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Abstract: The European decarbonization goals and requirement for energy independence are mostly
relying on intermittent renewable energy sources for electrification. A numerical model was devel-
oped to simulate the operation of a steam generator, allowing a study of the potential impacts of
retrofitting existing coal-fired power plants to operate with biomass or coal-biomass mixtures on
combustion parameters and CO, emissions. The results obtained using the operational parameters
of the Sines power plant indicate that a mixture of 25% coal and 75% pine sawdust allow operation
at A = 1.8, demonstrating that a small amount of coal allows operation near the coal combustion
parameters (A = 1.9). These conditions have the drawback of a reduction of 8.7% in adiabatic flame
temperature but a significant reduction of 57.5% in CO, emissions, considering the biomass as
carbon-neutral.
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1. Introduction

Greenhouse gas (GHG) emissions must be reduced on a global scale. Regarding the
European Union, the progressive reduction in the import of Russian fossil fuels, particu-
larly in central European countries, has accelerated the transition toward the elimination
of fossil fuels. This applies across various sectors, including transportation, buildings,
manufacturing, and energy [1]. The European Union (EU) has set the goal of leading by
example in deploying renewable energy as well as transforming energy and transportation
infrastructure to promote a fast transition to electrification [2,3].

In the Portuguese context, according to the National Energy and Climate Plan (PNEC) [4],
intensive measures to reduce GHG emissions must be implemented until 2030, which
are also articulated with the Roadmap for Carbon Neutrality (RNC) [5]. The sectors with
high energy consumption typically rely on nonrenewable sources, and thus a transition to
electricity has been identified as a crucial measure for mitigating greenhouse gas emissions.
The target is that electricity produced exclusively from renewable sources will represent
65% of Portugal’s final energy consumption by 2050 [6,7]. However, the energy increase
associated with this transition, in conjunction with the intermittency of renewables, may
present challenges to the implementation of the PNEC and RNC.

Moreover, the external energy dependence in Portugal, particularly in the context of
electricity imports and fossil fuels (including electricity production), makes the country
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vulnerable to foreign policy and the market fluctuations associated with these fuels. There-
fore, it is urgent to implement improvements in the efficiency of nonintermittent electricity
production systems. Thermal power plants play a pivotal role in this context, having the
potential to reduce fossil fuel consumption, diversify fuel sources, minimize greenhouse
gas emissions, and contribute to the pursuit of environmental sustainability goals.

The growing emphasis on renewable energies sources in Portugal is evidenced by a
reduction in energy dependence by approximately 9 p.p. between 2015 and 2021. Never-
theless, energy dependence remains relatively high (approximately 67% in 2021), having
associated economic and environmental costs. Additionally, the percentage of electricity
produced from dedicated and cogeneration powerplants in 2021 largely relied on natural
gas imported from the United States and Algeria [8].

Historically, in Portugal, the production of electricity using natural gas has effectively
contributed to the decarbonization process, when electrification accounted for at least one-
third of the total exergy consumed. Furthermore, renewable energy sources represented
over one-third of the energy mix, and natural gas imports constituted at least one-third of
the fossil fuel mix used for electricity generation [6].

In order to meet the anticipated growth in electricity demand, it is essential to enhance
the capacity of the production system and diversify the supply, while also expanding
the energy provided by renewable sources. This will ensure that national and European
decarbonization goals are achieved. It is, however, of utmost importance to guarantee
that the intermittency of renewable energy production does not coincide with peak con-
sumption periods. Alternatively, reinforcing the output of existing thermal power plants
by improving efficiency or utilizing different fuels (with lower carbon intensity or from
renewable sources) may prove to be a viable solution [9].

The diversification of energy sources is increasingly important within the current
global context. Currently, Portugal faces commercial price fluctuations, particularly for
oil and natural gas, resulting from economic and/or political crises. This context has
been particularly relevant regarding the import of fossil energy sources from Russia and
from countries on which Portugal had a high level of dependence, which has resulted
in compromised energy security and a reduction in green technology innovation [10].
Before 2022 year, Europe imported approximately 40% of its natural gas, 23% of its oil, and
47% of its coal from Russia [11]. A European-level analysis indicated that countries with
low reliance on Russian natural gas (such as Portugal) have a positive relationship with
green innovation when natural gas imports are involved. However, for countries heavily
dependent on Russian gas, the opposite effect was observed [10].

For instance, Germany, the Czech Republic, and Finland have witnessed an uptick
in coal utilization for electricity generation [12], resulting in elevated CO, emissions. It
is therefore evident that there is a need to diversify energy sources and to consider the
potential of coal-fired power plants to balance the grid, particularly if they are included
in a decarbonization plan. The prospective implementation of carbon emission quotas
and related costs may exert a considerable impact on the design of electricity production
systems. In particular, the implementation of a system of quotas and CO;-related costs
in existing coal-fired power plants could facilitate the adoption of retrofitting solutions
for coal and biomass co-combustion [13]. At the local level, the prices of biomass (which
may be subsidized), coal, and CO, will play a pivotal role in the decision-making process
for retrofitting existing coal-fired plants [13]. Implementing optimization in the steam
generators of decommissioned power plants may also stimulate the national market to use
biomass, while preserving historical investments in coal-fired facilities.

In Portugal, there has been a significant decline in national coal imports, with a
reduction of 99.7% compared to 2015 levels. This reduction can be attributed to the
decreased utilization of power plants that employ this technology, as part of the national
decarbonization strategy [8]. The three coal-fed thermal power plants deactivated in recent
years generated about 2000 MW of electricity. Between 2016 and 2019, this accounted
for about 39% of the thermally generated electricity in Portugal [8]. Consequently, there
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has been an increase in energy production through photovoltaic systems and energy
imports from the European grid to compensate for this reduction in coal-fired electricity
generation [8]. However, this energy dependence has become increasingly important after
coal-fired power plants were decommissioned: between 2016 and 2018 Portugal was able
to export a total of 10,426 GWh of electricity and between 2019 and 2021, Portugal had to
import a total of 9608 GWh [8].

Between 2016 and 2022, the electricity produced from biomass averaged 12.5% of the
total. The combustion of plant and forest residues, sulfite liquors, biogas, and municipal
solid waste (renewable portion) represents a means of limiting emitted carbon due to the
consideration of the carbon cycle [8]. Furthermore, the co-combustion of coal and biomass
allows for the reduction in greenhouse pollutants such as carbon dioxide (CO,), sulfur
dioxide (SO7), and nitrogen oxides (NOy) at a low investment cost [14].

The co-combustion of coal and biomass offers several advantages regarding lowering
ignition temperature and reducing CO, emissions, with biomass potentially being consid-
ered carbon-neutral or even carbon-negative in emission accounting. However, the lower
calorific value of biomass results in lower flame temperatures [15].

In the context of a thermal power plant, the steam generator represents a major
component of the system, as it serves to interconnect the combustion process with the
production of steam. This component plays a pivotal role in defining the operational
parameters of the thermodynamic cycle, including working pressures and respective
temperatures, as well as the transfer of heat released from fuel combustion to the water—
steam circuit [16].

Due to the complexity of using various types of fuel or even co-combustion and its
interconnection with the thermodynamic water—steam cycle, numerical simulation may
be relevant for determining which operating conditions of the thermodynamic cycle and
the associated combustion parameters can be further adjusted. As an example, numerical
tools showed that biomass can contribute to a 6% reduction in GHG emissions through
the replacement of 3.8% of the coal currently employed [17]. Likewise, the co-combustion
of coal and biomass was demonstrated to facilitate a reduction in carbon emissions by up
to 25% [18]. Consequently, numerical tools can be employed to facilitate the preliminary
design and evaluation of operational parameters, alongside the assessment of associated
energy and environmental impacts [15].

The objective of this work was to perform a preliminary analysis of the steam generator
of a 176 MW coal-fired power plant, with the goal of evaluating influential operational
parameters that could be employed to mitigate CO, emissions by using biomass. Coal,
pine sawdust, and several mixtures of both fuels were tested with excess air coefficients
of between 1 and 2.2; the resulting CO, emissions, adiabatic flame temperature, and en-
ergy transferred to the steam generator heat exchangers were evaluated. For our purpose,
a numerical model was developed to simulate the operation of a steam generator that
is able to be used to test different fuels and operational conditions to evaluate the pro-
duction of electricity, considering the impact on GHG emissions, based on established
decarbonization goals.

2. Methodology

Water-tube boilers are the most prevalent configuration for steam generators in the
context of thermal power plant applications. These generators are designed to operate at
high pressures and produce substantial thermal energy [19]. The operational principle of
a steam generation apparatus is primarily based on the utilization of high-temperature
exhaust gases generated by fuel combustion, moving within the generator due to the
existence of pressure and temperature gradients. This enables the transfer of heat to the
water within the heat exchangers.

Figure 1 illustrates the heat exchanges within a steam generator, namely, for the
economizer, vaporization panels, reheater and superheater. This diagram includes the
rationale implemented in the numerical model we developed to simulate a steam generator
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for the thermodynamic analysis of the water-steam circuit in points 1 to 6 (Section 2.1) and
the heat exchange (represented by H) in the air—fume circuit (Section 2.2). The simulation
tool was developed in Python.
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Figure 1. Schematic of the heat transfer in a steam generator.

2.1. Water-Steam Circuit

Water is introduced into a steam generator through an economizer, which is heated
(in compressed liquid state) by energy transfer of low-temperature flue gases (between
350 °C and 400 °C) [20]. The temperatures of the water inlet and outlet are contingent
upon the operating pressure of the steam generator [21]. In addition to the properties of
the materials utilized in the economizer, the approach point represents a crucial parameter
in the economizer design. This parameter indicates the difference between the saturation
temperature imposed on the vaporization panels and the temperature of the water at the
economizer outlet. It is recommended in the literature that the temperature of the water
exiting the economizer be between 10 and 15 °C lower than the saturation temperature [22].

Vaporization panels are partially included in the walls of the steam generator, which
are where the water phase change takes place. The latent heat associated with this transfor-
mation is considered specifically for the vaporization panels.

Superheaters are indispensable components in the steam boilers utilized in power
plants and other industrial processes, being essential in raising the temperature of the steam
generated. However, their operation is constrained by specific metallurgical limitations,
predominantly due to the elevated temperatures and pressures involved [23].

The superheater’s operating conditions are contingent upon the nominal operating
pressure of the steam generator, aiming to maintain steam temperatures typically around
570 °C. Usually, the reheater operates at one-quarter of the operating pressure and at similar
temperatures to those at the superheater outlet [24].

The circuit implemented in this work consisted of two steam heating stages: the
main stage and the reheating stage. The working pressure was imposed along the steam
generator and remained constant in the economizer, vaporization panels, and superheater.
By default, the reheating stage operated at a quarter of the working pressure. Irreversibility,
such as load loss, was not considered in the exchangers.

Our case study is based on the Sines thermal power plant, located in Portugal. The
water-steam points (Figure 1) were calculated in accordance with the properties presented
in Table 1.

It should be noted that the irreversibility in the steam turbine, which occurs between
points 4 and 5 (outlet of superheater and inlet of reheater, respectively), was not considered
in this work. The AT defined in point 2 represents the temperature differential requisite
for the economizer to operate exclusively with liquid water, being considered in this study
a value of AT =10 °C, which is a typical value for the approach point (value within data
from the literature).
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Table 1. Operational conditions and thermodynamic properties of Sines power plant water-steam

circuit.
Point Pressure [MPa] T[°Cl] h [k]/kg] s [kJ/kg-KI]
1 12.5 146 hy s1
2 12.5 Tsat — AT hy S2
3 12.5 Tsat hsat Ssat
4 12.5 567 hy S4
5 1.6-6.3 T5 h5 S4 =S5
6 1.6-6.3 550 hg S6

2.2. Air-Fumes Circuit

The combustion process is of paramount importance in thermal power plants, as it is
the primary mechanism responsible for the formation of the combustion gases that traverse
the air-fumes circuit. The excess air coefficient (1) allows evaluating the air/fuel ratio
of a given reaction in relation to its stoichiometric value. Typical coal-fired power plants
operate with an excess air coefficient of 1.1. to 1.5, depending on combustion mode and coal
characteristics [20]. This is also valid independent of the power plant load requirements [25].
The combustion reaction with excess air includes the presence of oxygen, O,, in the flue
gases (Equation (1)).

kCyHyO; + a(Oz + 3.76N,) — bCO, + dHy0 + eNy + fO, 1)

The fuel flow, 111, (in kg/s), to be supplied to the steam generator (Equation (2)) was
calculated using the efficiency and useful power of the Sines plant (176 MW). The efficiency
of the power plant was 30%.

Wuseful
PCI X Npowerpiant

Meomh = 2)
The air flow (in kg/s) was determined by employing the stoichiometric air/fuel ratio,
AFRg, and the excess air coefficient (Equation (3)).

muir = A X AFRg X mcomb (3)

As A is a variable parameter, dependent on the analysis performed, the moles of
excess air in the reactants can be calculated using the known moles of fuel, k, following
Equation (4).

N k x1x AFRg x (xMc + yMpy + zMp)
(M02 + 3.76MN2)

(4)

Once the moles of air and fuel were determined, the remaining moles of the reaction
products were calculated using chemical species balances.

The adiabatic flame temperature ( T,;) was obtained by iteratively solving Equation (5).
In this process, it was assumed that there was no dissociation and that the products obtained
were only those presented in Equation (1). The standard enthalpy of combustion, AH R
is directly associated with the lower caloric value of fuel, LHV (kJ/kg) and the respective
number of moles k.

AH=AHg+ Y n [E(Ta )—E<Tr6f)} iy ”J[E(T)_E(T”’fﬂ =0

Products Reagents
AHR = —LHV x Mfugl X k

(5)

For the sake of simplicity, it was assumed that the reactants were at the reference
temperature, 298 K. The adiabatic flame temperature is directly dependent on the excess air
coefficient and the type of fuel used. Table 2 contains typical values of the adiabatic flame
temperature for three different fuels with different amounts of excess air.
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Table 2. Typical values of adiabatic flame temperature and excess air for biomass, coal, and natu-

ral gas.

Parameter Biomass Coal Natural Gas
Adiabatic flame 1073-2050 [26] 2224-2330 [25,26] 1050-2191 [26,27]
temperature [K]

A 1.2-6 [28-30] 1.1-3 [20,25,31] 1.05-5.5 [27,32,33]

The heat released by combustion is determined using the number of moles of fuel, k,
required to fulfil the useful power demands of the plant and the excess air during the
combustion (A). This is calculated assuming the maximum temperature (adiabatic flame
temperature) obtained from Equation (5). Equation (6) computes the correspondent abso-

lute enthalpy (H Flue gases) that can be transferred to the heat exchangers.

H flue gases = bco % hcoa(Tag) + d20 % Mo (Taa) + for % hoa(Taa) +enz X ina(Taa) (6)

The energy available from flue gases is transferred to the heat exchangers. The required

heat transfer in all the heat exchangers, Qin (kW), within the steam generator was obtained
from a steam generator efficiency, Ngenerator, of 90% and the LHV of the fuel used, as shown
in Equation (7).

Qin =LHV x mfuel X Ngenerator (7)

In all heat exchangers, it was considered that the same mass flow of steam circulated.
The determination of this quantity is contingent upon a comprehensive analysis of the
enthalpy variation between the exit and entry conditions of each heat exchanger and the

total heat transferred for the heat exchangers, Qin, which results from Equation (8).

msteam = Qz’n
(hg = h1) + (he — hs)

(8)

The heat rate, Q (kW), transferred to the heat exchangers is determined through the
difference in enthalpies between the entry and exit of each exchanger (Equation (9)) and
the known steam flow rate, Meam (kg/s), following the diagram presented in Figure 1.

QECO = Msteam X )
QVp = Msteam X )
Qsh = Msteam X (ha — h3)
Qri = Msteam X (he — hs)

The interconnection between the water-steam and air—fume circuits occurs in the heat
exchangers. For this analysis, it was assumed that the conditions governing the water entry
and exit conditions in each exchanger were fixed, allowing the power plant to operate
according to its original specifications. The sequence of heat exchanges that occur in the
air-fume circuit is described in Equation (10), according to Figure 1.

Hfgl = Hf{ue gases QSh
Hpgr = Hgr = Qpi (10)
. Hpgs = Hfg% - QVP.
Hexnaust gases — Hfg3 — QEeo

Once the parameters of the water—steam and the air-fume circuits were defined, it
was possible to simulate different operating conditions for the steam generator regarding
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the reheating operating pressures and the influence of the properties of the fuel and its
combustion parameters on heat transfer.

2.3. Definition of Scenarios

The case study scenarios involved the operating conditions of the Sines thermal power
plant, which used pulverized coal.

2.3.1. Case Study 1: Fuel and A Variation

In this context, the objective was to examine the fundamental characteristics of the
base situation, specifically the combustion of coal. As an alternative to this fuel source,
we tested methane (for comparison with the most-used fuel in power plants in Portugal)
and pine sawdust (as a replacement for coal). The combustion parameters for each fuel
ranged between A =1 to A = 2.2, using the operating conditions in Table 1, with a reheating
pressure of 3.1 bar.

The properties of the tested biomass were obtained from the literature [34]. The
biomass studied resulted from forest cleaning operations, undertaken to reduce the risk of
fire. It is a product with low economic value and therefore represents an ideal fuel for the
transfer of heat.

2.3.2. Case Study 2: Variation in Reheating Pressure and A

In this scenario, the reheating pressure was studied to verify its impact on the adiabatic
flame temperature and emissions of CO, due to excess air. A range of reheating pressures
between half to one-eighth of the operating pressure, as well as the typical optimal condi-
tion, were tested (one-quarter of the operating pressure) [24]. This scenario was simulated
for methane, coal, and biomass.

2.3.3. Case Study 3: Coal and Biomass Co-Combustion

This scenario simulated the co-combustion of coal and biomass. The following com-
binations were tested: 25% coal-75% biomass; 50% coal-50% biomass and; 75% coal-25%
biomass. In all tested situations, the adiabatic flame temperature and carbon dioxide
emission (CO,) were analyzed according to the excess air.

3. Simulation Results
3.1. Case Study 1: Fuel and A Variation

A total of five combustion conditions were tested, spanning a range of A values from 1
to 2.2 for methane, coal, and pine sawdust. The steam generator operation pressure was set
at 12.5 bar, with a reheating pressure of 3.1 bar (approximately one-quarter of the operation
pressure). Figure 2 presents the reduction in the temperature of flue gas as it exchanges
heat with the various components of the water—steam circuit.

It was observed that methane and coal provide similar flame temperatures (although
2 to 4% lower with coal with increasing A). Pine sawdust generates adiabatic flame
temperatures that are 18 to 15% lower than those of methane and coal with increasing
A. This difference in adiabatic flame temperatures determines the maximum operation A,
which is necessary to enable heat exchange in the economizer. To maintain the flue gas
temperature higher than the water economizer inlet temperature, methane was limited to
A <22, coalto A < 1.9 and pine sawdust to A < 1.6.

Table 3 presents the CO, mass flow emission and concentration based on the molar
balance. The concentration was calculated on a dry basis for the corresponding oxygen
concentration and corrected to 3% O, to compare the simulation results.

As evidenced in Table 3, solid fuel produces a greater CO; mass emission due to its
lower LHV and higher carbon content. Among the solid fuels, pine sawdust emits 14%
more CO; in mass but a similar concentration, corrected to 3% O,. However, it should be
noted that biomass is a carbon-neutral energy source.
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Figure 2. Water—steam inlet and outlet temperatures of heat exchangers and flue gas temperatures
for several A conditions: (a) methane; (b) coal; (c) pine sawdust.

Table 3. CO, emissions for methane, coal, and pine sawdust.

COZ [kg/S] [COz] @ Minimum /\ [COz] @ 30/0 02
Methane 32.24 501 (A=22) 10.12
Coal 61.10 9.75 (A =1.9) 16.14
Pine sawdust 69.66 1141 (A =1.6) 15.87

3.2. Case Study 2: Reheating Pressure and Excess Air

The effects of water—steam reheating pressure on CO, emissions were examined for
the three fuels. In this study, it was assumed that all the inlet and outlet temperatures of
the economizer, vaporization panels, and superheater remained constant at the operating
pressure of 12.5 bar. This was chosen to align with the operational conditions of the
power plant and to ensure that the materials used would remain within their metallurgical
limits. Furthermore, the reheater outlet temperature was also maintained. Since this is a
preliminary study regarding the retrofitting of existing coal-fired power plants, it should
be noted that this study did not analyze the impacts of the reheating pressure in the steam
turbines and remaining components of the power plant. The remaining equipment will be
addressed in further iterations of the developed numerical tool.

Figure 3 presents the impact of changing the reheating pressure on the CO, emissions
for the three fuels tested.

As illustrated in Figure 3, an increase in reheating pressure reduces CO, emissions,
regardless of the fuel used. It can thus be postulated that modifying the reheating conditions
may prove to be an effective method for reducing CO, mass flow emissions by up to 7%.
However, the consequences of modifying the reheat pressure were not considered with
respect to steam turbine and condenser operation or regarding overall efficiency.

Furthermore, the influence of fuel type on CO, emissions is more pronounced than
modifying the reheat pressure: 14% higher for biomass compared with coal, and 89% higher
for coal compared with methane. Accordingly, the typical operation pressure of 3.1 bar
(one-quarter of the operating pressure) was employed as a reference point, given that the
potential CO, variation with reheating pressure is only between 5.5% (one-eighth of the
operating pressure) and —6.9% for one-half of the operating pressure.

Furthermore, since biomass is carbon-neutral, reheat pressure has a negligible impact.
Due to the low LHV of biomass, it is commonly mixed with coal to provide a higher
adiabatic flame temperature, thereby improving the heat exchange transfer while reducing
the environmental impact.
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3.3. Case Study 3: Coal and Biomass Co-Combustion

The co-combustion of coal and biomass was examined to ascertain the CO, mass flow
emissions and the combustion conditions necessary to meet the operational conditions
of the power plant. These conditions included the inlet and outlet temperatures of the
economizer, vaporization panels, and superheater, which are constant at operating pres-
sures of 12.5 bar and 3.1 bar of reheating pressure. Figure 4 presents the adiabatic flame
temperatures and CO, mass flow emissions for several co-combustion mixtures of coal and
pine sawdust.

80

60
50
40
30
Ak 20

CO, emission (kg/s)

* 10

100% Coal 75% Coal - 25% 50% Coal - 50% 25% Coal - 75% 100% Pine

Pine sawdust Pine sawdust Pine sawdust sawdust

A=1.3 A=1.6 A=1.9 A=2.2 CO, eeeees CO,(excl. biomass)

Figure 4. Adiabatic flame temperature and CO, mass flow emissions for coal and pine sawdust
combinations.

Figure 4 shows that the co-combustion of coal and pine sawdust has a beneficial
impact on adiabatic flame temperature, even when 25% coal-75% pine sawdust (molar
percentages) is employed. Using coal as reference, the adiabatic flame temperature declines,
on average, by 2.3%, 5.3%, and 9.3% with the incremental incorporation of pine sawdust,
ranging from 25%, 50% and 75%, respectively. The use of 100% pine sawdust results in an
average reduction of 14.8%.

To maintain the power plant’s Wuseful, increasing the percentage of pine sawdust
results in an increase of up to 14% in CO, mass emissions when using 100% biomass in



Clean Technol. 2024, 6

1178

440

435

K]

430

425

420

415

Temperature [

410

comparison to coal. This is due to the lower LHV of pine sawdust compared with that
of coal. However, as the CO, emissions from renewable sources were not considered,
increasing biomass leads to reductions of 13% (25% biomass), 31% (50% biomass), and 57%
(75% biomass) compared to 100% coal. This suggests that pine sawdust can be used as a
replacement for coal, even at higher percentages.

Figure 5 presents the operational impacts on the economizer regarding exhaust gas
outlet and water inlet temperature, as well as the CO, concentration, resulting from using
different A values.
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Figure 5. Economizer outlet exhaust gas temperature for minimum A, economizer water inlet
temperature and CO; concentration.

For heat exchange to occur, the temperature of the exhaust gas temperature at the
economizer outlet must exceed that of the economizer water inlet. It is possible to operate
at A = 1.9 with a mixture of up to 50% coal-50% pine sawdust, which provides a high CO,
dilution (9.7% concentration). Upon correcting all samples to 3% O, concentration, no
significant differences were observed.

For a fuel blend of 25% coal and 75% pine sawdust, it was possible to operate at
A =1.8, although only A = 1.6 is shown for reasons of coherence with previous results. This
demonstrates that a small amount of coal contributes positively to maintaining the power
plant’s operation near the coal combustion parameters, with a reduction of 57.5% in CO,
emissions (considering the biomass as carbon-neutral).

4. Conclusions

Reaching the European Union goals of decarbonization via an expected transition to
electricity requires an increase amount of electric energy production. During the recent
shortage of natural gas, it was necessary to promote the diversification of electricity sources,
restarting the public debate on the phasing out of coal-fired power plants. For instance,
in Germany, this debate led to the restarting of coal-fired power plants despite the CO,
production and decarbonization plans. Additionally, the needs to reduce the country’s
energy dependence and meet peak demands represent an opportunity to retrofit current
coal-fired power plants to operate with 100% biomass or use the co-combustion of coal
and biomass. This offers advantages for reducing CO, emissions, with biomass potentially
being considered carbon-neutral in emission accounting. This paper considered the Sines
power plant as a case study, which is located in Portugal; however, the solution presented
can be applied to similar power plants with pulverized solid fuel burners.

Although coal can use higher A, a mixture of coal and biomass can operate between
1.9 and 1.6, maintaining the operational conditions of the considered Sines power plant.
Moreover, a fuel blend composed of 25% coal and 75% pine sawdust allows operation at
A = 1.8, demonstrating that a small amount of coal allows operation near the coal combus-
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tion parameters, with a reduction of 57.5% in CO; emissions (considering the biomass as
carbon-neutral).

The introduction of biomass reduces the adiabatic flame temperature, on average, by
between 2.3% =+ 0.3%, 5.3% =£ 0.7%, and 9.3% = 1.2% with the incremental incorporation of
pine sawdust, up to 14.8% =+ 1.8% when 100% pine sawdust is used. Nonetheless, even for
25% coal and 75% pine sawdust, an 8.7% reduction in T, still allows operation at A = 1.8,
which is very close to that of coal (A =1.9).

Future applications of the developed tool include the use of hydrogen to improve
the biomass combustion parameters, namely, to increase the adiabatic flame temperature,
allowing the reduction in or the elimination of the need to use coal. This will also contribute
to decarbonization strategies and to the diversification of the fuels used for electricity
production, reducing the country’s dependency on energy sources.
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