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Abstract: As a result of efforts to follow sustainable development trends in thermal energy, the increasing
utilization of biomass-fired boilers is notable as an environmentally acceptable alternative to conventional
fossil fuel-based designs. However, while more ecologically viable, biomass boilers still emit specific
pollutants, with particulate matter (PM), sulfur dioxide (SO,), nitrogen oxides (NOx), and carbon monoxide
(CO) being the major concerns. To mitigate these emissions, modern biomass-fired boilers often incorporate
Flue Gas Recirculation (FGR). This study examines a 14 MW biomass-fired boiler with a 20% FGR rate.
Analysis encompasses three scenarios: two FGR levels and operation without FGR. The research reveals
a complex interdependence between emissions reduction through FGR and boiler efficiency. Moreover,
findings suggest justified reduction in FGR levels to enhance boiler efficiency. The study presents a
comprehensive plan for efficient FGR implementation in biomass-fired boilers while maintaining acceptable
efficiency levels. For NOx emissions analysis, combustion simulation software and the Zeldovich method
were employed to estimate thermal NOx production.
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1. INTRODUCTION

Steam boilers play a crucial role across di-
verse industries by generating steam for a wide
array of applications, including power generation,
heating, and industrial processes. As the imperative
for sustainable practices intensifies, biomass steam
boilers have emerged as an environmentally friend-
ly alternative to conventional fossil fuel boilers.
These biomass boilers have garnered substantial
attention for their potential to curtail greenhouse
gas emissions and their utilization of cost-effective
biofuels [1]. However, the combustion of biomass
within these boilers gives rise to flue gases con-
taining pollutants such as particulate matter (PM),
sulphur dioxide (SO,), nitrogen oxides (NO,), and

carbon monoxide (CO), posing environmental and
health concerns [2,3]. In this context, the impera-
tive to mitigate these emissions has sparked wide-
spread interest in techniques like flue gas recircula-
tion (FGR).

Flue gas recirculation (FGR) involves the re-
introduction of a portion of flue gas back into the
combustion chamber to temper the combustion tem-
perature. FGR has emerged as a viable strategy to
enhance combustion efficiency and ameliorate the
release of carbon monoxide CO, particulate matter
PM, and nitrogen oxides NOx, thereby ensuring
compliance with emission standards [3]. The extent
of FGR implementation is contingent upon variables
like boiler design, fuel characteristics, and prevailing
emission regulations.
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Figure 1. Influence of combustion parameters
on efficiency and pollutant emission

In essence, the utilization of flue gas recircula-
tion has become a ubiquitous means to concurrently
mitigate emissions and augment the combustion ef-
ficiency of biomass steam boilers [3.4]. The present
study delves into the operational performance of a
14 MW steam boiler, designed to generate saturated
steam at a pressure of 13 barg, utilizing agricultural
residue straw as its primary fuel source. Notably, the
boiler is equipped with a flue gas recirculation sys-
tem operating at a 20% recirculation rate, function-
ing at 80% of its maximum capacity, corresponding
to 12.57 barg.

This research endeavor aims to assess the
efficiency and NO, emissions of a 14 MW steam
boiler under varying parameters, specifically focus-
ing on flue gas recirculation (FGR) and its impact
on combustion efficiency and pollutant emissions.
To achieve this objective, a comprehensive dataset
from process and temperature sensors was utilized.
These sensors facilitated temperature measurements
at critical points within the boiler system, including
the steam generator furnace exit, downstream of the
water heater-economizer 4, and the terminal point of
the flue gas channel. Oxygen concentration measure-
ments were used to determine excess air ratios, while
temperature readings post-bag filter, feed water, and
downstream of economizer 4 were incorporated for
analysis. The research meticulously calculated both
the boiler’s efficiency and NO, emissions for each
scenario. Intriguingly, the findings underscored a
distinct pattern wherein the absence of flue gas re-
circulation resulted in the highest efficiency, albeit
also leading to the highest NO, emissions. These
outcomes were consistent with both modeling pre-
dictions and calculations.

In the subsequent Results and Discussion
section, the study explored the influence of flue gas
extraction points on NO, production. The analysis
revealed that this parameter had limited significance,
with both Gaseq and Zeldovich methods indicating
a trend of elevated emissions with decreasing FGR
rates. Notably, the Gaseq software exhibited consis-
tently higher emission levels than the Zeldovich ex-
tended method, often deviating from expected values.
The study found that the Zeldovich method offered a
more realistic representation of NO, emissions com-
pared to Gaseq’s thermal equilibrium results. The
optimal FGR rate was determined based on a balance
between boiler efficiency and NO, emissions, reco-
mmending an emission level of around 300 mg/MJ.
Given that the majority of NO, emissions stem from
thermal NO,, a suggested FGR rate of around 10%
was proposed, which could be adjusted to a lower
threshold with increasing boiler efficiency.

It is acknowledged that integrating empirical
data for model calibration and validation could sig-
nificantly enhance the credibility and robustness of
the conclusions drawn. The study then concludes by
emphasizing the importance of empirical insights
and experimental validation in refining the precision
and applicability of the research outcomes.

In summary, this study sheds light on the intri-
cate relationship between heat transfer, combustion
efficiency, and pollutant emissions in a biomass-fired
steam boiler. The systematic approach taken towards
thermal design, performance analysis, and the evalu-
ation of FGR’s impact on NO, emissions offers
valuable insights for enhancing biomass combustion
technology.

2. PERFORMANCE EVALUATION OF A
BIOMASS-FIRED STEAM BOILER

Biomass is being combusted on a moving
grate. The flue gases released transfer their heat to
screens placed in the furnace. Downstream, the
flue gases leave the furnace through an opening in
the rear screen and enter the flue gas duct, which is
inclined downward. Screen tubes are placed in the
flue gas duct to transfer heat. After leaving the flue
gas duct, the flue gases turn 180° and flow upward
through a duct in which an evaporator and an econo-
mizer — ECO 4 are placed for heat exchange. After
passing through ECO 4, the flue gases change dire-
ction again, flow downward, and transfer heat to the
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economizers ECO 3, ECO 2, and ECO 1 before lea-
ving the flue gas duct and entering the cyclone and
filter sections. Part of the flue gas is redirected back
to the furnace for recirculation.

The stem boiler technical data are:

Boiler thermal power:
* 14 MW (saturated steam)
» Water/steam parameters:
» Working pressure - 14 bar ¢
* Feedwater temperature - 105°C
* Saturated steam temperature - 195°C
* Flue gas temperature at the boiler outlet: 170°C
* Fuel type - Corn straw:
* LHV: 16 MJ/kg
* Designed moisture content: 15%
* Ash content on a dry mass: < 8% ¢
» Designed fuel ash melting point: < 750°C
* Designed fuel nitrogen content: <0.3%
* Designed fuel chlorine content: <0.3%
* Designed fuel sulfur content: <0.1%

The thermal design of the steam boiler was
predicated on the compositional attributes of corn
straw, which served as the basis for the calculations.
The procedures outlined in authoritative literature
concerning steam boiler thermal design [5-7] were
meticulously employed throughout the calculations.
These foundational texts provided a wealth of equa-
tions and methodologies pivotal for discerning con-
vective and radiant heat transfer coefficients intrinsic
to the steam boiler’s functionality. Such coefficients
play a pivotal role in elucidating the intricate heat
exchange dynamics between the heated flue gases
and the water/steam within the boiler. Accurate de-
termination of these coefficients assumes paramount
significance, forming the bedrock upon which the
boiler’s efficiency optimization rests.

In the pursuit of precision, comparative analy-
ses were conducted between the criteria equations
governing convective and radiant heat transfer, re-
vealing discrepancies below 10%. Notably, this mar-
gin was consistently maintained across both criteria
and radiant heat transfer fluxes [5-8]. The confluence
of outcomes underscores the accuracy of these meth-
odologies, suggesting their interchangeability in the
thermal design of steam boilers. However, it is pivot-
al to recognize that the choice of methodology might
hinge upon the specific attributes of the steam boiler
and its operational parameters. As such, it is prudent

to solicit guidance from seasoned experts within the
domain to judiciously select the optimal thermal de-
sign methodology for the given steam boiler.

Integral to the calculations is the determina-
tion of the air excess ratio, a step of cardinal import.
In accordance with established literature directives,
the excess air ratio for the presented scenario was
ratified as 1.2 within the furnace and 1.25 at the exit.
Similarly, the excess air ratio post the water heater
economizer 4 was discerned at 1.345 and subsequent-
ly adopted for calculations. Analogously, for the en-
suing heat exchanger units, supplementary computa-
tions were executed to ascertain the excess air ratios
post-evaporator, economizer 3, and economizer 1.
Conjecturing a consistent growth rate, the comput-
ed excess air ratios stood at 1.2975 post-evaporator,
1.3925 after economizer 3, and 1.4875 subsequent
to economizer 1 at the exit. Conforming to authori-
tative recommendations, an incremental shift of 0.2
was applied post the cyclone and filter, culminating
in an excess air ratio of 1.6875.

The culmination of comprehensive analysis
and diligent energy balance computations culminat-
ed in the determination of the flame adiabatic tem-
perature, which stood resolute at 1324°C. Notewor-
thy congruence emerged with the temperature at the
exit of the combustion chamber, aligning seamlessly
with antecedent literature findings. Further computa-
tions furnished the temperature following economiz-
er 4, gauged at 366.3°C, while the exit temperature
from the flue gas channel materialized at 181.5°C.

These temperatures were calculated for each
unit in the steam boiler, ensuring that the heat trans-
fer energy balance between the heat exchanger and
flue gases was within +-1%:

— for the flue gases

Q=b-(1I"-1), (1)
— for the heat exchanger
Q=k-F-46, (2)

and in case of water heaters also the comparison with
water side was considered:

Q:mw'cw'Atw (3)

The comparison with provided data is present-
ed in the following Fig. 1 and Fig.2. The average
RMS between the calculated and the obtained data
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was found to be 33°C. The water feed temperature
adopted according to the available data was 105.3°C
and the temperature at the Economizer 4 outlet was
191.5°C. The calculated water temperature at the
economizer outlet (evaporator inlet) was 193.6°C of
steam with quality of 0.4%. The difference occurs
because in the moment for which the data were pre-
sented the water drum was filled to the required level,
so the water flow was larger and valued 18.6 t/h. This
gives the total heat power of the economizer line 1 to
4 of 1911 kW, compared to the calculated 1990 kW,
which gives the total difference of 4%.
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Figure 2. Comparison of temperature measurements
and modelled temperatures

3. THE IMPACT OF FGR ON BOILER
PERFORMANCE

The FGR technique involves the flue gas por-
tion recirculation back to the combustion process.
This results in a reduction of the flame temperature
and the oxygen concentration, which leads to a de-
crease of the nitrogen oxides (NOX) and other pollu-
tants formation. However, this technique can also
result in lower combustion efficiency, as the recircu-
lated gas pollutes the combustion air and reduces the
oxygen concentration.

According to the methodology presented
above, the power and efficiency for the flue gas recir-
culation (FGR) from the filters and at the boiler out-
let were calculated, as well as the case without FGR.
In this analysis, the influence of the lower efficiency
of the combustion process without FGR was consid-
ered. The results of the comparison are presented in
the Table 1.

The calculations were performed with the
methodology described above, and the results were
compared for the cases with and without FGR. Ta-
ble 1 shows that the power output and the efficiency
were lower for the FGR case, as expected. However,
the difference in power output was only 1.5%, while
the difference in efficiency was over the 4%. Tem-
peratures at the combustion chamber and at the outlet
are presented in the Table 2.

Table 1. Thermal power in [kW] and the efficiency of
steam boiler in [%] for different scenarios

Location  |FGR - (20%) |FGR - (10%) |Without FGR
Furnace 5670 6313 6946
Exh. manif. {660 470 605
Flue gas ch. (968 866 755
Evaporator [1625 1363 1146
Ecco 4 442 370 323
Turn chmb. |42 31 28
Ecco 3 977 844 750
Ecco 1-2  [572 402 289
Net power 10996 10923 10842
Eff. 84.4% 86.6% 89.2%

4. NO, FORMATION ANALYSIS

The concentration of “thermal NOx” is con-
trolled by the nitrogen and oxygen molar ratios and
the combustion temperature. Combustion at tem-
peratures well below 1,300°C forms much smaller
ratios of thermal NO,. In the assessment of NO,
emissions, a dual-method approach was employed.
The first methodology involved the utilization of
Gaseq software, enabling the calculation of average
temperatures within the combustion chamber [9,10].
Gaseq is using the Lagrange Method of Undeter-
mined Multipliers for minimization of the Gibbs free
energy of the system to find the equilibrium state/
composition. Several different types of problems can
be solved using this software from which the Seve-
ral different types of problem can be solved, from
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which the composition at a defined temperature and
pressure was investigated. This provided crucial
insights into the thermal conditions governing the
combustion process. For the obtained main species
composition (N,, H,0, O,, CO,) the thermal equilib-
rium for NO, is calculated for the average tempera-
ture in the combustion chamber.

In the second approach, a partition of the boiler
into distinct zones was enacted. The initial zone en-
capsulated temperatures surpassing 1,300°C, while
the subsequent zone encompassed temperatures be-
low 1,300°C, extending until the point of exit from
the combustion chamber. Within this framework, the
focal point was the computation of the NO, forma-
tion rate. This rate was meticulously evaluated and
subsequently averaged across the entirety of the
combustion chamber’s volume. By partitioning the
boiler into these designated zones and calculating the
averaged NO, formation rate, a comprehensive as-
sessment was achieved, elucidating the intricate rela-
tionship between temperature gradients and nitrogen
oxide production in the combustion process. Studies
show that nitrogen oxides (NO,) are mostly formed
during the diffusion period of combustion, but to a
lesser extent during the homogeneous combustion
phase.

Using the Zeldovich mechanism, one can es-
timate the concentration of NO, in the products. By
simplifying, we can derive the rate of NO production
as follows [11,12,13,14]:

d[NO]
dt

~ 2k, [0]- [N, O

where the concentrations are in [mol-cm-3], T is the
temperature in K, [O] is the concentration of atomic
oxygen. Further, the formation of free oxygen atoms
could be obtained as following [14]:

—31090
[0] =3.97-10%-T~%5-[0,]%% exp (T) Q)
where the concentrations are in [mol-cm™]. An alter-
native method to presented in the eq. (11) is presen-

ted by the following expression [14]:

—27123
[0] = 36.64-10° - T - [0,]°° exp (—T )(6)

which generally leads to a bit higher partial O-atom
concentration.

The methodology for determination of coeffi-
cients k., was chosen according to comparison be-
tween results of measurements presented in the [15]
and coefficients presented in the paper [16]:

—315000
—). (13)

krq=1.473-103- (
i1 exp RoT

and eq. (6).

Table 2. Adiabatic temperatures of the flame and flue gas
temperature at the exit and NOx production rate [17]

Exp FGR |FGR  |Without
no. (20%) [(10%) |FGR
Adiabatic temp.

of the flame 1324 11501 1698

Flue gas temp. at the

chamber exit 745 746 736

Average flue gas

temperature in comb. cham. 1002 1071 137

Flue gas temp. at the exit 182.0 |166 170.0

NO, prod. rate [kmol-m~-s™']

G 5.32e-6 [9.64e-6
aseq

16.1e-6

NO_ prod. rate [kmol'm?-s™']

Model 1.86e-7 [1.23e-7 |4.9e-6

The NOX obtained by the model gives the
production rate is in the range from 800, 21, and 18
mg, per MJ for 0, 10 and 20% of FGR respective-
ly which is generally the same order of magnitude
with IPCC specific emission factors [17,18]. On the
other hand, method presented on the basis of Gaseq
software gave the concentrations order of magnitude
higher than expected.

5. RESULTS AND DISCUSSION

The investigation into the influence of flue
gas extraction point on NOx production revealed
that this parameter had limited significance. Both
the Gaseq and Zeldovich methods indicated a trend
of increasing emissions with a reduction in Flue
Gas Recirculation (FGR) rate. The Gaseq software,
simulating thermal equilibrium of products, consis-
tently demonstrated emission levels that were nota-
bly higher than those obtained using the Zeldovich
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Figure 3. Combustion parameters in the function of air-fuel ratio

extended method. Moreover, these Gaseq-generated
values consistently deviated from the expected le-
vels, aligning only at elevated temperatures.

In light of these findings, it is the consensus
of the authors that the Zeldovich method provides a
more realistic representation of NOX emissions as
compared to the thermal equilibrium results offered
by the Gaseq software.

To ascertain the optimal FGR rate, a dual con-
sideration of boiler efficiency and NO, emissions
is necessary. Notably, an emission level of approx-
imately 300 mg/MJ appears to be a reasonable tar-
get. Given that the predominant portion of NOx emi-
ssions (90-95%) originates from thermal NO,, it is
recommended to cap the FGR rate at around 10%.
This recommendation may even lean towards a lo-
wer threshold when the boiler efficiency surpasses
86.6%, approaching the vicinity of 87%.

It is imperative to acknowledge that the reli-
ability and quality of these conclusions could be sub-
stantially enhanced with the integration of empirical
data for model calibration and validation. Such ex-
perimental insights would further refine the accuracy
and robustness of the outcomes.

6. CONCLUSIONS

In this study, the thermal design and perfor-
mance analysis of a steam boiler combusting corn
straw biomass were thoroughly examined. The intri-

cate heat transfer dynamics within the boiler system
were meticulously evaluated, taking into account the
specific attributes of the fuel and operational param-
eters. The adopted thermal design methodologies,
derived from authoritative literature, facilitated the
determination of convective and radiant heat trans-
fer coefficients, fundamental for optimizing boiler
efficiency. Comparative analyses demonstrated a
high degree of congruence between criteria and ra-
diant heat transfer coefficients, validating their inter-
changeability in steam boiler thermal design.

Key technical data of the steam boiler were
presented, encompassing parameters such as thermal
power, water/steam conditions, flue gas characteris-
tics, and fuel composition. These parameters served
as the foundation for subsequent analyses.

The impact of Flue Gas Recirculation (FGR)
on boiler performance was meticulously investigat-
ed. The FGR technique, though capable of mitigating
nitrogen oxide (NO,) emissions, was also observed
to potentially lower combustion efficiency due to di-
luted combustion air and reduced oxygen concentra-
tion. Calculations considering various scenarios in-
dicated a marginal reduction in power output (1.5%)
and a more substantial reduction in efficiency (over
4%) when FGR was implemented.

An exhaustive analysis of NO, formation
was conducted, employing both the Gaseq software
and the Zeldovich extended method. The Zeldovich
method exhibited superior accuracy and alignment
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with expected values, contrasting with Gaseq’s con-
sistently high emissions predictions. A recommended
NO, emission level of around 300 mg/MJ was pro-
posed, with the FGR rate recommended to be capped
at approximately 10% to achieve this target. The im-
portance of empirical data for model validation was
emphasized, as it would enhance the reliability and
applicability of the conclusions drawn.

In summary, this study underscored the intri-
cate interplay of heat transfer, combustion efficiency,
and pollutant emissions within a biomass-fired steam
boiler. The methodical approach to thermal design
and performance analysis, coupled with the evalu-
ation of FGR impact on NO, emissions, provides a
comprehensive understanding of the boiler’s behav-
ior and paves the way for further optimizations in
biomass combustion technology.
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CMABEBE EMUCHJE U ITOBERAIBE EOUKACHOCTH TAPHOTI
KOTJIA HOCPEACTBOM PEHUPKYJIAIMJE TUMHOI I'ACA:
I'EHE3A NOX-a U IUHAMMKA PAJTA

Caxerak: Kao pesynrar HacTojama Jia ce rparte TPEeHJ0BU OJIPXKHUBOT pa3Boja y TEPMOCHEPIeTHIIN, CBE
je yenrha mpUMjeHa U MAPHUX KOTIOBA Ha OMOMACy, Ka0 CKOJIOLIKH IPUXBAT/bHBE alTePHATHBE KOHBCH-
LMOHAJHUM KOHCTpPYKIIMjamMa Ha (ocuiiHa ropusa. Mnak, Mako eKOJIOIIKH JIAJIeKO NPUXBAT/BUBU]H, U
KOTJIOBU Ha Onomacy Takohe emMuryjy ozxpeheHe moiyranTe, o1 Kojux cy HajBehn nmpoOieM cBakako ve-
crune (PM), cymnop-nanokcun (SO,), okenau asora (NOX) u yribeH-MoHokeu (CO). ¥V nuiby cMamema
MOMEHYTe LITETHE eMHUCH]e, Yy Pajly CaBPEMEHHUX IapHUX KOTIIOBa ce, u3Mel)y ocraior, npumjemyje u
T3B. penupkyamnuja nuMaux racoa (FGR). Y oBoM pajy je pasmarpaH mapHdA KOTao Ha OnoMacy snage
14 MW ca crormom FGR ox 20%. Ananmsa je cpoBeqeHa 3a TPU pa3IM4YNTa CIEHapHja U TO J[Ba pa3-
mmanta HUBoa FGR-a m pan 6e3 FGR-a. TokoMm ncTpaknBama, youeHa je BeoMa CIOKEHa 3aBHCHOCT
n3Mely cmamema emucuja nocpeactsom FGR-a u edpukacHOCcTH camor mapHOr komia. llltaBure, pe-
3yNTaTH UCTPAKHBambha yKa3yjy ¥ Ha ONPAaBIAHOCT CBEHTYAHOT cMamerma HuBoa FGR-a kako Om ce
noBehana epuKacHOCT KOTJIa, a caMa CTy/Iuja Hylu cBeoOyXxBaTaH IUIaH 3a epuxacHy npuMjeny FGR-a
y HapHUM KOTJIOBUMA Ha OMOMACy y3 OJpKaBambe ¢(pUKACHOCTH Ha MPUXBATIEUBOM HUBOY. Y OKBHPY
ucrpaxubama emucrje NOx-a xopuinheH je copTBep 3a CUMYJIALN]y caropujeBama, Kao 1 MeTo 3ell-
JIOBMYA 3a NpoljeHy npoxykuuje tepmainor NOx-a.
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