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Abstract: Biomass syngas can be considered as a supplementary fuel to partially substitute coal, which
is beneficial to CO, emission reduction. For the case study, the influences of co-firing typical biomass
syngas (gasification from palm, straw, and wood) with coal on the thermodynamic parameters of a
300 MW tangentially fired boiler are evaluated through a thermal calculation based on the principles
of mass conservation, heat conservation, and heat transfer. The effects of boiler loads, biomass syngas
species, and consumption rates are discussed. The results show that the introduction of biomass
syngas weakens the radiative characteristics of the flame and reduces the furnace exit flue-gas
temperature. As 3 x 10* m3 h~! of wood syngas is introduced, the decrement of thermal efficiency
reaches 0.4%, while that of the coal consumption rate is 5.1%. The retrofitting of the boiler was not
necessary and the corrosion of the low-temperature heating surface did not appear. The CO, annual
emission reduction could achieve 0.001 to 0.095 million tons for palm syngas, 0.005 to 0.069 million
tons for straw syngas, and 0.013 to 0.107 million tons for wood syngas with increasing biomass syngas
consumption rates under the full load. Moreover, the main thermodynamic parameters changed
more significantly under the low loads.

Keywords: coal-fired boiler; biomass syngas; co-firing; thermal calculation; thermodynamic parame-
ter; peak regulation

1. Introduction

CO; emissions, which contribute to 76% of entire greenhouse gas emissions, can lead
to a number of problems driven by global warming [1]. Moreover, power generation
industries in China are facing tremendous pressure to mitigate CO, emissions, which
should be lower than 550 g kW~ h~1 [2]. Therefore, reducing CO, emissions has become
a primary issue, especially emissions from the combustion of fossil fuels. Biomass can be
adopted as an alternative energy resource to partially substitute coal in a boiler, which
is a promising solution to reduce the emissions of CO, and NOy, as well as improve the
combustion characteristics of fuel owing to its renewability, CO; neutrality, and relatively
high volatile-matter content [3-5].

Co-firing technologies include direct, indirect, and separate co-firing [6]. For direct
co-firing, fuels are milled before entering the furnace. Although this method is a straightfor-
ward and economical option, it can create some challenges, such as the pre-treatment and
feeding of biomass, fouling, and corrosion, which prevents it from being widely applied [7].
Separate co-firing can be adopted to increase the steam capacity of an existing boiler as
a separate biomass-fired boiler is added to the entire system, which is costly and redun-
dant [6]. For indirect co-firing, the biomass must be converted into syngas by a gasifier at
first, and then the biomass syngas enters the furnace and is co-fired with the coal [8]. The
interaction between alkali species from the biomass and the sulfur from the coal during
co-firing might alleviate the ash deposition created by biomass combustion [9]. A high
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number of problems related to corrosion and deactivation can also be mitigated by indirect
co-firing [7,10]. The distinct benefit of the indirect co-firing method is the preservation
of some substances (containing K, Na, S, and Cl) that ordinarily contribute to the high-
temperature corrosion of the water-cooled wall in the furnace. In addition, serious fouling
of the heat exchangers produced by the inorganic components that contain K, Na, S, and
Cl can be prevented [7]. Therefore, the indirect co-firing of coal with biomass syngas is an
attractive scheme.

A great number of experimental [9,11-17] and numerical studies [8,18-22] have been
performed on co-firing in a boiler. The researchers mainly focus on the impacts on NOjy
emissions [12,19], slagging/ash deposition [9,13,14], combustion characteristics [15,16], and
temperature distribution [8,18,19]. The variations in the main thermodynamic parameters,
such as the radiant attenuation factor, furnace exit flue-gas temperature, thermal efficiency,
and coal combustion rate, are not fully evaluated. Additionally, the thermal calculations
of the principles of mass conservation, heat conservation, and heat transfer are precise
and helpful in understanding the design, operation, and retrofit of boilers through the
variations in the thermodynamic parameters [2]. However, only a few studies [23,24]
(our previous studies) have been conducted to investigate the influence of co-firing on the
thermodynamic parameters through thermal calculations, to our knowledge, but not for
co-firing with the biomass syngas, which is beneficial to the reduction in CO; emissions.
Moreover, it is significant to study the indirect co-firing method under different loads,
especially a low load, in conjunction with the current deep-peaking issue. Biomass syngas,
especially syngas from the gasification of woody biomass, contain low levels of nitrogen,
virtually no sulfur, and have a relatively high heating value, which can lead to an apparent
reduction in NOy emissions [12]. Thus, it is beneficial to study the effect of co-firing as the
boiler load alters.

In this study, three typical types of biomass syngases (from the gasifications of palm,
straw, and wood) are chosen to investigate the impact of co-firing on the thermodynamic
parameter variations in a 300 MW tangentially coal-fired boiler through thermal calcu-
lations. The influences of boiler loads, biomass syngas species, and consumption rates
are discussed in detail. The solely coal-fired condition is employed as a reference to be
compared with the other conditions. It is expected to provide a reference for the design,
operation, and retrofit of boilers under co-firing conditions.

2. Thermal Calculation

The primary thermodynamic parameters, including the radiant attenuation factor,
thermal efficiency, exhaust gas temperature (fex, °C), and acidic dew point, were obtained
through thermal calculations. Then, the heat distribution and effectiveness (including
efficiency and reliability) of the boiler were evaluated. Since the 0-dimensional model has
been employed in many previous studies [25-27], a semiempirical method based on it,
proposed by the former Soviet Union and Russia, was adopted in this study [28,29]. It
was widely applied for heat transfer calculations in the furnace, the basic equations of
which were created according to the principles of heat conservation and heat transfer, as
the heat transfer and combustion of the fuels occurred simultaneously in the furnace. By
the principle of heat conservation, the heat absorption from the flue gas was considered
to be equal to the enthalpy decreasing from the theoretical combustion temperature to
the furnace exit flue-gas temperature. By the principle of heat transfer, the heat transfer
calculation is equal to radiant heat transfer since the level of radiant heat transfer accounts
for more than 95% of the total heat transfer in the furnace, which can be conducted through
the Stephan-Boltzmann law. Since the heat obtained from heat conservation is equal to that
from radiant heat transfer, some main thermodynamic parameters can be evaluated [28].
The similitude and differential theorems are adopted to build the model. The flowcharts of
the thermal calculation procedures applied in this study are presented in Figure 1 [23]. First,
the values of exhaust gas temperature (for the boiler), furnace exit flue-gas temperature
(for the furnace), and outlet gas temperature (for the convective heating surfaces) should
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be assumed. Then, an estimated value of these thermodynamic parameters can be obtained
according to the principles of mass conservation, heat conservation, and heat transfer.
Finally, it is of vital importance to note that iterative calculations are required until the
discrepancy between the estimated and fictitious exhaust gas temperatures of the boiler
falls within a suitable range (£1 °C in this study). Based on the above procedures, a
calculation program was proposed by our group [24]. The accuracy of the program can be
verified since it has been applied in lots of manufacturers and research institutes [23,24].
The calculation methods of thermodynamic parameters described below are based on 1
kg of coal and the corresponding volume of biomass syngas, represented by x (m> kg—1),
which is correlated to the volume fraction of biomass syngas and the fuel compositions
under the standard condition.
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Figure 1. Flowcharts of the thermal calculation procedures [23]. (a) The boiler. (b) The furnace.

(c) The convective heating surfaces.
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2.1. Mass Conservation

To evaluate whether the retrofitting of boilers is necessary after the introduction of
biomass syngas, the total air V, and flue-gas flow rates V; (m> s 1) under the standard condi-
tion should be evaluated. The calculation methods are listed in Equations (1) and (2) [23,28].

Va = Be (,BkVO + x) (1)
_ 0 _ 0 . PAH0 . 0
Vi = BC<Vy + (o = VO + 152 (o — 1)V > @)

where B (kg s~!) represents the calculation coal consumption rate, the definition of which
would be displayed in Section 2.2. The excess air coefficients at the inlet and outlet of the
air heater are represented by B and a,, respectively, By is equal to 1.49 in this study, the
air density represented by p in Equation (2) is equal to 1.29 kg m~3 under the standard
condition, and the ratio of water vapor mass to air mass (dy,0) is around 0.01.

The theoretical air volume represented by V¥ (m® kg~!) can be obtained by Equation
(3), while that of flue gas (VY, m3 kg_l) is determined by Equation (4) [28].

4 1 50
VO = 25 Car + 35 (Sar = Oar) + 7o Har @)
7 7 1 79
0 0 0
_ 2 7z 4
Yy 375Car + 1000Sar * 125Nar * 100V +Vio )

where Car, Sar, Har, Oar, and Na; (%) are the contents of carbon, sulfur, hydrogen, oxy-
gen, and nitrogen on the as-received basis, respectively. VEIZO (m3 kg~!) represents the
theoretical water vapor volume, which is mainly determined by the components of fuels.
It is confirmed from Equations (3) and (4) that V? and V}(,) can be calculated as the fuel
components are known.

The water vapor volume fraction (rf,0) is the ratio of the total water vapor volume
(V0. m? kg 1) to the total flue-gas volume Wy, m? kg 1), which can be defined as [28].

0 Pd1,0 0
o = Vo _ Vibo T w25 — 1)V
? Vy Vy

©)

where a represents the excess air coefficient of the furnace exit (about 1.10-1.35 in this
study). Vy can be obtained by [28].

_ 0 _ 0 Pd,0 _ 0
Vy = Vy +(a—-1)V' 4 18/22.4<“ nHv (6)
2.2. Heat Conservation

Heat conservation, which is the balance between the heat entering and leaving the
boiler envelope, is calculated to obtain the coal consumption rate and thermal efficiency of
boilers [23,24,28]. The coal consumption rate B (kg s~ 1) is defined as

B= 100Qav/(’7Qr) (7)

The total available heat of working fluid represented by Q,, (kW) is decided by the
mass flow rate of heated steam and enthalpies of heated steam and feed water, which is
closely related to boiler loads. 1 (%) is the thermal efficiency, which can be calculated by
Equation (8) as the heat losses are given.

7 =100—g2 — g3 —qs4 — 95 — 6 8)
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where g3 and q4 (%) are the heat losses owing to incomplete combustion of biomass syngas
and coal, respectively, g5 and g4 are the heat losses that are related to the radiation and
convection, and ash residue, respectively. g3, 44, 45, and g4 are primarily determined by
the fuel characteristics, boiler structure, and boiler capacity. g, is the heat loss owing to the
exhaust gas, the value of which can be obtained by

72 = (lox — 012) (100 - 44) / Q; ©)

where [0 and Iy (k] kg~ !) represent the enthalpies of cold air and exhaust gas, respectively.
The heat entering the boiler envelope represented by Q, (k] kg™!) is a combination of the
sensible heat is and lower heating value Qnetar (LHV) of the mixed fuels (kJ kg_l), which
can be calculated by

Qr = Qnetar +1i5 = Q;Oe?,lar + XQEE?S + i3l 4 8 (10)
where and iy "8 are the sensible heats of coal and biomass syngas, while the LHV of
coal and biomass syngas are represented by Q;gi}ar (K kg~!) and Qi}g;gis (k] m~3), respec-
tively. It should be noted that iy’ "8 is correlated to the environment temperature.

Thus, the calculation coal consumption rate B, mentioned in Equations (1) and (2) can

be obtained by

:coal
Is

B. = B(1 — g4/100) (11)

2.3. Heat Transfer Calculations in the Furnace

The furnace exit flue-gas temperature (T}, K) is defined as [26].
T = T,Bo%/ (Mé‘a°-3 + Bo) (12)

where Bo, M, and Bu are dimensionless coefficients. M is related to the fuel characteristics,
combustion mode, and temperature distribution. The theoretical combustion tempera-
ture (T,, K) depends on the available heat of fuels (Q;, kJ kg’l) that can be obtained by

Equation (13) [23].
_ . (100 —4g5 —q4 — g6
Q= Qr( 100 — g, ) + Qx (13)

where Qy (k] kg_l) represents the sensible heat of combustion air.

The radiant heat transfer, which is affected by the suspensions of triatomic gases
and solid substances in the furnace, makes the primary contribution to the heat transfer
of boilers. The radiative characteristics can be described with radiant attenuation factor
(k, m~! MPa~!), including that of triatomic gases (kq), soot (kcq), fly ash (knpp), and char
(kxpx), which is calculated by [28].

x(OSY183s coal
k = kq + makc,q—"S2 4 (knpn + ki) =2 (14)
Qnet,ar Qnet,ar

where mg is a dimensionless coefficient which is correlated to the proportion of the luminous
area.
The heat absorption of flue gas (Qg, kW) is calculated by [28].

Qn = ¢B(Q1 — I) (15)

where ¢ is the heat retention factor (about 0.9-1.0), and the enthalpy of flue gas at the
furnace exit is represented by I (k] kg™1).
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2.4. Heat Transfer Calculations of the Convective Heating Surfaces

The heat transfer of the convective heating surfaces, consisting of convective heat
transfer and radiant heat transfer from the fluegas and flame, can be evaluated through
Equations (16)—(18) [28].

K (W m~2 K1) represents the heat transfer coefficient, which can be determined by

1 1
V(e ) "

where ¢ is the utilization factor considering imperfect sweeping by flue gas, ¢ (m> K W~1) is

the fouling factor. The heat transfer coefficients in the flue-gas side include that of radiation

and convection, which are represented by a¢ and aq (W m~2 K1), respectively. In the working

fluid side, only convective heat transfer happens, while «; is the corresponding coefficient.
The temperature difference of heat transfer (At, K) is obtained by

t — Ats

At = zptA (17)

At
In M

where ¢ is the temperature correction factor which is correlated to the terms of specific
arrangement, At; and At (K) are the larger one, and the smaller one of initial and final
temperature differences between hot fluid and cold fluid, respectively.

The heat transfer quantity (Q, W) can be determined by

Qu = KHAt (18)
where H is the area of convective heating surfaces (m?2).

2.5. Acidic Dew Point

To evaluate whether the corrosion would happen in the furnace, the acidic dew point

(t1, °C) should be calculated after coupling coal with biomass syngas, which can be obtained
by [23,29].

t = tw + BY/Sarc/1.05%sh Aare (19)

the water dew point is represented by ¢, (°C), B is correlated to the excess air coefficient at
the furnace exit, and a,gy, is related to fly ash (around 0.75-0.95). When the components
and LHYV of fuels are given, the converted contents of sulfur and ash represented by Sy
and Aarc (%), respectively, can be calculated.

2.6. CO, Annual Emission Reduction
The CO; annual emission reduction (1, t) can be determined by [24].

my = My — Mt (20)

where my (t) is the CO, annual emission under the boiler maximum continuous rating
(BMCR), and m; (t) is the CO, annual emission, which is calculated by [24].

_MiXW
=06

(21)

The CO, annual emission is the product of CO, emission intensity (M;, g kW~ h~1)
and generation capacity (W, kW h). M; can be calculated by [24].

33 x 102

M; = ﬂceCach 5P

(22)
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where P (MW) represents the power generation, and #ce (%) is the combustion efficiency
determined by the structure, capacity, and operation of boilers, which is equal to 0.99 in
this study.

3. Case Study

A subcritical 300 MW tangentially fired boiler, the type of which is SG-1025/17.50-M749,
is applied for the case study. The intricate boiler structure can be seen from Figure 2. The main
design parameters of the boiler under BMCR, 75% THA (turbine heat acceptance), 50% THA,
and 30% THA are shown in Table 1. The design parameters are adopted under (BMCR), with
the main steam output of 1025 t h~1, and the outlet temperatures of both superheated steam
and reheated steam of 540 °C. The height, width, and depth of the furnace are 50,868, 14,020,
and 12,350 mm, respectively. The wall reheater, platen superheaters, and high-temperature
superheaters are sequentially arranged in the upper part of the boiler, while the horizontal
convective superheater and economizer are installed in the tail flue vibration from top to
bottom. The chosen biomass syngases in this study are palm syngas, straw syngas, and
wood syngas from previous studies [30-32]. The biomass syngas can be obtained through the
gasification of the biomass by a gasifier. The processes consist of desiccation, volatile release,
oxidation, and reduction. Then, the tar and dust removal are required at high temperatures.
Finally, the biomass syngas should be cooled at 450 °C before entering the furnace since the
temperature of biomass syngas should be controlled below 500 °C [2]. The biomass syngas
are injected into the furnace at the bottom level of the reburn zone in this study since NO
emissions were at their lowest value in this condition according to the results in our previous
study [8]. The details about the coal and biomass syngases are listed in Table 2.

12,350 mm

I

I
|
5

T

2

[
T T
11|
L ——

50,868 mm
43,049 mm

- 1

Furnace

Wall reheater

Platen superheater

Platen reheater

High-temperature reheater
High-temperature superheater
Horizontal convective superheater
Economizer

Air heater

[ R
T T T T

I |
L N B

(

N-J-LREN B N N

a) Main combustion zone
b) Reburn zone

1400 mm—|<—>| ¢) Burnout zone

Figure 2. Boiler structure.
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Table 1. Main design parameters of the boiler.
Value
BMCR 75% THA 50% THA 30% THA
Power generation (MW) 330 225 150 113
Main steam output (t h—1) 1025 662 441 335
Main steam pressure (MPa) 17.47 14.45 9.79 6.23
Outlet temperature of superheated steam (°C) 540 540 540 540
Reheated steam output (t h—1) 880.0 582.4 395.6 313.7
Outlet temperature of reheated steam (°C) 540 540 540 535
Outlet pressure of reheated steam (MPa) 3.68 2.44 1.63 1.25
Desuperheating water output (th™1) 0 0 0 0
Desuperheating water temperature (°C) 193 176 160 140
Excess air coefficient of furnace exit 1.25 1.25 1.25 1.35
Exhaust gas temperature (°C) 114 108 108 106
Thermal efficiency (%) 93.88 94.13 92.61 92.14
Table 2. Fuel characteristics of coal (as-received basis) and biomass syngases.
Ultimate Analysis, wt.% Proximate Analysis, wt.% LHV
Fuel
Car Har Oar Nar Sar Aar Mar FCar Var
Coal 47.49 3.25 497 0.80 0.98 36.21 6.30 36.95 20.54 18,460 k] kg !
Ref Volume fraction of components (%)
clerence H, Co CO, N, CH,
Wood Syngas [30] (pp. 4196-4205) 17.80 20.30 8.30 51.90 1.70 5300 k] m—3
Straw Syngas [31] (pp. 0025-0028) 5.60 17.89 10.86 55.60 10.05 3906 k] m—3
Palm Syngas [32] (pp. 0491-0501) 9.60 25.30 8.20 55.70 1.20 4800 k] m—3

Since the fuel burnt in the boiler changes from coal to biomass syngas and coal, the
thermal calculations are performed with the verification method. The comparisons of
thermodynamic parameters for various biomass syngas consumption rates are conducted
under a full load. The biomass syngas consumption rates coupled with coal vary from 0
to 5 x 10* m3 h~!. Moreover, the comparisons of thermodynamic parameters between
burning coal alone and co-firing coal with 3 x 10* m® h~! of wood syngas (taking the safety
and economy into consideration) are performed with different boiler loads. The results of
thermal calculations are similar to that the boiler manufacturer provided, which means the
thermodynamic parameters calculated by our developed program are reliable and valid.
The following assumptions are made after the introduction of biomass syngas:

(1) The excess air coefficient remains unchanged at the exits of the furnace and convective
heating surfaces;

(2) The temperatures of the cold air and hot air, and the proportions of primary and
secondary air remain unchanged;

(3) No variations happen in the fuel characteristics, boiler structure, and boiler capacity.

4. Results and Discussion
4.1. Effect of Co-Firing on Radiant Heat Transfer

The primary thermodynamic parameters of the boiler under BMCR are shown in
Figure 3. The heating value of the fuel, the quantity, and the specific heat of the combustion
products determine the theoretical combustion temperature, which represents the highest
temperature that the combustion products can achieve [28]. The available heat of fuels
is correlated to the volume, specific heat, and theoretical combustion temperature if the
fuel is burnt completely and adiabatically. It can be seen from Figure 3a that the available
heat would rise monotonically, as the consumption rates and heating value of biomass
syngas increase. The result is the same as that in our previous study [23]. Compared with
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the other two types of biomass syngases, the increment of available heat can reach 10.8%
after introducing wood syngas with 5 x 10* m3 h™!. It can be noted from Figure 3b that
the theoretical combustion temperature increases with ascending heating values, while
the trend reverses with increasing consumption rates. The result is similar to that in the
study of Wang et al. [2]. The reason for the variations in volume and specific heat might be
different compositions and quantities of combustion products. The variation in the straw
syngas consumption rate has the most pronounced influence on the theoretical combustion
temperature, the highest decrement of which is 3.8%.
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Figure 3. Furnace thermodynamic parameters for various biomass syngas consumption rates (BMCR).
(a) Available heat of fuel; (b) theoretical combustion temperature; (c) water vapor volume fraction
in flue gas; (d) radiant attenuation factor of flue gas; (e) heat absorption of flue gas; (f) furnace exit
flue-gas temperature.
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It is believed that the radiant attenuation factor of flue gas (k, m~! MPa—!) can be
applied to represent the radiative characteristics of flame [28]. The water vapor volume
fraction rises with increasing biomass syngas consumption rates after the introductions
of straw and wood syngases, while that decreases after the introduction of palm syngas
(see Figure 3c). The radiant attenuation factor is related to that of triatomic gases (kq),
soot (kcq), fly ash (knpy), and char (k) according to Equation (14). The k¢  for a coal-
fired boiler can be disregarded, while kxyx would not change owing to the unchanged
coal characteristics [28]. The kq rises as a result of the rising volume fraction of CO,,
while kyyiy, decreases due to the decreasing fly ash concentration after the introduction of
biomass syngas. Consequently, the k descends as the biomass syngas consumption rate
rises according to Figure 3d.

The heat absorption of flue gas (Qg, kW) is determined by the average temperature
and radiative characteristics of the flame, and the size and shape of the furnace [24]. The
average temperature of the flame decreases due to the falling theoretical combustion
temperature. Compared with the solely coal-fired condition, the heat absorption ascends
after introducing the biomass syngas. For the introduction of wood syngas, the heat
absorption descends with rising biomass syngas consumption rates. However, the heat
absorption for introducing palm and straw syngases does not present a monotonous trend
(see Figure 3e), since the complex combustion products produced by burning mixed fuels
can contribute to radiant heat transfer in numerous ways [28]. Since the difference between
the available heat and heat absorption of flue gas ascends, the enthalpy of flue gas, which
reflects the variations of the volume, specific heat, and temperature in flue gas, rises as the
biomass syngas consumption rate increases. It can be seen that T, declines with ascending
biomass syngas consumption rates in Figure 3f. T;' decreases by 2.1% for palm syngas and
straw syngas, while that for wood syngas can reach 2.3%, as 5 x 10* m® h™! of biomass
syngas is entrained.

To evaluate the influence of boiler load variation on the thermodynamic parameters
after the introduction of biomass syngas, the consumption rate of the biomass syngas
would not change (3 x 10* m® h~! in this study) because of the difficulty of adjusting the
load of the gasifier. The comparisons of the primary thermodynamic parameters between
burning coal alone and co-firing coal with biomass syngas (3 x 10* m® h~! of wood syngas)
under different boiler loads are revealed in Figure 4. The results demonstrate that the
available heat and water vapor volume fraction ascend after coupling the wood syngas,
while the radiant attenuation factor and furnace exit flue-gas temperature descend after
the introduction of syngas. Meanwhile, the influence of wood syngas introduction on the
theoretical combustion temperature and heat absorption is weakened. For the solely coal-
fired condition, the available heat declines with falling boiler loads, while that for the wood
syngas introduction shows a reverse trend. It could be confirmed that the introduction of
wood syngas affects the available heat more significantly under a low load (see Figure 4a).
The syngas from the gasification of the woody biomass contains low levels of nitrogen, a
high volume fraction of combustible materials, and a relatively high heating value, which
would result in a higher water vapor volume fraction after the introduction of wood
syngas (see Figure 4c). As the consumption rate of biomass syngas remains unchanged,
operating the boiler under lower loads means a higher consumption rate percentage of
biomass syngas than that of coal. Thus, the water vapor volume fraction increases more
dramatically under low boiler loads. The variation in the water vapor volume fraction
would affect that of the radiant attenuation factor, which can be seen in Figure 4d. The
difference ratios are 4.6% for the water vapor volume fraction and 12.1% for the radiant
attenuation factor under 30% THA. The other three thermodynamic parameters decrease
when the boiler load descends (see Figure 4b,e,f).
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Figure 4. Furnace thermodynamic parameters comparison under various boiler loads (wood syngas,
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4.2. Effect of Co-Firing on Heat Transfer of the Convective Heating Surfaces

The heat transfer coefficient (K), temperature difference (At), and heat transfer quantity
(Qtr) of a certain convective heating surface with various biomass syngas consumption
rates under BMCR are displayed in Figure 5. K is affected by many factors, such as the
radiative characteristics of the flue gas, and the physical characteristics and velocity of
the flue gas and working fluid. Since the convective heat transfer on the working fluid
side is scarcely affected, K is primarily impacted by the heat transfer (including convective
and radiant heat transfer) on the flue-gas side. The inflection point occurs when only the
coal is burned, the result is similar to that in our previous study [24]. The heat transfer
coefficient decreases (for the palm and wood syngases) or increases (for the straw syngas)
with ascending biomass syngas consumption rates (see Figure 5a). A possible explanation
might be the alterations of the temperature, component, and quantity. The temperature
difference is influenced by the inlet and outlet temperatures of the working fluid and flue
gas of a certain heating surface. The temperature of the working fluid could be barely
impacted. Although T;" declines with rising biomass syngas consumption rates, the flue-gas
temperature of the low-temperature superheater rises slightly. Thus, At climbs moderately
in Figure 5b. Qy is related to K, At, and geometric parameters according to Equation (18),
while the geometric parameters remain unchanged. The variations in the heat transfer
quantity are displayed in Figure 5c. It can be seen from Figure 6 that all of these three
thermodynamic parameters decrease when the boiler load declines, while the introduction
of the wood syngas could not lead to a dramatic variation.
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Figure 5. Some parameters related to heat transfer of a low-temperature superheater under various
biomass syngas consumption rates (BMCR). (a) Heat transfer coefficient; (b) temperature difference;
(c) heat transfer quantity.
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Figure 6. Some parameters comparison related to heat transfer of a low-temperature superheater
under various boiler loads (wood syngas, 450 °C). (a) Heat transfer coefficient; (b) temperature
difference; (c) heat transfer quantity.

4.3. Effect of Co-Firing on Thermal Efficiency

Figure 7 reveals the results of the exhaust gas temperature, thermal efficiency, and coal
consumption rate through heat balance calculations. As the biomass syngas is entrained, the
alterations of the component, velocity, volume, and physical characteristics of the flue gas, which
happen in the processes of convective and radiant heat transfer in the boiler, would result in the
exhaust gas temperature variation according to Figure 7a. The exhaust gas temperature increases
with increasing biomass syngas consumption rates. The highest variations of the exhaust gas
temperature for various consumption rates under a full load are 9 °C for the wood syngas, 10 °C
for the palm syngas, and 14 °C for the straw syngas. It can be inferred from Equations (8) and (9)
and the assumption made in Section 3 that the thermal efficiency (7, %) is mainly determined by
the heat losses owing to the exhaust gas (92, %), while the other heat losses remain unchanged.
The growth of the exhaust gas temperature would lead to the growth of g, and then the thermal
efficiency would descend with increasing biomass syngas consumption rates (see Figure 7b). A
combination of the available heat of the working fluid and the thermal efficiency would reduce
the coal consumption rate, as the biomass syngas consumption rate increases (see Figure 7c). As
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130

3 x 10* m3 h~! of wood syngas is entrained, the thermal efficiency is reduced by 0.4%, while
the coal consumption rate is declined by 5.1%. The variations of the exhaust gas temperature
and thermal efficiency under various coupling percentages of the fuels between this current
study and the previous studies [23,24] are quite different due to the different fuels co-firing with
the coal, while it could be confirmed from these three studies [23,24] that the coal consumption
rate would significantly descend with increasing coupling percentages of the fuels.
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Figure 7. Exhaust gas temperature, thermal efficiency and coal consumption rate under various
biomass syngas consumption rates (BMCR). (a) Exhaust gas temperature of boiler; (b) thermal
efficiency of boiler; (c) coal consumption rate.

The alterations of the exhaust gas temperature, thermal efficiency of the boiler, and
coal consumption rate under various boiler loads after introducing 3 x 10 m® h~! of the
wood syngas are shown in Figure 8. Coupling wood syngas with the coal would lead to the
growth of the exhaust gas temperature (see Figure 8a), but reduce the thermal efficiency of
the boiler and the coal consumption rate (see Figure 8b,c). The alterations of the exhaust gas
temperature and the thermal efficiency are not monotonous as the boiler load is changed.
However, the increment (for the exhaust gas temperature) or the decrement (for the thermal
efficiency and the coal consumption rate) rises monotonously with declining boiler loads.
When the boiler operates under 30% THA, the exhaust gas temperature is increased by
7.5%, while 7 and B are decreased by 0.5% and 13.2%, respectively.

4.4. Effect of Co-Firing on Operational Safety

It can be determined from Equation (19) that the acidic dew point depends on the
water dew point, excess air coefficient, and converted contents of sulfur and fly ash [23].
The introduction of biomass syngas brings a large increment of the volume fraction of
hydrogen, and thus the content of the water vapor rises. Therefore, the water dew point
ascends with the growth of the biomass syngas consumption rate. The contents of both
sulfur and fly ash decrease as the biomass syngas is entrained. A combination of these
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factors mentioned above causes the acidic dew point to climb (for the straw and wood
syngases) or decline (for the palm syngas), the variation in which is within +1 °C (see
Figure 9a). It can be clearly seen from Figures 7a and 9a that the exhaust gas temperature
has a greater value than the acidic dew point. Therefore, the low-temperature heating
surface would not be corroded after the introduction of biomass syngas.
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Figure 8. Exhaust gas temperature, thermal efficiency, and coal consumption rate comparison under
various boiler loads (wood syngas, 450 °C). (a) Exhaust gas temperature of boiler; (b) thermal
efficiency of boiler; (c) coal consumption rate.

Figure 9b,c show the total air and flue-gas flow rates evaluated under the standard
condition for various biomass syngas consumption rates. These two parameters are influ-
enced by the coal consumption rate and theoretical volumes of the air and flue gas [23,28].
After coupling biomass syngas with coal, the theoretical volumes of the air and flue gas
ascend with increasing biomass syngas consumption rates, while the coal consumption
rate descends. Therefore, the variations in the total air and flue-gas flow rates are within
£4.0% and £7.6%, respectively. Consequently, the retrofitting of the boiler is not required.
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Figure 9. Acidic dew point, total air flow rate, and total flue-gas flow rate with various biomass
syngas consumption rates (BMCR, standard condition). (a) Acidic dew point; (b) total air flow rate of
air heater inlet; (c) total flue-gas flow rate of air heater outlet.

It could be implied from Figures 8a and 10a that although the acidic dew point would
rise slightly after the introduction of wood syngas under various boiler loads, the acidic
dew point is still lower than the exhaust gas temperature. Consequently, no corrosion
occurs on the low-temperature heating surface even under a low load. Compared with
the standard condition, the total air and flue-gas flow rates do not alter dramatically as
3 x 10* m3 h™! of wood syngas is entrained. However, the total air and flue-gas flow rates
decline significantly with decreasing boiler loads (see Figure 10b,c).

4.5. Effect of Co-Firing on CO, Emissions

The CO, emissions are related to the content of carbon and the calculation coal
consumption rate [24]. Therefore, the CO, emissions descend gradually due to the drop
of the calculation coal consumption rate with ascending biomass syngas consumption
rates. Then, the CO; emission intensity of power generation and the CO, annual emission
(my, t) decline according to Equations (21) and (22), the result is displayed in Figure 11a.
Consequently, an obvious growth of the CO, annual emission reduction (1, t) for different
biomass syngas consumption rates under BMCR can be seen in Figure 11b. The results in
Figure 11a,b are the same as those in our previous study [24], which could confirm that
co-firing the fuels, such as biomass syngas and hydrogen-derived fuel, with the coal is
significantly beneficial to CO, emission reduction. The CO, annual emission reduction
equals 0.001 to 0.095 million tons for the palm syngas, 0.005 to 0.069 million tons for the
straw syngas, and 0.013 to 0.107 million tons for the wood syngas.
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As 3 x 10* m® h~! of wood syngas is entrained, the CO, emission intensity decreases
and the CO; annual emission reduction rises compared with the standard condition. It
can be seen from Figure 12a that the decrement of the CO, emission intensity increases
with descending boiler loads, which could achieve 13.2% under 30% THA. It is apparent
from Figure 12b that the CO, annual emission reduces more under a low load, while the
introduction of wood syngas would exacerbate the reduction.
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Figure 12. CO, emission intensity and CO, annual emission reduction comparison under various
boiler loads (wood syngas, 450 °C). (a) CO, emission intensity; (b) CO, annual emission reduction.

4.6. Effect of Co-Firing on the Boiler during Peak Regulation

Figure 13 displays the variations of some thermodynamic parameters under different
boiler loads. The result in Figure 13a suggests that the radiant attenuation factor decreases
more significantly after coupling wood syngas with coal under a low load. The radiant
attenuation factor increases gradually and then decreases when the boiler load descends,
while the inflection point occurs under 50% THA. As the boiler load is reduced, the heat
transfer coefficient declines dramatically in Figure 13b. It could be easily concluded from
the result in Figure 13c that the thermal efficiency of the boiler does not alter monotonously
with decreasing boiler loads. The thermal efficiency rises (from 100% BMCR to 75% THA)
and then decreases (from 75% THA to 30% THA) when the boiler load declines. Co-
firing coal with wood syngas would reduce the thermal efficiency slightly. Although the
introduction of wood syngas would increase the acidic dew point, the difference between
the acidic dew point and the exhaust gas temperature can be enlarged, which means the
boiler would operate more safely. The differences between these two parameters are higher
than 20 K under various boiler loads after coupling wood syngas with the coal. It could be
revealed from Figures 13d and 8a. What could be significantly concluded from Figure 13e is
that co-firing coal with the wood syngas under a low load would increase the CO; annual
emission reduction apparently, which is beneficial for the environment.
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Figure 13. Some thermodynamic parameters variations under different boiler loads (wood syngas,

450 °C). (a) Radiant attenuation factor; (b) heat transfer coefficient; (c) thermal efficiency of boiler;

(d) acidic dew point; (e) CO, annual emission reduction.
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5. Conclusions

The thermal calculations are conducted to investigate the effect of co-firing coal with
biomass syngas on the thermodynamic parameters in a 300 MW tangentially fired boiler in
this study. The biomass syngas is applied as a supplementary fuel entering the furnace with
various consumption rates under BMCR. In addition, the comparisons of thermodynamic
parameters between two typical conditions are performed under different boiler loads. The
conclusions are listed as follows:

(1) The introduction of biomass syngas weakens the average temperature in the furnace
and the radiative characteristics of flame, which leads to a reduction of furnace
exit flue-gas temperature. The alterations of these thermodynamic parameters are
monotonically related to the biomass syngas consumption rate;

(2)  The heat absorption of flue gas would be enhanced after the introduction of biomass syngas.
Coupling palm syngas and wood syngas with coal would increase the heat transfer on the
convective heating surfaces, while that for the straw syngas would be weakened. Thus, a
combination of these two parameters leads to an increment in the exhaust gas temperature
of the boiler and a decrement in the thermal efficiency of the boiler;

(38) The variations of acidic dew point, total air, and flue-gas flow rates are not monotonous
with increasing biomass syngas consumption rates. The variations are within &1 °C,
£4.0%, and £7.6%, respectively. The difference between the acidic dew point and
exhaust gas temperature ascends after the introduction of biomass syngas. Therefore,
the retrofitting of the boiler is not necessary and the corrosion of a low-temperature
heating surface would not appear. The coal consumption rate descends dramatically
after coupling;

(4) The CO, annual emission reduction increases dramatically with increasing biomass
syngas consumption rates under BMCR, which equals 0.001 to 0.095 million tons for
palm syngas, 0.005 to 0.069 million tons for straw syngas, and 0.013 to 0.107 million
tons for wood syngas. Although the variations are not monotonous, the introduction
of wood syngas enlarges the difference of these thermodynamic parameters between
two different consumption rates of wood syngas as the boiler load decreases.
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Nomenclature

Aar content of ash on the as-received basis (%)
Aarc converted content of ash (%)

B coal consumption rate (kg s~ 1)

Bc calculation coal consumption rate (kg s~ ')

Bo Boltzmann number

Bu effective value of Bouguer number

Car content of carbon on the as-received basis (%)

dn,0 the ratio of water vapor mass to air mass
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content of fixed carbon on the as-received basis (%)

area of convective heating surfaces (m?)

content of hydrogen on the as-received basis (%)

sensible heat of mixed fuels (k] kgfl)

sensible heat of coal (k] kg_l)

sensible heat of biomass syngas (k] kg ')

enthalpy of cold air (k] kg~1)

enthalpy of exhaust gas (k] kg™!)

enthalpy of flue gas at the furnace exit (k] kg ')

radiant attenuation factor of flue gas (m~1MPa1)

radiant attenuation factor of soot (m~1 MPa~1)

radiant attenuation factor of fly ash (m~!MPa~1)

radiant attenuation factor of char (m~1 MPa~1)

radiant attenuation factor of triatomic gases (m~! MPa~1)
heat transfer coefficient of convective heating surfaces (W m~2 K1)
a dimensionless coefficient correlated to the proportion of luminous area
in the flame

CO;, annual emission reduction (t)

CO; annual emission (t)

CO, annual emission under BMCR (t)

a dimensionless coefficient related to fuel characteristics, combustion
mode, and temperature distribution

content of moisture on the as-received basis (%)

CO, emission intensity of power generation (g kW~! h=1)
content of nitrogen on the as-received basis (%)

content of oxygen on the as-received basis (%)

power generation (MW)

heat loss owing to the exhaust gas (%)

heat loss owing to incomplete combustion of gaseous fuels (%)
heat loss owing to incomplete combustion of solid fuels (%)
heat loss owing to radiation and convection (%)

heat loss owing to ash residue (%)

available heat of fuel (k] kg™')

heat transfer quantity of convective heating surfaces (W)
heat absorption of flue gas (k] kg™1)

sensible heat of combustion air (k] kg_l)

lower heating value of mixed fuels (k] kg_l)

lower heating value of coal (k] kg_l)

lower heating value of biomass syngas (k] m~3)

heat entrained into the boiler envelope (k] kg™1)

total available heat of working fluid (kW)

water vapor volume fraction

content of sulfur on the as-received basis (%)

converted content of sulfur (%)

acidic dew point (°C)

water dew point (°C)

furnace exit flue-gas temperature (K)

theoretical combustion temperature (K)

theoretical air volume (m?3 kg_l)

total air flow rate of air heater inlet (m3 s~1)

total flue-gas flow rate of air heater outlet m3s1)
theoretical water vapor volume (m3 kg—1)

total water vapor volume (m? kg—1)

total flue-gas volume (m3 kg~1)

theoretical flue-gas volume (m3 kg =)

content of volatile matter on a dry ash-free basis (%)
generation capacity of the boiler (kW h)

volume of biomass syngas to 1 kg of coal under standard conditions (m?

kg1
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At temperature difference of heat transfer (K)
At the larger one of initial and final temperature differences between hot
and cold fluid (K)
At the smaller one of initial and final temperature differences between hot
and cold fluid (K)
o excess air coefficient of furnace exit
Kash a dimensionless coefficient related to fly ash
Xo excess air coefficient of the air heater outlet
ag convective heat transfer coefficient of flue gas (W m2K1
ay convective heat transfer coefficient of working fluid (W m 2K
og radiant heat transfer coefficient of flue gas (W m 2K
¢ utilization factor considering imperfect sweeping by flue gas
€ fouling factor (m? K W~1)
B a dimensionless coefficient that depends on the excess air coefficient at
the furnace exit
B excess air coefficient of the air heater inlet
7 thermal efficiency of the boiler (%)
e combustion efficiency
@ heat retention factor
Oex exhaust gas temperature (°C)
1Y air density (kg m~3)
LA outlet gas temperature (°C)
Pt temperature correction factor
BMCR boiler maximum continuous rating
THA turbine heat acceptance
LHV lower heating value
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