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Numerical analysisof solar chimney power plant integrated with CH4
photocatalytic reactorsfor fighting global war ming under ambient

crosswind

Abstract: Methane’s global warming potential (GWP) is muchgéa than carbon
dioxide and contributes significantly to global wang. Solar chimney power plant
(SCPP) integrated with photocatalytic reactors capture and remove atmospheric
methane, and generate electrical power without ilfossergy consumption
simultaneously. In this papehe performance of thiéow characteristics, th€Ha
removal, theCO, emission reduction, and the power generation \&eedyzed for the
SCPP integrated with different types of photocdtalyeactors under ambient
crosswind (ACW). The results revealed that the S@R#yrated with a honeycomb
reactor was more stable for the degradation of tbHn that with a plate reactdvith

an increase in ACW, the removal rate of atmosph@Hg was reduced to a constant
value of 0.41g/s for the honeycomb reactor andddslfor the plate reactorhe SCPP
integrated with a honeycomb reactor achieved a mmaxi power generation of 88.31
kW, which was 1.63 times than that of the conver@icCPP whef = 857 W/nt and
ACW = 0 m/s.In addition, the improved SCPP could reduce; @@issions by 85.04
kg/h whenG = 857 W/nt, ACW = 0 m/s, andAP = 320 Pa.

Keywords. Solar chimney; Ambient crosswind Atmospheric CH removaj

Photocatalytic reactor€£0, emission reduction

Nomenclature
B, B;, B, Constants for reaction rate of ¢H
Cis» C,. Constants for turbulent model

o CH,4 concentration at inlet of the canopyy/-m™3
o O, concentration at outlet of the chimney/-m3
my CH4 mass fraction at the entrance of reactors

m, CH4 mass fraction at the exit of reactors
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T Reaction rate of ClHin honeycomb reactomol-Wt-m™ts?
Tas Reaction rate of ClHin plate reactouol- W5t
G Solar radiation¥-m?

q Heat flux, W-n2

SSA Specific surface areay?

T Diffusion flux of species, mol-st-m
QO Mass flow ratekg-s*

Mey, Purification rate of Chj g-s*

w, Output power of systenk\W

Ap Pressure drop of the turbirféa

So Momentum lossN-n3

S; Additional rate, kgn3-s*?

Ceq CO, equivalent

Ceq Rate of CQ reductionjg-n™

Greek symbols

v Kinetic viscosity,nm?-s*

B Coefficient of thermal expansioK;*

p Gas densitykg-n3

T Shear stresy-n?

k Karman Constant

Abbreviations

UNEP United Nations Environment Program
GWP Global warming potential

SCPP Solar chimney power plant

PCRs Photocatalytic reactors

PPCR Plate photocatalytic reactor

HPCR Honeycomb photocatalytic reactor
ACW Ambient crosswind

1. Introduction

Since the industrial revolution, the continuousréase in atmospheric GH
concentrations was caused by human beiDgspite the fact that the level of Cith
the atmosphere is substantially lower than tha€©04 (1.886 ppm Chklvs 417 ppm
CQO), the damage caused by both is comparable [1] Urfied Nations Environment

Program (UNEP) had long stated that reducing €idissions could effectively slow

2



31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

the high level of climate change, resulting in glblemperature falling by 0.4 to 0.5°C
by 2050, which would aid in meeting the goal of Baris Climate Agreement [2-4].
According to a recent report [5, 6], it was urgémtlimit the increase of the GH
concentration in the atmospherde level of CH was tightly connected to the rate of
global warming for two reasons. Firstly, @Had a considerable radiative forcing
impact in a short period. For example, the warnaggacity of CHwas 120 times than
CO; of the same mass, and its global warming potef@#P) was 28-34 times higher
even after 100 years [7, §econdlyan increase in global temperatures would release
massive amounts of GHbcked as gas hydrate on the ocean bottom intatthesphere,
aggravating the greenhouse effect even ni@kelf the atmospheric CiHlevel was
reduced to the pre-industrial level (0.76 ppm),6a% reduction in radiative forcing
could be accomplished in approximately 10-20 ygar$0]. Furthermore, even if fossil
fuels were abandoned and no new.@a@s released into the atmosphere, the existing
enormous carbon reservoir (513 Gt) of the atmospheould continue to drive
temperature increase and climate change for sestecaldes [11]Therefore, reducing
atmospheric CHis a promising solution to the climate change.

Thermal catalysis was the first suggested methoddtalyzing rarefied CH but
its applicability was restricted due to high eneagynsumption, low conversion rate,
and easy explosion [12Photocatalytic semiconductor technology was a raitd
manageable technique of degrading atmosphericbkgHmploying solar energy, both
in terms of energy consumption, safety, and cd&tld]. There was a dynamic balance
between the forward and reverse reactions in thertbcatalytic reaction, whereas, in
the photocatalytic reaction, the forward and reseesction mechanisms were different,
as was the energy. Hence, the photocatalytic mactn break the thermodynamic
balance by eliminating the reverse reaction, winels beneficial to the degradation of
CHs [16]. Kato et al. [17] adopted Silica-Alumina apleotocatalyst to demonstrate the
non-oxidative coupling of CHat room pressure and temperature for the firsetim
however, the conversion rate was very low (5.9Fhg synthesis of new photocatalysts
contributed to the improvement of the selectivitg @onversion of ClHphotocatalytic

products. Wei et al. [18] reported a photocatalyshg GaOs and Activated Carbon
3
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(AC) at a mass ratio of 3:17 that performed wellyYOCO, and HO were produced by
CHs photocatalysis, and the catalytic rate was 91.8& a.5 h. Li et al. [19] used a
hydrothermal approach to create ZnO nanosheetsi@matods with varying ratios of
polar and non-polar crystal faces to focus on #ggadation of low-concentration GH
(200ppm). The photocatalytic reaction of £bh the ZnO surface followed quasi-first-
order kinetics, with a degradation rate of 80% ra2te. Other photocatalysts, such as
CuO/Zn0O [20], Ag/ZnO [21], and SrCGL3rTiOs [22], also exhibited great promise in
the degradation of low-concentration &Hvith conversion rates of up to 100%.
Brenneis et al. [23] accomplished all £ifemoval by passing atmospheric level
concentrations of CH(2 ppm to 2%) through a reactor containing coppeated
zeolite particles heated to 310°C. Demonstratianegts involving photocatalysis to
degrade greenhouse gases were carried out [24b28]the actual results were
unsatisfactory because outdoor environmental factoch as solar radiation, wind
speed and direction, and so on had a significaqgagh on the performance of
photocatalysis [29].

The solar chimney power plant (SCP#&yreen technology, was firstly proposed
and built by Schlaich [30, 31], with a maximum poweneration of 50 kW. To assess
and forecast the performance of the SCPP, a widgeraf internal heat transfer models
were proposed [32-37]. Computational fluid dynam{€&-D) is a useful tool for
numerical simulation of SCPP owing to the rapid atbement of computers.
Koonsrisuk et al. [38-40] conducted CFD to inveastitgthe effect of SCPP geometry
on flow characteristics inside the system, anditigings revealed that a chimney with
a certain divergence angle could improve the oupmwter of the SCPP. Simulation
results are more compatible with the actual datadigg the radiation and solar load
model in commercial software FLUENT [41]. Howeveue to the limitations of the
SCPP prototype of the Spain, such as big floorespad high investment, researchers
could only make tiny SCPP for testing. Zhou ef42] established a collector with a
10 m diameter and a chimney of 8 m height, andehwerature differential between
the collector outlet and the surroundings reached°Z. Kasaeian et al. [43] in the

university of Zanjan built an SCPP. The collectasvitOm in diameter, and the chimney
4
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was 13 m in height, made of 12mm polyethylene tbirhe test data revealed that the
collector had a substantial greenhouse effectpthiet temperature was 25°C higher
than the ambient temperature, and the maximunpagdwas 3m/s. Ghalamchi et al.
[44] built a small prototype to study the structwgiae formula of SCPP and the effect
of different storage materials on system perforrea@ther small prototype trials [45-
49] had also been recorded, demonstrating the paiteh SCPP.

Innovative studies based on SCPP confirmed promigatential in air pollution
purification, saltwater desalination, and crop dgy[50, 51]. Cao et al. [52] presented
a solar-assisted large-scale cleaning system (SA)$@luding a filter bank in the
collector that could remove 22.4 Rfdiay of urban air pollutants. It could significantl
enhance urban air quality. De Richter et al. [38hiched a new concept of SCPP with
photocatalytic reactors (SCPP-PCRs) for slowingoglovarming, where CHwas
converted to C@and RO as airflow moved over the surface of the photgat in
the atmosphere. One of the most important factoilsaencing the capacity of the
SCPP-PCRs to degrade atmospheria @G#s the type of photocatalytic reactor, such
as plate photocatalytic reactor (PPCR) and honelgamotocatalytic reactor (HPCR)
[54]. The reaction area of the HPCR was larger thanahthie PPCR, but the pressure
drop was higher and the reaction kinetic rate iases [55, 56]. Ming et al. [57, 58]
used a numerical method to examine the SCPP-PCiRsafmospheric CiHof 21.31
kg per day was degraded, confirming the potentithe SCPP-HPCR for combating
climate changeThe PPCR just plated a layer of photocatalyst engitound, with a
less impact on the flow characteristics of the eaysAnother influencing factor was
the ambient crosswind (ACW). Serag-eldin [59] byiefnalyzed the influence of the
ACW on SCPP using the CFD method. Zhou et al. &¥eloped a theoretical model
to quantitatively evaluate the influence of the AG#the chimney outlet. Ming et al.
[61] demonstrated that when the ACW was relativedak, the flow field of the SCPP
would deteriorate and the performance would degrédde when the ACW was
sufficiently strong, the performance would be im@o dramatically.Placing a
blockage close to the canopy entry or installirgheradial partition walls within the

collector could significantly reduce the adverseatt of the ACW [62, 63].
5
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The SCPP-PCRs is a negative emission technolodgyeBaarch on it is still in its
initial stage. Prior research on the SCPP-PCRsrasdthat there was no ACW(t the
system could not exist in isolation from the enmiment. It is uncertain how the ACW
affects the performance of the photocatalyticsGifid power generation after the
installation of the HPCR or PPCR. In this papee itfluences of the ACW on the
overall performance of the SCPP-PCRs were analyyédree-dimensional numerical
simulation. This work will help to guide the designd building of the SCPP-PCRs
prototype, providing a technical solution for quiakd large-scale greenhouse gas

removal.

2. Moded and method
2.1 Geometric model

The geometric model is determined by simplifyinge tSCPP Manzanares
Prototype in this work [64]. The chimney is 200 mtall and 10 m in diameter. The
collector height increases from 2 m at the entrdod® m at the center linearly. And
collector diameter is 240 nsetting acceptable boundary conditions, the perdocea
of SCPP-PCRs in large space can be analyzed byrigecae model in the middle of a
non-existent box with X, Y, and Z directions of 400400 m, and 300 m, respectively
[61]. Because the model is symmetric at the XZ planeyitglthe computational

domain, as shown in Fig. 1, does not affect catmraaccuracy.
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Wall of c’a’mopy

Wall with a heat flux

Fig. 1 Schematics of the geometrical model

The HPCR is located 10 m from the entrance of Hmopy and is 5 m in length,
filling the flow channel of the canopy. As indicdte Fig. 2(a)the photocatalyst (P25)
is evenly coated on the inner surface of the homayc channelThe honeycomb
internal channels are in parallel with the airfloesulting in relatively low pressure
drop. Meanwhile, for the PPCR as shown in Fig. 2{b¢ photocatalyst (P25) is
uniformly painted on the ground under the collectdwe inner environment of SCPP is
under negative pressure due to the buoyancy eféeded by solar radiation, thereby,
CHas in the atmosphere is continually drawn into thstey and is converted to O

and HO when exposed to the photocatalyst.
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158
159 2.2 Numerical model
160 The flow inside the system is driven by the natamdvection caused by the solar

161  radiation heating the ground. The Rayleigh numbear®e used as a criterion to measure

162  the buoyancy force, which is defined by:

_ gpATH®
- av

163 R, Q)

164  where AT is the maximum temperature rise in the SCPP-P@R$3, a, and H are

165  the gravitational acceleration (9.8%/8), the thermal expansion coefficient, the thermal
8
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diffusivity, and the collector height, respectivelyie system is in a turbulent state as
R, > 10%° [61].

The incompressible ideal gas model is used to mib@efjas density variation in
the SCPP-PCRs [65]. The macroscopical process af @fidtocatalytic reaction is
simulated using the laminar finite rate model. Gbgerning equations of the flow and
chemical reactions in the SCPP-PCRs are givenllasvi

Continuity equation:

a(puy) _

~ox; 0 (2)
Momentum equation:

o(puu;) _ _Op | 0t
0x = PYi 0x; + 0x;j (3)
Energy equation:
a(pcpu;T) i( 6_T) du; ( 6p>
ox;  dxj Aax,- tT Ua AT % (4)

Equation for the turbulent kinetic enerdy):(
L (pleu) = o (auttors ) + G+ Gy = pe = Y +5 (6)
Equation for the energy dissipatiag):(
- (peu) = o (Cetegy o) + Cae (G + CoeGo) = Cocp 5= R + 5. (6)
Component transport equation:
V- (poY) ==V ], +R; +5; (7)

where pu.rr denoteshe effective kinematic viscosity,rr =+ u.. 75 is the

ou;

viscous shear stress, which g = u <a

du
+ ax) G, represents the generation of

turbulence kinetic energy owing to buoyancy, whighlefined ast, = —pu,u; %,

a; and a, are the turbulent Prandtl numbers kaaind ¢ respectively. a; = a, =

1.30 . C;, and C,, are two constants for the turbulent model, wih =
1.44, C,, = 1.92. ]_l) represents the diffusion flux of specic’as]_;= —pD; m + R;.

R; represents the amount of componéniproduced or consumed in a chemical
reaction. S; represents the additional rate owing to the discpbase.Y,, indicates

the variable dilatation incompressible turbulenoeatdbution to the total dissipation
9
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rate.
A two-dimensional reverse fan model [66] with ag@tepressure drop could
calculate the output power of the SCPP-PCRs, Wihfarmula given as follows [67].
W,=n,-AP-V (8
where n; represents the efficiency of the SCPP-PCRs to cbrheat energy into
electricity (0.72).AP represents a pressure drdp.represents the volume flow rate
at the outlet of the SCPP-PCRs.

The reaction rate of CHn the plate reactor is given by [68]

Bici  Bac (9)
1+31C1 1+BzC2

Tar =
where c; and c, are the concentration of Gldnd Q, respectively.B, B;and B, are
the associate parameters, whose values aré<3.87, 2.42, and 4.60, respectively.

The honeycomb reactor is simplified as a porousianddhe governing equations
inside the porous media are presented as follows.

Continuity equation:

V-(ypv) =0 (10)
Momentum equation:

V- (ypv) = —yVp(y7) + ypg + So (11)

where y is porosity {= 0.85),7 represents the viscous stress ten§gr,denotes the
momentum loss term§, = —(%17 +§p|17|17). The permeability £) and the inertia

coefficient C) can be calculated by the Ergun equations [69]:

_Dp 7
"~ 150 (1-y)2 (12)
_350-y)
C = PR (13)
where D, is the pore diameter.
The reaction rate of CHn the honeycomb reactor is given by
Tm = T'AI ) SSA (14)

where SSA is the specific surface arefSA = 6(;—_” [57].
P

The purification rate of CHis given by Eq. (15).
ey, = Qm(my —my) (15)

where @Q,, representshe mass flow rate of the systemm, and m, arethe mass
10
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2.3 Boundary conditions
Fig.1 shows the boundary conditions and coordidaetions of the model, and
the details are listed in Table 1.

Table 1 Boundary conditions

Name and location Type Value
o 1 7,1 z
Inlet (X = -200 m) Velocity inlet u=—-(—)2-In—
K p Zy
Outlet (X =200 m and Z
Pressure outlet P=0PaT=293K
=300 m)
Ground below the
Heat flux q =600 W/n?
collector (Z =0 m)
Ground beyond the
Temperature T=318K
collector (Z =0 m)
Side wall (Y = 200 m) Wall q=0w/n?
Chimney Wall q=0W/n?¥
Turbine Fan AP =0~ 440 Pa

Exterior surface! (£) = a(1; - T,,)
Canopy Coupling
Interior surface: (£) = (1, — 7y)

Symmetry (Y =0 m) Symmetry % _,

e

Assuming that the ACW measurement at the entrano@mnpletely developed and
that the temperature remains constant at 293 Kyihe speed equation at the inlet (X
=-200 m) can be fitted using the logarithmic lalxabmospheric boundary layer wind
speed profile [70]:
v=w=0 (16)
1
u:%-(%a-lnzio (17)
where 7, is the shear stress on ground surfage.is the aerodynamic roughness

length of the groundx and z, are 0.4 and 0.01, respectively [61].

11
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The ground absorbs solar energy, accounting &b @0 the total amount [61].
When the solar radiation is 857 Winthe heat flux of the ground below the collector
is about 600 W/rf) and other regions are supposed to have a cortstaperature
boundary (318 K) [62]. The surfaces at X = 200 md Zn= 300 m are two pressure
outlets, which are set far enough to ensure thve fileld develops fully. The side wall
is far from the inlet and outlet of the SCPP-PCiRegrefore the default side wall
characteristic parameters are so preserved [64.CHmopy and chimney are set as
thermal coupling wall and insulation wall, respeely, and their thickness are

neglected.

2.4 Grid system and computational processes

In the process of numerical simulation, the strrexlugrid is more stable and
economical than unstructured grid. A hexahedral gysstems used in the model and
the generation procedure is carried out with thraroercial software ICEM CFD 19.2,
as shown in Fig. 3. The SCPP with different phatalgéic reactors employs the same
grid system by densifying the grids in the area I m away from the entrance of the
collector.The common fluid region is set for the PPCR andothr®us media model is
used to simulate the HPCR in this area. Ansys FElugh2 is adopted in the
computational procedur&he SIMPLE algorithm is selected for the pressuedsaity
coupling scheme. For the pressure term, the PRESM@tgence scheme is utilized,
while the other terms are calculated using the rsgtacarder upwind scheme. The
maximum residuals of all equations are below.Ilhe concentration of CHand the
volume flow rate at the chimney outlet remain cansts the criterion for calculating

convergence.

12
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Fig. 3 Grid system of the SCPP-PCRs:gi@) distribution on the symmetric surface
(b) Top view of grid distribution.

Three grid systems with grid numbers of 4,575,&2885,508, and 6,458,736,
respectively, are adopted to investigate grid ietelenceThe numerical simulations
are carried out in the same conditions (ACW = 0, @/s 857 W/nt, and AP = 0 Pa).
As shown in Fig. 4The maximum deviation of the average velocity &f dihimney
outlet is less than 2.32%herefore, the simulations are thought grid indejleeih. And
the grid system with a grid number of 5,185,50&8dspted for the modeling.

15 |
—#&— SCPP-PPCR
—&— SCPP-HPCR ||

14

13 1256

L 12.33
1205 __a———
12

11

Average velocity of chimney outlet (m/s)

10 965 9.73
9
8
4575628 5185508 6458736
Number of grid

Fig. 4 Grid independence check
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2.5 Smulation validation

For SCPP-PPCR, because the PPCR has minimum aiff¢ice flow of the SCPP,
the results are compared with the data in refergnteto confirm the validity of the
simulation.The outlet velocity of SCPP-PPCR is 12.33 m/s wihiég of SCPP is 12.61
m/s when ACW = 0 m/<; = 857 W/ni, and AP = 0 PaThe relative error is 2.22%.
For SCPP-HPCRaccording to reference [57he outlet velocity of SCPP-HPCR is
9.38 m/s and the purification rate of €£id 0.59 g/s while that of the simulation result
are 9.73 m/s and 0.55 g/s when ACW = 0 r¥/s; 857 W/nt, and A\P = 0 Pa. The
maximum relative error is 6.78%. As a result, tredidation of the simulation is

demonstrated as the modeling result matches wilte experimental result.

3. Reault and analysis

In this section, a series of the ACWs¢th) ranging from 0 to 25 m/s by intervals
of 5 m/s were adopted wmulate the effect of the ACW on the performant¢he
system. The output power of the system was cakdilbased on the preset turbine
pressure drops and the corresponding flow ratgsTh2 HPCR was treated as a porous
medium with a porosity of 0.85 and a pore size ofm. In addition, the difference in

the overall performances of SCPP-PCRs were analyaddr no-load condition.

3.1 Flow characteristics of the SCPP-PCRs

Fig.5 and 6 showed the contours of velocity in X# plane (Y = 0 m) of the
SCPP-PCRs undé& = 857 W/m. Fig. 5 and 6(a), (c), and (e) demonstrated the flow
fields of the SCPP with plate photocatalytic rea¢(BCPP-PPCR), while Fig.5 and 6(b),
(d), and (f) were the results of the SCPP with foamb photocatalytic reactor (SCPP-
HPCR). The ACWs were preset to 0 m/s, 10 m/s, &h/3, respectivelyAs shown
in Fig.5 and 6the velocity distribution in the two systems wessngrally symmetrical
when ACW = 0 m/sThe SCPP-PPCR had a flow velocity that was highan tthe
SCPP-HPCR due to the flow resistance caused byaheycomb reactor.

As shown in Fig.5 and 6, the HPCR could reducarttpact of the ACWs on the
flow in the systemAlthough the ACW varies, the flow velocity in th€€BP-HPCR

14
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308
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312
313

were drastically decreased (close to 0 m/s) whe®@W entered the porous material.
However, the flow field of the SCPP-PPCR in thdesibr was significantly impacted
by the ACW.The wind coming from the left side of the collecteais divided into two
streams at the bottom of the chimney, with one ihgwnto the chimney and another

slipping into the right side of the collector.

SCPP-PPCR
ACW =0 m/s

SCPP-HPCR
ACW =0 m/s

(b)

SCPP-PPCR
ACW = 10 m/s

SCPP-HPCR
ACW = 10 m/s

(d)

SCPP-PPCR SCPP-HPCR
ACW =20 m/s ACW =20 m/s

(e) ®
Velocity magnitude (m/s)
L

0.00 140 280 420 560 7.00 840 980 11.20 12.60 14.00 1540 16.80 1820 19.60 21.00

Fig.5. The velocity contours in the XZ plane (Y =) of the SCPP-PCRs under
15
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ACWSs =0, 10, 20 m/s & = 857 W/n%.

SCPP-PPCR SCPP-HPCR
ACW=0m/s ACW = 0m/s

A.nmfmuuuumh..m

| I
m unnmnmmmm

SCPP-PPCR | | — - -
ACW.=10m/s - - -

- SCPP-PPCR_

- ACW-=20 s

~ ACW =20 m/s

()
Fig.6. The velocity vectors at the bottom of thePBPEPCRs under ACWs =0, 10, 20

m/s atG = 857 W/ni.

Fig.7 showed the average velocity of the chimnejebof the SCPP-PCRs &t
= 857 W/nt. The outlet velocity of the two systems fluctuatduidang by the same
change law, which saw a fall followed by a riset, t fluctuation ranges diffeVhen
the ACW was weak, the airflow in the collector walected at the bottom of the
chimney. As the porous medium increased the fl@istance, the outlet velocity of the

SCPP-PPCR decreased significanfihen ACW = 0 m/s, the outlet velocity of the
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SCPP-PPCR was 12.33 m/s, while the SCPP-HPCR wg®9at8 m/s. When ACW
was larger than 10 m/s, the outlet velocity of 8@PP-PPCR was rapidly decreased
due to the enthalpy loss of hot air, which was iest with the analysis of Serag-
Eldin [59]. The outlet velocity of the SCPP-HPCR was sligh#guced due to the
resistance of the porous medium, but much highem that of the SCPP-PPCRie
high-speed air flow at the chimney outlet createthegative pressure zone and
strengthens the driving force of the system asAti@/ further improvesWhen the
ACW = 15 m/s, the outlet velocity of the SCPP-HP@fched 9.74 m/s which
exceeded that of the ACW = 0 mKowever, too high ACW could result in forced
vibration and static dynamic instability, which ¢®udamage the chimney's

construction and increase the risk of accidents [73

P
e
[ —\

7 \
6 \/ = SCPP-PPCR |-

—e— SCPP-HPCR| |

3 L 1 L 1 | L 1
0 5 10 15 20 25

Ambient crosswind velocity (m/s)

—
[38]

Average velocity of chimney outlet (m/s)
\O

Fig.7. The average velocity of chimney outlet &f 8CPP-PCRs & = 857 W/n3.

3.2 Distribution of CH4 in the SCPP-PCRs

Fig.8 showed concentration contours of GRthe XZ plane (Z = 0.01m) of the
SCPPs aG = 857 W/nt. When the ACW was weak, atmospheric £¢htered the
system through the collector inlet. Then it wasrddgd in the reactor. And finally the
cleaned air was emitted from the chimney outlee $tionger the ACW, the faster the

CHs mixed with the environment at the outlet.addition, part ohtmospheric Chkl
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entered the SCPP-PPCR through the entry on thsitkftof the collector, and flowed
into the chimney along the collector without reagtwhen the ACW was too large (20
m/s) as shown in Fig.9(e). For the SCPP-HP@GR distribution of Chlin the system
was much more uniform and the concentration wagtdian that of the SCPP-PPCR.

SCPP-PPCR
ACW =0 m/s

SCPP-HPCR
ACW =0 m/s

(b)

SCPP-HPCR
ACW =10 m/s

SCPP-PPCR
ACW =10 m/s

(d)

SCPP-PPCR SCPP-HPCR
ACW =20 m/s ACW =20 m/s

(e)

B

0.00 0.13 0.25 0.38 0.51 0.63 0.76 0.89 1.01 1.14 1.27 1.39

Fig.8. The contours of CHn the XZ plane (Y = 0 m) of the SCPP-PCRs under
ACWs =0, 10, 20 m/s & = 857 W/n.
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Fig.9 displayed the concentration contours ofs@Hthe XY plane (Z = 0.01 m)
of the SCPP-PCRs & = 857 W/ni. For the SCPP-HPCR, there was a relatively large
concentration gradient in the airflow directionaaesult of the fast reaction rate in the
PPCRCHj escaped to the right from the collector as the A€dMinued to strengthen.
For the SCPP-HPCH)e concentration of CHtlecreased in the direction of the reactor
when the ACW was weak because it was only degradéee honeycomb tunnéelhe
CHa in the collector within the reactor was evenlytalmitedwhen the ACW was weak.
When ACW = 20 m/s, the CHtoncentration in the collector was lower on thg, le
because a slight leakage of £étcurred at the right inlet of the collectlor.general,
the removal of atmospheric GHitilizing SCPP-HPCR was easier to control in resgo

to the ACW.

SCPP-PPCR
ACW =0 m/s

SCPP-HPCR
ACW =0 m/s

(b)
SCPP-HPCR
ACW = 10 m/s

SCPP-PPCR
ACW = 10.m/s

(d)
SCPP-PPCR SCPP-HPR
ACW =20 m/s ACW =20 m/s
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Fig.9. The distribution of Ckin the XY plane (Z = 0.01 m) of the SCPPs under
ACWs =0, 10, 20 m/s & = 857 W/n.

Fig.10 displayed the concentration contours of @Hthe chimney outlet of the
SCPP-PCRs & = 857 W/n%. The weak ACW inhibited the updraft at the chimney
outlet of the SCPP-PPCR [61], resulting in slowdtav and a longer time for CHo
react when the ACW = 5 m/s. As a result, the cotmaton of CH, at the outlet
decreasedWhen ACW was strong, atmospheric £éhtered the chimney along the
collector's interior wall without reacting. Addihally, an amount of cleaned air was to
escape out of the right side of the collector, Itegyin a high concentration of GHat
the outlet of the chimne¥he concentration of Ctat the exit for the SCPP-HPCR rose
linearly with the ACW, and it was lower than theFE¥EPPCR. The CHoncentration
of the outlet at 757.51 ppb was roughly half tHathe SCPP-PPCR when the ACW =
25 mls.

T T T
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—
co
=]
(=]

"

1200 //
1000

NGt
400 - /

200

—
s
[=}
o

Concentration of CH, of chimney outlet (ppb)
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0 5 10 15 20 25
Ambient crosswind velocity (m/s)

Fig.10. The concentration of Glh the chimney outlet of the SCPP-PCR&at 857
W/m?.

3.3 Performance of methane degradation
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Fig.11 displayed the CHpurification rate of the SCPP-PCRsGt= 857 W/n.
The purification rate of CHfor the two systems steadily dropped with an iaseein
ACW, eventually approaching a constant vaAeseen in Fig. 7 and Fig.10, when the
ACW = 0 m/s, the SCPP-PPCR had a higher outlet flme than the SCPP-HPP, but
the concentration of CHwas higherHowever, the purification rate of GHof the
SCPP-PPCR at 0.89 g/s was higher than the SCPP-14PCR4 g/s as demonstrated
in Fig.11.Therefore, the flow rate of the outlet of the sgsteas extremely important
for the purification rate of CHWhen the ACW = 10 m/s, the SCPP-PPCR tend to
purify CHs at a rate of 0.11 g/s that did not drop when ACGMfeases, but the SCPP-
HPCR was 0.41 g/s under the ACW = 25 m/s.

1.0 . . . —
—=—SCPP-PPCR| |
'\ —e— SCPP-HHPCR

o
=)

Purification rate of CH, (g/s)
(=] =
= (=)}

e
o

0.0 : - S :
0 5 10 15 20 25

Ambient crosswind velocity (m/s)

Fig.11. The CH purification rate of the SCPP-PCRGat 857 W/nd.

It was found that the SCPP-HPCR was better atyingfatmospheric CHthan
the SCPP-PPCR. The association between the ptioficeate of CH and turbine
pressure drop of the SCPP-HPCR was discussed.

Fig. 12 displayed the CHlegradation performance of the SCPP-HPCR at
857 W/nt. More kinetic energy from the thermal flow in thestem was turned into the
mechanical energy of the turbine. The output postehe turbine could increase, but
the mass flow rate of the system was significaddgreasedlhe purification rate of

CHs was greatly influenced by the mass flow rate efgisstem, hence purification rate
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fell as the pressure drop of the turbine increds&ghs worth noting that the downward
trend of CH purification rate became slow when the ACW = 2@ &% m/s. The
purification rate was higher than in the case latieely weak ACW as turbine pressure
drop increased. This was due to the outlet velazitthe chimney was higher at the
ACW = 20 and 25 m/s, as shown in Fig. 7.

Fig. 13 displayed the concentration of £H the outlet of the SCPP-HPCRGt
= 857 W/nt. When the pressure drop of the turbine increased;oncentration of CH
at the chimney outlet could reach a minimal vabue the stronger the ACW, the higher
the CH: concentration at the chimney outlBor example, the level of GHat the
chimney outlet was 247.49 ppb when the ACW = 0ant the AP = 400 Pa, but the
level of CH, was 754.47 ppb when the ACW = 25 m/s and the = 60 Pa.

Cor——T— T T T T T T T 1
; : : ‘ ‘ : —s—ACW=0m/s ||
—e— ACW=5m/s |
—+— ACW = 10m/s| |
—v—ACW = 15m/s
ACW =20m/s
ACW =25m/s| |

Purification rate of CH, (g/s)

S IS R Y AV SV VS A R R

0 50 100 150 200 250 300 350 400 450

Pressure drop across the turbine (Pa)

Fig.12. The performance of Gldegradation of the SCPP-HPCRGat 857 W/n.
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Fig.13. The concentration of Glh the outlet of the SCPP-HPCRGit= 857 W/nf.

3.4 SCPP-PPCR structure optimization

In the case of kilowatt-level SCPP, placing a bamk close to the collector
entrance could diminish the adverse effects of A@Whe collector entrance but not
on the chimney outlet [62]he impact of the ACW on the output power of SCHHER
and SCPP-HPCR, and SCPP with a blockage was shokig.i14.

Regardless of the structures, the output powehefslystem was always at its
maximum when the ACW = 0 m/§he maximum output power of the SCPP-HPCR
was more than that of the other two structures,thadorresponding turbine pressure
drop also increase8or instance, when the ACW = 0 m/s, the maximunpwipower
of the SCPP-PPCR was 54.23 kW, the SCPP with &éfmcwas 52.85 kW, and the
SCPP-HPCR was 88.31 kWherefore, the SCPP-PPCR could optimize the streictu
of the SCPP to improve the power generation perocawhich was 1.63 times that
of SCPP and 1.67 times that of SCPP with a blockageldition, an excessive turbine
pressure drop during the numerical computation gaore would make the solver

unstable and eventually caused the calculationviergke.
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Fig.14. The output power of the SCPP with differstntictures a6 = 857 W/n?: (a)
SCPP-PPCR(b) SCPP-HPCR(c) SCPP with blockage [62].
3.5 Carbon dioxide emission reduction analysis
The carbon dioxide equivalentC{,) was a parameter to evaluate the total
greenhouse effect. The non-€@eenhouse gas emissions were converted into CO
emissions [74] by the following formula.
Ceqg = * 10 X GWP; (18)
where Q; was the emission of greenhouse gas
The CH, had aGWP value of 84 during the first 20 years after theissmn,
therefore one ton of CHemoval was equal to 84 tons of £€nission reduction [53].
The main source of electricity in most countrieswaermal power generation. But the
burning of fossil fuels would emit a large amouhtC®: into the atmosphere. It was
reported that 0.95 kg of CQvas typically released every 1 kW-h of generabyra
coal-fired power station [75]. The SCPP-PCRs caghieve CQreduction and obtain
clean power without harming the environment. In itold, the system degraded

atmospheric Ciland produced equimolar GGConsequently, the GQeduction rate

of the SCPP-PCRs was as follows:
C.eq = mCH4 X 84 + mlcoz - TriZCOZ (19)
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where my, represented the purification rate of £H rrilco2 represented the

reduction rate of C®emission from coal-fired power stati,or’nizco2 representethe

generation rate of Crom photocatalytic CH

Fig.15 showed the CCemission reduction rate of the SCPP-HPCR5 at 857
W/m?. The CQ emission reductionf the SCPP-HPCR could reach 85.04 kg/h when
G = 857 W/nt and AP = 320 Pa. The usage life of SCPP was between 80 20d
years [76]. Considering the SCPP's building cdhbis returns waproduced after just
15 to 40 runs [77Furthermore, the P25 was a stable photocatalyktlay life [78].
If the SCPP-HPCRs were implemented, the economgiefficient would be improved
because of increased electricity generation, ang W4$ degraded on a large scale to

achieve the goal of mitigating climate change.
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Fig.15. The rate of C&reduction of the SCPP-HPCR@it= 857 W/n.

4. Conclusion

The SCPP-PCRs had enormous promise for combatimgtel changebut its
ability to degrade Ckin open spaces was uncleacomprehensive numerical analysis
was conducted for the SCPPs to study the potamiay SCPP for atmospheric €H

removal under the ACW.he conclusions were drawn as follows.
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(1) In comparison to the SCPP-PPCR, the SCPP-HPCR cughlficantly
improve the heat collection performance under AG\ditions.

(2) For the SCPP-PPCRart of purified air escaped from the collector enthe
strong ACW conditions, but the SCPP-HPCR appeamedd more stable and
controllable in CH degradation.

(3) The mass flow rate significantly impacted on the & CH; decomposition.
When ACW = 0 m/s, the SCPP-PPCR degraded &t rate of 0.89 g/s compared to
SCPP-HPCR's 0.54 g/s. The degradation rate of 8l 3CPP-PPCR reduced quickly
and then stabilizes at 0.11 g/s when the ACW irsggawhereas the rate of the SCPP-
HPCR declined gradually and stabilizes at 0.41 g/s.

(4) The maximum power generation of SCPP-HPCR wastings that of SCPP
and 1.67 times that of SCPP with a blockage. Ard@k}» emission reduction could
reach 85.04 kg/h whe@ = 857 W/n%, ACW = 0 m/s, andAP = 320 Pa for a single
SCPP-HPCR.
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