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Methane (CHy) is the second largest contributor to global warming among all greenhouses gases. A solar chimney
power plant integrated with a photocatalytic reactor (SCPP-PCR) is a promising large-scale method for removing
CH4 from the atmosphere. This study used computational fluid dynamics (CFD) to investigate the performance
and factors influencing photocatalytic oxidation of methane by the SCPP-PCR system. The geometry of a SCPP is
the same as the prototype of the SCPP built in Manzanares (Spain). The PCR is designed based on a honeycomb

monolith photoreactor. The numerical results revealed that the SCPP-PCR system can degraded 21,312 g
methane per day with the actual solar radiation data when the channel diameter of the honeycomb PCR was 4
mm and channel length was 8 m. Although increasing the length or decreasing the channel diameter of the PCR
would improve photocatalytic efficiency, the rate of airflow of the system would be reduced. The maximum
methane purification rate of the SCPP-PCR system was determined.

1. Introduction

The “21st United Nations Climate Change Conference” held in Paris
in December 2015 agreed to a global response to climate change after
2020. The Paris Agreement aimed to control the rise in average global
temperature 1.5-2 °C lower than the pre-industrial level. This is an
ambitious task requiring a rapid decrease in greenhouse gas (GHG)
emissions. However, in some sectors, e.g., agriculture and aviation, it is
difficult to eliminate GHG emissions entirely. We must develop tech-
nologies to remove GHGs from the atmosphere on a large scale (The
Royal Society, 2018).

CO, is the most significant contributor to global warming among all
GHGs. Thus, it is the primary focus of most GHG removal research. To
date, little attention has been given to the removal of atmospheric non-
CO2 GHGs (Jackson et al., 2019). The global warming potential (GWP) is
a measure of the potency of a GHG. Many non-CO, atmospheric gases
have a high GWP. For example, methane (CHy4) has a 27-35 times higher
GWP than CO; over 100 years which represents almost 25% of the
radiative forcing of long-lived (lifetime > 10 years) GHGs.
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The technology of semiconductor photocatalysis (PC) has shown
broad prospects in the field of GHG conversion and pollutant degrada-
tion in recent years (Li et al., 2019; Xiang et al., 2012; Chen et al., 2012).
Mohamedali et al. (2020) proposed converting methane to oxygenated
hydrocarbons or syngas as an attractive way to mitigate the greenhouse
effect. Krishna et al. (2004) used uranyl-anchored MCM-41 as a het-
erogeneous photocatalyst to confirm the high activity of total oxidation
of methane to carbon dioxide at room temperature under sunlight. In
et al. (2011) investigated the photocatalytic performance of methane
decomposition over vertically aligned TiO, nanotube arrays. According
to the experimental results, the optimal thickness of the photocatalyst
for methane oxidation was about 575 nm under 367-nm illumination.
Chen et al. (2016) provided a two-step photocatalytic reaction process to
explain the photocatalytic oxidation of methane. Temperature fluctua-
tions had little effect on methane photo-oxidation, and the reaction
process proceeded faster at lower methane concentrations, demon-
strating the prospects of photocatalytic oxidation for atmospheric
methane degradation. In general, most methane PS research is in the
laboratory stage. Only a few studies have been conducted outdoors due
to numerous uncontrollable factors in the outdoor photocatalysis
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Nomenclature m?)
Ra Rayleigh number
a Thermal diffusivity m?/s) Rn Volume reaction rate of methane photocatalysis (molem™2
B, By, B, Constants for measured experimentally sH
C1¢,Coe,C3.  Constants for turbulent model R, Purification rate (g/s)
Cc Inertia coefficient rar Reaction rate per absorbed irradiation intensity and unit of
c1 Mole concentration of Methane (mol/m?) catalyst surface (mol.w 1s™h)
C2 Mole concentration of Oxygen (mol/m>) S Surface area of porous media zone (m?)
[ Specific heat at constant pressure (J/(kg K)) So Momentum loss term
Dp Pore diameter of porous media (i.e. channel diameter of Si Extra rate due to the discrete phase
honeycomb monolith PCR) (mm) SSA Specific surface area m?

E Photocatalytic efficiency
Acceleration of gravity (m/s%)

g

G Solar radiation intensity w/m?

(e Turbulence kinetic energy generation due to the mean
velocity gradients (J)

Gy Turbulence kinetic energy generation due to turbulence (J)

H Collector height (m)

T Diffusion flux of species i (mol/(s+m®))

J1 Mole fraction of Methane at system entrance (ppb)

Ja Mole fraction of Methane at system exit (ppb)

K Permeability

L Length of PCR (i.e. channel length of honeycomb
monolith) (m)

P pressure (Pa)

q Heat flux through the ground underneath the collector (W/

t Time (s)

T Temperature (K)

To Ambient temperature (K)

u Average velocity magnitude in the axial direction (m/s)
v Apparent volume of porous media zone (m%)
XY, 2 Cartesian space coordinates

Greek symbols

v Kinetic viscosity (m?/s)

p Volume coefficient of expansion (1/K)

p Air density (kg/m®)

T Shear stress caused by viscosity (N/m?)

k Karman constant

y Porosity

process. Some NOy outdoor photocatalytic experiments can be found in
the literature (Guerrini, 2012; Gallus et al., 2015).

Methane is photocatalytically transformed into water vapor and CO»,
and the potency of the GHGs is significantly lower than the precursor
(Yuliati and Yoshida, 2008).

CH4 + 202 b d 2H20 -+ COZ;

This PC process allows for harnessing sunlight to promote the
destruction of CHy, and has been proven very effective on a laboratory
scale (Chen et al., 2016). However, process intensification is needed for
methane removal at a climatically relevant scale, which requires suffi-
cient airflow given the extreme dilution of methane. Significant airflow
must be collected, processed under well-controlled parameters (i.e.,
light intensity, wind speed and direction, and relative humidity), and
monitored in-situ.

de Richter et al. first proposed a novel technology of combining a
solar chimney power plant (SCPP) with PC (de_Richter et al., 2017). This
is an emerging technology for non-CO GHG removal discovered in two
of the latest reports from the Intergovernmental Panel on Climate
Change (IPCC, 2018) and the Royal Society (The Royal Society, 2018).

The idea of the SCPP was proposed by Schlaich in 1978, and the first
50 kW SCPP prototype was built and successfully operated in Man-
zanares, Spain in the 1980s, also known as the Manzanares pilot plant
(HAAF et al., 1983). Subsequently, a growing number of researchers
engaged in SCPP research, and the development of this technology was
summarized in several reviews (Guo et al., 2019; Zhou and Xu, 2016;
Ming et al., 2017; Kasaeian et al., 2017). A conventional SCPP utilizes
the updraft produced by the buoyancy effect to generate electricity. It
mainly consists of four essential parts: the collector, the chimney, the
energy storage layer, and the turbine. A comprehensive analysis of
SCPPs is provided by Bernardes et al. (2003). They described the flow
and heat transfer characteristics of an SCPP, and estimated the system
power output. Maia et al. (2009) analyzed the effects of geometric pa-
rameters and the physical properties of the materials on the solar
chimney. They found that the tower dimensions were the most
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significant physical variables to optimize the performance of the SCPP
system. Later, Ming et al. (2013) discussed the effect of chimney shape
on SCPP performance. The influence of the cylindrical chimney tower
dimensions on overall system performance was furtherly studied. Guo
et al. (2016) proposed an analytical approach to evaluate the optimal
turbine pressure drop ratio. They discussed the influence of solar radi-
ation and ambient temperature on the optimal turbine pressure drop
ratio.

SCPP technology is a large-scale renewable energy power generating
technology that utilizes the large-scale solar energy resource and pro-
duces a large amount of airflow. When solar irradiation intensity and
turbine rotational speed are 800 W/m? and 100 r/min, respectively, the
50 kW Manzanares pilot plant provides about 700 m®/s airflow. A 200
MW commercial SCPP provides airflow > 20,000 m®/s. However, due to
the low energy conversion efficiency of an SCPP, some innovative SCPP
hybrid systems have aroused the interest of researchers. These novel
SCPP systems have been applied in various fields, including freshwater
generation from air (Ming et al., 2016; Wu et al., 2020), alleviating the
problem of urban air pollution (Zhou et al., 2015; Gong et al., 2017; Cao
et al., 2018), desalination of seawater with a modified SCPP (Zuo et al.,
2018; Liu et al., 2020), and improving the partial climate (Zhou et al.,
2008; Ming et al., 2014).

The SCPP-PC is proposed using SCPPs to generate the necessary mass
airflow driven only by solar energy (de Richter et al., 2013). Fig. 1 il-
lustrates the operating principle of the SCPP-photocatalytic reactor
(PCR) system. The SCPP is comprised of a high chimney at the center of a
large solar collector. Strong airflow is generated in the chimney by the
buoyance force caused by the heated air under the solar collector. The
SCPP can be modified into a giant photocatalytic methane removal
system by integrating a PCR under the solar collector.

Some challenges of the technology were pointed out in the two latest
reports (The Royal Society, 2018; IPCC, 2018) before it can be applied to
a large scale. A broader assessment of its effectiveness is lacking. In this
study, we evaluated the methane removal effectiveness of an SCPP-PCR
system for the first time. Three-dimensional steady numerical
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Fig. 1. Solar chimney power plant integrated with a photocatalytic reactor (SCPP-PCR) for atmospheric methane removal.

simulations of SCPP-PCR with the honeycomb monolith PCR of different
pore diameters and channel lengths were carried out. The flow field
characteristic and photocatalytic performance of the SCPP-PCR system
were studied by analyzing the pressure, velocity and methane concen-
tration distribution inside the system. Then, the effect of solar radiation
intensitive on the degradation of atmospheric methane and the system
flow performance under the optimum photoreactor dimension were
discussed further. This timely work will help to guide the construction of
an SCPP-PCR prototype and might provide a game-changing technology
for atmospheric-scale methane removal.

2. Model description
2.1. Geometric model

A simplified model was adopted for the numerical analysis to
investigate the performance of the SCPP-PCR to remove methane. As
shown in Fig. 2, the model has a 200-m-high and 5-m-radial chimney
with a 120-m radial collector. The collector has a slope in which the
height increases from 2 to 6-m from the inlet to the center. As solar
radiation is absorbed by the ground, the air inside the collector is
continuously heated by the ground surface, resulting in a difference in
air density between inside and outside of the system. Due to the stack
effect, the air flows upward in the chimney at the center of the collector,
and finally flows out of the chimney.

Many types of PCRs are available, such as the plate, tubular, and
honeycomb PCRs (Rui, 2006; Hossain et al., 1999; Mo et al., 2008).
Different PCR structures can have different specific surface areas, mass
transfer rates, and photocatalytic reaction characteristics. The widely
studied honeycomb monolith PCR (Fig. 3) has a large specific surface
area and mass transfer rate. Therefore, this type of PCR was selected to
be integrated with the SCPP system. Titanium dioxide (TiOs) is an
efficient, stable, cheap, and widely studied photocatalyst (Folli et al.,
2010). It was selected to be coated on the internal channel surface of the
honeycomb monolith PCR. The PCR was located 10-m away from the
entrance to the collector. The direction of the honeycomb monolith
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Fig. 2. Three-dimensional geometrical model of the solar chimney power plant
integrated with a photocatalytic reactor (SCPP-PCR) system.

internal channels was along the path of airflow, ensuring the lowest
pressure drop. The height of the PCR was the same as that of the col-
lector, and the channel length of the honeycomb monolith was 3-10-m.

Because the SCPP-PCR model (as shown in Fig. 2) is symmetric in the
XZ plane, only half of the model is used for the numerical simulation.
This operation saves computing resources while maintaining the same
calculation accuracy (Shen et al., 2014). The geometrical model does not
consider the effects of the turbine or the energy storage layer. The main
purpose of this study is to investigate the photocatalytic performance of
the SCPP-PCR and analyze the flow characteristics of fluid in this system.
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Fig. 3. Local enlarged image of honeycomb monolith photoreactor.
2.2. Mathematical model

The photocatalytic reaction zone was set as a porous zone and the
remainder was set as the fluid zone. According to the flow characteristics
of the system, the following assumptions were made:

(1) Solar heat radiation energy is steady.

(2) The sunlight or artificial light source can be guided to the pho-
tocatalytic reaction zone evenly by the side glow optical fibers,
ensuring approximately 70% light intensity.

(3) Solar thermal radiation is distributed uniformly in the thermal
storage layer.

(4) No homogeneous chemical reaction occurred.

(5) The thickness of the photocatalyst film on the surface of the
porous zone is equal.

(6) The energy loss in the transition section between the chimney and
the collector is not considered.

The airflow inside a conventional SCPP system is natural convection
induced by solar radiation heating the ground surface. The Rayleigh
number is a criterion number used to describe the strength of buoyancy-
induced flow:

_ gpATH?
- ay

R, @
where g is gravitational acceleration, which is 9.81 m/s, § is the thermal
expansion coefficient, AT is the maximum temperature increase within
the system, and H, a, and v are the collector height, the thermal diffu-
sivity, and the kinematic viscosity, respectively. The Rayleigh number
value for the system was higher than 10'°, indicating that fluid flow
inside the system is in a vigorous turbulent state. Therefore, the turbu-
lent mathematical model of standard k-¢ is selected to describe fluid flow
within the system. In addition, the air density changes slightly in the
entire calculation model. The error caused by ignoring air compress-
ibility during simulation of a small-scale solar chimney power system, is
less than 2% (Chen et al., 2013). Thus, the gas phase is assumed to be
incompressible, and the ideal gas law is used to express the relationship
between density and temperature for natural convection. As a result, the
governing equations required for the entire simulation process include:
the mass equation, the Navier-Stokes equation, the energy equation
standard k-e equations, and the transport equations, which are written
as follows:
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Continuity equation:
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Navier-Stokes equation:
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Energy equation:
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Equation for the turbulent kinetic energy k:

o(pk) 0 0 ok

o +0_x,» (pku;) = o akﬂgﬁra—xj +Gi+ Gy —pe— Yy + i 5)

Equation for the energy dissipation:

0 0 Oe e &
% (pe) +a_x,- (peu;) = o (akﬂe_ffa_xj) + Clsz (G + C3.Gy) — CZSPI —R.+S,
(6)
Component transport equation:
S (pY) + Ve (pVY) = — Vo + R +S; @

ot

where p, t, and c,, represent the density, time, and constant-pressure
specific heat;Gy is the generation of turbulence kinetic energy because

of the mean velocity gradients and is defined as G, = —pv,z;u]%, OT,0k,
and,O¢ denote the turbulent Prandtl numbers for T, k, and ¢ respectively:
or=0.9, ox = 1.0, 6. = 1.3. C; and C, are two constants for the turbulent
model: C;,=1.44,Cy, = 1.92. 7,) is the diffusion flux of species i: 7:
—pDim + Ri, R; is the net production rate of the chemical reaction, S;
represents the extra rate due to the discrete phase, Yy represents the
contribution of the fluctuating dilatation incompressible turbulence to
the overall dissipation rate. To save computational resources, the reac-
tion zone was set as the porous media model instead of introducing a
large number of submicron scale meshes for simulation (Mazumder and
Sengupta, 2002). The governing equations describing the inside of the
porous media are:
Continuity equation:

0 -
WP 1 Yypv) =0

ot ®

Navier-Stokes equation:

N NN i N
(rpv) +Ve(ypvv) = —yVp(y7) +rpg+ Se (©)

ot

where y is porosity of the porous medium, y= 0.85.v and p represent the
i .
velocity vector of the fluid and pressure, 7 represents the viscous stress

i; N _T N
tensor, ¢ = u [(Vv +Vy — %V'VI) } . S¢ denotes the momentum loss

term: Sp = — (1%7 +%p\7|7), where the first term on the right is the

viscous loss term and the second term is the inertia loss term.

The honeycomb structure usually can be represented by a packed
bed, and the permeability (K) and the inertia coefficient (C) in porous
media are derived and calculated using the Ergun equation (Wang et al.,
2014):

b7

o et 10)
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where Dp is the pore diameter of the porous media.
The specific surface area, SSA, of the honeycomb structure can be
deduced (Wang et al., 2014):

(1-7)S _6(1—y)aD; _6(1—7)
v D} Dy

SSA = 12)

where S denotes the surface area of the porous media zone; V represents
the apparent volume of the porous media zone.

Andreas et al. (Haeger et al., 2004) deduced the surface reaction rate
formula of total oxidation of methane by photocatalysis through oxygen-
enriched experiments.

BIC] B2Cz

=B ==
1+ Bic; 1+ By,

(13)

Tar

where r; represents the surface reaction rate of methane photocatalysis;
¢y is the concentration of methane; c, is the concentration of oxygen;
and B, B;, and B, are constants measured experimentally. The corre-
sponding values of B, B;, and By are 5.37 x 107, 2.42, and 4.60,
respectively.

Overall, the actual photocatalytic rate R, in the honeycomb mono-
lith photoreactor was calculated as follows:

R, = SSA X 1y (14)

2.3. Boundary conditions

The domain boundary conditions for computation of the SCPP-PCR
are shown in Table. 1. Detailed descriptions of the boundary condi-
tions are as follows. Relative static pressure was used for the simulation
to analyze the entire pressure distribution of the system, which is the
static pressure difference between the SCPP-PCR and the environment at
the same height (Ming et al., 2010). The pressures at the entrance to the
collector and the chimney outlet were set equal to the standard atmo-
spheric pressure (101,325 Pa) when the height of the SCPP-PCR is
relatively low (Gong et al., 2017). Namely, the relative static pressure of
the collector inlet and chimney outlet was 0. The solar radiation heating
the ground surface under the canopy was regarded as heat flux. The
energy of absorption from the soil and the energy lost through thermal
radiation and conduction were considered. Solar radiation was set to
857 W/m?, and the corresponding heat flux on the ground surface was
set to 600 W/m?, according to typical solar radiation conditions in the
deserts of northwest China (Ming et al., 2012). Assuming that the
ambient air temperature is maintained at 293 K, convective heat transfer
will occur on the canopy of the collector with the surrounding air, and it
is acceptable for the coefficient of convection to be set to 10 W/(m?K)
when air velocity is not very high (Xu et al., 2011).

2.4. Simulation method and validation

The computations were solved by the standard k-¢ method and finite-
rate reaction model in the general-purpose CFD program ANSYS Fluent
19.2. The numerical calculations were performed with the double

Table 1
Boundary conditions.

Location Boundary type Value

Collector inlet Pressure inlet p=0Pa, T=293K

Chimney outlet Pressure outlet p=0Pa

Ground surface Heat flux 600 W/m?

Collector canopy surface convection T =293K, h = 10 W/(m?K)
Chimney wall Adiabatic wall 0 W/m?

Symmetry surface Symmetry

Solar Energy 226 (2021) 101-111

precision solver. A simple algorithm was used for the pressure-velocity
coupling scheme and the PRESTO! Discrete scheme was applied to dis-
cretize the pressure term. The standard wall functions method was used
for the near wall region calculation. The QUICK scheme was employed
in the discretization of the convective terms and the second-order up-
wind scheme was used for the discretization of the diffusion terms. Two
ways were used to determine solution convergence. First, the maximum
residuals of all variables were below 10~°. Second, the volume flow rate
at the chimney outlet remained constant.

As a hexahedral (HEX) meshed grid system is more accurate and
effectively avoids the influence of false diffusion on the computational
results compared to tetrahedral grids, HEX grids were applied to dis-
cretize the computational region.

To validate the effectiveness of the numerical simulation in this
study, the numerical results were compared with the Spanish prototype
using the same parameters. Compared with the Spanish prototype
experimental data (Haaf, 1984), the maximum temperature difference
between the inlet and outlet of the system increased by 4.6% (the impact
of ambient crosswind was neglected), but the velocity difference in the
chimney was only 0.9%. As is shown in Table 2, the simulation results in
this paper were in good agreement with the experimental results from
the Spanish prototype. Obviously, this developed numerical model was
able to predict the overall performance of SCPP-PCR system accurately.

Next, three test cases of the model were performed under the same
conditions to determine if the numerical simulation results were grid
independent. For the three different grid systems (the grid numbers were
1,646,307, 2,083,926, and 2,534,116 respectively), the corresponding
volume flow rates at the chimney outlet were 885.08, 896.32, and
905.63 m>/s respectively. The less than 1.25% deviation demonstrates
the grid-independence of simulations in this study. In general, the grid
number of the basic mesh model in this paper was 2,083,926.

3. Results and discussion

As explained earlier, the ambient air surrounding the SCPP is
continuously transported into the collector through the PCR. The pho-
tocatalytic oxidation of methane occurs inside the PCR as air passes
through it. Then, the processed air with a lower methane concentration
rises inside the chimney and is discharged to high altitude at the
chimney exit.

The aim of this study is to investigate the effectiveness of the SCPP-
PCR for degrading atmospheric methane and to test the flow perfor-
mance of the system under different PCR dimensions. In the model, the
honeycomb monolith PCR was placed inside the collector 10 m from the
entrance to the collector. The PCR was treated as a porous medium.
Porosity was 0.85. The pore diameter, Dp, of the PCR (i.e., channel
diameter) varied from 2 to 4 mm at intervals of 0.5 mm, and the length L
of PCR (i.e., channel length) varied from 3 to 10 m at intervals of 1 m.
Ambient air temperature, Ty, and solar irradiation intensity, G, were set
to 293 K and 857 W/m?, respectively.

3.1. Flow performance

Fig. 4 shows the contours of the static pressure distributions at the z
= 1 m plane of the SCPP-PCR when Dp of the PCR ranged from 2 to 4

Table 2
Comparison of simulation results to the experimental data from the Spanish
prototype.

Parameters Maximum temperature rise Chimney outlet velocity (m/
X) s)
Experimental 17.5 9.10
data
Calculated value 18.3 9.18
Tolerance 4.6% 0.9%
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Fig. 4. Effect of pore diameter on relative static pressure distributions in the z = 1 face atL = 5 m. (a)Dp

mm, and L was 5 m. The pressure distribution before and after the PCR
was uniform. When air flowed through the PCR of different pore di-
ameters (i.e.Dp = 2, 2.5, 3, 3.5, and 4 mm), it produced different pres-
sure drops (i.e., 180.90, 155.70, 138.81, 124.03, and 110.52 Pa,
respectively), as shown in Fig. 4(a-d). The pressure drop decreased as
pore diameter increased. Namely, the energy loss caused by fluid flow
inside the PCR decreased with pore diameter. The main reason for this
phenomenon is that the porous media generates resistance to airflow. A
smaller pore size causes more resistance and thus more energy loss and a
greater pressure drop.

Fig. 5 shows a comparison of the contours of the velocity distribu-
tions at the symmetry plane (y = 0) under four different pore diameters.
The patterns of velocity distribution in the system were similar. Airflow
velocity was relatively slow under the collector but increased closer to
the center of the chimney. As shown in Fig. 6a-d, the magnitude of the
velocity in the system gradually increased with pore diameter.

The ground was heated by solar radiation, and heat converged into
the chimney through convective heat transfer with the air under the
collector. The updraft reached the maximum velocity at the bottom of
the chimney from 10.26 to 11.86 m/s. The updraft velocity decreased
gradually inside the chimney and then remained stable along the height.
The average velocity at the chimney exit ranged from 7.70 to 8.93 m/s.

It can be concluded that the pore diameter of the PCR has a strong
effect on flow performance, including the pressure drop and flow ve-
locity. A smaller pore diameter produced a higher pressure drop and a
slower flow velocity, while a larger pore diameter produced a lower
pressure drop and a faster flow velocity.

We also investigated the effect of the other dimension (i.e., PCR
length, L). Fig. 6 denotes the impact of PCR length on the pressure drop.
The pressure drop in the PCR increased significantly as PCR length
increased, regardless of the pore diameter, which can be explained
similarly to that for pore diameter. The porous media generated resis-
tance to airflow. A longer pore channel generated more wall friction and
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92 79

= 2 mm, (b)Dp = 2.5 mm, (¢)Dp = 3.5 mm, (d) Dp = 4 mm.
more resistance and more energy lost with a higher pressure drop. The
minimum pressure drop was about 80.45 Pa atDp = 4 mm andL = 3 m,
while the maximum pressure drop was 260.02 Pa atDp = 2 mm and L =
10 m. The total energy loss from the SCPP system alone was mainly from
the chimney outlet and the canopy of the collector (Gannon and Back-
strom TWv, 2000). The weakening effect of the PCR on the natural
convection intensity of the system cannot be ignored in a SCPP-PCR
integrated system.

Fig. 7 shows the effects of a PCR (with different dimensions) on the
velocity and the volume flow rate of the updraft from the chimney
outlet. Updraft velocity almost decreased linearly with the increase in
PCR length, and it increased with increasing pore diameter. Further-
more, the trend in the volume flow rate at the chimney outlet was
consistent with the velocity. For example, when L = 3 m, the updraft
velocity and volume flow rate decreased from 9.83 m/s and 772 m®/s to
8.51 m/s and 668 m>/s respectively, with pore diameters from 4 to 2
mm.

In summary, the pore diameter and length of the PCR have signifi-
cant effects on flow performance, including the pressure drop, flow
velocity, and volume flow rate. Shorter PCR lengths or a larger pore
diameters produced less reduced convection intensity, such as less of a
negative suction effect on the chimney.

3.2. Photocatalytic performance

Fig. 8 shows the methane concentration distribution inside the SCPP-
PCR integrated system when the PCR was 5 m in length and with
different pore diameters. The methane concentration at the entrance to
the collector was 1,886 ppb, which was equal to that in the ambient
atmosphere. Taking Fig. 8(a) as an example, due to photocatalytic
oxidation of methane in the PCR, the methane concentration inside the
collector began to decrease gradually at the entrance to the PCR and
reached the minimum value at the PCR outlet. Then, air with a reduced
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methane concentration flowed along the remainder of the collector to
the bottom of the chimney due to natural convection. Fig. 8 (b) shows
the same concentration distribution of methane at the symmetrical
plane. The methane concentration inside the chimney remained evenly
distributed. The methane concentration was 75 ppb at the chimney
outlet. Namely, clean air with only 75 ppb methane was discharged back
into the atmosphere.

The ratio of the methane concentration difference at the inlet and
outlet of the system to inlet methane concentration was defined as
photocatalytic efficiency E:

(i =)

E, =
Ji

100% (15)

where J; and J, are the methane concentrations at the entrance and exit
of the system, respectively. The photocatalytic efficiency of the system
in Fig. 8(a) and (b) was 96.02% when L = 5 m and Dp = 2 mm.

Fig. 8(c-f) shows the methane concentration distributions in the
SCPP-PCR system with a larger PCR pore diameter. The patterns of
distribution were similar to those in Fig. 8(a) and (b). The methane
concentration at the chimney outlet was 219 ppb when Dp = 3 mm. The
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corresponding photocatalytic efficiency was 88.39%. The methane
concentration at the chimney outlet was 375 ppb whenDp = 4 mm and
the corresponding photocatalytic efficiency was 80.11%. Therefore,
photocatalytic efficiency decreased with the pore diameter if the PCR
length was the same.

Next, we investigated the effect of PCR length and pore diameter on
photocatalytic performance. Fig. 9 shows the photocatalytic efficiency

108

of the system with different PCR dimensions. It is evident that with the
increase of PCR length from 3 to 10 m, the photocatalytic efficiency of
the system improved at all pore sizes. An increase in PCR length resulted
in a larger reaction area and a longer reaction time inside. The increase
in the photocatalytic efficiency was not linear. It increased rapidly when
the PCR was lengthened from 3 to 4 m and became slower and gradually
reached a plateau. This trend was clearer at smaller pore diameters.
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It was explained earlier that photocatalytic efficiency was different
when pore diameter was changed at a given PCR length. Interestingly,
the difference in photocatalytic efficiency caused by different pore di-
ameters was smaller with a longer PCR. When the length of PCR was 10
m, all efficiency values were identical, with a difference of less than 5%.
That is to say, when the length of the PCR increased to a certain extent,
the change in pore diameter no longer played a crucial role in the cat-
alytic efficiency of the system.

More importantly, the amount of methane removed by the SCPP-PCR
system is more relevant to GHG removal effectiveness. Thus, we intro-
duced a new evaluation index called the purification rate. The purifi-
cation rateR, was defined as:

R, = qnAz (16)
where Az represents the difference of the mass fraction of CH4 between
the collector inlet and chimney outlet and g, is the air mass flow rate of
the system flowing through the chimney outlet.

Fig. 10 shows the relationship between the purification rate of the
SCPP-PCR system and the PCR dimensions. Considering Dp = 3 mm as an
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Fig. 10. Effect of PCR length on the purification rate at G = 857 W/m? y
= 0.85.
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example, the purification rate climbed from a 3 m long PCR to a 6 m long
PCR and then decreased with the increase in length of the PCR. These
trends were similar for other pore diameters with different turning
points. The influence of the PCR dimensions on the purification rate is a
combination of flow rate (Fig. 7) and photocatalytic efficiency (Fig. 9).
In the beginning, the length of the PCR was relatively short, and pho-
tocatalytic efficiency improved significantly when length was extended,
while the loss of flow rate was not as significant as the improvement in
photocatalytic efficiency. Therefore, the overall purification rate
increased. When the length of the PCR was extended further, the gain in
photocatalytic efficiency was less than the loss in flow rate, and the
overall purification rate decreased.

As shown in Fig. 10, there was a maximum purification rate for each
pore diameter. The peak values of Dp = 2, 2.5, 3.0, 3.5, and 4.0 mm
appeared respectively atL = 4, 5, 6, 7, and 8 m. The overall optimum was
0.68 g/s of methane removal at Dp = 4.0 mm and L = 8 m.

3.3. Effects of solar radiation

To further discuss the effect of solar radiation on photocatalytic
degradation of

atmospheric methane and the SCPP-PCR system flow performance,
the solar radiation values of the Qianyanzhou area in Taihe County,
Jiangxi Province, China on July 24, 2016 were adopted for the calcu-
lation (Bai, 2020), as shown in Table 2. The mean solar radiation value
for every two adjacent hours was taken as an input data for the nu-
merical model, namely, the solar radiation values for the 10 h from 7:00
a.m. to 5:00p.m. were divided into five groups (i.e. 372, 776, 889, 808,
and 507 W/rnz, respectively) (see Table 3).

Using Dp = 4.0 mm and L = 8 m as the PCR dimensions, and porosity
was 0.85. Fig. 11 displays the changes in velocity and the volume flow
rate of the updraft from the chimney outlet under different solar radi-
ation levels. The updraft velocity and the volume flow rate increased
with increasing solar radiation. Due to the lower solar irradiation from
7:00 a.m. to 9:00 a.m. and from 3:00 p.m. to 5:00 p.m., airflow inside the
system was weaker than at other times of day. Greater solar irradiation
generates stronger airflow in the SCPP-PCR system, and the solar irra-
diation remained relatively strong from 9:00 a.m. to 3:00 p.m. The
maximum updraft velocity and volume flow rates were 8.38 m/s and
658 m3/s, corresponding to 11 a.m. to 1 p.m.

Fig. 12 shows the photocatalytic efficiency and purification rate of
the system under different solar radiation levels. Photocatalytic effi-
ciency increased from 82.45% to 92.45% with the increase in solar ra-
diation from 372 to 776 W/m?, and photocatalytic efficiency increased
by 10%. However, when solar radiation increased from 776 to 889 W/
m?, photocatalytic efficiency rose < 1.5%. It is evident that after solar
radiation reached a specific value, the improvement in photocatalytic
efficiency of the system may not be evident with increasing solar radi-
ation. The trend was similar to the purification rate.

In fact, the increased solar radiation strengthened the natural con-
vection to increase airflow and also increased light intensity in the PCR
channel. The maximum photocatalytic efficiency and purification rates

Table 3
Solar radiation data in the Qianyanzhou area, China.

Time(Local Solar radiation Time (Local Solar radiation
Beijing time) (July (60 mins average)  Beijing time) (60 mins average)
24, 2016) (W/m?) (July 24, 2016) (W/m?)
7:00 am-8:00 am 270 12:00 am-1:00 884.7
pm

8:00 am-9:00 am 474 1:00 pm-2:00 pm 889.2
9:00am-10:00 am  715.3 2:00 pm-3:00 pm  716.1
10:00 am-11:00 837.5 3:00 pm-4:00 pm 607.2

am
11:00 am-12:00 892.8 4:00 pm-5:00 pm 407.5

am
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were 93.89% and 0.69 g/s, respectively, as shown in Fig. 12.

As shown in Figs. 11 and 12, according to the daily solar radiation
conditions in the Qianyanzhou area (photocatalysis also occurs under
intense sunlight for 10 h/day), the sum of the amount of methane
removed by the SCPP-PCR system during these five time periods was
calculated. Therefore, methane removal was calculated to be 21,312 g/
day (nearly 21 kg/day).

The simulation results show that large-scale degradation of methane
in the atmosphere by the SCPP-PCR integrated system is feasible. When
the pore diameter of the honeycomb photoreactor was 4 mm, and length
was 8 m, the SCPP-PCR system processed 21,312 g of atmospheric
methane according to the actual solar radiation data for a particular day.
Although the sunlight-driven photocatalysis in the system only operated
10 h or less per day, the turbine still produces electricity the rest of the
time, and some strategies for night operation have been proposed, such
as artificial illumination during the night or adding charcoal or biochar
to the soil (Ming et al., 2016). The choice of dimensions or the type of
PCR may also have an effect on the cost. In our further research, we will
analyze an integrated system with a turbine to generate power.

4. Conclusions

In this study, we proposed a SCPP-PCR system to remove
atmospheric-scale CH4 and analyzed the flow properties and
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photocatalytic performance of the system under various PCR di-
mensions. The potential to remove CH4 from the atmosphere was
demonstrated through our numerical simulations. The approach is
highly promising for solving the global warming problem. The numer-
ical simulation results indicate that:

(1) The pore diameter and length of the PCR have the largest effects
on flow performance, including pressure drop, flow velocity, and
the volume flow rate. A shorter PCR or larger pore diameter
produces a smaller pressure drop and a higher flow velocity and
volume flow rate.

The purification rate of the SCPP-PCR is determined by the sys-
tem mass flow rate and the photocatalytic efficiency. The overall
optimum was 0.68 g/s of methane removal atDp = 4.0 mm andL
=8 m.

The SCPP-PCR integrated system degraded 21,312 g methane per
day under the solar radiation conditions of Qianyanzhou, China,
when using a PCR with a pore diameter of 4 mm and length of 8
m.
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