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A B S T R A C T   

Integrating bioenergy into carbon capture and storage systems (Bio-CCS) is a novel concept aiming at reducing 
CO2 emissions, pointing to a short-term need to increase the use of non-conventional biomasses. The main 
objective of this experimental research is to characterize the behavior of two agro-waste biomasses under oxy-co- 
firing conditions, as concerns fuel conversion and NO formation, compared to the use of typical raw pine wood. 
The effect of replacing CO2 with H2O in the firing atmosphere is also sought. Two different biomass shares in the 
blends, 20 % and 50 %, are selected. The experiments are conducted in a lab-scale entrained flow reactor for two 
O2 concentrations (21 % and 35 %) and four H2O concentrations (0 %, 10 %, 25 %, 40 %). Some operating 
conditions are kept the same to enable the comparisons: mean residence time (3 s), initial reactor temperature 
(1000 ◦C) and oxygen excess (1.25). New results have been obtained from the experiments, optimizing burnout 
degrees and reducing NO levels. Minimum differences in conversions are detected for the 35 % O2 cases when the 
agro-biomasses replace the pine wood: less than 0.7 and 1.1 percentage points. Burnout degrees are maximized 
when 25 % CO2 is replaced with H2O in most cases, with maximum values in the range 97.3–97.7 %. The higher 
the agro-biomasses share in the blend, the higher the N-fuel to NO conversion, consistent with their larger ni
trogen contents. Significant decreases of NO are detected when CO2 is replaced with H2O, with maximum re
ductions of 17.6 %. The extent of these NO reductions shows a clear dependence on the volatiles-to-char ratios 
for the fired blends: the higher the ratio, the lower the decrease. For the largest steam additions (40 %), the NO 
depleting effect caused by H2O is partially compensated with the enhancement of the N-volatiles oxidation, 
limiting the NO reductions to 1.7–7.3 % compared to the dry atmospheres.   

1. Introduction 

Global warming is a major concern that requires drastically curbing 
the increase in greenhouse gas emissions of anthropogenic origin. One of 
the main strategies relies on the decarbonization of power, chemical and 
energy-intensive industries. A wide set of research lines are now under 
development, aiming at increasing industrial energy efficiency [1,2], 
searching for alternative fuels [3,4], improving wastewater treatment 
technologies [5], decreasing the use of chemical fertilizers [6] or pro
ducing new soil amendments [7]. A promising avenue is to gradually 
reduce the reliance on fossil fuels, particularly coal, unlocking the po
tential of negative emissions technologies by integrating a carbon- 
neutral biofuel in capture and storage systems. In the pursuit of decar
bonization, oxy-fuel combustion is one of the most suitable capture 
technologies [8]. For this reason, significant research has been mainly 
dedicated to the oxy-fuel combustion of pulverized coal [9], focused on 

addressing potential drawbacks and limitations [10]. 
While the positive impact of oxy-enriched atmospheres and biomass 

on reducing CO2 emissions is acknowledged [11], oxy-co-combustion 
with non-conventional biomasses still deserves attention. So far, oxy- 
fuel experiences have encompassed from small-scale lab experiments 
like thermogravimetric analysis [12–14], drop tube furnaces [15,16] 
and entrained flow reactors [17–19], to large-scale facilities [20,21]. 
Regardless of size, efforts aim to improve efficiency, including fuel 
conversion and pollutant control. 

In particular, NOx formation during coal oxy-combustion has been 
investigated compared to conventional air-combustion, as well as the 
effect of replacing coal with biomass [22–24]. Usually, nitrogen content 
in biomass is lower than nitrogen in coal, which results beneficial to 
reduce NOx formation. Oxy-fuel tests with sub-bituminous coal and 
sawdust showed that biomass particle size affected NOx formation in air- 
fired conditions but not in oxy-fired conditions [25]. For coal + straw 
blends [26], increased oxygen in the primary airflow reduced HCN 
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formation and N2O emissions due to higher furnace temperature. A 
larger share of straw in the blend increased both NO and N2O emissions. 
In another study with rice husks, increasing the biomass ratio led to 
higher CO and CH4 emissions but lower NO and NOx emissions [27]. 
Tests with cornstalk and semi-coke showed better performance for 
blended fuel, with higher cornstalk ratios reducing CO, NO and N2O 
emissions [28]. 

Compared to coal, the higher volatile content in biomass enhances 
NO formation due to the oxidation of the N-based precursors in the gas- 
phase, being NH3 rather than HCN the predominant one [29]. Besides 
the nitrogen content in the fuel, the different oxidation kinetics of the N- 
volatiles and the N-char can significantly affect the rates of NO forma
tion when coal is replaced with biomass [26,30,31]. Moreover, the alkali 
content in the mineral matter is reported to catalyst the NO − char 
depletion mechanism, according to the following steps [28,32]: 1) alkali 
metal ions in the char react with NO, resulting in metal oxide and a 
nitrogen radical; 2) metal oxides are reduced into alkali metal ions by 
reaction with carbon in the char, releasing carbon monoxide; 3) nitrogen 
radicals are combined to form N2. 

Recently, oxy-steam combustion has been suggested as a new tech
nology that replaces CO2 by condensed steam, which is re-evaporated 
before injection into the boiler. Steam serves to dilute oxygen and 
moderate flame temperature, eliminating the need for flue gas recycling 
[33,34]. The replacement of CO2 by H2O influences the conversion rates 
of coal and biomass due to a combination of factors: 1) the rise of the 
gas-phase temperature due to the lower molar specific heat of steam 
[35,36], 2) the increase of the oxygen diffusivity in the O2/H2O atmo
sphere surrounding the particles [37,38], 3) the intensification of char 
gasification rates caused by H2O [39]. 

Gil et al. used thermogravimetric analysis to investigate the impact 
of steam on coal and biomass oxy-combustion [40]. Replacing up to 40 
% of CO2 with H2O increased the mass-loss rate, reactivity, and short
ened combustion time. Lei et al. conducted combustion tests with 
sewage sludge + pine sawdust and sewage sludge + bituminous coal 
particles in various atmospheres, finding that H2O (up to 30 %) raised 
combustion temperature and shortened burnout time [41]. Rabaçal 
et al. studied particle fragmentation during the initial stages of con
ventional and dry/wet oxy-combustion with up to 10 % H2O, observing 
an increase in fragmentation with H2O [42]. 

Limited research has explored so far the NO emissions from biomass 
conversion in an oxy-steam environment. Moron et al. investigated NOx 
emissions for coals, biomasses, and blends in air and dry/wet recircu
lated oxy-combustion atmospheres (up to 10 % H2O). They observed a 
decrease in NO emissions when H2O was added, indicating the role of 
CO in NO-to-N2 reduction pathways [43]. Lu et al. found that H2O 
addition (up to 15 %) resulted in NO reductions for four biomasses in an 
oxy-combustion environment [44]. Experimental results from oxy-co- 
firing tests of coal + biomass blends in a pulverized fuel burner 
showed increased NOx emissions when H2O in the recycled gases was 
removed [45]. 

Oxy-combustion could offer a good chance for low-to-mid-grade 
biomasses, with a very restricted use so far in conventional combus
tion. New knowledge and expertise in applying oxygen-enriched com
bustion to biomass under dry-recycle and wet-recycle conditions is 
crucial for advancing this field and even further towards oxy-steam 
combustion. The present work aims to provide novel experimental re
sults encompassing three different types of biomass and various dry and 
wet oxy-combustion conditions. Results concerning burnout (solid-to- 
gas conversion), C-fuel conversion to CO and N-fuel conversion to NO 
are presented and discussed in the section 3. 

2. Experiments 

2.1. Fuels 

Three domestic biomasses of different sources were selected to pro
ceed with the experiments: 1) forest residues from pine wood, 2) agri
cultural residues from a mixture of 70 % woody vineyard and 30 % corn 
herbaceous wastes, 3) raw agricultural wastes from vineyard pruning. 
The two former were available in the form of pellets, and the third was in 
the form of chips. Table 1 summarizes the proximate and ultimate 
analysis of the biomass samples. Pine wood has low ash, nitrogen and 
chlorine contents. On the other hand, ash contents in the agro-biomasses 
are significantly higher: 7.3 % and 16.1 %, respectively. The very 
different levels of ash content in the biomasses were one of the selection 
criteria for these fuels, to detect their influence on the fuel conversion 

Nomenclature 

A Agro-biomass blend (corn + vineyard) 
BET Brunauer-Emmett-Teller 
B Biomass 
C Coal 
cp Specific heat capacity (kJ/kmol K) 
d Particle diameter (μm) 
ṁ Mass flow rate (kg/s) 
P Pine wood 
V Vineyard pruning residues 
α Ash weight fraction, dry basis (–) 
β Burnout degree (%) 
λ Available oxygen/stoichiometric oxygen (–) 
ρ Density (kg/m3)  

Table 1 
Proximate and ultimate analysis of the fuels.   

Bituminous coal (C) Raw vineyard pruning (V) Agro-biomass blend, corn + vineyard (A) Pine wood (P) 

Proximate analysis (% wt.) 
Moisture (1,5) 3.6 9.0 8.3 7.5 
Volatile matter (2, 6) 25.9 64.0 69.4 76.8 
Fixed carbon (10) 57.4 10.9 15.0 15.5 
Ash (3, 7) 13.1 16.1 7.3 0.2 
Volatiles-to-char ratio 0.36 2.37 3.11 4.89  

Ultimate analysis (% wt., dry basis) 
Carbon (4, 8) 71.1 47.4 48.3 50.9 
Hydrogen (4, 8) 3.6 6.5 6.2 6.1 
Nitrogen (4, 8) 2.31 0.82 0.65 0.09 
Sulphur (4, 9) 0.62 0.02 0.02 0.02 
Chlorine (4, 9) 0 0.04 0.11 0.02 

(1) ISO 5068-2:2007 (2) ISO 562:2010 (3) ISO 1171:2010 (4) ISO 17247:2020 (5) ISO 18134:2016 (6) ISO 18123:2016 (7) ISO 18122:2016 (8) ISO 16948:2015 (9) ISO 
16994:2016 (10) By difference. 
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degree as discussed later in the section 3.1. Regarding nitrogen content, 
the agricultural residues have a comparable value, but about 7 to 8 times 
higher than the pine wood one (on a dry basis). 

A medium-volatile bituminous coal imported from South Africa was 
selected to conduct the co-firing tests. The analysis of the coal is also 
displayed in Table 1. The coal volatiles-to-char ratio is much lower than 
the biomass ones, while the nitrogen content is significantly higher. The 
ash content of the coal is in between the values of the two agro- 
biomasses. All the results shown in Table 1 were provided by an 
external laboratory of the Spanish National Research Council, whose 
certified procedures accomplish the respective ISO standards (also 
included in Table 1). Fuel samples were supplied to that laboratory, 
where they were independently processed − grounded and sieved− to 
meet the size specification required by every standard. 

The coal and the biomass samples for the oxy-combustion tests were 
milled, sieved and blended in-house before the experiments were con
ducted. The mill used was a Retsch ZM200 unit, reducing the fuel size 
below 250 μm. The milled samples were then processed in a Filtra FTL- 
200 vibrating sieve sifter; the selected range for coal size was 75–150 
μm, while the range chosen for biomasses size was 100–200 μm. These 
values were prescribed to get a mean residence time of 3 s in the reactor, 
as explained hereinafter in section 2.3. After the sieving, the different 
coal + biomass blends were produced in a V-shape rotary mixer. Despite 
fouling/slagging issues have not been addressed in this investigation, 
the ash in agro-biomasses could result in a limitation for their potential 
use in an actual application. For this reason, the biomass shares were 
limited to 20 % and 50 % to produce the blends. 

2.2. Experimental facility 

The oxy-combustion tests were carried out in a lab-scale, entrained 
flow vertical reactor. Drop tube/entrained flow reactors offer the ad
vantages of uniform mixing of the solid- and gas-phase, accurate control 
of the operating conditions and large versatility for fuel ranks and firing 
atmospheres. Even though they cannot resemble the complexity of tur
bulent, swirling flows existing in some large-scale facilities, their use is 

widely extended to characterize and understand the phenomena 
occurring during the conversion of pulverized fuels. 

Fig. 1 shows the main components of the experimental facility. The 
reactor is a 2 m long vertical tube with an internal diameter of 0.038 m. 
The tube is surrounded by four electrical furnaces that can be inde
pendently controlled to get a maximum temperature of 1150 ◦C. The fuel 
is stored in a hopper and fed to the injector using a screw feeder. The 
velocity of the screw determines the fuel flow rate supplied and can be 
controlled by a variable-frequency motor. The injector is water-cooled 
to avoid fuel conversion before entering the reactor. Mass flow con
trollers provide O2 and CO2 from bottles, while a Coriolis flowmeter 
provides the water flow rate. A primary stream is used to convey the fuel 
particles. In contrast, the secondary stream is preheated in four risers 
inside the electrical furnaces and introduced downwards in the reactor 
by a straightener. 

At the bottom section of the reactor, a sampling probe can be moved 
up and down to modify the height of the reaction section. N2 is supplied 
through this bottom probe, quenching the combustion reactions. After 
that, a cyclone is used to retain most of the flying solid residues and an 
ice-cooled condenser is used to remove the moisture in flue gases. 
Finally, the stream is directed to a gas analyzer, which monitors CO2, O2, 
CO, and NO concentrations. Table 2 summarizes the accuracy of the 
instruments used for the operation and control of the experimental 
facility. 

Fig. 1. Diagram of the lab-scale entrained flow reactor.  

Table 2 
Accuracy of the instruments in the facility.  

Measurement Accuracy 

Feeding gases flow rate (O2, CO2, N2) ± 0.5 % 
Feeding water flow rate ± 0.2 % 
Temperature ± 2 ◦C 
Pressure ± 3 mbar 
Flue gases composition (CO2, CO, NO) ± 1 % 
Flue gases composition (O2) ± 1.5 %  
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2.3. Tests campaign 

Dry oxy-combustion tests were conducted for two O2/CO2 concen
trations: 21/79 % and 35/65 %. Furthermore, three H2O concentrations 
were used during the wet oxy-combustion tests: 10 %, 25 % and 40 % 
replacing CO2 in relation to the dry atmospheres. Thus, a total of 48 tests 
were carried out during the experimental campaign, i.e. 8 tests for each 
of the 6 coal + biomass blends. The oxygen excess was kept the same for 
all the tests, with an oxygen ratio λ = 1.25 (available O2/stoichiometric 
O2). The initial reactor temperature was kept the same for all the oxy- 
combustion tests, set at 1000 ◦C. This value is well above the ignition 
temperature of the fired blends, enabling the fuels to be converted as 
soon as they enter the reaction section. Once the temperature reaches 
the set-point, fuel-feeding stars and stable operation is rapidly achieved 
after a short transient period. The steadiness is assessed through several 
online available measurements: power consumption of the electrical 
furnaces and flue gas composition at the reactor exit. All the results 
presented and discussed later in sections 3.2 and 3.3 have been obtained 
from at least 240 operating data sets per blend and firing atmosphere. 
The criterion adopted to evaluate the operation stability was a 
maximum relative standard deviation of 3 % of the mean value for the 
power consumptions of the four electrical furnaces and the O2 and CO2 
contents in flue gases at the reactor outlet for all operating data sets. 

Tables 3 and 4 show the fuel mass flow rates and the O2, CO2, and 
H2O mass flow rates used during the tests. These flow rates were 
computed to get a mean residence time of 3 s for all the tests, setting the 
height of the reaction section at 1.5 m. The mean residence time is 
estimated by dividing the reactor height by the velocity of a mean-size 
particle. The maximum velocity has two contributions: on the one 
hand, the terminal velocity of a falling solid in a fluid and, on the other 
hand, the drag velocity caused by the entraining gases. Since the coal-to- 
biomass density ratio ρC/ρB is around 1.95, the coal-to-biomass size ratio 
dC/dB should be (1 / 1.95)0.5 ≈ 0.72 to get the same terminal velocity, 
according to Stokes’ law for low Reynolds numbers. This is the rationale 
behind the different size ranges selected for the coal and the biomasses, 
previously presented in section 2.1. As concerns the drag velocity, 
complete releases of mass and heat from the fuel are assumed to estimate 
the flue gas volumetric flow rates, since they are unknown ab initio when 
defining the test conditions. As discussed in detail by An et al. [46], CFD- 
based tools provide more realistic estimates of residence times for 
entrained flow reactors than idealized plug flow models, with differ
ences up to 30 % in particle velocities. At least, adopting the same 
calculation hypotheses for the flow rates shown in Tables 3 and 4 can be 
deemed a reasonable approach, enabling a reliable comparison of the 
experimental results. 

The O2, CO2, and H2O flow rates during the tests were measured and 
recorded online during every test execution in order to check that the 
prescribed values were supplied to the reactor. The accuracy of the flow 
meters has already been presented in Table 2. The measurement of the 
fuel flow rate was not available online during the tests, but the frequency 
of the motor driving the screw feeder was (calibrated before every test 
running to relate the fuel flow rate with the frequency). An averaged 
value for the actual fuel flow rate can be obtained from the weight 

difference of the solids in the hopper before and after every test, and 
then a percentage deviation can be computed by means of Eq. (1): 

ε(%) = 100
ṁfuel,actual − ṁfuel,expected

ṁfuel,expected
(1) 

Table 5 summarizes the percentage deviations ε between the aver
aged, actual fuel flow rates and the expected fuel flow rates (those 
shown in Tables 3 and 4) for all the tests included in the experimental 
campaign. All the deviations are small, in the range (− 2.2 %, 3.1 %), and 
do not show any systematic trend. According to this information, the 
accuracy of the fuel flow rates can be deemed reliable enough to proceed 
with the discussion of the results. 

Finally, solid samples collected in the cyclone at the reactor cold end 
section were processed to obtain the fuel burnout for each experimental 
condition, that is, the solid-to-gas conversion ratio. The unburned fuel 
and ashes contents in those collected solids were determined in a 
Hobersal HD230 muffle oven, as the weights of the raw, dry and burned 
samples were obtained in Ohaus Pioneer precision balance with an ac
curacy of ± 0.0001 g. The burnout β can be calculated according to the 
ash-tracer method, Eq. (2), where α stands for the ash content on a dry 
basis: 

β =
αcyclone − αfuel

αcyclone
(
1 − αfuel

) (2)  

3. Results and discussion 

3.1. Burnout 

The values of the burnout degrees obtained during the dry oxy- 
combustion tests are presented in Table 6 for all the blends fired and 
the two O2 concentrations (21 % and 35 %). Enriching the O2 content in 
the firing atmosphere means a higher partial pressure of the oxidant, 
which enhances the O2 diffusion in the gas-phase, increasing the volatile 
oxidation rates and raising the temperature levels. Char conversion is 
also influenced by the increments of both the particle temperature and 
the O2 diffusivity. According to the values shown in Table 6, the use of 
20 % agro-biomasses reduces the burnout in comparison to the co-firing 
of 20 % pine wood, consistently with their lower volatiles-to-char ratios 
(since all the tests were carried out keeping the same mean residence 
time, as explained before in section 2.3). For the 20 % biomass share, the 
burnout differences between the three types of biomass are diminished 
when the atmosphere is enriched in O2: from 0.97 and 2.36 percentage 
points to 0.73 and 1.13 percentage points, respectively. This behavior is 
explained by a slightly higher increment of the char conversion of the 
agro-biomasses, provided that their char contents are higher and all the 
volatiles are released given the experimental conditions during the tests. 

When the biomass share in the blend is raised from 20 % to 50 %, 
burnout degrees are increased by around 10 percentage points for the 
21 % O2 cases and around 3.7 percentage points for the 35 % O2 cases. 
This is mainly related to the larger volatiles-to-char ratios of the 
resulting blends and the higher char porosity of the biomasses in relation 
to coal [24]. The values obtained when co-firing 50 % coal + 50 % 

Table 3 
Mass flow rates during the combustion tests of the 80 % coal + 20 % biomass blends.  

Atmosphere (% vol.) Fuel flow rate (g/min) O2 flow rate (g/min) CO2 flow rate (g/min) H2O flow rate (g/min)  

C + P C + A C + V C + P C + A C + V C + P C + A C + V C + P C + A C + V 

21/79 O2/CO2 0.59 0.59 0.59 1.38 1.38 1.38 7.13 7.13 7.15 0 0 0 
21/69/10 O2/CO2H2O 0.59 0.59 0.59 1.38 1.38 1.38 6.23 6.23 6.25 0.37 0.37 0.37 
21/54/25 O2/CO2H2O 0.59 0.59 0.59 1.38 1.38 1.38 4.87 4.87 4.89 0.92 0.92 0.93 
21/39/40 O2/CO2/H2O 0.59 0.59 0.59 1.38 1.38 1.38 3.52 3.52 3.53 1.48 1.48 1.49 
35/65 O2/CO2 0.95 0.95 0.95 2.23 2.23 2.24 5.69 5.69 5.71 0 0 0 
35/55/10 O2/CO2/H2O 0.95 0.95 0.95 2.23 2.23 2.24 4.81 4.81 4.83 0.36 0.36 0.36 
35/40/25 O2/CO2/H2O 0.95 0.95 0.95 2.23 2.23 2.24 3.50 3.50 3.52 0.89 0.89 0.90 
35/25/40 O2/CO2/H2O 0.95 0.95 0.95 2.23 2.23 2.24 2.19 2.19 2.20 1.43 1.43 1.44  
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biomass under the 35 % O2 atmosphere point to a good performance of 
the agro-biomasses in relation to the pine wood: 97.01 % vs 96.33 % 
when pine wood is replaced with the blend of vineyard + corn, and 
97.01 % vs 95.97 % when pine wood is replaced with the raw vineyard 
pruning. These burnout levels do not represent a final conversion limit 
for the fuels and blends fired, rather being the achieved burnout degrees 
for every specific experimental condition during the tests in the reactor. 

Fig. 2 shows the effect of replacing CO2 with H2O (10–40 %) on the 
burnout degree of the six coal and biomass blends for the 21 % O2 tests. 
For clarity, the scale of the ordinate axis in the left and right plots of 

Fig. 2 is not the same. Notwithstanding the different extent of the 
burnout variation caused by the steam addition, the observed trends are 
very similar regardless of the type of biomass and its share in the blend. 
When CO2 is replaced with H2O, solid-to-gas conversion rises due to 
increased flame temperature and oxygen availability [47]. The former is 
because of the lower heat capacity of steam, and the latter is because the 
oxidant diffusivity in steam is higher (both in comparison to CO2). 

Nevertheless, the burnout increments caused by the steam are not 
proportional to its concentration, and an evident attenuation is observed 
when shifting from 25 % H2O to 40 % H2O. A similar behavior can be 

Table 4 
Mass flow rates during the combustion tests of the 50 % coal + 50 % biomass blends.  

Atmosphere (% vol.) Fuel flow rate (g/min) O2 flow rate (g/min) CO2 flow rate (g/min) H2O flow rate (g/min)  

C + P C + A C + V C + P C + A C + V C + P C + A C + V C + P C + A C + V 

21/79 O2/CO2 0.65 0.66 0.66 1.35 1.35 1.36 6.98 6.98 7.04 0 0 0 
21/69/10 O2/CO2H2O 0.65 0.66 0.66 1.35 1.35 1.36 6.10 6.10 6.15 0.36 0.36 0.36 
21/54/25 O2/CO2H2O 0.65 0.66 0.66 1.35 1.35 1.36 4.77 4.77 4.81 0.90 0.90 0.91 
21/39/40 O2/CO2/H2O 0.65 0.66 0.66 1.35 1.35 1.36 3.45 3.45 3.48 1.45 1.45 1.46 
35/65 O2/CO2 1.04 1.06 1.06 2.15 2.15 2.18 5.50 5.50 5.57 0 0 0 
35/55/10 O2/CO2/H2O 1.04 1.06 1.06 2.15 2.15 2.18 4.66 4.66 4.71 0.35 0.35 0.35 
35/40/25 O2/CO2/H2O 1.04 1.06 1.06 2.15 2.15 2.18 3.39 3.39 3.43 0.87 0.87 0.88 
35/25/40 O2/CO2/H2O 1.04 1.06 1.06 2.15 2.15 2.18 2.12 2.12 2.14 1.39 1.39 1.40  

Table 5 
Percentage deviations (%) between the averaged, actual fuel flow rates and the expected fuel flow rates.  

Atmosphere 
(% vol.) 

80C + 20P 80C + 20A 80C + 20V 50C + 50P 50C + 50A 50C + 50V 

21/79 O2/CO2  − 1.4  2.5  − 1.7  1.9  3.1  − 1.4 
21/69/10 O2/CO2H2O  1.9  − 1.9  − 1.8  1.8  − 1.9  1.1 
21/54/25 O2/CO2H2O  2.3  2.0  1.2  − 0.9  1.5  − 2.2 
21/39/40 O2/CO2/H2O  − 1.8  1.8  − 1.8  1.1  − 1.1  − 2.0  

35/65 O2/CO2  1.5  − 1.9  − 1.8  − 1.8  2.0  − 1.2 
35/55/10 O2/CO2/H2O  − 1.2  1.3  2.4  1.5  − 1.3  2.5 
35/40/25 O2/CO2/H2O  − 0.9  − 2.1  2.2  2.3  1.7  1.2 
35/25/40 O2/CO2/H2O  − 1.9  1.1  1.2  − 1.7  − 2.2  2.7  

Table 6 
Burnout degrees (%) under O2/CO2 atmospheres: effect of the biomass type and share in the blend.  

Atmosphere 
(% vol.) 

80C + 20P 80C + 20A 80C + 20V 50C + 50P 50C + 50A 50C + 50V 

21/79 O2/CO2  83.67  82.70  81.31  93.55  92.64  91.63 
35/65 O2/CO2  93.34  92.61  92.21  97.01  96.33  95.97  

Fig. 2. Burnout degrees for the 21 % O2 tests: effects of the biomass type and the CO2 replacement by H2O. Left plot: 80 % coal + 20 % biomass; right plot: 50 % coal 
+ 50 % biomass. 
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observed in Fig. 3, where the effect of replacing CO2 with H2O (10–40 
%) on the burnout degree is represented for the 35 % O2 cases. Indeed, a 
decrease in burnout is detected in Fig. 3 for the 40 % H2O cases 
compared to the 25 % H2O ones, regardless of the type and share of 
biomass in the blend. The 35/25 % O2/H2O atmosphere leads to the 
maximum burnout values along with the minimum differences whether 
agro-biomass is used instead of pine wood: 97.72 % vs 97.48 % when 
replacing 50 % of pine wood by the blend of vineyard + corn, 97.72 % vs 
97.34 % when replacing 50 % of pine wood by the raw vineyard 
pruning. 

Some published experiences [38,48] have reported a similar 
behavior to that shown in Fig. 3, finding a particular steam concentra
tion maximizing fuel conversion and minimizing emissions during the 
wet oxy-combustion of coal. In particular, char-specific surface areas can 
be affected when large steam concentrations are used in the atmosphere 
[49,50]. To confirm this influence, a collection of solid samples taken 
from the cyclone was selected to determine the BET-specific surface 

areas of the chars. The results obtained are shown in Table 7. The 
determination was done by means of N2 isothermal adsorption at 77 K, 
with previous degassing of the samples at 250 ◦C during 5 h. The specific 
surface areas were estimated, assuming that the fraction of ashes in the 
samples had negligible porosity. According to the values presented in 
Table 7, a significant decrease in the BET-specific surface areas is 
detected when replacing 40 % CO2 with H2O compared to the dry tests. 
The extent of the reduction is larger for the 35 % O2 cases since the CO2 
replacement ratio is higher than in the 21 % O2 tests (40 % out of 65 % vs 
40 % out of 79 %). This diminution of the reactive surface areas of the 
chars could affect the solid-to-gas conversion rates, explaining the trends 
observed in Figs. 2 and 3. Nevertheless, considering the dry atmospheres 
as the reference cases, adding 10–40 % H2O as CO2 replacement always 
increases the burnout degrees for the two O2 concentrations and the six 
coal + biomass blends. 

3.2. C-fuel conversion to CO 

It is worth also seeking the fraction of C-fuel that has been released to 
the gas phase but partially oxidized to CO and not completely to CO2. 
For this purpose, the mean values and standard deviations of the C-fuel 
to CO conversion degrees are represented in Figs. 4 and 5 for all the 
experimental conditions. Fig. 4 shows the results obtained for the three 
80 % coal + 20 % biomass blends, whereas Fig. 5 shows the results for 
the three 50 % coal + 50 % biomass blends. The conversion degrees can 
be calculated from the closure of the carbon mass balance, provided that 
inlet mass flow rates of fuel and gases are known, as well as the fuel 
ultimate analysis and the CO and CO2 concentrations in flue gases 

Fig. 3. Burnout degrees for the 35 % O2 tests: effects of the biomass type and the CO2 replacement by H2O. Left plot: 80 % coal + 20 % biomass; right plot: 50 % coal 
+ 50 % biomass. 

Table 7 
BET specific surface areas (m2/g): effect of CO2 replacement by H2O.  

Atmosphere 
(% vol.) 

50C + 50P 50C + 50A 50C + 50V 

21/79 O2/CO2  234.9  216.7  227.9 
21/39/40 O2/CO2/H2O  202.6  182.9  191.1  

35/65 O2/CO2  221.2  204.8  217.9 
35/25/40 O2/CO2/H2O  170.0  155.6  160.3  

Fig. 4. C-fuel to CO conversions for the 80 % coal + 20 % biomass blends: effects of the biomass type and the CO2 replacement by H2O.  

L.I. Díez et al.                                                                                                                                                                                                                                   



Fuel 365 (2024) 131265

7

leaving the reactor. 
According to the results shown in Figs. 4 and 5, the less influential 

factor in the C-fuel to CO conversion degrees is the type of biomass used 
in the blend. For every specific O2/H2O atmosphere and biomass share 
ratio, the differences between the three types of biomass are very nar
row. The maximum CO levels are linked to the use of pine wood, which 
was also the biomass showing the largest burnout rates in the previous 
section. However, the agro-biomasses offer very similar C-fuel to CO 
values. When the biomass share in the blend is raised from 20 % to 50 %, 
the CO levels are always higher: increments in the range 0.26–1.09 
percentage points in the case of the pine wood, 0.29–1.13 percentage 
points in the case of the vineyard + corn blend, and 0.30–1.15 per
centage points in the case of the raw vineyard pruning. These numbers 
have to be again related to the burnout ratios presented in section 3.1: 
the larger the coal share replaced with biomass, the higher the solid-to- 
gas conversions obtained. This eventually means a higher CO release 
from the heterogeneous C-char oxidation, which is not totally oxidized 
to CO2 along the reactor height. 

The effect of O2 enrichment in the atmospheres from 21 % to 35 % 
can be clearly seen in Figs. 4 and 5, with a significant reduction of the CO 
levels for all the blends. For the 35 % O2 atmospheres, C-fuel to CO 
conversions are always below 0.27 % when co-firing 20 % biomass and 
below 0.73 % when co-firing 50 % biomass. The larger O2 availability 
promotes CO oxidation to CO2, thus reducing the CO detected in the flue 
gases at the reactor exit in comparison to the 21 % O2 atmospheres. 
Burnout and C-fuel to CO conversion degrees are not only influenced by 
the O2 concentration, but also by the oxygen excess and the oxygen 
staging, as shown by Riaza et al. [47] and Escudero et al. [51] for pul
verized fuel conditions, and by Lupiáñez et al. [52] and Sher at al. [53] 
for fluidized bed conditions. 

The effect of CO2 replacement by H2O on the C-fuel to CO conversion 
degree can also be seen in Figs. 4 and 5. For the 21 % O2 cases, the 
addition of 10 % H2O diminishes the CO levels to a larger extent for the 
blends with 20 % biomass. This CO reduction is related to the higher O2 
diffusivity in H2O. Nevertheless, the trend is reversed when adding 
larger amounts of steam, resulting in a significant CO increase for the 40 
% H2O tests compared to the dry ones: around 2 times for the 20 % 

biomass blends and 1.25 times for the 50 % biomass blends. The steam 
induces more intense char gasification, and larger CO rates are released 
in the particle proximity; for the largest H2O concentrations, some of 
that additional formed CO cannot be oxidized before the quenching at 
the reactor outlet. The same effect caused by the steam is observed for 
the 35 % O2 cases in Figs. 4 and 5. However, the extent of the C-fuel to 
CO variations is much more limited since gasification is attenuated for 
high O2 concentrations [49]. In these cases, the CO levels for the 0 % and 
40 % H2O contents are of comparable value. 

3.3. N-fuel conversion to NO 

NOx formation from solid fuel oxy-combustion is primarily due to the 
oxidation of the nitrogen bound in the fuel, either homogeneously in the 
gas-phase (N-volatiles released) or heterogeneously in the solid N-char. 
This is the so-called NOx-fuel mechanism, mainly controlled by the O2 
concentration in the oxidizing atmosphere, with NO being the majority 
compound formed [54]. According to the fuel analysis shown in Table 1, 
an increase in NOx formation should be expected when the agro- 
biomasses are fired instead of the wood pine, whose nitrogen content 
is significantly lower. Table 8 shows the mean values and standard de
viations of the N-fuel conversion to NO for the six blends of coal +
biomass and the two dry atmospheres. These conversion degrees can be 
calculated from the available NO concentration in the flue gases at the 
reactor exit. For the sake of clarity, the information about the nitrogen 
content and the volatiles-to-char ratios for the six blends are also 
included in Table 8 (that can be calculated from the information pre
viously shown in Table 1). 

The effect of enriching the O2 concentration from 21 % to 35 % can 
be well seen in the results of Table 8: for every specific biomass type and 
share in the blend, there is an increase of the NO formed. The N-fuel to 
NO conversion values for the 35 % O2 cases range 1.1–1.2 times the 
values obtained for the 21 % O2 tests. This influence can be different 
under fluidized bed oxy-combustion, since the temperature levels are 
significantly lower than the existing under pulverized fuel combustion. 
Sher et al. [55] tested two non-woody fuels (miscanthus and straw 
pellets) and one woody fuel (domestic wood pellet) in a 20 kWth 

Fig. 5. C-fuel to CO conversions for the 50 % coal + 50 % biomass blends: effects of the biomass type and the CO2 replacement by H2O.  

Table 8 
N-fuel to NO conversion (%) under O2/CO2 atmospheres: effects of the biomass type and share in the blend.   

80C + 20P 80C + 20A 80C + 20V 50C + 50P 50C + 50A 50C + 50V 

Atmosphere (% vol.)  
21/79 O2/CO2 11.94 ± 0.24 14.07 ± 0.17 16.40 ± 0.19 10.19 ± 0.11 12.51 ± 0.10 14.62 ± 0.12 
35/65 O2/CO2 14.19 ± 0.19 16.11 ± 0.16 18.05 ± 0.21 12.37 ± 0.14 14.66 ± 0.11 16.50 ± 0.14  

Nitrogen content in the blend (% wt., dry basis) 1.87 1.98 2.01 1.20 1.48 1.57 
Volatiles-to-char ratio in the blend (% wt.) 1.27 0.91 0.76 2.62 1.73 1.36  
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bubbling fluidized bed combustor, under air and oxy-fuel combustion 
conditions. NOx emissions were found to decrease when switching from 
25 % to 30 % O2, mainly due to the rise of the bed temperature and the 
consequent enhancement of the N-volatiles release in the dense zone; 
the formed NO was partially depleted later in the freeboard. The tem
peratures in the freeboard depended on the biomass type, being a 
dominant variable affecting both the CO and the NO emissions. The 
results can be however different in circulating fluidized beds. Kosowska 
et al. [56] tested three kinds of biomass (agro, woody and energy crop) 
in a lab-scale oxy-fired CFB reactor. Maximum NO formation was 
detected for 40 % O2 atmospheres, explained by the intensified oxida
tion of both the N-volatiles and the N-char along the riser. 

The effect of the nitrogen content in the blends is also perceptible in 
the results shown in Table 8: the replacement of the same fraction (20 % 
or 50 %) of pine wood by the agro-biomasses increases the N-fuel to NO 
conversion degrees, for every specific O2 concentration. Nevertheless, 
the increments observed when co-firing the raw vineyard pruning 
(ranging from 3.86 to 4.46 percentage points) are significantly higher 
than the obtained when co-firing the vineyard + corn blend (1.92–2.32 
percentage points) even though its nitrogen content is not proportion
ally so high. This behavior can be related to the different volatiles-to- 
char ratios of the selected agro-biomasses. The NO formed by the fast 
oxidation of the N-volatiles (HCN, NH3) can be partially depleted by 
interactions with other volatile species, mainly light hydrocarbons [44]. 
This reduction mechanism barely involves the NO formed from the 
direct oxidation of the N-char since this heterogeneous reaction is 
slower. Then, the release is more evenly distributed along the reactor 
height. Finally, as for the effect of increasing the biomass share in the 
blend, not-so-meaningful insights can be obtained from Table 8. A 
decrease in N-fuel to NO conversion is detected. However, the com
parison is not straightforward since the burnout degrees are appreciably 
different when using 20 % or 50 % of the biomass in the blend. 

The replacement of CO2 by H2O in the atmosphere also affects the N- 
fuel to NO conversion degrees due to their different thermo-physical 
properties and the steam’s active role in some NO depletion mecha
nisms. On the one hand, the flame temperature and O2 diffusivity are 
higher when H2O replaces CO2, which would enhance the NO formation. 
On the other hand, H2O is known to promote or participate in several 
reactions competing with HCN and NH3 oxidation to form NO. The main 
set of reactions is presented in Table 9, summarized as follows: 1) HCN 
depletion in the gas phase, competing with HCN oxidation and reducing 
NO with NH3, (R.1), (R.2) and (R.3); 2) HCN depletion in the gas-phase 
by [OH] and [H] radicals from the steam, competing with HCN oxida
tion, (R.4) and (R.5); 3) NO depletion in the gas-phase by CO, due to the 
more intense char gasification caused by the steam, (R.6); 4) NO het
erogeneous depletion with carbon-free sites in the solid surface, also 
promoted by the enhanced char gasification, (R.7). 

The mean values of the N-fuel to NO conversions are depicted in 
Fig. 6 for the six blends and the two O2 concentrations when replacing 
CO2 with H2O in the range 10–40 %. For the three 80 % coal + 20 % 
biomass blends, the addition of 10 % H2O diminishes the NO formation 

to a similar extent for the two O2 concentrations and slightly higher for 
the two agro-biomasses: relative reductions of 8.5–9.4 % when using 
pine wood, 9.6–10.7 % for the corn + vineyard blend, 11–12.2 % for the 
raw vineyard pruning. A larger addition of steam, from 10 % to 25 %, 
further reduces the N-fuel conversion to NO, but to a more limited extent 
and not proportional to the steam concentration. Finally, when using 40 
% H2O as CO2 replacement, the trend is reversed, pointing to the 
occurrence of a steam concentration minimizing the N-fuel to NO con
version degree. This is consistent with previous experiences [17,38] 
claiming a fuel-NOx intensification for large steam concentrations with 
some dependence on the fuel rank. Indeed, the reducing effect of the 
H2O in Fig. 6 is more limited when co-firing 50 % coal + 50 % biomass, 
resulting in smoother variations as the volatile-to-char ratio in the blend 
is increased. 

To clearly see the comparison between the dry and wet atmospheres, 
Fig. 7 represents the accumulative percentage reduction of N-fuel con
version to NO caused by steam, using the dry atmosphere as the refer
ence value. Several outcomes can be obtained from the results in Fig. 7: 
1) the addition of 10–40 % H2O as CO2 replacement always reduces NO 
formation in comparison to the dry atmospheres for the cases tested; 2) 
the larger the volatiles-to-char ratio in the blend, the lower the NO 
reducing effect caused by the steam in comparison to the dry atmo
spheres; 3) minimum NO formation is always detected for the 25 % H2O 
concentration, but seeming that this value would tend to be lowered as 
the volatiles-to-char ratio would increase (for the 50 % coal + 50 % pine 
wood blend, the differences between the 10 % and 25 % H2O cases are 
the lowest ones). These results confirm that, beyond a particular H2O 
concentration, the effects of the NO-reducing mechanisms in which 
steam is involved are partially compensated by the enhancement of N- 
fuel oxidation. 

4. Conclusions 

The oxy-combustion of blends of coal and two types of agro-waste 
biomass has been experimentally characterized and compared to 
typical pine wood under a combination of dry and wet conditions. The 
experiments were conducted in an entrained flow reactor, keeping the 
same initial temperature, oxygen excess, and mean residence time for all 
the tests. Both the fuel sizes and the operating conditions suitably 
resemble the actual performance that would be occurring in a larger- 
scale facility. Two biomass shares, 20 % and 50 % on a mass basis, 
have been selected. The six coal + biomass blends have been fired for a 
combination of atmospheres, encompassing two O2 concentrations (21 
%, 35 %) and four H2O concentrations (0 %, 10 %, 25 %, 40 %), aiming 
at providing novel results towards the concept of oxy-steam combustion. 

The focus has been put on the combustion characteristics that would 
be more challenging concerning the use of agro-waste biomasses, i.e., 
fuel conversion efficiency and NO formation. As for the burnout degree, 
outstanding performance of the two agro-waste biomasses has been 
obtained for the 35 % O2 cases: up to 97.48 % for 50 % coal + 50 % 
vineyard and corn, and 97.34 % for 50 % coal + 50 % raw vineyard 
pruning, with minimum differences of 0.24 and 0.38 percentage points 
below the obtained with 50 % coal + 50 % pine wood. Another of the 
new findings of the work is the steam concentration that maximizes the 
burnout degree. In most of the cases, 25 % H2O atmospheres have 
resulted in higher solid-to-gas conversions than the observed for 40 % 
H2O. This result is related to the reduction of the char-specific surface 
areas, which partially offsets the effect caused by H2O as for the rise of 
the flame temperature and the O2 diffusivity. 

No significant influences of the type of biomass have been detected 
on the incomplete C-char combustion, i.e. the fraction of CO produced 
instead of CO2. For the 21 % O2 cases, the rise of the biomass shares from 
20 % to 50 % in the blend increases C-fuel to CO conversion in the range 
of around 0.3–1.2 percentage points, while the addition of 40 % H2O 
largely intensifies char gasification, doubling the CO levels in compar
ison to the dry cases. This effect is very much attenuated for the 35 % O2 

Table 9 
Chemical reactions contributing to NO depletion for wet oxy-combustion of 
solid fuels.  

Reaction Reference 

(R.1) HCN + H2O → NH3 + CO [57] 

(R.2) NH3 + NO +
1
4 

O2 → N2 +
3
2 

H2O [58,59] 

(R.3) NH3 +
3
2 

NO → 
5
4
N2 +

3
2 

H2O [58,59] 
(R.4) HCN + H ↔ H2 + CN [44] 
(R.5) HCN + OH ↔ H2O + CN [44] 

(R.6) CO + NO → 
1
2 

N2 + CO2 [60] 

(R.7) Cchar + NO → 
1
2 

N2 + CO [61]  
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cases when the C-fuel to CO conversions are always below 0.27 % and 
0.73 % for the 20 % and 50 % biomass shares, respectively. 

Concerning the NO formation, it is concluded that the larger the 
agro-waste biomass in the share, the higher the N-fuel to NO conversion. 
This is consistent with the fuel-NOx mechanism, depending on the ni
trogen content in the solid fuel. Compared to the use of pine wood, N- 
fuel to NO conversion degree significantly increases, up to 22.7 % when 
using corn + vineyard and up to 43.4 % when using the raw vineyard 
pruning for the dry atmospheres. CO2 replacement by H2O is detected to 
reduce the N-fuel to NO conversion, with the most significant 

decrements for the 25 % H2O cases: − 17.6 % for the blends with pine 
wood, − 16 % for the blends with corn + vineyard, and − 13.8 % for the 
blends with raw vineyard pruning. The extent of these reductions is 
lower for the blends with higher volatile contents, which is also a 
remarkable insight. The N-volatile oxidation is enhanced for the largest 
steam concentrations, counterbalancing the steam-induced NO 
depletion. 

Concluding, the experimental research has led to a new, compre
hensive characterization of the dry and wet oxy-combustion perfor
mance of blends with non-conventional biomasses. The effects of the 

Fig. 6. N-fuel to NO conversions under O2/CO2 and O2/CO2/H2O atmospheres: effects of the biomass type and the CO2 replacement by H2O. Left plot: 21 % O2; right 
plot: 35 % O2. 

Fig. 7. Accumulative variations (%) in fuel-N to NO conversion rates for different H2O concentrations. Top plot: blends of 80 % coal + 20 % biomass; bottom plot: 
blends of 50 % coal + 50 % biomass. 
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biomass types and shares have been assessed, as well as the atmospheres 
maximizing fuel conversions and minimizing NO formation. In partic
ular, wet oxy-combustion should be preferable due to the increase in 
combustion efficiency and the reduction of NO compared to dry oxy- 
combustion. The findings presented in this work highlight the poten
tial applicability of the selected agro-waste biomasses. However, addi
tional research would still be needed to address other issues, mainly 
related to slagging/fouling phenomena. 
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