Chemical Engineering & Processing: Process Intensification 179 (2022) 109093

ELSEVIER

Contents lists available at ScienceDirect

Chemical Engineering and Processing - Process
Intensification

journal homepage: www.elsevier.com/locate/cep

Check for

Performance analysis of biomass gasification coupled with S|

ultra-supercritical power generation system

Haolin Liu®, Chao Ye™® ', Yuan Zhao ”, Guoneng Li*, Yousheng Xu? Yuanjun Tang?,

Guanqun Luo?, Qinhui Wang "

& Department of Energy and Environmental System Engineering, Zhejiang University of Science and Technology, Hangzhou, Zhejiang 310023, China

Y powerchina HuaDong Engineering Corporation Limited, Hangzhou 311122, China

¢ State Key Laboratory of Clean Energy Utilization, Zhejiang University, Hangzhou, Zhejiang 310027, China

ARTICLE INFO ABSTRACT

Keywords:

Biomass gasification
Coal-fired power plant
Energy and exergy efficiency
Pollutant emissions

CO, reduction

In order to alleviate the impact of coal combustion on the environment, a scheme of biomass gasification in coal-
fired ultra-supercritical power plant is proposed and simulated with Aspen plus. Simulation results show that the
energy and exergy efficiencies of the coupled system have an increasing-decreasing tendency with the increase of
the air/biomass ratio, reaching the maximum value when the air/biomass ratio is 1.6. The energy and exergy
efficiencies of the coupled system decrease continuously with the increase of the excess air ratio. The coupled

system has the highest energy and exergy efficiencies of 46.89% and 43.13%, which are 2.70% and 1.81% higher
than those of an ultra-supercritical coal-fired system, respectively. Meanwhile, the coupled system has low CO,
SO,, and NOy emissions and thus many advantages in terms of environmental performance.

1. Introduction

Coal accounted for more than half of China’s primary energy con-
sumption and will still have an important role for a long time [1-3]. Coal
is mainly used for electricity production through the steam Rankine
Cycle. Despite the rapid development of renewable energy, including
nuclear, wind and biomass energy in recent years, the share of thermal
power generation (mainly from coal- fired power) of China more than
60% in the past years [1,4,5]. At the United Nations General Assembly in
2020, China clearly proposed to strive for the peak of carbon dioxide
emissions before 2030 and strive to achieve carbon neutrality before
2060. CO2 emission reduction is not only a basic requirement for China
to achieve scientific development [6,7], but also a strategic measure for
the international community to cope with climate change [8,9]. In terms
of the existing coal utilization technologies, the utilization efficiency
must be improved, and the coal consumption must be decreased.

According to the steam Rankine cycle, the efficiency of power gen-
eration is generally improved by increasing the parameters of steam,
including pressure and temperature. Coal-fired power generation tech-
nology is developing significantly from subcritical power generation
technology to ultra-supercritical power generation technology after
decades of development [10]. Generally, the steam parameters of power
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plants exceed 24 MPa and 600 °C, which characterize ultra-supercritical
power generation technology. The steam parameters of the latest
ultra-supercritical power generation technology have exceeded 25
MPa/600 °C and will reach 30 MPa and 700 °C in years to come [11].
According to the literature, the power generation efficiency of newly
built ultra-supercritical power plants can reach more than 45% [12,13].
Compared with subcritical and supercritical power generation technol-
ogies, the coal utilization efficiency of ultra-supercritical power gener-
ation technology is significantly increased. Thus, coal consumption can
be reduced, and the reduction of CO5 emissions can be achieved
simultaneously when ultra-critical power generation technology is
extensively used. To explore the market feasibility, Vu et al. conducted a
techno-economic analysis of ultra-supercritical power plants using air-
and oxy-combustion CFB with and without CO, capture, and the net
efficiency of the oxy-combustion power plant is higher (39%) and cost of
electricity is lower (59 $/MWh) [13]. Rocha and Silva performed
exergy-environmental analysis on an 800 MWe coal-fired power plant
adopting ultra-supercritical technology [14].

Given the increasing urgency of the demand for COy emissions
reduction, the China National Energy Administration and the Ministry of
Ecology and Environment issued “A notice about the construction of
biomass coal-coupled power generation pilot project” in 2017. The
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Fig. 1. Diagram of biomass gasification coupled with ultra-supercritical power plant system.

technology mentioned in the document aims to prompt the R&D of
biomass utilization technology in commercial operational conventional
coal-fired power stations to further reduce coal consumption and CO5
emissions. At present, biomass is mainly applied in biomass direct-fire
power plants [15], with some disadvantages. First, biomass is difficult
to utilize in large scale because of the dispersed distribution of biomass
resources and seasonal variation [16,8]. Second, high-parameter steam
is difficult to produce because of the high-temperature corrosion and
fouling of heating surfaces. Therefore, developing biomass gasification
in coal-fired power plants is becoming increasingly important resolving
the existing problems. This system can be realized by adding a CFB
gasifier based on the coal-fired power plant and the syngas produced
from biomass gasification instead of sending the biomass itself to the
boiler for combustion. The gasification temperature is much lower than
that of direct biomass combustion, preventing the melted AAEMs from
fouling the heating surfaces. Compared with the biomass
direct-combustion system, the combination of biomass gasification and
coal combustion is beneficial for producing high-parameter steam.
Meanwhile, the separation of biomass gasification and coal combustion
will minimize the impacts of integration on the existing coal-fired
system.

Few studies related to the coupled system exist. Zhang et al. proposed
the integration of corn straw gasification in a coal-fired power genera-
tion station which merits our further consideration [17]. They per-
formed performance analysis on the power generation system under
various loads. However, only the boiler efficiency and the pollutants
emission were calculated, and the characteristics of this system were not
fully demonstrated.

In our article, the coupling of biomass gasification with a 600-MW
ultra-supercritical power generation system is proposed, with corn
straw as the feedstock of the gasifier. The combination of biomass uti-
lization and ultra-supercritical power generation technology aims to
realize the reduce CO; and other pollutant emissions under the premise
of ensuring the efficiency of power generation. The effects of the air/
biomass ratio and the excess air coefficient for combustion on the system
performance are studied. The results of biomass gasification are
compared with the experimental results to verify the feasibility of the
simulation results. Then, thermodynamic and pollutants emissions an-
alyses are conducted, and the results are compared with those of an
ultra-supercritical coal-fired power plant. This study aims to provide
data references for the commercial operation of coupled power gener-
ation in the future.

Table 1
Proximate and ultimate analysis of corn straw and coal.
Fuel Corn Straw Coal
Proximate analysis(wt%) Fixed Carbon 17.75 46.39
Volatile Matter 71.45 25.12
Ash 5.93 20.94
Moisture 4.87 7.55
Ultimate analysis(wt%) Carbon 44.56 61.14
Hydrogen 5.33 3.18
Oxygen 38.45 12.95
Nitrogen 0.74 1.23
Sulfur 0.12 0.56
Lower heating value (MJ/kg) 16.29 21.93

2. Material and methods
2.1. System description

The coupled power generation system is mainly composed of
biomass gasification unit and coal-fired power plant unit, as shown in
Fig. 1. The preheated corn straws and western China coal is employed as
the simulation material and the proximate and ultimate analysis are
listed in Table 1. Corn straws are gasified with air in the CFB gasifier to
generate syngas. The mass flowrate of feeding biomass 72 t/h. The
operational temperature of gasification is between 700 °C and 800 °C.
The syngas is sent to heat exchanger after leaving the gasifier. In the heat
exchanger, the syngas is cooled to approximately 400 °C. The cooled
syngas is fed to the coal-fired boiler and combusted with pulverized coal.
The combustion temperature is between 1200 °C and 1400 °C [18]. The
flue gas passes through the tail heating surface and high-parameter
steam are generated. The parameters of steam are 28.2 MPa/600
°C/620 °C. Finally, high-parameter steam is sent to steam turbines for
power generation. After working in steam turbines, exhausted steam is
cooled in the condenser and flows into deaerator where mix with
feedwater. Then, the feedwater is preheated in the preheater. The
regenerative cycle uses low-pressure heaters and high-pressure heaters.
The preheated water goes through the boiler and becomes
high-parameter steam again.

2.2. System modeling

The simulation study of coupled system is accomplished by Aspen
Plus which is a widely employed in coal conversion industry and shows
well applicability by existing studies [19,20]. PR-BM model is applied in
the simulation of coupled system, which is applicable for calculating the
physical and chemical exergy of both liquid and gas phases in all streams
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Table 2

The nomenclature in the article.
Abbreviation Full name
CFB Circulated Fluidized Bed
AAEM Alkali and Alkaline Earth Metals
PR-BM Peng-Robinson with Boston-Mathias
HPHs high-pressure heaters
LPHs low-pressure heaters
HPTs high-pressure turbines
IPTs intermediate pressure turbines
LPTs low-pressure turbines
LHV Lower heating value

based on the second law of thermodynamics.
The abbreviations of nouns and their full names in the article are
listed in Table 2.

2.2.1. Biomass gasification coupled with pulverized coal combustion unit

The biomass gasification or pulverized coal combustion is divided
into two steps, including pyrolysis, gasification and combustion [21],
respectively. In the pyrolysis process, the volatile in the coal is devola-
tilized and coal or biomass is decomposed into gas and char. In the
gasification or combustion process, homogeneous reactions and heter-
ogenous reactions occur between the gas and char. All of the above re-
actions are listed in the following part [19].

2C +0,-2CO (€))
C+0,-CO, ()]
C+H,0-CO+H, 3)
H, + 0,~H,0 4
C +C0,-2C0 (5)
CO +H,0-CO, + H, (6)
C +2H,—CH, 7
C +2H,0-CO,+2H, (8

According to the conversion characteristics of biomass and coal,
there are two steps during the simulation of biomass gasification and
coal combustion, including decomposition process and reaction process.
Firstly, the gas component such as Hy, Oy, N3, CO, H20, and CO5 are
defined as conventional components, while biomass, coal, and ash are
defined as unconventional components [22]. Secondly, the Ryield model
is adopted to simulate the decomposition process where fuel breaks up
into C, Hy, O, Ny, S, HyO, and ash [23]. The elements yields are
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calculated by the built-in Fortran module based on the proximate and
ultimate analysis of biomass and coal. Thirdly, the elements from Ryield
model are sent to Rigibbs model which models the reaction process, in
which the elements interact with each other. The Rigibbs model is based
on the mechanism of Gibbs free energy minimization. In the meantime,
part of the heat from biomass gasification and coal combustion flow to
biomass pyrolysis reactor for and coal pyrolysis reactor, and the other is
set as heat loss. The heat loss value is 3% of the lower heating value of
biomass and coal.

2.2.2. Steam power cycle unit

The steam power cycle unit mainly consists of steam turbines,
heaters, and pumps and is shown in Fig. 2 [4]. Liquid water is com-
pressed to 28.2 MPa before the feed water enters the boiler. Three
high-pressure heaters (HPHs) and three low-pressure heaters (LPHs) are
used, and the feed water is heated to approximately 380 °C. Then, the
water flows into the ultra-supercritical boiler and goes through the
heating surfaces distributed around the furnace. The water is heated to
ultra-supercritical condition by dramatic heat exchange with the
high-temperature gas generated by the intense chemical reactions [14].
Then, the high-parameter steam is sent to the high-pressure turbines
(HPTs) and works after expansion. Part of exhaust steam from the HPTs
is transferred to the HPHs for water heating, and the other steam is sent
back to the boiler for reheating to raise the steam conditions. The
reheating steam (620 °C/4.5 MPa) feeds the intermediate pressure tur-
bines (IPTs), and two steam extractions are directed to the HPH-2 and
HPH-3, and part of exhaust steam of IPT is directed to the deaerator. The
remaining steam is sent to the low-pressure turbines (LPTs) after leaving
the IPTs and works in the LPTs. In the LPTs, three steam extractions are
directed to the LPHs, and the remaining steam goes to the condenser for
cooling. The condensed water exchanges heat with the external water in
the condenser [24]. Then, the feed water leaving the condenser passes
through the water preheaters (i.e., HPHs, LPHs, and deaerator).

2.3. Performance analysis

Several parameters are introduced to evaluate the thermodynamic
performance of biomass coupled ultra-supercritical power generation
system.

EcoaL= LHVcoaL mcoar Esiomass= LHVgiomass Mpiomass 10)

Where Ecoa.(MW) and Egomass(MW) represent the total heating
value of coal and biomass, LHVcoar.(MJ /kg) and LHVgiomass(MJ /kg)
represent the lower heating value of coal and coal, and mcoa. (kg /s) and
mgiomass (Kg /s) represent the mass flowrate of feed coal.

Esyncas= LHVu2-Via+LHVco-Veo+LHVenma-Veny 1)

Where Esyncas(MW) means the total heating value of syngas,

| LPT
T

Generator
Exhausted Steam
(26.3°C/0.003MPa)

y

Lro-1 LPI-2 LPI-3

Fig. 2. Steam power cycle unit.
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Table 3

The input parameters of coupled system.
Parameters 1 2 3 4 5
Biomass input (kg/s) 20 20 20 20 20
Coal input (kg/s) 43 43 43 43 43
Air input for biomass gasification (kg/s) 24 28 32 36 40
Air/biomass ratio (kg/kg) 1.2 1.4 1.6 1.8 2.0
Air input for combustion (kg/s) 519 519 519 519 519

LHVy(MJ /Nm®), LHV¢o(MJ /Nm®), and LHV ¢y (MJ /Nm®) means the
lower heating value of Hp, CO, and CHy, and Vy;2(Nm?® /s) represents the
volume flow rate of Hy, CO, and CHy.

1= E/(EcoaL + Esiomass)-100% 12)

Where 7,(%) represents the energy efficiency of coupled system and
E(MW) represents the power generation of coupled system.

E= Ewtal - Epumps — Efans (13)

Where Ejumps represents power consumption of pumps and Efans
represents the power consumption of fan.

EX =EXp+EXen a4

Where EX(MW) denotes the total exergy, EX,,(MW) denotes the
physical exergy, and EXcy(MW) denotes the chemical exergy.

The physical exergy and chemical exergy can be calculated by Eqs.
(14) and (15) [2,25]:

EXph = (hl - ho) - To(Si - So) (15)

EXo = > xEX,+RT, Y xiln(xi> (16)

The chemical exergy of multiple components gas is obtained based
on the standard value of each component [26].

The exergy efficiency of subsystem can be expressed by the following
equations [27].

1= (EXiin—EXiou) [EXi * 100% an

Where ¢;(%) represents the exergy efficiency of subsystem,
EXin(MW) represents the exergy flow that enters the subsystem and
EX; out(MW) represents the exergy flow that leaves the subsystem. The i
means the subsystem of gasifier, combustor and steam turbines.

The exergy value of the input coal and biomass is acquired by
calculation methods proposed by Szargut and Styrylska [28,29]

—4— Gasification Temperature (C)
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H (6] N
EX=LHV- (1 .0438 + 0.0013-6 +O.1083~E +0.0549~E> +6.17-s (18)

Where C, H, O, N and S represent the mass fraction of carbon,
hydrogen, oxygen, nitrogen and sulfur.

& = EXgLectricrry / (EXcoaL +EXpiomass ) - 100% 19)

Where ¢(%) represents the exergy efficiency of coupled system,
EXgipcrricry(MW)  represents the exergy of power generation, and
EXcoar(MW) and EXgiomass(MW)represent the exergy of coal and
biomass, respectively.

Mgas= LHV g X (Vg — Vino) x 22.4 /3600 /(20 x 16.9) (20)

Where LHV,y, represents the lower heating value of syngas, V rep-
resents the volume of syngas and Hy0 (kmol/h).

3. Results and discussions
3.1. The effects of air/biomass ratio on system performance

The air/biomass ratio is directly related to the gasification charac-
teristics, including but not limited to the gasification temperature, the
gasification efficiency, and the syngas components [30,31]. Further-
more, the gasification characteristics have a significant effect on the
coupled system performance. Five working conditions are simulated in
this study, and the input parameters of the five runs are listed in Table 3.
The simulation results based on the input parameters are shown in
Figs. 3 and 4.

Fig. 3 indicates that the gasification temperature continuously in-
creases as the air/biomass ratio varies from 1.2 to 2. Becasuse more air
input results in R (2) (4) (9) intensified and more heat is released. Ac-
cording to Fig. 4, the volume fractions of Hy and CH4 keeps decreasing as
the air/biomass ratio increases, while the volume fraction of CO shows
an increasing—decreasing trend. The above conclusions are consistent
with the expermental results in the existing literature [32]. Because as
more air input, R(1) is intensified and more carbon is converted to CO,
which makes less carbon used for R (3). The produced H; is less than
consumed H; which makes H content decrease. R (7) is weakened with
Hj; content decreasing, and CH4 content decreases. The volume of gas in
gasification and the integral number of synthetic gas are listed in
Table 4. With the variation of the syngas components, the lower heating
value of syngas presents an increasing-decreasing trend. When the
air/biomass ratio is 1.4, the lower heating value of syngas has a maxium
value of 6.0 MJ/Nm?. When the air/biomass ratio is more than 1.4, the

®— Lower Heating Value of Syngas (MJ/Nm®)
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Fig. 3. The effect of air/biomass ratio on gasification characteristics.
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Table 4 Table 5
The effect of air biomass ratio on gas parameters. The effect of air biomass ratio on energy production / consumption.

Air/Biomass Ratio Gas LHV Temperature Air/Biomass ratio 1.2 1.4 1.6 1.8 2

1.2 Total volume 6484.52 1139.74 Etotal 581.54 599.78 615.05 614.9 614.73
Gas volume fraction Epumps 8.79 9 9.18 9.18 9.18
co 20.98 12.64 Efans 10.81 10.87 10.95 11.03 11.11
H, 23.83 10.79 E 561.94 579.91 594.92 594.69 594.44
CH,4 1.07 35.88
syngas 45.88 5.99

1.4 Total volume 7191.45 1174.47 of 85.38% and then decreased. At the initial stage of the increase of air
Gas volume fraction volume, the reaction R(1) and R(2) can be guaranteed. At the same time,
EI(Z) 22228 the increased temperature can make R(3) and R(5) proceed in the di-
CH, 0.79 rection of positive reaction. However, when the air volume continues to
syngas 46.97 6.00 increase, R(4) and R(9) will become the main reaction process, and the

16 Total volume 7879.284 1202.48 consumption of CO and Hj will increase.
ggs volume fracnonzs. 4 Equivalence ratio is an important parameter in the process of
H, 21.54 biomass gasification, which is expressed as the ratio of air demand for
CH,4 0.39 gasification to air demand for complete combustion. When the equiva-
syngas 47.33 5.93 lence ratio is 0.25~0.30, the gas composition produced by gasification is

1.8 Total volume ~ 7879.284 1196.37 ideal. The air demand for complete combustion of corn straw is calcu-
Gas volume fraction lated by (21), where [C]—44.56%, [H]—=5.33%, [0]=38.45%.
H. 18.93
o, e V = 1.866[C] + 5.55[H] + 0.7]S] — 0.7[0] 1)
syngas 43.3259 547 After calculation, it can be seen that the total combustion air volume

20 gzzai;‘:g:;ractio:?’?’ms 1192.75 of corn straw is 4.11 m>/kg. The input of bioamass is 20 kg, and the air
co 25.4 required for complete combustion is 82.20 m~, equivalent to 106.04 kg.
H, 21.54 The equivalence ratio is 0.25~0.30, and the amount of air required for
CHy4 0.39 gasification is 26.51~31.81 kg. At this time, the air biomass ratio is
syngas 47.33 5.04

lower heating value decreases rapidly. When the air/biomass ratio is
1.6, the volume fraction of HO in the gas is the lowest, only 4.32%, and
the volume fraction of CO and CH,4 reaches the peak, so the syngas under
the conditions has high lower heating value and the highest gasification
efficiency. The gasification efficiency increases iniatially to its peak vlue

1.33~1.59. Therefore, when the air biomass ratio is 1.6, the maximum
gasification efficiency is achieved.

In terms of system efficiency, the energy efficiency, the exergy effi-
ciency, and the power generation have an increasing—decreasing ten-
dency as the air/biomass ratio increases. They increase significantly and
then declines slightly. The effect of air biomass ratio on energy pro-
duction/consumption is listed in Table 5. The energy consumption of
pumps and fans would gradually increase with the increase of air
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Fig. 5. The effect of air coefficient on temperature of combustion and oxygen concentration in flue gas.
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Fig. 6. The effect of excess air coefficient on energy efficiency and exergy efficiency.
biomass ratio, but the total power generation will reach the maximum MW, respectively.

when the ratio is 1.6. After further calculation, when the air/biomass
ratio is 1.6, the energy efficiency, the exergy efficiency, and the power
generation reach the maximum values of 46.89%, 43.13%, and 594.92
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Table 6 Table 8
The input parameters of coupled system. Input parameters and material flows for exergy calculation.
Parameters 1 2 3 4 5 Parameters Value
Biomass input (kg/s) 20 20 20 20 20 Biomass input (kg/s) 20
Coal input (kg/s) 43 43 43 43 43 Coal input (kg/s) 43
Air input for biomass gasification (kg/s) 32 32 32 32 32 Air input for biomass 32
Air/biomass ratio (kg/kg) 1.6 1.6 1.6 1.6 1.6 gasification (kg/s)
Air input for combustion (kg/s) 440 470 500 519 540 Air/biomass ratio (kg/kg) 1.6
Air input for combustion (kg/ 519
s)
Excess air coefficient 1.2
Table 7 Component Mass flowrate of Mass flowrate of flue
The simulation results of biomass gasification under determined air/biomass syngas(kg/h) gas(kg/h)
ratio. Hy 3422.29 /
(023 / 179206
Items Simulated Experimental Value Ny 88894.73 1534920
Value (301 co 56049.81 2.96
Volume fraction of syngas components(%) CO2 27839.57 381761
H, 22.44 17.3 CHy4 493.30 /
co 26.45 22.6 CoHy 0.0028 /
O, 8.33 12.0 CsHe 1.65107"° /
N, 41.94 45.7 C3Hg 4.08-10°8 /
CH,4 0.41 1.98 CoHe 0.0025 /
Lower heating value of syngas (MJ/ 5.93 5.70 NH3 5.73 /

Nm?) SO, 1.13.10°° 1489.37
Syngas yield(Nm®/kg) 2.45 / SOz 299107 21.42
Gasification temperature(°C) 706 / HaS 86.59 1.34-107"
Gasification efficiency(%) 85.38 / cos 8.83 /

H,0 6140.18 81518.19
NO 9.63.10 ! 1513.92
. . NO, 1.82:10722 7.65
3.2. The effects of excess air coeffcient on system performance o La2041 5180440
Temperature(°C) 706 1202

According to the optimum air/biomass ratio of 1.6, the system per-
formance under different excess air coefficients is shown in Figs. 5 and 6.
The loss caused by incomplete combustion needs to be considered. The
loss of incomplete combustion in biomass gasification is taken as 2%,
while the loss of incomplete combustion in coal-fired boilers is taken as
5.5%. The operational parameters of the five runs are listed in Table 6,
and the simulation results of biomass gasification are listed in Table 7.
Under the determined operating parameter, the temperature of biomass
gasification is 706 °C, and the gasification efficiency is 85.38%. The
syngas yield is 2.45 Nm®/kg, and the lower heating value is 5.93 MJ/
Nm?. The simulated results are compared with the experimental results
of biomass gasification to prove the feasibility of the biomass gasifica-
tion model. Table 7 shows that the volume fractions of CO and H, are
higher than those of the referenced results [30]. Meanwhile, the volume
fractions of CO2, N3, and CO5 are smaller than those of the experimental
results because the simulated gasification process is nearer the ideal
condition, which is based on the minimum Gibbs free energy priciple.
The Boudouard reaction has a thorough process, which leads to
increased CO production and decreased CO, production [17]. Mean-
while, the Methanation reaction is weakened because of the increased C
consumption, which results in increased Hy production and decreased
CH4 production [17]. The explanations above indicate that the simula-
tion model of biomass gasification can be validated by the experimental
results.

Fig. 5 shows that combustion temperature decreases from 1314 °C to
1177 °C when the excess air cofficient increases. This phenomenon can
be attributed to the existence of a theoretical air quantity for a certain
combustion condition. When the air quantity exceeds the theoretical air
quantity, the excess air does not participate in the combustion reactions.
Meanwhile, the excess would absorb the heat from the combustion re-
action, decreasing the combustion temperature. The oxygen concen-
tration in flue gas decreases continuously when the excess air coefficient
increases because the excess oxygen is improved simutaneously. Fig. 6
indicates that both energy and exery efficiencies decrease continuously
when the excess air coefficient increases from 1.02 to 1.25 because the
power generation decreases from 618.62 MW to 614.15 MW. Therefore,
raising the excess air coefficient is not conducive to the improvement of
system efficiency.

3.3. Exergy analysis of the coupled system

In this section, one operational condition is determined, and the
parameters and the material flows are listed in Table 8. Exergy analysis
is performed on each part to explore the distribution of exergy
destruction, and the exergy value of each part is presented in Fig. 7. The
coupled system has three main subsystems, namely, the biomass
gasifier, the coal and syngas combustor, and the steam turbines.

As is shown in Fig. 7, the exergy efficiency of the coal and syngas
combustor is the lowest (i.e., 39.8%). The exergtic destruction is nearly
60%. The combustor has two main exergy destruction [33], namely, the
irreversible dissipation of fuel combustion and the exergetic destruction
of heating exchangers, because the high-quality energy (chemical en-
ergy) is converted to low-quality energy (heat), which is used for steam
generation. Consequently, a relatively large exergetic destruction is
obtained [34]. The exergy efficiency of the biomass gasifier is 76.39%,
which is higher than that of the combustor. Unlike the combustor, the
biomass in the gasifer is converted to syngas instead of flue gas. Table 8
shows that syngas is rich in CO and Hj and has a high chemical energy.
Among the three subsystems, the steam turbines have the highest exergy
efficiency of 86.59%.

3.4. Performance and emissions comparison of coupled system and ultra-
supercritical coal-fired power plant

This section proposes an ultra-supercritical coal-fired power plant
whose performance is compared with that of the coupled system. The
input parameters and simulation results of the ultra-supercritical coal-
fired power plant and the coupled system are listed in Table 9.

In this section, the two systems use the same coal, and the coal mass
flow rates of the two systems are 43 and 60.5 kg/s, respectively. The
mass flowrate of biomass for the coupled system is 20 kg/s. The air/
biomass ratio is 1.6, and the excess air coefficients for two systems are
very close, namely, 1.2 and 1.18, respectively. The combustion tem-
perature of the two systems is the same (i.e., 1202 °C), and the param-
eters of power generation are 600 °C/620 °C/28.2 MPa.
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Table 9
Performance and emissions comparison of coupled system and ultra-
supercritical coal-fired power plant.

Ultra-critical coal-
fired power plant

Items Biomass gasification coupled
coal-fired power plant

Input

Biomass input(kg/s) 20 /

Coal input (kg/s) 43 60.5

Air input for biomass 32 /
gasification(kg/s)

Air input for coal 519 545
combustion(kg/s)

Air/biomass ratio(kg/kg) 1.6 /

Excess air coefficient 1.2 1.18

Combustion temperature 1202 1202

QY]

Parameters of power

600 °C/620 °C/28.2 MPa

600°C/620 °C/28.2

generation MPa

Output

Total power generation 615.05 606.19
(MW)

Total power consumption 20.13 19.94
(MW)

Gross power generation 594.92 586.73
Mw)

Energy efficiency(%) 46.89 44.19

Exergy efficiency(%) 43.13 41.32

CO;, emissions(kg/KW-h) 0.83 0.58
Before purification

NOy emissions(mg/Nms) 648.91 658.15
Before purification

SO, emissions(mg/Nms)- 635.17 809.13

Before purification

Under the determined input parameters, the total power generation
values of the two systems are 615.05 MWand 606.19 MW, respectively.
Considering the power consumption, the gross power generation values
are 594.92 MWand 586.73 MW, respectively, because determining
which scheme is better based on the power generation is difficult. The
energy and exergy efficiencies of the two systems are calculated. The
energy and exergy efficiencies of the coupled system are 46.89% and
43.13%, respectively. The energy and exergy efficiencies of the ultra-
supercritical coal-fired power plant are 44.19% and 41.32%,

respectively, indicating that both the energy and exergy efficiencies of
the coupled system are higher than those of the coal-fired power plant,
which means that the coupled system has advantages over the existing
coal-fired power plant.

The pollutant emissions are not only related to the normal operation
of power plants but also to sustainable economic and social develop-
ment. Therefore, the pollutant emissions of the two systems must be
compared. The sulfur and nitrogen contents in coal, biomass, and air are
converted into hazardous air pollutants, inlcuding SO3, NO, and NO». All
of the air pollutants are harmful to ecology and human health. The
lastest emission standards for coal-fired power plants are 35 mg/Nm?® for
SO, and 50 rng/Nrn3 for NOy, which are the strictest emission standards
in history [35]. Therefore, the vast majority of air pollutants should be
removed before being discharged into the atmosphere, which need
numbers of cost consumption. Limestone-gypsum wet FGD and SCR
denitration are the most widely applied end-of-pipe treatment processes
in removing SOy and NOx[36,37]. However, 1 kg of SOy emission
reduction is estimated to be accompanied by an extra generation of 4.64
kg CO3 and 0.016 kg NOy. Meanwhile, 1 kg of NOy emission reduction is
accompanied by an extra generation of 1.88 kg CO5 and 0.008 kg SO5
[38]. The current flue gas purification measures entail large costs and
result in extra pollutants and CO». Therefore, novel pollutant reduction
technologies should be developed urgently, and the reduction of coal
combustion should be enhanced on the source.

Table 9 indicates that the SO, and NOy emissions of the coal-fired
power plant are 809.13 and 658.16 mg/Nm?>, respectively, while the
SO, and NOy emissions of the coulped system are 635.17 and 648.91
mg/Nm?®, respectively. Furthermore, 173.93- and 9.24-mg/Nm® NO,
reductions can be achieved in the biomass gasification coupling with the
coal-fired power system. The SO, emission can be decreased by more
than 20% because the SO, formation is mainly from the reactions of the
sulfur content in biomass and coal with oxygen. Meanwhile, the sulfur
content in biomass is much smaller than that in coal, resulting in less SO5
formation. NOy is mainly composed of the majority of NO and a small
part of NOy. NO formation is mainly related to the combustion tem-
perature and the N» in air of which the differences are much less while in
coal-fired power plant and coupled system [39]. Therefore, the differ-
ence in NOy emissions is small. In general, the coupling of biomass
gasification and the coal-fired power system can effectively reduce SO5
and NOy emissions and flue gas purification costs.
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Table 9 clearly shows that the CO, emission in the coupled system is
much lower than that in the coal-fired power plant. The CO3 emissions in
the coal-fired power plant and the coupled system is 0.83 and 0.58 kg/
kW-h, respectively, indicating that the biomass gasification coupled
system reduces the CO5 emission by more than 30%, and the emission
reduction effect is very effective.

4. Conclusion

In this study, the coupling of biomass gasification and the ultra-
supercritical coal-fired system is simulated. Several important parame-
ters of the coupled system are researched under different air/biomass
ratios and excess air coefficients. Meanwhile, the simulations results are
compared with those of the ultra-supercritical coal-fired power plant,
resulting in the following conclusions:

(1) The air/biomass ratio has an influence on the performance of
biomass gasification and power generation. When the air/
biomass ratio is 1.6, the gasification, energy, and exergy effi-
ciencies reach the maximum values of 85.35%, 46.89%, and
43.13%, respectively.

(2) The energy and exergy efficiencies of the coupled system

decrease continuously with the increase of the excess air

coefficient.

The coupling of biomass gasification and the ultra-supercritical

coal-fire system has higher energy and exergy efficiencies and

lower CO5, SO5, and NOy emissions than the conventional coal-
fired ultra-supercritical power plant.

(4) Biomass gasification and pulverized coal combustion technolo-
gies can be organically combined and become a high-efficiency
and low-CO3 and -pollutants emissions technology.
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