltaic module consists of photovoltaic cells, which are electrical devices that directly convert photon
energy into direct current (DC) electricity through a chemical/physical phenomenon called the photovoltaic effect
[44]. The inverter is responsible for optimizing the energy generated by the solar panels and efficiently transforming
the electrical energy into the necessary format to inject it into the grid [45]. Batteries are used to store the surplus
produced [45].

The technical specifications of the photovoltaic panels in this study are presented in Table 3.

@ Discover



Discover Sustainability (2024) 5:41 | https://doi.org/10.1007/543621-024-00221-6 Case Study

Fig.5 Control volume of
the solar-PV panel. Source: Losses
Prepared by the authors
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Table3 Technical Technical specification solar panel CANADIAN SOLAR
specifications solar panel

Model CS3W-440
Module type Monocrystalline
Efficiency of the photovoltaic set -7 19.9%
Operating voltage 47v
Unit area of the photovoltaic panel 221 m?

Source: Adapted from (POWER; MONO; MODULE, 2015) [46]

2.3 Demand determination

The selected location for this study was Jodo Pinheiro—MG city, which has been identified as one of the areas with the
high number of households (331) without access to electricity from the grid in the state of Minas Gerais, according to IBGE's
Population and Household Characteristics for the last 12 years [47]. Jodo Pinheiro—MG is also recognized as the largest
eucalyptus producer in Brazil, obtaining easy access to eucalyptus biomass residues at a lower cost due to the proximity of
production [48].

Considering the IBGE CENSUS, which reports that a Brazilian family has an average of 2.79 people (considered 3 people
for calculation purposes), the demand was calculated to meet 1/3 of the number of households without access to electricity
which are located in nearby locations, with a total of 330 inhabitants (110 households). Considering a per capita consump-
tion of 2612 kWh/inhabitant.year for the year 2021 in Minas Gerais State [49], with a total of 8760 h per year and considering
a total of inhabitants, the proposed HRES biomass-solar needs to serve a demand of 98.4 kW. This demand will be met with
80% provided by the gasification-ICEG subsystem and 20% provided by the solar PV subsystem, since the area where the
electricity generation plant is located has a large disposal of biomass and less space for solar collectors.

The hours of operation of the gasification-ICEG subsystem (H,) were defined as 7608 h per year, considering that the
plant operates in 3 shifts, 24 h a day, from Monday to Saturday, with Sundays reserved for maintenance equipment and staff
rest [50]. The hours of operation of the solar PV subsystem (Hp,) were defined by Mahapatra [51], as 1902 h per year, with a
significant electricity production averaging 6 h per day, considering an annual average solar irradiation from the inclined
plane for the state of Minas Gerais equal to 4800 Wh/m? [52].
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3 Methodology

The present study presents a techno-economic and environmental evaluation structure of two examined cases. The
assessment was based on potential energy production, carbon footprint, life cycle cost and eco-efficiency analyses.
Two cases were considered for analysis:

e (Case T—HRES without considering the thermal energy generated.
e (Case 2—HRES considering thermal energy recovered from the exhaust gases of the internal combustion engine.

Case 2 uses heat from the generator engine’s exhaust gases to dry the biomass, through a simple pipe, since an
increase in humidity beyond the gasifier’s design limits can cause instabilities in the system, such as a decrease in
combustion temperature and loss of efficiency. Furthermore, increased humidity also harms the useful life of the
system by forming deposits of undesirable chemical species [53].

3.1 Technical analysis

To analyze the production of electricity and evaluate the energy viability of the process, an energy balance was
developed based on the principle of conservation of energy, the first law of thermodynamics. The energy balance
can be written in simplified form as [54]:

Q+ 2 mpxh;, = W+ 2 Moy XPoye (M

where, is the thermal power, in kW; W the electrical power, in kW; m,, input mass flow, in kg/s; m,,,, output mass flow,
in kg/s; h;, the specific enthalpy of input (input), in ki/kg; and h,,, the specific enthalpy of output (output), in kl/kg.
The analysis will be applied to each component of the previously represented subsystems, delimited by the respective
control volume.

3.1.1 Energy balance—biomass gasification

The energy balance for the gasification subsystem ICEG is based on the difference between the thermal powers at
the entrance (from biomass and injected air) and the thermal powers at the exit (from syngas, ashes, and heat lost
from the gasifier walls), as shown in Eq. (2) [54, 55].

Ebio + oair = Esyn + Eash + Eloss (2)

To calculate the air flow that enters the gasifier, it is necessary to estimate the air/biomass equivalent ratio in the
gasification process, it is known that this ratio is in the range of 0.19 to 0.43, for the present study it was adopted
This is an equivalent ratio of 0.25, typical for a gasification process [56].

The fuel (eucalyptus biomass) energy input can be calculated considering the low heating value (LHV,;,) and mass
flow rate (m,,,) of the biomass, according to Eq. (3) [54].

Ebio = My, X LHV (3)
The air power supplied to the gasifier (Q,;,) can be calculated considering the mass flow (rn,;,) and the specific
heat (Cp,;,) of the air, and the difference between the heated air and the ambient temperature (T — T,), as given by

Eq. (4) [541.

Oair = mair X Cpair(T - TO) (4)

The syngas thermal power (£, ,,) can be calculated by using the mass flow (rn

of the syngas, through Eq. (5) [54, 55].

sy,,) and the low heating value (LHVSy,,)

Ey, =mg,, X LHV (5)

syn syn syn
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The thermal power lost with the ashes (E,,) can be calculated considering the mass flow of the ashes (rh,,) and
the associated enthalpy (h,,), considered equal to 538.28 kJ/kg [56] according to Eq. (6):

Eash = Mg X hgp (6)

The cold efficiency of the downdraft gasifier is applied, since the gas is cooled during its conditioning, in which the
output thermal power from the syngas is divided by the thermal input into the gasifier, from the biomass and injected
air, as described in Eq. (7) [53, 541.

Esyn

’;]g_c = (7)
Ebio + Qair
Combustion engines have very low efficiency. According to [31], gasoline engines have an efficiency of approximately
20%. Of the losses, 10% are losses due to mechanical friction between engine components, and 65% are thermal losses,
of which 30% are losses due to the interaction of gases with the combustion chamber wall, 35% are losses to the envi-
ronment and approximately 5% of convection losses [57]. Therefore, the energy loss in the ICEG (Q,,,) is calculated by

Eq. (8) [54].
O/oss = Esyn - WICEG (8)

The thermal efficiency of the ICEG (#,) is determined as the ratio between the output electrical power and the input
syngas thermal power, as given by Eq. (9) [54].

W,
Niceg = EICEG 9)

syn

In the heat exchanger, the thermal power gained by the water (Q,,) is equal to the thermal power lost by the syngas
through convection. Thus, the thermal power lost from the syngas to the water in the heat exchanger can be calculated
using Eq. (10) [54], and the Cpsy,, considered is equal to 1.33 kJ/kgK according to [56]:

OH2O = msyn X Cpsyn(T - TO) (10)

3.1.2 Energy balance—photovoltaic solar panels

In the energy analysis calculation of the PV solar subsystem there is no mass flow involved, only energy. Therefore, all
the energy that enters the system is equal to the energy that leaves in the form of electrical energy and losses associated
with solar incidence. Equation (11) expresses the power delivered by the set of photovoltaic panels [55].

Wpy =1 X Ny X Ay X | (11)

where W,,, represents the power delivered by the set of photovoltaic panels, 5; the efficiency of the photovoltaic set, N,
the number of photovoltaic modules (unit), A, the area of a photovoltaic module (m?) and I the global irradiation on an
inclined plane (Wh/m?).

3.1.3 HRES global energy efficiency

To calculate the energy efficiency of the system, the concept of the Eq. (12) [54] is applied.

N = EEout
;==
Z Ein
The energy efficiency of the system in case 1 (HRES without considering combined energy and heat—CHP) is calcu-
lated through Eq. (13) [58].

(12)
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Wice + Whpy

: (13)
Ebio +It

MHpes =

were I, represents the global irradiation on an inclined plane over the total area of the plates (W).On the other hand,

the energy efficiency of the system in case 2 (HRES considering CHP and the sale of surplus energy) can be calculated

applying Eq. (14) [54].

l/.VICEG + |/'VPV + Erec
Ebio + /t

NHRES = (14)

According to [59], the heat recovery system of an ICE is the subject of extensive research. This organic cycle is around 7 to
10% efficient, which leads to approximately 10% fuel savings when implementing this technology. For this study, the case
of lower waste heat recovery efficiency was considered, with 7%, as shown in Eq. (15).

Erec = Egex X 0,07 (15)

3.2 Economic analysis

Through economic analysis, it is possible to assess the feasibility of implementing a project for decision making. Several
indicators can be used for this feasibility analysis, the most common are net present value, profitability index, internal rate
of return, energy cost and initial capital cost of the system [55].

To make an economic comparison between the system proposed in this work and others in the literature, the LCOE gener-
ated by each system is estimated. LCOE is the most used indicator to assess the feasibility of any power plant and to compare
different power generation technologies. It can be calculated as shown in Eq. (16) [21].

CRF.CI + C
LCOE = —— — ~9% (16)

”qyearly

where Cl represents the total investment cost of the system (US$), Cpey represents the annual cost of maintenance and
operation, PG,iqymy denotes the annual net power generation of the system; CRF is the capital recovery factor, which in

turn can be calculated through Eq. (17) [21].
i.(1+14,)"

CRF = -
(1+i) =1

(17)

where i, is the interest rate and n is the number of years the plant has been operating. The interest rate in this work is
assigned as 12%, where 5% refers to Business Risk [60], 5% referring to Liquidity [61], and 2% referring to the opportunity
cost SELIC rate (Special Settlement and Custody System) [62]. The number of years of operation in this work is assumed
to be 10 years, according to the useful life cycle of the plant equipment [63].

The Clis related to the acquisition of all equipment for the gasification system-ICEG (gasifier, motor/generator, filter, and
heat exchanger) and equipment for generating electricity from solar energy (solar panels and inverter). The correction factor
of 1.23 refers to 23% refers to the cost of land preparation (5%), design and engineering costs (10%), contingency costs (5%)
and permission (3%), adding up to 23% in relation to acquisition costs, as shown in Eq. (18) [64]:

Cl=1,23(INV, +INV ) (18)

where INV refers to the capital investment cost of the gasification system—ICEG and INV/, to the photovoltaic solar
panel system.

The CO&M (Eq. 18) is determined as 4% of the IC, referring to the expenses required to operate and maintain the installation
including costs for labor, materials, equipment, replacement, and repair of permanent equipment [65]as shown in Eq. (19).

Coam = 0,04 % Cl (19)
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The expected annual revenue equations for the economic feasibility analysis with the commercialization of bio-
electricity produced by the system are expressed in Egs. (20, 21, 22) [66].

Ry = Ey X Hy(Co = Cor ) (20)
Rpy = Epy X Hpy (Co = Ce/_,,v) (21)
Rr =Ry + Rpy (22)

E represents the energy produced (kWh) and H represents the total operating hours of each subsystem, with the
subscript g for the gasification subsystem—ICEG and PV for the solar subsystem - PV. C,, is the the average value of
tariffs for electricity trading companies in the studied region (US$/kWh), and the subscripts g and PV correspond
to the value of the cost of electricity produced in the gasification subsystem—ICEG and the solar subsystem—PV,
respectively Finally, R is the annual revenue generated (US$/year) from the HRES, and the subscripts g, PV and T cor-
respond to the revenues of the gasification subsystem—ICEG (US$/year), solar subsystem—PV (US$/year), and total
revenue of HRES, respectively.

According to the tax sector, depreciation (D,) is a cost to be considered in revenue. For this, investment costs (C/)
must be divided by the useful life (n) in years of the system, multiplied by the depreciation rate (R), as can be seen
in Eq. (23) [67].

Dr = (23)

The useful life and depreciation rate data are presented in Table 4, in accordance with Normative Instruction of
the Federal Revenue of Brazil n° 1700 [63].

The MAT (minimum alternate tax) is the minimum return required for an enterprise. Its definition is of great
importance in the decision making of investors [68]. For this study, a MAT of 12% per year was adopted, obtained at
the rate of the Brazilian Special Settlement and Custody System (SELIC), in the year 2022 [69, 70]. Net present value
(NPV) is an indicator of the present value of future payments discounted at an appropriate interest rate minus the
initial cash flow [71]. The calculation of the NPV was based on Eq. (24).

n CFt
NPV = ZH o CFO (24)

NPV values provide an indication of the project’s viability according to pre-defined parameters. When they present
values greater than zero, they indicate a viable system, indicating the coverage of implementation and maintenance
costs of the production system in question. When they present values less than zero, they indicate an unviable
system, where there was a possible loss and decapitalization, not covering the costs involved in implementing the
production system. In its calculation, CF is considered, which refers to the flow of cash value raised and spent by
the project (USS) during period t, defined as 1 year, in which the money will be invested (from the period in which
the first cash flow occurs), n represents the number of periods, defined as 10 years, and i the average discount rate
considered per year. [68].

Table 4 Useful life and

q e Equipment Useful life Deprecia-
ep.reqatlon rate of tion rate
equipment %
Gasifier 10 10
Generator-engine 10 10
Heat exchanger 10 10
Solar Equipment 12,5 8
Battery 10 10

Source: Adapted from (INSTRU; RFB; MAR 2021) [63]
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The internal rate of return (IRR) represents a hypothetical discount rate when applied to a cash flow, making the
values of expenses, brought to present value, equal to the values of investment returns, also brought to present value,
calculated by Eq. (25). The calculated IRR must be equal to or greater than the MAR for the viability of the project [72].

n  CF,
0= —t
Zt:] (1 + IRR)t (25)

Payback (Eq. 26) is the time required for the recovery of an investment, which is used as a measure of attractiveness

for investors [73].
Initial Investment
Payback = Gain in the period (26)

For this economic feasibility study, the HRES bioelectricity sold to the local grid at a price of 0.1014 US$/kWh, according
to the Average Tariffs by Class of Consumption, from the Residential Consumption of the Statistical Yearbook of Electric
Energy 2021 [48]. The plant’s useful life was estimated at 10 years [49], and cash flows were projected considering bio-
energy production per hours of operation and selling price. In addition, 18% of taxes on gross revenue were considered,
including PIS (Social Integration Program); COFINS (Contribution for Social Security Financing), CSLL (Social Contribution
on Net Profit), and ICMS (Tax Relating to the Circulation of Goods) [74], along with Income Tax (IT) of 34% on gross profit,
which is the maximum amount allowed by law to be charged from any company in Brazil [63].

For the economic analysis, Table 5 presents the main financial data, such as investment costs, operation and mainte-
nance costs, electricity cost, rates, and other financial assumptions. To ensure uniformity, all costs have been converted
into dollars (USS).

In this study, cost catalogs for the implementation of the gasification system and solar PV panels were used as the
basis for investment cost budgets, so that this analysis can be closer to a real scenario.

3.3 Ecological analysis
3.3.1 Simulation of the combustion using GASEQ

A syngas presents the following molecular composition on a dry basis: H,=0.2489, CO=0.1967, CO,=0.1014, CH,=0.0094,
N,=0.4436. Table 6 relates the initial conditions of reagents in the syngas combustion process in an ICEG at standard
temperature pressure [80].

Through the simulation using GASEQ software, it was possible to evaluate the combustion reaction of syngas (Eq. (27)),
with a molecular weight of 29.11 kg/kmol.

0.2482H, + 0.1957CO + 0.1014CO, + 0.0094CH,, + 0.4436N, + 0.2416(0, + 3.76N,) — 0.3075C0, + 0.2677H,0 + 0.9084N,

(27)
Table 5 Data considered in the economic analysis
Item Value Remarks Refs.
INV ; (USS$/kW) 1159 Costs related to the acquisition of the downdraft biomass gasifier, heat exchanger, cyclone  [75]
filter, internal combustion engine and generator
INVp, (USS/KW) 1000 Costs related to the acquisition of photovoltaic panels, controller, inverter, and battery [76,77]
C, (US$/kWh) 0.12 Electricity sales price for the state of Minas Gerais [49]
Cosm (%) 4 Operation and maintenance (O and M) costs are related to labor, material, equipment, sup-  [78]
plies and spare parts, etc. and correspond to 4% of the total investment
i (%) 12 Average discount rate considered per year [79]
Taxation (%) 18 Taxes on gross revenue, referring to: PIS; COFINS; CSLL and ICMS [74]
IT (%) 34% Income Tax on gross profit [63]

Source: Prepared by the author
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Table 6 Reagentsin the

Syngas composition in dry basis
combustion process in an yng P 4

ICEG H,(mol) 0.2489
CO(mol) 0.1967
CO,(mol) 0.1014
CH ,(mol) 0.0094
N,(mol) 0.4436
MP(g/Nm?3) 10, 20, 30, 40
LHV(MJ/kg) 5.50
Air
O,(mol) 0.2416
N,(mol) 0.9085
ICEG synthesis gas intake temperature (K) 300
Combustion temperature (K) 1952
ICEG Air intake temperature (K) 298

Source: Prepared by the author

3.3.2 Ecological Efficiency

Ecological efficiency (g) allows you to evaluate the potential for air pollution, in accordance with existing air quality
standards, taking into account the efficiency of converting fuel into energy, demonstrated by the Eq. (28) [81, 82].

n

—_— ’1 —_— —_—
Sl Hp)ln(K 1,) (28)

where ¢ is the ecological efficiency of the HRES biomass-solar PV,when the number is equal to 1, the efficiency is maxi-
mum, and when it is equal to zero, it is considered inefficient; n representes the overall energy efficiency of theHRES
biomass-solar PV; Hp is the pollution indicator, in kg CO2eq/MJ. For the constants ¢, K and nthe values 0.204, 135 and 0.5
were considered, respectively referring to electricity production, in accordance with the literature [81, 82].

The pollution indicator, I, is the sum of My, and Mgy, as in Eq. (34), given in kGeq poiiutant /M syer

IT = 0.742I14; + 0.258I1;, (29)

Through this method, it is possible to estimate the human toxicity and the global warming indicators, as shown
in Egs. (30) and (31).

fCOZeq
I1 =
o LH Vfuel 30
fl 4DCBeq
= (31)
& LHVfueI

where I, quantifies the emissivity of gasesthat contribute to global warming, [kgeq poitutant/MJsuel] @nd Iy quantifies
the emissivity of gasesthat contribute to human toxicity [kg 1.4DCB,/kgy] [81, 82]. The equivalent emission factors for
carbon dioxide (foy,,) and 1.4-dicholobenzene (f, 455, Can be calculated through Egs. (32) and (33).

fcozeq = fcoa + 28f cua +265f 0 (32)

fLapcseq = A454F 50y + 56.71F o, + 38.75F py (33)

The specie emission factor (f,...) represents the emission factor of each species rising from the combustion of
the air-fuel mixture, in kg,,cie /MJgye, determined by Eq. (34).
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xX W,

n . .
specie specie
fspecie = < W (34)
Nfyel fuel
where ng,. ;. and ng,, correspond to the number of moles of the species and fuel, respectively; and W,
and W,,,, correspond to the molecular weight of each species and fuel, respectively.

pecie

3.3.3 Eco-efficiency calculation

The eco-efficiency indicator (EE) is an internationally used tool with a standard established in accordance with
1SO14045:2012, being defined as the relationship between the value of the product/service offered and the proportional
environmental impact. The definitions of both terms are established according to the applied context [84]. In this work,
the NPV of the LCOE was used as a parameter for the product/service offered, which presented the total value for the
two cases investigated. While for the proportional environmental impact parameter, the ecological efficiency studied
was also used for cases 1 and 2 presented. Thus, the equation for eco-efficiency is defined as:

£ = fcom (35)
NPV

In order to compare the different cases investigated so that they are on the same scale, it is necessary to normalize the
data, where the results are presented on a scale of values between 0 and 1, with 0 for the least favorable case and 1 for
the most favorable case [85]. To obtain standardized results, the values obtained for eco-efficiency in Eq. (36) are applied.

x; — Min(x)

EE pormalized = m (36)
where EE, . izeq 1S NOrmalized value of eco-efficiency; x; is the eco-efficiency value calculated by Eg. (35) that we wish
to compare; Min(x) is the smallestvalue obtained from x (according to the other calculated); Max(x) is the highestvalue
obtained x (according to the other calculated).

The eco-efficiency helps to reveal the behavior between added value in the product/service provided and the respec-
tive environmental impacts of HRES biomass-solar configurations while it operates. According to thesustainability per-
spective, the objective of achieving the optimum state is the mitigation of environmental impacts and a considerable
increase in economic value (complete decoupling between environment and economy) [83].

4 Results and discussions

In this study, the mass flow rate of syngas was calculated, and the energy efficiency and energy life cycle costs of HRES
biomass-solar operating modes were determined. The CO, emission factor was calculated to obtain the ecological effi-
ciency of the system and to determine the eco-efficiency indicator. According to the preset power required by the 20 kW
photovoltaic panels, the dimensioning of the photovoltaic panel system was obtained with the number of modules
equal to 48.

4.1 Technical analysis

The energy analysis was conducted using the first law of thermodynamics to analyze the distribution of energy fluxes
in the gasification ICEG subsystem. The chemical and physical properties of the biomass, together with the biomass
consumption in the gasifier, the volume flow of the heat exchanger, and the efficiency of the generator engine, were
crucial for conducting the analysis. This allowed for the examination of the air flow and the syngas mass in the gasification
process, as well as the combustion in the generator engine, and the mass flow of the exhaust gasses from the generator
engine. The result of the energy balance with the respective mass fluxes of the analyzed components are presented in
Table 7.

The power provided by the calculated biomass was calculated by multiplying its mass flow rate by the LHV of the
eucalyptus with 592.6 kW of power, obtaining 646.47 kW of energy at the gasifier inlet, considering the air input for the
combustion reaction in the gasifier. The power supplied by the calculated synthesis gas is equal to 442.67 kW, considering
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Table7 Mainresults of energy .6 vion-ICEG Subsystem

analysis

Pts m(kg/h) P(kPa) T(°C) E(kW)
1 120.00 101.30 25 646.67
2 117.54 101.30 25 -
3 161.00 101.30 400 483.06
4 2.99 101.30 400 -

5 - - - 163.61
6 717.84 101.30 20 217
7 162.70 101.30 25 -
8 - - - 80.00
9 323.70 101.30 450 396.41

Source: Prepared by the author

a production given by the Pulita New Energy Technology Co., Ltd. catalog [33] of 0.1107 m*/s and a synthesis gas LHV of
4000 kJ/m?. As a result, the cold efficiency of the gasifier was calculated at 78%, considering the energy produced by the
synthesis gas and the power provided by the biomass and air at the gasifier inlet, applying Eq. (7). The efficiency value
calculated for the gasifier is in agreement with the values found in the literature of 75 to 80% efficiency [55], showing that
the power provided by biomass and the energy produced by synthesis gas are at optimal values. In the heat exchanger
there is a loss of thermal power calculated at 21.72 kW, due to convective heat transfer in the concentric tubes, absorbed
by the cooling water. This loss value is considered necessary, since the syngas needs to lose energy to be at the ideal
temperature of 40°C when feeding the internal combustion engine. Therefore, the power of the syngas at the input
to the generator engine is 421.06 kW Finally, the electricity delivered to ICEG is 80 kW, considering 10% losses due to
mechanical friction, 30% losses due to exhaust gases, 35% losses to the environment and 5% losses due to convection.
These calculations were performed with the application of the energy balance based on the first law of thermodynam-
ics. The power provided by solar radiation is 106 kW according to area of 2.21 m? 48 photovoltaic panels, and local solar
radiation of 4800 W, with an efficiency of 19.9%, the power delivered by photovoltaic panels is 20 kW.

Figure 6 presents the Sankey diagram for the energy flow results, with Fig. 6a for the solar—PV subsystem and 6b for
the gasification—ICEG subsystem.

The generated power rates of each subsystem vary according to the renewable energy source used and their corre-
sponding process losses. The solar subsystem—PV consists of 48 monocrystalline silicon photovoltaic modules with an
installed capacity of 20 kW. The conversion efficiency of photovoltaic modules depends on some factors, such as the type
of photovoltaic material and the conversion efficiency of the cells (n=17-26%) [45], which is 19.9% in the present study,
as shown in Fig. 6a. According to Comello et al. [44], photovoltaic panel technologies tend to become more attractive in
the future due to the development of new technologies with better cost and performance.

The HBF-300 W downdraft gasifier is fed with 120 kg/h of biomass, with an estimated syngas generation of 398 m*/h
[34]. The thermochemical conversion that takes place in the gasifier transforms the energy contained in the biomass into
physical and chemical energy. The largest energy losses in this phase of the subsystem are due to solid residues (ash,
tar, and others) and heat losses in the gasifier wall, accounting for about 25.3% of the total energy (Fig. 6b). The largest
losses of this subsystem are the losses of the exhaust gases to the syngas burned in the ICEG, which account for 61.3%.

Fig.6 Sankey diagram of the PV LOSSES ICEG LOSSES
a solar-PV subsystem and b 80.1 [%] e 613 [%]
gasification -ICEG subsystem. 25.3 [%]
Source: Prepared by the
author
o
raation | = 4 ELECTRICITY e |
100.5 [kW] % 2 155 [[%] ] (EUCALYPTUS) “EJ ICEG ELECTRICITY
100 [%] & ’ 646.67 [kw] 2 |483.06 [kwW] 80 [kw]
2 > 100 [%] L 135 [%]
(a) (b)
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Fig.7 Overall efficiency for OVERALL EFFICIENCY (%)
the two considered cases. 20,00% o
Source: Prepared by the 17,43%
author 15,00% 13,90%
10,00%
5,00%
0,00%
Casel Case 2

Table 8 Levelized Cost of

Electricity calculated for each LCOE, 0.039 [US$/kWh]
subsystem and for the HRES LCOE,y 0.136 [US$/kWh]
biomass-solar PV LCOE pes.—caser 0.045 [US$/kWh]

LCOE gps-—case: 0.034 [US$/kWh]

Source: Prepared by the author

The general efficiency of the system found of 13.5% can be considered an acceptable value, since this is close to the
values found in the literature, which are around 14% [14, 30].

The calculations proved that it is possible to generate electricity from the conversion of eucalyptus biomass with a
downdraft gasifier fed with syngas. However, due to the low LHV value of syngas, which is about 10 times lower com-
pared to conventional fuels, there are power losses in the ICEG, which can range from 20 to 55% [56, 86]. A possible way
to reduce losses is the implementation of a waste heat recovery system, increasing the total efficiency of the system, as
proposed in case 2. Fig. 7 shows the global efficiencies for case 1 and case 2.

The overallefficiency of the HRES biomass-solar PV in case 1 was approximately 13.90%, being in the range of the
lowest values reported in the literature review in the introduction of 11.35% [26], addressed in the introduction. For case
2, in which there is a recovery of 7% of the power of the exhaustion and the thermal power of water vaporization in the
heat exchanger, obtaining an increase of 27.34% in relation to the general efficiency for case 1, having a final value of
general efficiency of 17.43%, a value higherthan that found in the literature by some authors of 16.70% [23].

4.2 Economic analysis

The economic analysis conducted in this feasibility study converts the cash flows and revenues generated from the
production of electricity by the HRES biomass-solar into economic indicators. This enables to assess the feasibility of
implementing the system based on the obtained results. The total investment cost of the plant (C/), including an addi-
tional 23% for equipment installation, was equal to US$ 138,645.60, equivalent to 0.00227 US$/kWh of total cost of
maintenance and operation of the plant during operating hours, this value is within the range of the value calculated in
the literature 0.00125 US$/kWh-0.005 USS$/kWh, of a deal with [56]. The gasification subsystem—ICEG was responsible
for most of the investment, representing approximately 66.88% of the total. However, the cost of producing electricity
for this subsystem is lower compared to the solar-PV plant (Table 8).

This fact can be explained by the fact that the cost of producing electricity in a system is related not only to the invest-
ment value, but also to the hours of operation of the plant. The intermittent nature of the solar-PV system raises the cost
of electricity production, while the subsystem powered by biomass gasification operates continuously and can deliver
electricity at a more affordable cost. However, as both technologies were associated in an HRES, the final electricity
production cost is compensated and reaches a satisfactory value.

Studies presented by Agyenim et al. [87] point out that the cost of producing electricity in a hybrid system (C,; zrs)
must be less than 0.16 US$/kWh for it to be considered viable. While the works cited in the introduction shows that a
HRES biomass-solar PV finds an electricity production cost between 0.042 US$/kWh to 0.247 US$/kWh. The values found
in this work of 0.045 US$/kWh and 0.034 US$/kWh are relatively lower than those found in the literature and below that
reported by IRENA 2020 (0.066 USS$/kWh). This is due to the use of eucalyptus residues as a source of biomass and raw
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material to produce syngas, since the system is located in Jodo Pinheiro, a region highlighted for being the largest in
eucalyptus production in Brazil, providing a lower related cost. transport and acquisition of waste.

From this comparison and from an economic point of view, it can be said that the HRES biomass—solar PV proposal
is feasible. In case 2, with the production of thermal energy and the marketing of the surplus energy, the LCOE value
presented was even lower compared to case 1, proving that it is a viable alternative for access to clean energy in rural
communities.

Economic viability was calculated based on cash flow and revenue calculation, according to Eq. (20, 21, 22). Table 9
shows the results of the NPV calculation, representing the net profit of the HRES during the 10 years of the project’s use-
ful life for cases 1 and 2. The results for IRR and Payback for cases 1 and 2 are also presented.

The results obtained meet the requirements of the literature [63], obtaining an NPV >0 and IRR > MAR (24.07% > 12%
and 33.96 > 12%). The results demonstrate that the NPV over the useful life of the HRES (10 years) is estimated at US$
74,578.30 for case 1 and US$ 142,478.72 for case 2. This difference from case 1 to case 2 is related to the 27.34% increase
in global efficiency. from case 1 to case 2, which means that, due to the greater amount of electrical energy generated,
the annual gross revenue of case 2 is greater than that of case 1, and consequently, increasing the net present value of
the plant. Furthermore, the proposed HRES IRR value is 24.07% for case 1 and 33.96% for case 2. Although the IRR value
for case 1 was more than double the MAR, case 2 presented almost triple the MAR, which guarantees a better result. The
payback time for case 1 and 2 were respectively: 5 years and 2 months and 3 years and 8 months. The Payback for case 1
is more than half of the useful life, while for case 2 it presented a value of approximately 1/3 of the useful life, obtaining
afaster return on investment. Therefore, the values obtained from NPV, IRR and payback clearly show that the proposed
HRES investment is economically viable for energy recovery from eucalyptus and consequent hybrid generation of bio-
energy, an important alternative for access to clean energy in remote communities in Brazil.

4.3 Ecological analysis

The syngas was analyzed through the simulation of instruction 30 in the GASEQ software to evaluate the gas control
indicators. Table 10 shows the simulation reagents and product specifications and product emission factors related to
the global warming and human toxicity indicators that were determined through Eq. (29). Table 11 presents the ecologi-
cal efficiency results, considering the variations in the values of particulate matter emissions presented. From this, the
values of fy,., and f; 4pcgeq Were determined by applying the Egs. (32) and (33).

As can be seen, the f,,, values found are practically equal to the 5, factor due to the number of moles of CO, result-
ing from its combustion, with negligible CH, and N,O values. On the other hand, the f; 4pcg,, values found are relatively
low. It is because of the null value of f,, produced by the synthesis gas combustion and the low factor value of fy,,
produced and low value of f;,, considered.

Finally, a comparison was made between the ecological efficiency obtained by Coronado et al. [88] of ecological effi-
ciencies in internal combustion engines powered by different fuels (biodiesel B100 biodiesel in pure form and biodiesel
B20- blended with diesel fuel, gasoline, natural gas, diesel) and the results obtained by Madeira et al. [89] for hydrogen
and Lu et al. [90] for biogas and syngas fed into the ICEG of this work, which can be seen in Table 12.

The result showed that burning syngas presented results of 4.54% for case 1 and 0.29% for case 2 higher than those
of Biodiesel B20, and 6.53% for case 1 and 2.17% for case 2 superior to diesel.

Diesel contains carbon dioxide, sulfur oxides and particulate matter as its main pollutants when burned. B20
biodiesel generally has the same or similar properties as conventional diesel oil, since 80% of its composition is pure
diesel oil, with a slightly lower pollution rate than diesel [88]. Furthermore, Brazilian diesel oil, compared to Ameri-
can and European ones, has a high sulfur content, which raises a great concern when using it [88]. In this way, with

Table 9 Main results of the

economic analysis NPV 4501 (10 years) 74,578.30 [USS]
NPV 450, (10 years) 142,478.72 [USS]
IRR (4561 (10 years) 24.07%
IRR (4> (10 years) 33.96%
Payback ;.1 5.14 [Years]
Payback 4., 3.61 [Years]

Source: Prepared by the author
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Table 10 Reactants and

! Reactants No. moles Mol. weight
products, and specie
emission.factors ofthesyngas  py, 0.0094 16
combustion co 0.1967 28
co, 0.1014 44
H, 0.2489 2
o, 1.3520 32
N, 0.2416 28
Products No. moles Mol. weight fopecie
co, 0.3004 44 1.2449
CH, 1.193e718 16 1.7878e7'8
N,O 5.861e™% 44 2.4288e-%
SO, 0 64 0
NO, 0.0012 30 0.0034
MP - 12 -
Source: Prepared by the author
the calulations of ecologicl WP/
efficiency, emission factors 0.000010 0.000020 0.000030 0.000040
and pollution indicators
fup (k9/KGyngas) 1.1302e7% 2.2604e™% 3.3906e™% 4.5208e7%
feo2eq (K902 eq/Ktue) 1.2449 1.2449 1.2449 1.2449
f1.40cgeq (K91.4pC8 eq/ KTuel) 0.1927 0.1932 0.1936 0.1940
ey (kGcop eg’MJ) 0.2264 0.2264 0.2264 0.2264
iy (k91 4pcp e/MJ) 0.0350 0.0351 0.0352 0.0353
IT (kg co,/MJ) 0.0844 0.0845 0.0845 0.0846
€ caser (%) 79.0782 79.0078 78.9974 78.9869
€ caser (%) 82.3953 82.3860 82.3768 82.3675

Source: Prepared by the author

Table 12 Ecological efficiency

e ; ) Fuel Ecological Efficiency % Refs.

variation in function of biogas,

hydrogen, biodiesel B20and  gjodiesel B100 86.75 [88]

biodiesel B100, gasoline, Biodiesel B20 78.79 [88]

natural gas, diesel, and syngas
Gasoline 82.52 [88]
Natural gas 91.95 [88]
Diesel 77.34 [88]
Hydrogen 93.73 [89]
Biogas 92.80 [90]
Syngas-case 1 82.39 -
Syngas—case 2 79.02 -

Source: Prepared by the authors

syngas surpassing the ecological efficiency of these fuels, it indicates that the proposal of this study is an alternative
to reduce negative impacts on the environment and human health. Furthermore, syngas produced from eucalyptus
biomass has a percentage of atmospheric CO, fixed during plant growth, which returns to the atmosphere after
consumption, resulting in lower impacts on the environment.
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Table 13 The eco-efficiency

of cases 1 and 2 for the HRES Case 1 Case 2
biomass-solar PV and the EE(Kgcoz eq /USS) 177604 09300
normalized eco-efficiency EE N o ;

result normalized

Source: Prepared by the author

Table 13 shows the relationship between the calculated eco-efficiency resources that can be used to identify the
best-case scenario.

When normalized, an eco-efficiency value close to 1 should be considered efficient from both an environmental and
economic perspective. That is, the closer the eco-efficiency value is to 1, the better the performance. Case 2 achieved the
best value in the calculation of the eco-efficiency index because the highest net present value offsets the CO, emission
value. It is common to present the results in normalized form, and for this reason it is difficult to compare them with
data from the literature.

4.4 Sensetive analysis results

Anincrease in the consumption of eucalyptus biomass in the gasifier increases the power in the generator engine. On the
other hand, this increase in consumption directly influences the entire cost of the project and the gas emissions emitted
during the combustion of syngas. To find out how the Power parameters in the generator engine, Global Efficiency, LCOE,
NPV, Ecological Efficiency and Eco-efficiency behave, a test was carried out increasing the consumption from 120 kg/h
to 150 kg/h of eucalyptus in the gasifier. Figs 8, 9 show the results for cases 1 and 2, respectively.

As can be seen, for both cases, with an increase in biomass consumption of 30 kg/h, they obtained an increase in
generator engine power of 25%, with 100 kW of electrical power generated. However, there was a drop in the overall
efficiency of 17.55%, with 11.46% for case 1 and 14.37% for case 2. NPV and Ecological Efficiency also suffered a drop
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in their values, with US$ 46,592.03 for case 1, with NPV results at US$ 114,492.46 for case 2, a drop of 37.52% for case 1
and 19.64% for case 2. Ecological Efficiency demonstrated a drop in efficiency of 3.92% for case 1 and 3.63% for case 2.

The LCOE and Eco-efficiency results increased, which is not favorable. The LCOE increased generation costs from 0.045
t0 0.054 US$/kWh in case 1 and from 0.034 to 0.041 USS/kWh for case 2, although being below IRENA data, as they suffer
an increase, they may reduce the margin of competitiveness and attractiveness of the price of installing the generation
plant. For eco-efficiency values, it is worth highlighting that the lower the environmental impact and the greater the
economic return, the lower the eco-efficiency indicator. If the eco-efficiency indicator increases (as in the case of this
sensitive analysis), it indicates a greater environmental impact and a lower economic return, which also compromises
the viability and implementation of the electricity generation plant.

However, there is an attractive scalability of the generation plant to meet changes in demand and use with an increase
in production capacity, because even if there is a decrease in global efficiency, the results for cases 1 and 2 are still within
the values expected results found in the literature. Likewise, the increase in LCOE did not exceed IRENA data, which is
still acceptable. And also the ecological efficiency, with 79.40% for case 2, still surpassing diesel and B20 biodiesel. This
way, there is a guarantee that the system will be able to handle a greater number of users and transactions on demand.

5 Conclusions

The rapid expansion of Hybrid Renewable Energy Systems (HRES) globally has made bioenergy generation a promising
solution for isolated rural communities. This study explores opportunities for adopting HRES biomass-solar technologies,
considering energy, economic, and ecological factors. A techno-economic analysis was conducted to identify the most
profitable and sustainable configuration. The theoretical system was implemented in Jodo Pinheiro—Minas Gerais, Brazil,
leveraging its significant eucalyptus production to reduce biomass waste processing costs.

The techno-economic analysis determined the most suitable energy efficiency and economic decision for the HRES
biomass-solar technology, comparing Case 1 (without considering thermal energy) and Case 2 (considering thermal
energy recovery).

The economic analysis revealed competitive and satisfactory costs, especially due to the association of solar PV energy
with the biomass plant, which lowered electricity production costs. The calculated LCOE presented values of 0.045 USS/
kWh for case 1 and 0.034 USS/kWh for case 2, both below the value given by IRENA and data presented in the literature,
becoming economically attractive.

The ecological analysis compared ecological efficiency between burning syngas and burning fossil fuels in the ICEG.
Syngas combustion showed better ecological efficiency (79% for Case 1 and 82% for Case 2) than burning fuels like diesel,
and biodiesel B20, minimizing sulfur levels in the atmosphere with its replacement.

The eco-efficiency indicator provided a comprehensive view of environmental and economic performance, favoring
Case 2 with the lowest value at 0.93x 107# since the lower eco-efficiency indicator indicates a lower environmental impact
and a greater economic return, and thus affirms the viability and implementation of the electricity production plant.

In conclusion, the proposed HRES biomass-solar is a viable and efficient technology that meets the region’s energy
demands through locally available renewable resources. This innovative approach holds significant potential for sustain-
able energy solutions in isolated rural communities.

Acknowledgements This research was financed in part by the Coordenacdo de Aperfeicoamento de Pessoal de Nivel Superior—Brasil (CAPES)—
Finance Code 001 and Productivity Scholarship from the Brazilian National Council for Scientific and Technological Development (CNPq) Level 2
with the project, entitled in Portuguese “Industrial Ecopark with Carbon Sequestration working under the concept of Biorefinery and Economy”,
through the process n° [306976/2021-8].

Author contributions Below it is a description of the authors’ contributions: First author: Camila Fonseca Chaves: responsible for the idea and
elaboration of all stages of construction of the manuscript, including the project and Techno-Economic Feasibility Analysis and Eco-efficiency
of the HRES plant for bioenergy generation.Second author: Vanessa Aparecida de S& Machado: contributed to the revision of the manuscript
in the calculation stage of economical viability. Third author: Ronney Arismel Mancebo Boloy: advisor responsible to the theme of the manu-
script, and for guiding and correcting all steps taken by the 1st author.

Funding This research was financed in part by the Coordenacao de Aperfeicoamento de Pessoal de Nivel Superior—Brasil (CAPES)—Finance
Code 001.The authors are very grateful to the financial support provided by Productivity Scholarship from the Brazilian National Council for
Scientific and Technological Development (CNPq) Level 2 with the project, entitled “Industrial Ecopark with Carbon Sequestration working
under the concept of Biorefinery and Economy’; through the process n° [306976/2021-8].

@ Discover



Discover Sustainability (2024) 5:41 | https://doi.org/10.1007/543621-024-00221-6 Case Study

Data availability The authors can confirm that all data generated and analyzed during this systematic review study are included in this article
and cited in the references. All data collected and/or analyzed during this investigation have been reported in this article.

Cody availability Not applicable.

Declarations

Ethical approval and consent to participate. Not applicable.

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

>

© N oW

10.
11.
12.

17.
18.

19.
20.

21.

22.

23.

24,

25.

Tamoor M, Tahir MS, Sagir M. Design of 3 kW integrated power generation system from solar and biogas. Int J Hydrogen Energy.
2020;45:12711-20.

Saidi K, Omri A. The impact of renewable energy on carbon emissions and economic growth in 15 major renewable energy-consuming
countries. Environmental Res. 2020;186: 109567.

Bhattacharyya SC. Energy access problem of the poor in India: is rural electrification a remedy? Energy Policy. 2006;34(18):3387-97.
United Nations. Transforming our world: The 2030 agenda for sustainable development (A/RES/70/1). 2015. https://sustainabledeve
lopment.un.org/post2015/transformingourworld

Lassalle JM, Martinez DF, Fernandez LV. Optimisation of hybrid renewable energy systems on islands: a review. Island Stud J. 2021;17:221.
Boulakhbar M. Towards a large-scale integration of renewable energies in Morocco. J Energy Storage. 2020;32: 101806.

BANCO MUNDIAL. Disponivel em: https://www.bancomundial.org/es/topic/energy/overviewi#1. Acesso em: dezembro de 2022.

Nouni MR, Mullick SC. Providing electricity access to remote areas in India: an approach towards identifying potential areas for decentral-
ized electricity supply. Renew Sustain Energy Rev. 2008;12:1187-220.

Banerjee R. Comparison of options for distributed generation in India. Energy Policy. 2006;24:101-11.

Conceicdo, ML.: Queiroz, AA.: Anadlise Energética De Geracdo De Bioenergia A Partir De Biogas. Revista Tecnologia & Cultura. 62-69 2019.
Balanco de Energia Nacional (BEN) 2022. Empresa De Pesquisa Energética—EPE, 2022.

Gbadamosi SL, Nwulu NI. Optimal power dispatch and reliability analysis of hybrid CHP-PV-Wind systems in farming applications. Sustain-
ability. 2020;12:8199.

. Acevedo-Arenas CY, Correcher A, Sdnchez-Diaz C. MPC for optimal dispatch of an AC-linked hybrid PV/wind/biomass/H2 system incor-

porating demand response. Energy Convers Manag. 2019;186:241-57.

. Zebra EIC, van der Windt HJ, Nhumaio G, Faaij APC. A review of hybrid renewable energy systems in mini-grids for off-grid electrification

in developing countries. Renew Sustain Energy Rev. 2021;144:111036.
Ismail MS, Moghavvemi M, Mahlia TMI, Muttaqi KM. Effective utilization of excess energy in standalone hybrid renewable energy systems
for improving comfort ability and reducing cost of energy: a review and analysis. Renew Sustain Energy Rev. 2015;42:726-34.

. Williams NJ, Jaramillo P, Taneja J. Enabling private sector investment in microgrid-based rural electrification in developing countries: a

review. Renew Sustain Energy Rev. 2015;52:1268-81.

Shivarama K, Kumar KS. A review on hybrid renewable energy systems. Renew Sustain Energy Rev. 2015;52:907-16.

Bist N, Sircar A, Yadav K. Holistic review of hybrid renewable energy in circular economy for valorization and management. Environ Technol
Innov. 2020;20: 101054.

Guo S, Liu Q, Sun J. A review on the utilization of hybrid renewable energy. Sustainable Energy Reviews. 2018;91:1121-47.

Pataleo AM, Camporeale SM, Sorrentino A. Hybrid solar-biomass combined Brayton/organic Rankine-cycle plants integrated with thermal
storage: techno-economic feasibility in selected Mediterranean areas. Renewable Energy. 2020;147:2913-31.

Sarkis RB, Zarey V. Proposal and analysis of two novel integrated configurations for hybrid solar-biomass power generation systems:
thermodynamic and economic evaluation. Energy Convers Manage. 2018;160:411-25.

Pataleo AM, Camporeale SM, Miliozzi A. Novel hybrid CSP-biomass CHP for flexible generation: thermo-economic analysis and profitability
assessment. Appl Energy. 2017;204:994-1006.

Roman J. A preliminary techno-economic analysis of the potential of using municipal waste gasification installations in a hybrid electricity
generation system. Polityka Energetyczna. 2022;25(4):55-72.

Xue K, Li J, Chen H, Xu G, Liu T. Development of a novel power generation system based on the co-combustion of agriculture biomass
and sludge integrated with solar-aided sludge drying. Energy Convers Manage. 2022;253: 115185.

Aditya IA, Simaremare A. Techno-economic assessment of a hybrid solar PV/syngas/battery power system for off-grid application: Long
Pahangai-Indonesia case study. J Phys: Conf Ser. 2022;2193(1): 012001.

@ Discover


http://creativecommons.org/licenses/by/4.0/
https://sustainabledevelopment.un.org/post2015/transformingourworld
https://sustainabledevelopment.un.org/post2015/transformingourworld
https://www.bancomundial.org/es/topic/energy/overview#1

Case Study Discover Sustainability (2024) 5:41 | https://doi.org/10.1007/543621-024-00221-6

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.
40.
41.
42,
43.
44,
45,
46.
47.
48.
49,
50.
51.
52.
53,

54.
55.

56.

57.
58.

59.
60.

61.
62.

Mouaky A, Rachek A. Thermodynamic and thermo-economic assessment of a hybrid solar/biomass polygeneration system under the
semi-arid climate conditions on efficiency, cost, optimization, simulation and environmental impact of energy systems (ECOS). Renew
Energy. 2020;156:14-30.

Anvari S, Khalilarya S. Power generation enhancement in a biomass-based combined cycle using solar energy: thermodynamic and
environmental analysis. Appl Therm Eng. 2019;153:128-41.

Zhang C, Sun J, Lubell M. Design and simulation of a novel hybrid solar-biomass energy supply system in northwest China. J Clean Prod.
2019;233:1221-39.

Anvari S, Khalilarya S. Exergoeconomic and environmental analysis of a novel configuration of solar-biomass hybrid power generation
system. Energy. 2018;165:776-89.

Mazaheri N, Akbarzadeh AH. systematic review of research guidelines for numerical simulation of biomass gasification for bioenergy
production. Energy Convers Manage. 2019;183:671-88.

Susastriawan AAP, Saptoadi H. Small-scale downdraft gasifiers for biomass gasification: a review. Renew Sustain Energy Rev.
2017;76:989-1003.

Kumar, S., Shukla, S., K.: A Review on Wood Downdraft Gasifier Plant Design for Biomethane Gas Production, In: International Conference
on Energy Systems and Applications ICESA. 2015.

Pulita Energy Biomass Gasifier Power Plant. Available in: http://www.pulitaenergy.com/en/pd.jsp?id=15. Access in Dec 2022.

Anukam A, Mamphweli S, Reddy P. Pre-Processing of sugarcane bagasse for gasification in a downdraft biomass gasifier system: a com-
prehensive review. Renew Sustain Energy Rev. 2016;66:775-801.

Copa R, Tuna CE, Silveira JL, Boloy RAM, Brito P, Silva V, Cardoso J, Eusébio D. Techno-economic assessment of the use of syngas generated
from biomass to feed an internal combustion engine. Energies. 2020;13:3097.

Stevens DJ. Hot gas conditioning—recent progress with larger—scale biomass gasification system. Richland: Pacific Northwest National
Laboratory; 2001.

Monteiro M. P.V.: Combustao de biomassa e tratamento de efluentes gasosos, Projeto final de curso. Instituto Politécnico da Guarda, 101
(2010).

Bbas CAV, de Sales D, Maya MY, Lora EES, Jaén RL, Reyes AMM, Gonzalez AM, Andrade RV, Martinez JD. Experimental study on biomass
(eucalyptus spp) gasification in a two-stage downdraft reactor by using mixtures of air, saturated steam and oxygen as gasifying agents.
Energy Conv Manag. 2017;145(314):323.

Edreis E, Petrov A. Types of heat exchangers in industry, their advantages and disadvantages, and the study of their parameters. IOP Conf
Series Mater Sci Eng. 2020;963:012027.

Sahu BK. A study on global solar PV energy developments and policies with special focus on the top ten solar PV power producing
countries. Sustain Energy Rev. 2015;43:621-34.

Sansaniwal SK, Sharma V, Mathur J. Energy and exergy analyses of various typical solar energy applications: a comprehensive review.
Sustain Energy Rev. 2018;82:1576-601.

Urban F, Geall S, Wang Y. Solar PV and solar water heaters in China: Different pathways to low carbon energy. Sustain Energy Rev.
2016;64:531-42.

Comello S, Reichelstein S, Sahoo A. The road ahead for solar PV power. Sustain Energy Rev. 2018;92:744-56.

Sampaio PGV, Gonzalez MOA. Photovoltaic solar energy: conceptual framework. Sustain Energy Rev. 2017;74(590):601.

Obeidat F. A comprehensive review of future photovoltaic systems. Sol Energy. 2018;163:545-51.

POWER, H.; MONO, B.; MODULE, P. Ficha técnica Canadian solar. n. 1 (2015).

IBGE [Instituto Brasileiro de Geografia e Estatistica]. Sidra: Universo - Caracteristicas da populagao e dos domicilios. Disponivel em: https://
cidades.ibge.gov.br/brasil/mg/luz/pesquisa/23/24304?detalhes=true&tipo=ranking&indicador=25050. Acesso em: dezembro de 2022
Landau, E., C,, Silva, G., A., Moura, L.: (Ed.). Dindmica da producado agropecuaria e da paisagem natural no Brasil nas ultimas décadas:
produtos de origem animal e da silvicultura. Brasilia, DF: Embrapa 3 (44), 1435-1500 2020.

EPE, 2021. Balanco Energético Nacional (ano-base 2020). Disponivel em: https://www.epe.gov.br/sites-pt/publicacoes dadosabertos/
publicacoes/PublicacoesArquivos/publicacao-160/topico 168/EPEFactSheetAnuario2021.pdf. Acesso em: dezembro de 2022.

Chaves, Y. A. de O.: Andlise de Viabilidade de um Sistema Hibrido alimentado por Biogas e Energia Solar. Instituto Politécnico de Braganca
(IPB), Portugal, 93. 2020.

Mahapatra S, Dasappa S. Rural electrification: Optimising the choice between decentralised renewable energy sources and grid exten-
sion. Energy Sustain Dev. 2012;16:146-54.

INPE - Instituto Nacional de Pesquisas Espaciais. Disponivel em: http://labren.ccst.inpe.br/atlas2_tables/MG_inc.html. Acesso em janeiro
de 2023.

Antunes RA, Oliveira MCL. Corrosion in biomass combustion: a materials selection analysis and its interaction with corrosion mechanisms
and mitigation strategies Corrosion Science. Cambridge. 2013;76:6-26.

Cengel YA, Boles MA. Termodinamica. 5th ed. New York: MC Graw Hill; 2011.

Roberts, J., J. Otimizacao de Sistemas Hibridos de Geracdo de Energia Solar-Eélico-Diesel através de Métodos Metaheuristicos e Fungao
Multiobjetivo, 291 2016.

Boloy, R., A., M.: Simulacdo Computacional de Gaseificacao de Madeira de Pequeno Porte Empregando um Gaseificador Downdraft. M.Sc.
Dissertagao. Universidade Estadual Paulista, Guaratingueta, (2010).

Martins, J. Motores De Combustao Interna, Publindustria—Edi¢es Técnicas, 2a edicédo. Porto, 2006.

Angonese AR, et al. Energy efficiency of swine production system with biodigestor waste treatment. Revista Brasileira de Engenharia
Agricola e Ambiental. 2006;10:745-50.

Sprouse C, Depick C. Review of organic Rankine cycles for internal combustion engine exhaust waste heat recovery. Appl Therm Eng.
2013;51:711-22.

Junior L, Antonio B, Rigo CM, et al. Financial administration: principles, fundamentals and labor practices. Amsterdam: Elsevier; 2005.
Rankin of Tariffs. ANEEL, 2021: <https://www.aneel.gov.br/ranking-das-tarifas>. Accessed on 2 Mar 2021.

BASIC INTEREST RATES - History. Central Bank of Brazil, 2021. <https://www.aneel.gov.br/ranking-das-tarifas>. Accessed 2 Mar 2021.

@ Discover


http://www.pulitaenergy.com/en/pd.jsp?id=15
https://cidades.ibge.gov.br/brasil/mg/luz/pesquisa/23/24304?detalhes=true&tipo=ranking&indicador=25050
https://cidades.ibge.gov.br/brasil/mg/luz/pesquisa/23/24304?detalhes=true&tipo=ranking&indicador=25050
https://www.epe.gov.br/sites-pt/publicacoes
http://labren.ccst.inpe.br/atlas2_tables/MG_inc.html
https://www.aneel.gov.br/ranking-das-tarifas
https://www.aneel.gov.br/ranking-das-tarifas

Discover Sustainability (2024) 5:41 | https://doi.org/10.1007/543621-024-00221-6 Case Study

63.
64.

65.

66.

67.
68.

69.

70.

71.
72.
73.
74.
75.

76.
77.

78.

79.

80.

81.

82.

83.
84.

85.

86.

87.
88.

89.

90.

Instru, O., RFB, N.; Mar, D. E.: Instrucao Normativa RFB No 1700, 1-138. 2021.

Silveira JL, et al. Ecological efficiency and thermoeconomic analysis of a cogeneration system at a hospital. Renew Sustain Energy Rev.
2012;16:2894-906.

Carneiro MLNM, Gomes MSP. Energy, exergy, environmental and economic analysis of hybrid waste-to-energy plants. Energy Convers
Manage. 2019;179:397-417.

Travessa, J.: Geragao de Eletricidade em Sistema Hibrido Biogdas-Solar Fotovoltaico: Aspectos Tecnoecondmicos. Centro Federal de Edu-
cacdo Tecnoldgica Celso Suckow da Fonseca (CEFET/RJ) 8, 55 (2019).

Assis, R.: Engenharia Econémica com o Excel: Casos de apoio a decisdo. Editora Lidel, Lisboa, Portugal. 2021.

Vale D'avila J, et al. Economic and financial feasibility of final disposal system of sewage sludge. Revista em Agronegocio e Meio Ambiente.
2019;12(2):541-55.

Gaspar LMR, et al. Economic and financial analysis of the management of organic solid waste from a small-scale agro-processing industry.
Engenharia Sanitaria e Ambiental. 2020;25(3):477-88.

RECEITA FEDERAL DO BRASIL (RFB). Taxa de juros Selic Disponivel em: <Disponivel em: http://idg.receita.fazenda.gov.br/orientacao/tribu
taria/pagamentos-e-parcelamentos/taxa-de-juros-selic >. Acesso em: fev. 2023. http://idg.receita.fazenda.gov.br/orientacao/tributaria/
pagamentos-e-parcelamentos/taxa-de-juros-selic.

Da Silva ML, Fontes AA. Discussédo sobre os critérios de avaliacdo econdmica: valor presente liquido (VPL), valor anual equivalente (VAE)
e valor esperado da terra. Revista Arvore. 2005;29(6):931-6.

Barbieres JC, et al. Taxa Interna de Retorno: controvérsias e interpretagdes. Gepros. 2007;0(4):131.

Yard S. Developments of the payback method. Int J Prod Econ. 2000;67(2):155-67.

Zanatta D, Neto RM. Algumas consideragdes sobre o planejamento tributario: uma comparagao por meio de simulagdo entre o Simples,
o Lucro Presumido e o Lucro Real. Revista de Ciéncias Gerenciais. 2006;10(12):16-24.

Garba, A., Kishk, M.: Economic Assessment of Biomass Gasification Technology in Providing Sustainable Electricity in Nigerian Rural Areas.
Proceedings of the international sustainable ecological engineering design for society (SEEDS) conference, UK, 17-18.2015.
Reichelstein S, Yorston M. The prospects for cost competitive solar PV power. Energy Policy. 2013;55:117-27.

Candelise C, Winskel M, Gross RJK. The dynamics of solar PV costs and prices as a challenge for technology forecasting. Sustain Energy
Rev. 2013;26:96-107.

Freitas, KT, Souza, RC., R, Seye, O.: Custo de geracao de energia elétrica em comunidade isolada no Amazonas: Estudo preliminar do
projeto NERAM. Revista Brasileira de Energia 12. 2006

Chaves YAO, Springer MV, Boloy RAM, Soares OMCF, Madeira JGF. performance study of a microturbine system for cogeneration applica-
tion using biogas from Manipueira. Bioenergy Res. 2020. https://doi.org/10.1007/s12155-019-10071-0.

Boloy RAM, Silveira JL, Tuna CE, Coronado CR, Antunes JS. Ecological impacts from syngas burning in internal combustion engine: techni-
cal and economic aspects. Renewable Sustain Energy Rev. 2011;15:5194-201.

Cardu M, Baica M. Regarding a new variant methodology to estimate globally the ecologic impact of thermopower plants. Energy Convers
Manag. 1999;40:1569-75.

Soares LO, Moraes DR, Callejo LH, Boloy RAM. Energy-ecological efficiency of dual-fuel series plug-in hybrid electric vehicle considering
WTW emissions. Environ Sci Pollut Res. 2022;29:74346-64.

Gheewala SH. Biorefineriesfor sustainable food-fuel-fibre production towards a circular economy. E3S Web Conf. 2019;125:01002.
Abdeljaber A, Zannerni R, Masou W. Eco-efficiency analysis of integrated waste management strategies based on gasification and mechani-
cal biological treatment. Sustainability. 2022;14:3899.

Permpool N, Mahmood A, Ghani HU, Gheewala SH. An eco-efficiency assessment of bio based diesel substitutes: a case study in Thailand.
Sustainability. 2021;13:576.

Chaves LI, Silva MJ, Souza SNM. Small-scale power generation analysis: downdraft gasifier coupled to engine generator set. Renew Sustain
Energy Rev. 2016;58:491-8.

Agyenim FB. Powering communities using hybrid solar-biogas in Ghana, a feasibility study. Environ Technol Innov. 2020;19(100837):491.
Coronado CR, Andrade J, de Carvalho J, Yoshioka T, Silveira JL. Determination of ecological efficiency in internal combustion engines the
use of biodiesel. Appl Therm Eng. 2009;29(10):1887-92.

Madeira JGF, OliveiraSpringer EM, et al. Hydrogen production from swine manure biogas via steam reforming of methane (SRM) and
water gas shift (WGS): a ecological, technical, and economic analysis. Int J Hydrogen Energy. 2021;46(13):8961-71.

LuF, ZhuY, Pan M, Li C, Yin J, Huang F. Thermodynamic, economic, and environmental analysis of new combined power and space cooling
system for waste heat recovery in waste-to-energy plant. Energy Conv Manag. 2020;226: 113511.

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

@ Discover


http://idg.receita.fazenda.gov.br/orientacao/tributaria/pagamentos-e-parcelamentos/taxa-de-juros-selic
http://idg.receita.fazenda.gov.br/orientacao/tributaria/pagamentos-e-parcelamentos/taxa-de-juros-selic
http://idg.receita.fazenda.gov.br/orientacao/tributaria/pagamentos-e-parcelamentos/taxa-de-juros-selic
http://idg.receita.fazenda.gov.br/orientacao/tributaria/pagamentos-e-parcelamentos/taxa-de-juros-selic
https://doi.org/10.1007/s12155-019-10071-0

	Techno-economic analysis and eco-efficiency indicators of a biomass-solar hybrid renewable energy system for João Pinheiro City
	Abstract
	Highlights
	1 Introduction
	2 System description
	2.1 Gasification of biomass
	2.2 Photovoltaic solar panel
	2.3 Demand determination

	3 Methodology
	3.1 Technical analysis
	3.1.1 Energy balance—biomass gasification
	3.1.2 Energy balance—photovoltaic solar panels
	3.1.3 HRES global energy efficiency

	3.2 Economic analysis
	3.3 Ecological analysis
	3.3.1 Simulation of the combustion using GASEQ
	3.3.2 Ecological Efficiency
	3.3.3 Eco-efficiency calculation


	4 Results and discussions
	4.1 Technical analysis
	4.2 Economic analysis
	4.3 Ecological analysis
	4.4 Sensetive analysis results

	5 Conclusions
	Acknowledgements 
	References


