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Biomass energy has drawn increased attention owing to its zero carbon emissions and large reserves. Pyrolysis
instead of direct combustion is an efficient and clean way for biomass energy conversion. As a strong radiative
species, HyO greatly affects the combustion processes. Despite the large concentration and fluctuation of HoO
content in biomass pyrolysis gases (py-gas), radiation reabsorption effect has not been systematically investi-
gated for py-gas combustion. In this study, one-dimensional simulations of premixed py-gas/air flames were
conducted, using PREMIX code with both adiabatic and radiative models. The effects of HyO content and ra-
diation reabsorption were examined. As HyO content in the py-gas mixture increased from 40% to 50%, the flame
speeds decreased from 42.86 to 28.08 cm/s, while the relative differences caused by radiation reabsorption
increased from 9.92% to 17.42%. Radiation reabsorption affected laminar flame speed primarily through the
preheat-induced chemical effect, which was mainly controlled by HCO radical. The outlet mole fraction of NO
was reduced by up to 13.56% when radiation reabsorption was considered. Reaction pathway analyses revealed
that the NO emission was closely related to the outlet temperature and the peak NCO concentration, which were

the limiting factors for the thermal-NO route and the fuel-NO route, respectively.

1. Introduction

With the deterioration of environment and shortage of energy, it is
necessary to reduce the consumption of fossil fuels and use renewable
energy more efficiently. Biomass is a promising renewable energy
resource with zero carbon emissions, large reserves and wide avail-
ability [1]. Direct combustion is the most common method for biomass
utilization, which easily converts biochemical energy into thermal en-
ergy and power with a low cost [2]. However, because of the low heating
values, large non-combustible impurities and high moisture content of
biomass raw materials, there are many issues with the direct biomass
combustion, such as incomplete burning that leads to a large amount of
slag. The past studies by Morris et al. [3] and Cruz et al. [4] manifested
that biomass requires substantial preprocessing before its direct com-
bustion. Among the preprocessing methods, pyrolysis is recognized as an
excellent choice for efficient and clean energy conversion. The com-
bustion of biomass pyrolysis gas (py-gas), namely the
pyrolysis-generated volatiles composed of non-condensable gases and
condensable bio-oils [5], not only reduces NO emission effectively [6]
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but also provides more efficient energy conversion for renewable energy
utilization.

The compositions of py-gases are rather complex [7], especially the
condensable bio-oils, which consist of water and more than 300 highly
oxygenated compounds [8]. Of special importance is the varying water
content, which is the most abundant component of bio-oils (typically
15-35 wt%) and has a significant effect on the combustion stability and
pollutant emissions [9]. Hence, the water contents adopted in previous
studies were also quite different: The initial water content in spruce
wood chips used by Burhenne et al. [10] varied from 2.4% to 55.4% by
weight, while the pine wood used as feedstock by Westerhof et al. [11]
had moisture contents between 0 and 20 wt%. The study of classification
and composition of biomass conducted by Tumuluru et al. [12] indi-
cated that fresh wood typically contained more than 50% water, and the
high water content reduced the flame temperature and increased the
necessary residence time, consequently resulting in incomplete com-
bustion and increased pollutant emission. To further investigate the
effect of water content in non-condensable pyrolysis gas, Meng et al.
[13] studied the laminar flame speeds of CO/Hy/02/H20 mixtures with
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0-60% water content, demonstrating that the water content affected
laminar flame speed through both thermal properties and chemical ki-
netics, which thus had a significant impact on combustion. Anufriev
[14] examined the chemical and physical reduction effects of water/-
steam on NOx, with the former primarily related to the OH concentra-
tion and the latter mainly reduced thermal NOx by affecting the flame
temperature. Munajat et al. [15] studied the influence of water vapor on
the laminar flame speed of gasified biogases (components including CO,
CO5, CH4, Hy0 and Cg¢Hg, etc.), and the results indicated that decrease of
flame speed occurred with water addition. However, this study did not
take into account the chemical and radiation effects of H,O addition on
the combustion process, nor did they pay attention to the impact on
pollutant emission. In summary, although the important role of water
content has been shown by the above studies, systematic studies on the
effects of water content during py-gas combustion have not been
conducted.

Furthermore, several previous studies have highlighted the radiation
effect of the strong radiative species such as H;O, CO2 and CO on flame
parameters. Sohn et al. [16] investigated the laminar flame speeds of
CHy/air and Hy/air flames with CO5/H20/CO dilutions. Results showed
that radiation could cause a large uncertainty in the determination of
flame speed. Yoshinaga et al. [17] emphasized the radiative effect of
H,0 in polypropylene combustion. They observed the chemical and
radiative effects in the temperature profiles, and suggested that the
radiative effect of HoO greatly enhanced the regression rate. Wang et al.
[18] investigated the radiation reabsorption effects on NOx formation in
CH4 flames, and found that the impact of radiation reabsorption on NO
formation was significantly strengthened with addition of the strong
absorber CO,. Despite the above literature studies on fundamental fuels,
such investigations have not been conducted for biomass related com-
bustion. Because of the high contents of CO, CO5 and Hy0 in biomass
py-gas, their radiation reabsorption effect is expected to have a strong
impact on the combustion characteristics and hence should be taken into
consideration when simulating py-gas combustion.

In view of energy conversion efficiency and pollutant emission dur-
ing biomass py-gas combustion, the laminar flame speed and NO emis-
sion were numerically calculated with the consideration of radiation
reabsorption in this study. Subsequently, the dependence of flame speed
and NO emission on HyO content was discussed and explained. Finally,
the detailed mechanism of radiation reabsorption effects with various
H>0 contents on py-gas combustion was elaborated via ROP (rate of
production) and sensitivity analyses.

2. Computational details
2.1. Surrogate model of biomass pyrolysis gas

As mentioned above, considering the complex and varying compo-
sitions, it is difficult to take all the components of actual py-gas into
account during numerical simulations. Thus, as listed in Table 1,
representative components were adopted in the surrogate model based
on the following considerations: The yield ratio of non-condensable gas
and condensable bio-oil was set as 2:5 based on previous study [19]. The

Table 1
Model component composition in biomass py-gas.

Component mass fraction (%) mole fraction (%)
non-condensable gas CO, 17.14 13.80

co 8.57 10.84

CHy4 2.86 6.33
condensable bio-oil H,0 21.43 42.17

CH3;COOH 17.86 10.54

CH3CH,;0OH 10.71 8.25

C4H30CHO 14.29 5.27

CeHsOH 5.71 2.15

CsHsN 1.43 0.64
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non-condensable gas is consisted of CO5, CO and CHy4, which accounted
for the majority of typical pyrolysis gases, and their proportions were set
as 6:3:1 based on the product distribution from pyrolysis of wood [19].
In terms of the condensable bio-oil, H,O is the most abundant compo-
nent, processing a high content of 30 wt% [20]. The other complex
compounds in bio-oils were simplified according to the isomerism re-
lationships. Acetic acid (CH3COOH) was selected as the representative
of acids and esters, ethanol (CH3CH,OH) for alcohols and ethers, and
aldehydes and ketones were substituted by furfural (C4H3OCHO). The
content of phenols (and other aromatic compounds) was considered by
including phenol (C¢HsOH). Finally, as the predominant
nitrogen-containing species in biomass pyrolysis products [21], pyridine
was included in the simulations to investigate the formation of fuel-NOx.
The contents of the compounds mentioned above were determined
based on the references [22-25].

2.2. Settings of numerical simulation

To investigate the impact of HyO content on the combustion per-
formance, mole fraction of HoO was altered in the range of 40-50%, and
all the other components in the py-gas were scaled accordingly. The py-
gas was subsequently premixed with air and the air-fuel ratio was set as
6:1 by volume (the corresponding equivalence ratio ¢ ranged from 0.89
to 0.74 as HyO content altering from 40% to 50%), with the inlet tem-
perature Ty, = 400 K at atmospheric pressure, according to actual in-
dustrial applications. To take radiation reabsorption effects into
consideration, two computational models were used in the numerical
simulations: the adiabatic model (ADI) and the statistical narrow-band
model (SNB). The ADI model is an adiabatic model without radiation,
while the SNB model can comprehensively calculate the radiative heat
loss outside the flame and the heat transfer in the flame with good ac-
curacy and efficiency [26,27]. Comparisons between the two compu-
tational models thus reflected the effect of radiation reabsorption. In the
SNB model, the radiative parameters of H,O, CO5 and CO were calcu-
lated based on the HITRAN 2016 database [28]. Narrow band average
spectral line strength k,, narrow band average spectral line half
band-width 7, and the narrow band average spectral line interval 5y
were used to obtain the narrow band averaged transmissivity 7, (L) [29].
Subsequently, the radiative transfer equation (RTE) was solved by the
discrete ordinate method (DOM) and the net radiative flux was obtained.

One-dimensional simulations of steady laminar py-gas/air flames
were conducted using the PREMIX package of CHEMKIN [30], with a
computational domain ranging from x = —10 cm at the upstream to x =
20 cm at the downstream. A detailed chemical kinetic mechanism of 145
species and 1301 reactions was combined from several literatures to
cover all the simulated biomass py-gas species. Considering the highest
concentration of CH3COOH among the bio-oil fuel species, the Chris-
tensen model [31] developed for CH3COOH combustion was selected as
the base mechanism, which included detailed oxidation mechanism of
Co—Cgs species [32]. Reactions of furfural and phenol that depicted their
decomposition processes to C3 species derived from Jin’s [33] and
Pelucchi’s models [34], respectively, were incorporated into the present
model. The detailed mechanism NOMecha 2.0 [35] and Wu’s pyridine
mechanism [36] were also added to account for the NO emission, which
were both validated by high temperature experiments under fuel-lean
conditions. The detailed mechanism is attached in the supplementary
material.

To verify the accuracy of the mechanism adopted in this work,
laminar flame speeds of the main components in the biomass py-gas
model as well as NO formation were compared against experimental
results in the literature. As shown in Fig. 1(a), the predictions were in
good agreement with the measurements of CH4 [37], CsHg [38] (an
important intermediate during the oxidation of phenol), CH3CH,OH
[39] and CH3COOH [40], with the initial temperature ranging from 300
K to 423 K. As for minor species such as NO, HCN and N»O, the adopted
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Fig. 1. Comparison of experimental data (samples) and predictions (lines) for
(a) laminar flame speeds of main fuel components in the biomass py-gas as a
fucntion of equivalence ratio and (b) outlet mole fractions of NO and HCN as a
fucntion of temperature.

mechanism also well reproduced their measurements from pyrrole (111
ppm) oxidation [41] as a function of temperature in Fig. 1(b).

3. Results and discussion
3.1. Effects on flame speeds

Fig. 2 shows the laminar flame speeds of py-gas/air flames calculated
using ADI and SNB models with various H2O contents and a fixed inlet
temperature Tj, = 400 K at atmospheric pressure. On the one hand, the
laminar flame speeds calculated with ADI and SNB both decreased with
rising HyO content, indicating that the increased H,O fraction inhibited
the combustion of py-gas. On the other hand, the flame speeds calcu-
lated by SNB were consistently higher than those by ADI, originating
from the radiation reabsorption effect that preheated the cold unburned
upstream mixture and thereby facilitated the reactions. The relative
differences of laminar flame speeds Rs, quantified as (St sng-St,apD)/SL,
ADI, between the two models increased from 9.92% to 17.42% when the
H20 content in the py-gas was increased from 40% to 50%, reflecting the
radiation reabsorption effect was accentuated by the increased HyO
content.
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Fig. 2. Laminar flame speeds calculated by ADI and SNB models and the effect
of radiation reabsorption on laminar flame speed for py-gas/air mixtures with
various H,O contents (P = 1 atm and T;, = 400 K).

To explore how H,0 content affected the flame structures of py-gas/
air flames, 1D distributions of temperature, major species (H20, CO and
CH3COOH) and important radicals (H, OH, O and HCO) around the
flame surface are shown in Fig. 3, calculated by ADI with two H2O
contents (40% and 50% vol. in the py-gas). Obviously, the flame tem-
perature was reduced when more HoO was added due to its role as a
diluter and heat adsorber. As a result, the depletion of fuels (CH3COOH
and CO) and the generation of H,O slowed down (see the less steep
dashed lines for CH3COOH, H30 and the delayed peak value for CO).
Besides dilutive and thermal effects, increased HoO content also affected
the combustion process through radical concentrations [13], i.e.,
chemical effect. As shown in Fig. 3 of the mole fractions of important
radicals, OH, the primary radical generated through the decomposition
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of CH3COOH, had higher mole fraction than H and O. The peak mole
fractions of H, OH, O and HCO radicals all dropped and were postponed
when H,0 content was higher in the inlet, a behavior similar to the
dependence of flame speed on H3O.

To gain a better understanding on how the chemical effect of varying
H20 content influenced the combustion characteristics of py-gas/air
mixtures, sensitivity analysis of flame speed was conducted for three
H»0 contents (40%, 44% and 50% vol. in the py-gas). The most sensitive
reactions affecting flame speed are shown in Fig. 4. It is noted that the
positively sensitive reactions with maximum sensitivity coefficients, CO
+ OH = CO, + H and H + Oy = OH + O, were both concerned with H
and OH radicals, which are more active and abundant than other radi-
cals. Plenty of investigations on burning velocity of hydrocarbon or
hydrogen-containing fuels [42,43] also concluded that the laminar
flame speed was closely relevant to the maximum mole fractions of H
and OH radicals. Besides, HCO radical, which was the main radical
decomposed from the larger molecules in bio-oil, also played an
important role as it was concerned with nearly half of the top sensitive
reactions, including the most negatively sensitive reaction HCO + Oz =
CO + HO». HCO was mainly derived from furfural20OH3J and CH20. The
former originated from the decomposition of furfural, while the pre-
cursor of the latter, CHoOH, was closely associated with CH3CHOH (via
the reaction CoHsOH = CH,OH + CHj3) and CH3COOH (via the inter-
mediate CH,CO).

Furthermore, ROP analyses were conducted for HyO to clarify its
impact on H/OH radicals, whose peak concentrations were strongly
correlated with the flame speed. As shown in Fig. 5(a), the ROP results
for the (reverse) reaction 20H = H20 + O, i.e., the main pathway that
consumed H50, increased with the enhancing H,O content, indicating
that it consumed more O radical as the H,O content increased. Addi-
tionally, the ROP results for the important chain termination reaction
HO3 + OH = Hy0 + O increased significantly with the rising HoO
content despite HoO was a product of this reaction, and consumed the
OH radical. Moreover, the ROPs of this reaction increased much more
drastically than those of reversed 20H = H0 + O when more H0 was
added in the fuel, and this explains why OH was significantly reduced
(as shown in Fig. 3) when more HyO was added in the py-gas.

The ROP results for O radical in Fig. 5(b) further manifested that
more O radical were consumed through reversed 20H = H,0 + O when
H50 content was increased. The ROP results for other reactions that
consumed O (which generated H and OH) were suppressed, such as the
chain branching reaction O + Hy = OH + H. Therefore, the increase of
H30 content consumed more O radical and led to the decrease of H and
OH in the radical pool.

Next, to explore the role of radiation reabsorption on flame speed,
the direct radiative effect, which was determined by optical thickness
and absorption coefficient, is discussed. The principle of the calculation
formula of optical thickness was detailed in Ref. [44] and the absorption
coefficient was represented by the mole fractions of the strongly radi-
ating species (i.e., the total mole fraction of CO3, H,O and CO) in the
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Normalized sensitivity coefficients of flame speed

Fig. 4. Normalized sensitivity coefficients of laminar flame speed for py-gas/air
mixtures with various H,O contents (P = 1 atm and T;, = 400 K).
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upstream unburned region. As shown in Fig. 6, the optical thickness that
blocked radiative heat transfer within the flame increased with the ris-
ing HyO content. Meanwhile, the absorption coefficient, which accounts
for the mixture’s ability to absorb radiative energy, was also amplified
with increasing HoO content —a trend very similar to that of optical
thickness. Thus, these two factors should counter-balance each other
and the direct radiative effect could not adequately explain the incre-
ment of radiation reabsorption effects with increasing HyO content.
Moreover, the flame structures (of a fixed H,O mole fraction in the
inlet py-gas, 44%) calculated by ADI and SNB are presented in Fig. 7 to
illustrate the preheat-induced chemical effect during radiation
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Fig. 6. The optical thickness and summed mole fraction of HO, CO5 and CO in
the upstream unburned region of py-gas/air mixtures with various H,O con-
tents (P = 1 atm and T;, = 400 K).



S. Zheng et al.

2000

1600 f

1200 f

800 F

Temperature (K)

400 == :
.15}

0.10F

“

0.05F

Mole fractions (-)

=
0.00 }
0.008 |

0.006 |

I
1
1
1
1
1
1
1
1
1
1
1
]
1
1
|
1
1
1
1
1
1
1
1
1
1
|
i
1
1
1
1
1
1
1
1
1

HCO(x100) |

3
L
4
i
]
]
I
]
]
]
I
]
I
i
]
]
I
i
I

Mole fractions (-)
(=]
(=3
2

0.000 i E i /,/(7

0.85 0.87 0.89 091 093 095 097 0.99 1.01 1.03 1.05
X (cm)

Fig. 7. Distributions of temperature, major species and radicals for a py-gas/air
mixtures (44% vol. HO in the py-gas) calculated by ADI (solid lines) and SNB
(dashed lines).

reabsorption. In comparison to mole fractions of major species, the mole
fractions of radicals were more significantly affected by the radiation
reabsorption effect (the peak concentrations of radicals differed by up to
11.81%). It could also be seen that, with the SNB model, temperature in
the upstream unburned region that absorbed radiative energy from the
downstream high-temperature region [45], was higher than that ob-
tained with the ADI, and the concentrations of radicals were conse-
quently elevated due to this preheat-induced chemical effect.

As the rate of production (ROP) results for H,O shown in Fig. 8, with
the two inlet temperatures (Tj, = 400 K and 450 K) and 44% vol. HyO in
the py-gas, the preheat effect induced by radiation reabsorption in the
SNB model affected the production and consumption pathway of H5O,
thereby affecting H, O and OH radicals [46]. On the one hand, the main
consumption pathway of H,0, reversed reaction 20H = HyO + O, was
inhibited by the elevated inlet temperature (the relative difference for
ROP between two inlet temperatures was 4.01%, calculated via
(ROP4s50K - ROP4o0x)/ROP4gok), which reduced the consumption of O
and increased the production of OH. Meanwhile, most of the reaction
pathways for the conversion of OH to HyO were reduced by the elevated
inlet temperature (the relative decrease of ROP was 6.09% for HO5 + OH

20H=H,0+0
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Fig. 8. Rates of production of H,O for a py-gas/air mixtures (44% vol. H,O in
the py-gas) with two inlet temperatures (Ti, = 400 K and 450 K, P = 1 atm).
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=H50 + 05, 2.48% for CH20 + OH = HCO + H>0, 2.34% for CH4 + OH
= CH3 + H30, 2.39% for CoH4 + OH = CoHg + H50 and 1.64% for CHs
-+ OH = CH; + H30, respectively), indicating the consumption of OH
was reduced in SNB. As for the H radical, at the same time when H
generated more HyO via H + OH + M = H + OH + M, the step H, + OH
= Hy0 + H was promoted to produce more H due to the enhanced mole
fraction of OH.

Fig. 9 shows the peak concentrations of the important radicals
calculated by the two models with various H2O contents and their
relative differences caused by radiation reabsorption. As HO content
increased, the relative differences of H, O, OH and HCO radicals all
increased, with the maximum relative differences 18.02%, 15.52%,
11.48% and 18.11%, respectively. This indicated HCO radical was the
most affected radical due to radiation reabsorption, although its con-
centration was much lower than H, OH and O. Meanwhile, as shown in
Fig. 7, the peak location of HCO radical was more upstream than those of
H, OH and O, suggesting these radicals could be affected by the change
of HCO. Therefore, the role of HCO in the radiation reabsorption effect is
further discussed next.

Since HCO was the most sensitive radical to radiation reabsorption
effect, its sensitivity and ROP analyses were subsequently performed for
mixtures with various HyO contents. As shown in Fig. 10, HCO + M = H
+ CO + M had the highest sensitivities and ROP results to HCO, among
all the HCO-related reactions. However, its response to the change of
H50 content was much milder (and nearly neutral for the flame speed in
Fig. 4) than the second sensitive HCO-consuming reaction HCO + Oy =
CO + HO,, which was the most negative sensitive reaction of flame
speed under high-water-content condition.

Furthermore, to examine the preheat effect induced by radiation
reabsorption, the ROPs for the reactions HCO + Oy = CO + HO3 and
HCO + M = H + CO + M were calculated for two inlet temperatures (at
Tin, = 400 K and 450 K, respectively, see Fig. 11). It indicated that the
elevated inlet temperature reduced the ROPs of these key reactions and
hence inhibited the consumption of HCO radical. Characteristically, the
relative differences of ROP for HCO + Oy = CO + HO; with 40% and
50% H0 content in the py-gas were 3.83% and 7.13%, respectively;
such differences were consistently around 1.75% for HCO + M = H +
CO + M. Hence, this preheat-induced inhibition effect (due to radiation
reabsorption that heated the upstream) primarily acted on HCO + Oy =
CO + HO,, which was monotonically strengthened with increasing H,O
content in the inlet py-gas. Consequently, the relative SNB-ADI differ-
ences of HCO radical shown in Fig. 9 increased with higher H,O
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0.004 |
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Peak mole fractions (-)

0.000 |
20%
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10%

(XSNB'XAD[}/XAI)]

5% LY n - - - -
40% 44% 46% 48% 50%

H,O content in the biomass py-gas

Fig. 9. The peak mole fractions and relative differences of O, H, OH and HCO
radicals calculated by ADI and SNB for py-gas/air mixtures with various HyO
contents (P = 1 atm and T;, = 400 K).
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Fig. 10. (a) Normalized sensitivity coefficients and (b) absolute rates of pro-
duction of HCO for py-gas/air mixtures with various H,O contents (P = 1 atm
and Tj, = 400 K).

contents. Meanwhile, HCO + O, = CO + HO, was the most sensitive
reaction decelerating the laminar flame speed, with larger sensitivity
coefficient under higher HoO content (Fig. 4). Evidently, the increased
relative differences of laminar flame speeds Rs in Fig. 2 could be
attributed to the increasing inhibition by the flame-speed-decelerating
reaction HCO + O3 = CO + HOs.

3.2. Effects on NO emission

Fig. 12 shows the outlet mole fractions of NO calculated by ADI and
SNB with various HyO contents in the py-gas, along with their relative
differences as a result of radiation reabsorption. The maximum NO
emission obtained with ADI and SNB occurred in the 40%-H50 case
(386.4 and 334.0 ppm, respectively) and were both suppressed by
increasing HyO content (386.4-192.9 ppm for ADI and 334.0 to 190.6
ppm for SNB when H50 content in the py-gas was increased to 50%).
Comparisons between the two models indicated that NO emission
became lower when radiation reabsorption was considered, with the
maximum relative difference between SNB and ADI of 13.56% occurring
in the lowest-H2O case, which dropped to 1.20% in the highest-HoO
case.

To study the formation mechanism of NO during py-gas combustion,
the related reaction pathway is shown in Fig. 13. Two nitrogen sources
existed in the py-gas/air flame, namely nitrogen (N2) in the air and
pyridine (CsHsN) from the bio-oil. The formation of NO was mainly
through three different routes: thermal-NO, prompt-NO and fuel-NO
(marked with red, green and blue colors in Fig. 13, respectively). The
thermal-NO and prompt-NO routes were both initiated from Ny. The
former was mainly initiated by the high-temperature-sensitive above
1800 K, primarily involving the reactions Ny + O =N + NO, N + OH =
NO + H and N + Oz = NO + O. The latter was induced by the reactions
between N3 and CH; radicals, whose main product was NCN radical.
Subsequently, NCN radicals reacted with O atom and yielded CN, which
was subsequently converted to NCO though the reaction HCN + O =
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Fig. 11. Absolute ROP results and the relative differences of (a) HCO + Oy
CO + HO; and (b) HCO + M = H + CO + M with two inlet temperatures (T,
400 K and 450 K) for py-gas/air mixtures with various H,O contents (P
1 atm).
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Fig. 12. Outlet NO mole fractions obtained by ADI and SNB models and their
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tures with various H,O contents (P = 1 atm and T, = 400 K).
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Fig. 13. Main reaction pathway of NO during the combustion of a py-gas/air
mixture (44% vol. H,O in the py-gas, P = 1 atm and Tj, = 400 K). Reactions
with relative ROP less than 5% were neglected.

NCO + H. As for the fuel-NO route, the branch started via the trans-
formation of CsH4N (mainly the decomposition via CsHsN + OH =
CsH4N + Hy0). Next, on the one hand, N was transferred from CsH4N to
NCO through intermediates CsH4NO, bNC4H4CO and CoHoNCO. On the
other hand, CsH4N was also converted to CsH4sNO,, which was then
decomposed to CO and HCN. About 20% HCN was directly converted to
NO via NCO, while the remaining indirectly ended in NO or NO, via NH/
HNC/HNCO and some other species. In conclusion, NCO was the key
intermediate radical in the NO formation process during py-gas com-
bustion, involving in both prompt-NO and fuel-NO routes. This was
consistent with previous study on pure pyridine oxidation [36].

ROP and sensitivity analyses of NO also confirmed the above dis-
cussion. As shown in Fig. 14, the reactions related to NO, NO2 and HNO
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Fig. 14. (a) Absolute rates of production and (b) normalized sensitivity co-
efficients of NO for py-gas/air mixtures with various H,O contents (P = 1 atm
and Tj, = 400 K).

870

Renewable Energy 205 (2023) 864-872

had the larger ROPs for NO production; however, they were counter-
balanced by their NO-consuming reactions. The sensitivity analysis also
manifested that it is the thermal-NO route (N3 + O = N + NO) and re-
actions associated with NCO (NCO + O = NO + CO and NCO + OH =H
-+ CO + NO) that were the most sensitive steps for NO generation. As
supported by the relative contributions of each radical to NO production
shown in Fig. 15, the contributions of NO; and HNO were the largest,
which were however, counterbalanced by their NO-consuming re-
actions. Even in the case of increasing HyO content, the relative con-
tributions of NOj, HNO and HNCO route to NO production and
destruction remained consistent. Eventually, it was the thermal and
NCO routes that really determined the NO emission. With the increase of
water content, the contribution of thermal-NO route gradually
decreased and that of NCO surpassed it.

Finally, the outlet temperatures and the peak concentrations of NCO
obtained with ADI and SNB models, and their relative differences Rt and
Rnco are provided in Figs. 16 and 17. Outlet temperature and peak mole
fraction of NCO both decreased with rising H»O content, indicating that
the NO formation via thermal route and NCO route both decreased with
increasing HyO content, which is consistent with the overall tendency of
NO emission against water content in Fig. 12. After considering the ra-
diation reabsorption, the outlet temperature obtained via SNB was lower
than that via ADI due to radiative heat loss, but meanwhile the SNB
cases had larger NCO concentrations owing to radiation preheating ef-
fect. Thus, comparing to the ADI cases, the SNB cases had weaker
thermal-route NO production and stronger NCO-route NO production,
which resulted in overall less NO emission than the ADI cases. More H,O
suppressed the thermal-route (see Fig. 15 where NCO-route became
relatively stronger) and hence the gas between ADI- and SNB-predicted
NO emission vanished with increasing HoO content in Fig. 12.

4. Conclusion

One-dimensional numerical simulations for premixed py-gas/air
combustion were conducted at atmospheric pressure and with inlet
gas temperature 400 K. Laminar flame speeds and NO emissions were
calculated by using ADI and SNB models with various HO contents. The
thermal and chemical effects of HoO content, and especially the effect of
radiation reabsorption, on laminar flame speed and NO emission were
investigated via ROP and sensitivity analyses. The main findings could
be concluded as follows.

(1) With increasing HoO contents in the inlet py-gas, the laminar
flame speed decreased as a result of combined dilutive, thermal
and chemical effects. ROP analysis with various inlet H,O con-
tents revealed that increasing H,O content consumed more O
radicals via the step HoO + O = 20H, which further led to lower

60%

HCNO
40%

20%

0%

-20%

-40%

Relative contributions to NO production

-60%

40%

42% 44% 46% 48%
H,O content in the biomass py-gas

50%

Fig. 15. Relative contribution to NO production of py-gas/air mixtures with
various H,O contents (P = 1 atm and Tj, = 400 K, bars with positive value
denote NO production and negative destruction).
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models for py-gas/air mixtures with various H,O contents (P = 1 atm and T, =
400 K).

concentrations of H and OH (the latter through accelerated HO»
+ OH = H50 + 03), and consequently the laminar flame speed
was decreased.

(2) Discrepancies in laminar flame speeds predicted by the ADI and
SNB models were due to the radiation reabsorption, whose effect
increased from 9.92% to 17.42% when the H20 content in the py-
gas increased from 40% to 50%. Radiation reabsorption affected
laminar flame speed mainly via a preheat-induced chemical ef-
fect. The preheat-induced inhibition on laminar flame speed,
mainly via the dominant HCO-consumption reaction HCO + O, =
CO + HO,, resulted in larger discrepancies between the ADI and
SNB results with rising HoO content.

(3) NO formation primarily originated from thermal-NO and fuel-NO
routes, related to temperature in the post-flame zone and con-
centrations of NCO radicals in the reaction zone, respectively.
With increasing H2O content, thermal-NO became weaker and
fuel-NO (mainly through NCO) relatively stronger, resulting in a
continuous decrement of NO emission and narrowing gap be-
tween the ADI and SNB predictions.
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