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Abstract: Heavy oil and biomass co-gasification has been analyzed through a model developed in As-
pen Plus™ v 11.0 software. The model was used to assess main gasification parameters, such as cold
gas efficiency, yield, low heating value (LHV), and producer gas composition, using air and oxygen as
gasification agents. Subsequently, producer gas energy use in the Rankine cycle was performed using
a model developed in GateCycle™ v11.1.2.4.850 software. Likewise, the economic indicators of the
integrated Rankine cycle-gasification system were calculated. The economic evaluation was devel-
oped through Monte Carlo simulation using Crystalball™. The results showed a LHV producer gas
decreasing trend as the equivalence ratio (ER) increased, oscillating between 6.37 and 3.63 M]/ Nm?
for ER values greater than 0.30 in the air co-gasification case, while the scenario that used oxygen
presented better LHV results, ranging from 9.40 to 11.79 MJ/ Nm3. For air co-gasification, the Rankine
cycle efficiency range was between 13.0% and 9.5%, while for oxygen co-gasification, values between
14.0% and 13.2% were obtained. Regarding the economic assessment, the two scenarios evaluated
(with a reliability of 95%) have a probability higher than 92.1% of economic losses due mainly to the
lower electrical power and the local electricity rate.

Keywords: heavy oil; biomass; gasification; economic assessment; Rankine cycle; electricity generation

1. Introduction

According to the Organization of Petroleum Exporting Countries, oil demand will
increase by 16.4 MB/day between 2015 and 2040, corresponding to 99.2 MB/day in 2021
and 109.4 MB/day in 2040 [1]. Light crude oil reserves have been consumed excessively
over the past decades. Therefore, unconventional resources, such as heavy oil, have been
considered fuel alternatives [2]. Heavy oil is a dense, viscous, and asphaltic oil that contains
asphaltenes and has an American Petroleum Institute (API) density ranging between 10°
and 20° API [3]. Heavy crude oil is a complicated mixture of different hydrocarbons
divided into four major components: saturates, aromatic, resin, and asphaltene (SARA) [4].
Recently, in situ upgrading methods have been developed for oil product use, such as
solvent-based and in situ thermochemical conversion (pyrolysis and gasification), among
others. These methods aim to process heavy crude oil using three mechanisms: increasing
short-chain hydrocarbons, reducing asphaltene, and removing heteroatoms [5].

Biomass for energy use is generated from different sources, such as wood, agricultural,
food, and petroleum refinery residues, which could be converted into bioproducts through
thermochemical conversion processes, viz. pyrolysis, carbonization, gasification, among
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others [6]. Some petroleum refineries in Brazil occupy large areas with extensive vegetation
(trees and lawns) due to the oil production process (refining, transportation, processing,
and distribution) and oily residue generation [7,8]. Thus, pruning trees and lawns is a
daily activity in the refineries, producing biomass that requires proper disposal, and one
of the possibilities is its energy use. According to Gonzalez-Arias et al. [9], biomasses
pruning shows potential for energy recovery, but those are usually scattered in fields or
eliminated by burning. Pyrolysis is the thermal degradation of carbonaceous materials in
the absence of oxygen, converting biomass to bio-oil, char, and non-condensable gases [10].
After hydrotreatment and upgrading, the bio-oil obtained from by-products pyrolysis
(such as biomass and heavy oil) will have properties comparable to those produced at the
same refinery [11,12].

On the other hand, gasification is the thermal decomposition process of a carbon-rich
raw material under an oxidizing atmosphere that aims to produce fuel gases with energy
potential from removing volatiles from the fuel’s carbon matrix. The gasification process
requires a gasification agent, which allows the molecular structure of the raw material to
be rearranged [13]. For this purpose, steam, oxygen, air, carbon dioxide, hydrogen, or a
mixture are usually used. The gasification agent reacts with char and heavier hydrocarbons
during the process, transforming them into low molecular weight gases, such as CO and
Hj [14]. Subsequently, producer gas is generated and, after being conditioned, can be used
directly as fuel in prime movers, such as internal combustion engines, gas microturbines,
or Rankine cycles [15].

Ghassemi et al. [16] studied the gasification of extra-heavy oil using a model based on
the Gibbs free energy minimization approach. The authors observed that an increase in
equivalence ratio (ER) from 0.2 to 0.8 leads to a considerable decrease in the higher heating
value (HHV) of producer gas (from 15.2 to 4.7 MJ/Nm?) and in the cold efficiency (80%
to 47%), while the char conversion efficiency increases from 43% to 92%. Yang et al. [17]
modeled the heavy oil gasification process in Aspen Plus™ software, considering mixtures
of air and steam as gasification agents. The results showed that temperature plays an
essential role in the process, where gasification temperature of 800 °C produced the highest
H; yield (58 g H, /kg-fuel). They also found that using a steam/oil ratio of 0.7 could cause
a significant increase in Hy yield.

Bader et al. [18] numerically evaluated the gasification of heavy oil using O, and
steam mixtures as a gasification agent. The authors developed a computational fluid
dynamics model that comprises the implementation of heterogeneous char reactions in
ANSYS Fluent™ v17.2 software, obtaining a producer gas at a temperature of 1599 K and
with 50.55% CO, 42.71% Hy, 3.55% CO,, and 0.54% CH,4; demonstrating that the impact of
the producer gas composition on o0il conversion is smaller when the humidity decreases.
Banisaeed and Rezaee-Manesh [19] developed a kinetic model of heavy oil gasification to
investigate the influence of oxygen as a gasification agent and pressure on producer gas
composition and yield. The results indicated that an increase of 0.4 to 1.0 in the oxygen ratio
leads to increases in the HHV value and in the cold efficiency of the gasification process,
which increase from 8.0 to 10.0 MJ/Nm? and from 35% to 70%, respectively. On the other
hand, the authors observed that increases in the gasification pressure from 10 to 40 atm did
not influence the HHV and yield of producer gas, obtaining minimal variations in these
two variables.

In its simplest version, the Rankine cycle consists of four essential components: a
pump, a boiler, a steam turbine, and a steam condenser. Due to its nature and parameters,
it has relatively low efficiency, and it is possible to expect small capacity systems oper-
ating at pressures close to 20 bar and efficiencies in the range of 7-15%, depending on
the components’ efficiencies included in the cycle and the type of turbine used [20]. An
increase in the efficiency of these cycles could be achieved by implementing improvements
in the plant’s thermal scheme, such as steam reheating and regenerative heating of con-
densate [21]. All these improvements require a technical-economic analysis to compare the
additional investment needed with the profit obtained due to increased efficiency [22]. The
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conventional Rankine cycle has been used in several industries, such as sugar, rice, palm
oil, paper, and wood to produce electricity, but with relatively low efficiency. However,
the low fuel price (waste or biomass from processes), the maturity and reliability of this
technology, as well as its relatively low investment cost, make this conversion technology
an attractive option [23].

Based on the previous discussion, this paper aims to analyze heavy oil and biomass co-
gasification as an alternative for treating these low-values fuels and obtaining co-products
such as electricity. For this purpose, a gasification model was developed in Aspen Plus™
software, considering the use of two gasification agents (air and oxygen). Gasification
parameters, such as yield, lower heating value (LHV), and composition of producer gas,
as well as cold gas efficiency, were evaluated. An analysis of producer gas use in a
Rankine cycle was performed using GateCycle™ software, which includes the electricity
generation index and boiler performance (boiler efficiency and specific steam production).
Furthermore, economic indicators (such as net present value, internal return rate, among
others) from the integrated gasification-Rankine cycle system were calculated, aimed at
determining the feasibility of the power generation system in the Brazilian context. The
economic assessment was developed by using Monte Carlo simulation through Crystal
ball™. Thus, this work provides an energy performance and an economic evaluation of the
heavy oil and biomass co-gasification process and the potential use of syngas for power
generation. It is worth noting that the reviewed literature presents no studies related
to energy recovery and its economic assessment from the co-treatment of heavy oil and
biomass, which emphasizes the novelty of the current contribution.

2. Materials and Methods
2.1. Description of Gasification Model

The gasification system was modeled using Aspen Plus™ v.11.0 software, a chemical
process modeling, design, and monitoring tool, developed by Aspen Technology, Inc.
Since oil heavy oil and biomass are considered non-conventional compounds in the Aspen
Plus™ v.11.0, it is necessary to introduce their physicochemical characterization, shown in
Tables 1 and 2, respectively, for heavy oil and pruning biomass.

Table 1. Heavy oil characterization on dry basis [18,24].

Parameter Composition (wt.%)

Fixed carbon 67.31%

Volatiles 32.59%
Moisture 0.3%
Ash 0.1%

Ultimate analysis

Carbon 86.25%

Hydrogen 11.05%
Sulfur 2.2%
Nitrogen 0.4%
Ash 0.1%

Table 2. Biomass characterization on dry basis [25].

Parameter Composition (wt.%)
Volatiles 82.2%
Fixed carbon 15.1%
Moisture 9.0%

Ash 2.7%
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Table 2. Cont.

Parameter Composition (wt.%)
Ultimate analysis
Carbon 50.5%
Oxygen 40.2%
Hydrogen 6.1%
Ash 2.7%
Nitrogen 0.5%

According to the Brazilian statistical yearbook of oil, natural gas, and biofuels [26],
the amount of products obtained through petroleum refining in Brazil (defined as energy
derivatives) is approximately 256,700 ton/day, where the heavy oil production corre-
sponded to 38,300 ton/day. Considering that the heavy oil yield is 15% and that all biomass
generated in the same refinery is used, a mixture of 50% heavy oil and 50% biomass is
considered for this work.

To estimate the variation of the thermodynamic state of the different processes that
coexist inside the gasifier, the Peng-Robinson method with Boston-Mathias modifications
was used, which is recommended to establish the thermodynamic state of non-polar and
medium polar substances. For calculating the thermodynamic properties of the free water
phase of the system, the International Association for the Properties of Water and Steam
(IAPWS-95) method was implemented [27].

2.1.1. Assumptions Applied to Develop the Gasification Model
The following assumptions were used to develop the gasification model:

e  The residence time is long enough to allow the chemical balance to be reached; thus,
the gasification process occurs in a steady state regime;

The reactor is entirely isothermal;

Chemical reactions are considered time-independent;

Tar formation is negligible;

The process is adiabatic;

The reactor operates at atmospheric pressure;

Refinery facilities provide electricity auxiliary requirements for gasification;

Both fuels (heavy oil and biomass) used in gasification are generated at the refinery as
residues and, if not used to produce an energy vector (producer gas), may incur costs
for their final destination.

Figure 1 shows the flow diagram of the gasification model implemented in Aspen
Plus™ software. The fuel flow (FUEL) enters the pyrolysis reactor (PYROL), which sim-
ulates the devolatilization of the OILSLU stream through a routine developed in For-
tran based on ultimate and proximate analysis of the fuel [28], producing the DEVOL
stream, which is composed of volatiles and char. The DEVOL flow goes to the oxida-
tion/combustion reactor (COMBU), which simulates the partial oxidation and char gasi-
fication reactions occurring in the process, where the gasification agent (AGENT) is also
supplied. The oxidation products (PRODCOMB) are sent to the Gibbs reactor (REDUC),
where the reduction reactions occur. Subsequently, PRODRED stream enters the separator
SEPAR, which has the function of separating the acid gases, ash, and moisture fractions
(RES + MOIS), producing HOTGAS stream, which is cooled down to a temperature of 25 °C
to obtain the producer gas stream (SYNGAS). SEPAR considers the method of adsorption
using iron oxides, which removes hydrogen sulfide by forming insoluble iron sulfides [29].
The unit operation blocks used in the gasification model are presented in Table 3.
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Figure 1. Gasification process.
Table 3. Description of units used in the gasification process.
Block Name Aspen Plus ID Description
PYROL Ryield Decomposes fuel into conventional components.
COMBU RStoic Simulate oxidation reactions of Vf)latlles and char produced
in the pyrolysis zone.
REDUC RGibbs Simulate reduction r_ea‘ctl'ons‘conmdermg Gibbs free energy
minimization method.
SEPAR Sep Separate all contaminants that change the composition of
producer gases.
ARREFECE HeatX Cool the hot gas to obtain the producer gas.

The computational modeling was developed considering a thermodynamic equilib-
rium approach, also known as Gibbs’s free energy minimization method. In this way,
the estimates were based on reaching the thermodynamic equilibrium state, in which
the maximum possible energy conversion is obtained [30]. Thus, Equation (1) is used to
determine the syngas composition at different operational conditions of the gasification
process, considering the number of moles of species present in the system.

Gt = EN: ) niAC},i + Zfi ) n,-RTln< i ) 1)

Ntot

where AC;/Z- corresponds to the standard Gibbs free energy of formation for each specie, 1;
is the molar number of each species, 1, is the total molar amount, R and T represent the
ideal gas constant and system temperature, respectively.

For a more comprehensive analysis of the thermochemical conversion process, two
gasification agents (O, and air) are considered. A key parameter for the control and monitoring
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of the gasification process is ER, which is defined as the ratio between fuel mass flow and
gasification agent at real conditions, divided by the same ratio at stoichiometric conditions:

ER — (’hA/mfl,ez> _ ('hOz/?”'ﬂfuez) @

(rhA/mfm’l)st (moz/mfuel)st

where m 4, m Fuels and mp, are the mass flow of air, fuel, and O,, respectively. The suffix st
(stoichiometric) represents the amount of air or O; required for the complete combustion
of fuel.

On the other hand, the performance of a gasifier is measured as a function of syngas
quality through the so-called cold gas efficiency (CGE), as shown in Equation (3).

Qsyngas % LHVsyngas

CGE = —
Mfyel X LHVfuel

®)

where stngas and g, are the syngas produced and fuel-fed flows, while LHV represents
their calorific value.

2.1.2. Model Validation

The developed gasification model was validated using the results of Ashizawa et al. [31],
who performed Orimulsion™ gasification tests. Table 4 presents the gasifier operating
conditions and the feedstock characterization used for model verification.

Table 4. Fuel characterization and operational parameters for model verification [31].

Operational Parameter Value
Pressure 18.75 atm
Gasification agent Oxygen
Equivalence ratio 0.4
Ultimate analysis (wt.% on dry basis)
Carbon 84.28%
Hydrogen 10.33%
Sulfur 3.95%
Nitrogen 0.64%
Oxygen 0.55%
Ash 0.25%
Proximate analysis (wt.% on dry basis)
Volatiles 81.71%
Moisture 28.80%
Fixed carbon 18.04%
Ash 0.25%

Table 5 shows a comparison of the results generated by the computational model
developed in this study and the work of Ashizawa et al. [31]. The results do not show
significant differences between the volumetric fractions of the producer gas obtained with
the presented model and those obtained by Ashizawa et al. [31], resulting in an RMS
error of 0.02, which can be considered a suitable value for a computational model of
gasification processes.

Table 5. Comparison between the results obtained in the model and the experimental work.

Parameter Ashizawa et al. [31] This Work

CcO 38.70% 40.69%
H, 39.40% 35.73%
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Table 5. Cont.

Parameter Ashizawa et al. [31] This Work
H,O 11.85% 14.45%
CO, 8.67% 8.01%
Other 1.30% 1.02%
CH, 0.08% 0.10%

H,/CO ratio 1.02 0.88
RMS - 0.02

2.2. Rankine Cycle

The conventional Rankine cycle scheme developed in the GateCycle™ software is
shown in Figure 2. Stream 1 represents the producer gas from the gasification process.
The superheated steam (2) is expanded in the steam turbine, generating shaft work, while
the low-pressure steam flow (3) is sent to the condenser. The condensed water (7) is
pressurized in the pump (8) and then sent back to the boiler, passing through a deaerator,
closing the cycle.

Turbine

Generator

@ Cooling tower

3

4

Condenser b\ - Ve >
) N/

6
11 Pump 1

13

Pump 2

Syngas

Deaerator

- (=)

Superheater Economizer

20 Air 19

Y

Furnace

Air preheater

Figure 2. Rankine cycle schematic.

For Rankine cycle simulations, it was considered the average annual climatological
data for Belo Horizonte city (where the biomass and heavy oil originated /crude refinery
location). Therefore, as reported by the Brazilian National Institute for Meteorology (IN-
MET), a temperature of 22 °C, pressure of 101.9 kPa, and relative humidity of 67.2% were
used. Some of the considerations adopted for model development are as follows:

Steady-state process;
It used a condensing turbine;
The heat rejection of the steam cycle occurred through a water-cooled condenser and a
wet cooling tower;

e  Steam boiler was modeled considering its components (steam drum, furnace, su-
perheater, economizer, air preheater), where the main input parameters that were
considered, are presented in Table S1 of Supplementary Material.
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The operating parameters of the Rankine cycle components are presented in Table 6, while
the complete scheme of the power plant is shown in Figure S1 of Supplementary Material.

Table 6. Rankine cycle parameters [32-34].

Steam Turbine Steam Boiler
Type Condensation Steam temperature 360 °C
Live steam 5
temperature 350 °C Steam pressure 23 bar (g)
Shaft power 300 kW Condenser
Isentropic efficiency 60% Pressure 0.12 bar (abs)
Live steam pressure 23 bar (g) Maximum cooling 32°C
water temperature
Exhaust pressure 0.12 bar (g) Pump
Generator Discharge Pressure 23 bar (g)
Efficiency 96% Rotation 3600 rpm
Power factor 0.8 Isentropic efficiency 70%

2.3. Economic Assessment

The economic feasibility of the system was determined following the steps described
in Figure 3, which represents a test model for power generation projects complemented
with risk analysis. The used currency was the United States Dollar (USD) of July 2022.

Does it meet the
minimum technical
iteria for operatio

Quantification of
power generation

Discarded
system

Quantification of
investments,
costs, expenses
and income

!

Analysis of decision
criteria

Statistical )
uantification of risk/

Figure 3. Stages of the economic feasibility study of the system.

Once it was established that the produced syngas has a suitable energy density to
drive steam power generation systems (syngas LHV was higher than 3.0 MJ/Nm?) [35], the
system’s operational expenditures, revenues, and capital expenditures were calculated. The
costs of the power cycle, gasifier, oxygen supply unit, and import duties were determined
based on literature consultations [36-38].

The risk analysis was developed in Crystal Ball® v11.1.2.4.850, a computational tool
developed by Oracle Corporation™ (Austin, TX, USA) that enables the modeling, forecast-
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ing, and optimization of scenarios containing any uncertainty through stochastic Monte
Carlo simulations. The adopted assumptions (variables with some degree of uncertainty)
considered during the risk study were:

Power delivered by the system,

Gasifier operating and maintenance costs,

Power cycle operating and maintenance costs,

Local electricity tariff,

United States Dollar and Brazilian Real exchange rate,

Oxygen price (only in the scenario that uses oxygen as a gasification agent).

Operating and maintenance costs for gasification systems (not including the fuels)
range from 3.5% to 5.7% of their capital expenditure (CAPEX), according to [15]. In this
study, the mean value of the range (4.60%) was taken as a starting parameter. The risk
study incorporated the lower and upper limits through a triangular distribution. Operating
costs for the power cycle were estimated at 1.9 ¢/kWh from [39], with lower and upper
limits of 1.8 ¢/kWh and 2.0 ¢/kWh during risk analysis, respectively.

Revenues (savings due to own electricity generation) were projected based on the
electricity tariff currently applied by a local utility company, considering the history of
increases in recent years and the forecasts for coming years. Before taxes, the base case’s
reference value for the electricity tariff was 0.1614 USD/kWh.

Considering that heavy oil is a low value-added fuel produced in the refinery, its
price could be established as that of fuel for the conventional steam power plant; thus, this
cost is 170 USD/ton, adjusting (between July 2016 and August 2022) the suggested price
by Reyhani et al. [40]. Regarding biomass pruning, it is worth noting that these must be
pretreated, stored, and transported before their use as fuel. Therefore, the biomass cost is
95 USD/ton, adjusting (between February 2019 and August 2022) the value indicated by
Sagani et al. [41]. Adjustments were made based on the Brazilian producer price index [42].
On the other hand, the dollar exchange rate variation was determined from the statistical
adjustment of the history of the last twelve months, according to data published by the
Central Bank of Brazil [43]. The reference value for the dollar exchange rate used during
the economic assessments was 5.03 BRL/USD.

The minimum attractive rate of return (MARR) was linked to the weighted average cost
of capital (WACC) of a renewable energy company with a capital structure of 60% equity and
40% third-party debt. The WACC was determined using the Capital Asset Pricing Model
(CAPM). The cost of equity (Rg) was determined using Equation (4) from the energy sector
factor (B), the risk-free rate (Rr) and the expected return of the market (Rp;) [44].

Rg = Rp + B(Rm — Rp) 4)

where Ry = 4.5% APR (annual percentage rate); Ry = 13.00% APR (expected rate for
productive projects); and p = 0.4517; therefore Rg = 8.34% APR. Note that in this case, the
spread is 8.50% APR. Considering R, the WACC of the enterprise was estimated through
Equation (5) using a financing rate (Rp) of 13.28% APR.

WACC=RpxDx (1—T)+Rg xE (5)

where D = 0.40 (market value of debt); E = 0.60 (market value of equity); Rp = 13.28% APR;
Rg = 8.34% APR; and T = 0% (corporate tax rate) as the savings resulting from the implemen-
tation of the proposed system are exempt from taxation. Therefore, WACC = 10.32% APR.

With the probability distributions, the risk of the project becoming unfeasible was
quantified from a Monte Carlo simulation with 30,000 trials and a confidence level of 95%,
considering the lower permissible limits of the economic decision criteria, which are net
present value (NPV) > USD 0.00 and MARR > 10.32% APR. Other relevant factors during
the economic feasibility analysis for the power system based on air as the gasification agent
are described in Table 7.
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Table 7. Complementary data for the economic feasibility study of the power system.
Factor Unit Value Reference
System service life Year 15 -
BRL to USD Exchange BRL/USD 4.92-5.79 [43]
Depreciation % APR 10.00 [45]
MARR (WAAC) % APR 10.32 -

The input parameters with probability distribution considered for annual revenue and
expenses of the power generation system are described in Table S2 of the
Supplementary Material.

3. Results and Discussion
3.1. Producer Gas Composition

The producer gas obtained from the co-gasification process using air as a gasification
agent reach a significant content of Hj (23.7% for ER = 0.3) and other compounds such
as CO and CHy, which contribute to the increase of producer gas LHV. Thus, Figure 4
shows the expected composition profile in the producer gas obtained after co-gasification
as a function of ER. In general, it was observed that the increase in ER favors the thermal
cracking and reforming steam reactions, reducing the concentration of CHy (varying from
9.1% to 3.0%), although a higher concentration of Hy and CO were obtained in the same ER
range (between 0.2 and 0.3) [46].

70%

60%

50%

40%

30%

20%

Producer gas composition (vulmetric %)

10% q

0%

0.35 0.4 0.45 0.5
Equivalence ratio

Figure 4. Effect of ER on the composition for air gasification.

On the other hand, it can be seen that the nitrogen content in the producer gas is quite
expressive and increases rapidly, from 41.8% to 61.3%, with the increase of ER (from 0.2
to 0.5) associated with the greater amount of air supplied in the system. From Figure 5,
one can observe that when oxygen is provided as the gasification agent, there are higher



Processes 2022, 10, 2358 11 of 22

fractions of CO (33.6% as a maximum value) and H; (57.6% as a maximum value) for the
ER range between 0.2 and 0.5 due to the nitrogen absence. A similar behavior (based on
Figure 4) is obtained for the CHy fraction because this chemical compound decreases from
15.9% to 0.1% for the studied ER range.

70%

60%
C

50%

40%

w
S
X

Producer gas composition (volumetric %)

0.35 0.4 0.45 0.5

Equivalence ratio

Figure 5. Effect of ER on the composition for oxygen gasification.

3.2. Producer Gas LHV

Regarding producer gas LHV, a decreasing trend was observed as ER increased until
reaching values that oscillate in the range of 6.37 and 3.63 MJ/Nm? for ER values greater
than 0.30 when using air as the gasification agent (see Figure 6). This behavior is associated
with a higher amount of gasification agent supplied, which favors the reforming and
thermal cracking reactions of the heavier organic fractions contained in heavy oil. Thus,
lighter hydrocarbons are produced with lower energy content, leading to a mixture of
lighter combustible gases and consequently decreasing the LHV [47]. Otherwise, the oxygen
co-gasification case presented better results of LHV, decreasing from 11.79 to 9.40 MJ/Nm?
(for ER greater than 0.3), associated with higher concentrations of H,, CO, and CHy.

3.3. Producer Gas Yield

Another critical parameter in gasification is related to the producer gas yield, which
has an increasing trend as the ER values increase, as shown in Figure 7 and reported
by Upadhyay et al. [48] and Pandey et al. [49]. Considering an ER of 0.30 for the air
co-gasification case, the producer gas yield is expected to be around 4.48 Nm3/ kg fuel.
However, as the amount of gasification agent injected into the reactor increases, the decom-
position and reformation of heavier hydrocarbons are favored, and consequently, a greater
amount of gas per unit of fuel mass is generated [50]. For the oxygen co-gasification case,
there exists an inverse relationship between producer gas LHV and the yield since greater
values of the LHV lead to a smaller volume produced of gas per unit of dry fuel fed due to
the partial removal of nitrogen from the provided gasification agent.
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Figure 6. Producer gas LHV.

Producer gas yield (Nm?/kg fuel)

“{}“4 [ S,
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Figure 7. Producer gas yield.
3.4. Cold Gas Efficiency

The cold gas efficiency (CGE) of the gasification process is calculated considering
the values obtained from the LHV and producer gas yield, as presented in Figure 8. As
can be seen, for the analyzed ER range, the CGE of the co-gasification process decreases
from approximately 91% to 61%, for both cases. This behavior occurs because a greater
supply of oxidant (air or O,) favors the production of CO,, leading to a decrease in the
composition of combustible gases in the producer gas. The reduction is slightly higher for
air co-gasification due to the Nj present in the air, which will also be part of the producer
gas composition as it is a chemically inert compound [51].
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Figure 8. Cold gas efficiency.

3.5. Producer Gas Specific Energy

Producer gas specific energy (Figure 9) considers the chemical energy and the sensible
heat associated with the gas mass flow at the gasifier outlet. Usually, producer gas is cooled
down before being fed to drive the Rankine cycle, and its sensible heat is not considered.
Thus, in this work, chemical energy recovery from producer gas is contemplated as a
strategy for evaluating the electricity generation index of the process.

Prducer gas specific power (kWh/kg fuel)

5.0

0.2 0.25 0.3 0.35 0.4 0.45 0.5

Equivalence ratio
Figure 9. Producer gas specific power.

Producer gas specific energy tends to decrease for higher ER values when using oxygen
as a gasification agent, reaching values close to 7.9 kWh/kg fuel at ER 0.3, while for air
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Electricity Generation Index (kWh/kg fuel)
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co-gasification, it was 8.5 kWh/kg fuel. This decreasing tendency could be associated to the
presence of N, and steam, which encourages the dilution effect and steam reforming of CHy,
respectively, thus deteriorating the producer gas quality in terms of specific energy [52].

3.6. Electricity Generation Obtained from Rankine Cycle

The analysis of the Rankine cycle is based on the parameters presented in Table 6,
where the isentropic turbine efficiency, the condensate pressure, and the isentropic pump
efficiencies, as well as the pressure and temperature conditions of superheated steam
entering the turbine are fixed. The ER values considered in the Rankine cycle analysis
(Figures 10 and 11) refer to the conditions in which the producer gas is obtained in the
gasification process, considering a fuel flow (50% of heavy oil and 50% of biomass) of
200 kg/h, as suggested by Zoungrana et al. [53] for fixed-bed gasifiers.

2 Alr =23 0, -©- Air - Eff -8- O,-Eff
16%
Q------ bemmee H----- dommcma B--- ! - 14%
77777777777777 & R e S ma s & R
p o] TT T e 2 : : -
7 ety ‘ -g ‘ ‘
7 vl s, LU : - 12% X
(5050505 : 5050505 e~ .. : <
o | B | “0O- 1 >
alets! ‘ Sl ‘ ‘ 5
777777 "””’ 777774\77777 P”””’ 77777\‘7777777777777 """" ‘;7:7777777777777777777777777777 :
LA ' 2 ' B, i T 0 )
. ‘ X ‘ TS~aa L 10% 2
50505 50505 5050505 -
ietey! ; 425052 ; Fetsls! ; < >
sl ] s I 2
fatetets I 55l ] s
/:«:«:«: | /z«:«:«: M iR s M P
****** Se¥etety EEEEEEEE alelet) SRR S - 8% 2
ietey! \ 425052 \ Fetsls! \ =
/ e IR / s /;.;.;.; : o g
elele! : 425052 : Fetsls! : 250505 O
50505 : 25055 : 5050505 : L5055
tatet ‘ Saleted ‘ el ‘ kel
i ] S mms] e 2
ffffff RESEEEN BN RS-
ietey! : 425052 : Fetsls! : 250505 =
50505 ‘ 25055 ‘ 5050505 ‘ L5055
tatet ‘ Saleted ‘ el ‘ kel s
] s ] 5] Lan @
wiatele! tetete! I feieiets I it
Betely! ; 25055 ; 5050505 ; L5055
elele! ‘ telelel ; 50505 ; 50505
,,,,,, ts%stsls IR pesesesd] el R e .
tatet ‘ Saleted : el : kel
elele! \ telelel \ Fetsls! \ 250505
alets! ‘ Sl ‘ betetel ‘ Satelel - 2%
Betely! 1 25055 1 5050505 1 L5055
tatet : Saleted : el : kel
ietey! : 425052 : Fetsls! : 250505
Betely! ‘ 25055 ‘ 5050505 ‘ L5055
tatet : //&&ﬁﬁ : el : kel
e, ; e, ; 7 ; 50505 0%
0.2 0.3 04 0.5

Equivalence ratio of gasification

Figure 10. Electricity generation index from producer gas use in Rankine cycle.

Figure 10 shows the electricity generation index obtained in the Rankine cycle using
the producer obtained in both co-gasification cases. As can be observed, for oxygen co-
gasification, higher electricity generation indexes (1.02-0.65 kWh/kg fuel) are obtained
compared to those obtained for air gasification (0.95-0.46 kWh/kg fuel) in ER range studied.
This occurs because the producer gases from oxygen gasification have higher values of
LHYV (Figure 6) and, therefore, higher chemical energy [54].

In addition, Figure 10 indicates that greater electricity generation is related to greater
cycle efficiencies, which in mainly affected by boiler efficiencies (designed to operate at
different conditions). It is worth noting that the values of enthalpy for the water entering
and steam leaving the boiler are constant; therefore, the boiler efficiency is influenced by
the steam flow generated and LHV of syngas, as indicated by the direct method. For air
co-gasification, the obtained Rankine cycle efficiency range lies between 13.0% and 9.5%,
and for oxygen co-gasification, from 14.0% to 13.2%, which also shows the influence of
producer gas composition (Figures 4 and 5); as mentioned, producer gases from oxygen
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co-gasification have higher values of LHV when compared to gases from air co-gasification,
associated to higher energy density [55].
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Figure 11. Energy performance indicators of Rankine cycle boiler.

Regarding boiler efficiency, it is worth noting that the gases obtained from co-gasification
using air as the gasification agent present significant reductions in the LHV (9.62 to
3.63 M]/ Nm3) as a function of ER. Thus, boilers were adapted for the chemical ener-
gies associated with each of the obtained gases, resulting in a significant reduction in boiler
efficiency, from 79.2% to 57.5%, while for the gases produced in co-gasification with oxygen
as the gasification agent, for which the LHV were higher (15.8 to 9.4 MJ/Nm?), the boiler
efficiency was reduced from 85.1% to 80.4%, as shown in Figure 11. These efficiencies
are in agreement with the ones obtained for boilers with similar capacity and operating
conditions [56]. On the other hand, as the effectiveness of the air preheater is held constant,
there is a reduction in the energy recovered from the exhaust gases to preheat the air, and
the boiler exhaust temperature (exit of the air preheater) tends to increase [57].

Figure 11 also shows that the decrease in boiler efficiency leads to a decline in specific
steam production. For air co-gasification, the variation is from 2.6 to 0.7 kg/kg-producer
gas, while for oxygen co-gasification, it is from 5.8 to 2.8 kg/kg-producer gas. The main
effect of this reduction is the reduction in electrical energy generation because as less steam
is fed to the turbine, less power is produced [58].

3.7. Economic Analysis

The main technical and economic characteristics of the power system based on air
and oxygen as gasification agents are described in Table 8. Since the equipment required
to build the system is not available in the domestic market, it will be necessary to pay the
taxes shown in Table 9 for importing them.
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Table 8. Investment required to build the power system.

Feature or Item Unit Air Operation Oxygen Operation
Active power kw 92.53-189.39 129.9-203.4
Availability Y% 95.00 95.00
Annual energy generated kWh/year 770,094-1,576,071 1,081,051-1,692,861
Investment
Power cycle usbh 268,381 268,381
Gasifier usD 310,274 310,274
Balance of plant—BOP [59] usD 115,731 115,731
Taxes usD 59,101 59,101
Total usD 753,487 753,487

Table 9. Taxes arising from the import of equipment to Brazil.

Tax Value Ref.

TEC Mercosur—Common External Tariff 0.00% [60]

IPI—Tax on Industrialized Products 8.00% [61]

PIS—Social Integration Program 2.10% [62]

COFINS—Contribution to Social Security Financing 9.65% [62]

ICMS—Tax on Movement of Goods and Services 18.00% [63]
Total 37.75%

The annual revenues, the product of savings in terms of electricity not consumed from
the electrical grid (avoided cost), are described in Table 10. On the other hand, the annual
operating and maintenance expenses for the power system are presented in Table 11.

Table 10. Annual revenue from the power system.

Parameter Unit Air Operation Oxygen Operation
Electricity rate (before taxes) BRL/kWh 0.53-1.54 0.53-1.54
Electricity generation rate (before taxes) BRL/kWh 1.53-3.45 4.82-10.89
BRL to USD Exchange BRL/USD 4.92-5.79 4.92-5.79
Electricity taxes (B3 class) Yo 25.00 25.00
Annual revenue BRL/year 2,981,217 3,200,123

Table 11. Annual expenses of the power system.

Annual Expenses Unit Air Operation Oxygen Operation
Gasifier operating and maintenance cost USsD 12,072 15,213
Power cycle operating and maintenance cost USD 27,406 32,390
Oxygen uUsD 0.00 333,688
Heavy oil and biomass cost * USD 441,066 441,066
Total USsD 480,544 822,356

* Heavy oil cost as fuel for the conventional steam power plant.

From the data (discount rate, segregation of investment, and segregation of expenses)
and with the estimate of the annual savings resulting from the implementation of the power
system based on air as gasification agent; it is possible to obtain the probability distribution
of the NPV and shown in Figure 12. Note that the host company’s initial investment would
be USD 753,487. Considering the behavior of the NPV, the investment is economically
unfeasible. The loss probability corresponds to 62.41% for the internal return rate (IRR) and
92.09% for NPV.
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Figure 12. Prediction of NPV behavior for power system based on air as a gasification agent.

As shown in Figure 13, the project’s NPV highly depends on the electricity rate and
the delivered net electric power. The BRL to USD exchange rate and the operation and
maintenance costs have a negligible effect on the system’s economic viability. Therefore,
the Rankine cycle/gasifier system using air as a gasification agent will be viable if the
electricity tariff is at least 1.68 BRL/kWh.

Electric power 7777774 18.0%

BRL to USD Exchange a 0.7%
Gasifier operating and maintenance cost | 0.1%

Power cycle operating and maintenance cost = 0.0%

0.0% 10.0% 20.0% 30.0% 40.0% 50.0% 60.0% 70.0% 80.0% 90.0% 100.0%

Figure 13. Assumption contribution to NPV variance of power system based on air as a gasifica-

tion agent.

Based on the discount rate, investment and expenses value segregation, as well as on
the estimate of the annual savings resulting from the implementation of the system that
uses oxygen, the probability distribution of the NPV is calculated (Figure 14). It could be
observed that the host company’s initial investment would be USD 753,487, the same as
the power system based on air as a gasification agent (Table 7).
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Figure 14. Prediction of NPV behavior for power system based on oxygen as a gasification agent.

From the results obtained for NPV, it can be concluded that the investment is economi-
cally unfeasible. The probability of having a loss (negative NPV or IRR lower than MARR)
corresponds to 65.51% (for IRR) and 99.70% (for NPV).

Like the system that uses air, Figure 15 shows that the project’s NPV is dependent on
the electricity rate and the net electric power delivered, while the BRL to the USD exchange
rate as well as the operation and maintenance costs had a minimal effect on the economic
viability of the system. Therefore, the Rankine cycle/gasifier system using oxygen as a
gasification agent will be viable if the electricity tariff is at least 4.40 BRL/kWh.

Blectric power 2 A 76.3%
Electricity rate #7774 21.1%
Oxygen price 2 2.0%

BRL to USD Exchange | 0.6%

Gasifier operating and maintenance cost ~ 0.0%

Power cyde operating and maintenance cost  0.0%

0.0% 10.0% 20.0% 30.0% 40.0% 50.0% 60.0% 70.0% 80.0% 90.0% 100.0%

Figure 15. Assumption contribution to NPV variance of power system based on air as a gasifica-

tion agent.

4. Conclusions

An energetic and economic assessment of electricity generation through a gasification
system coupled to a Rankine cycle was carried out, considering that the gasifier was
fed with heavy oil and biomass in a proportion of 50%/50%, using air and oxygen as
gasifying agents. The results indicated that the use of air as a gasifying agent leads to a
decrease in the syngas LHV (from 6.37 and 3.63 MJ/Nm?) as the ER increases from 0.3 to
0.5 and a volumetric concentration of Hj (23.7%) for ER = 0.3, while a reduction in methane
concentration (from 9.1% to 3.0%) was observed. In the oxygen co-gasification scenario,
increasing trends were obtained for CO and Hj fractions as the ER rose from 0.2 to 0.5,
while the syngas LHV decreased from 11.79 to 9.40 MJ/Nm? as the ER increased from 0.3
to 0.5.

The syngas yield corresponded to 4.48 Nm?/kg-fuel when the air was used (ER = 0.3);
thus, it could be appropriate to mention that the syngas yield increased due to the cracking
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of heavy chemical compounds present in the fuel mixture composition. For co-gasification
with oxygen, an inversely proportional relationship was observed between the LHV and
the yield of the syngas, in this case, as the LHV increases (0.3 to 0.5 MJ/Nm?), the amount
of gas produced decreases (2.4 to 2.2 Nm?/kg). On the other hand, co-gasification with
oxygen presented a higher electricity production rate (1.02-0.65 kWh/kg fuel) compared to
co-gasification with air (0.95-0.46 kWh/kg fuel) because the syngas produced with oxygen
has higher chemical energy associated with LHV.

An economic evaluation was performed for the analyzed systems, considering the
nominal electrical power and the local electricity tariff, where operation and maintenance
costs have a secondary role in the evaluation. Besides, the results showed that the amount
of energy the air-based and oxygen-based power systems generates is insufficient to guar-
antee a return on investment. The critical factors within the economic study of both
system variants are the rated electrical power and the local electricity rate. The currency
exchange rate and the operation and maintenance (O&M) costs play a secondary role in
economic assessment.

With reliability of 95%, it is possible to state that the power system based on oxygen as
a gasification agent has a probability of up to 99.7% generating economic losses, whereas
for air-based power system corresponds to 92.09%. Therefore, it is essential to analyze the
technologies and gasifying agents before implementing gasification/power systems.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
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Nomenclature

APR Annual percentage rate

CGE Cold gas efficiency

ER Equivalence ratio

IRR Internal return rate

LHV Lower heating value

MARR  Minimum attractive rate of return
NPV Net present value

WACC  Weighted average cost of capital

m Mass Flow (kg/h)

D Market value of debt (-)

E Market value of equity (-)

Rp Financing rate (%)

Rg Cost of equity (%)

Rp Risk-free rate (%)

Ry Expected return of the market (%)

T Corporate tax rate (%)
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