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ABSTRACT

A global performance analysis with
weather conditions from 20 cities is conducted
on a solar-driven indoor air carbon capture
model to uncover the influence of solar
irradiance and ambient temperature on the
novel system’s carbon capture performance
and cooling energy-saving performance.
Results show that solar irradiance significantly
affects collected CO, mass while temperature
affects energy-saving amounts. Specifically, for
a 40 m? x 2.8 m room with 39 occupants, the
proposed system can capture 37.2-41.03 kg
CO, per day and achieves an energy-saving
performance between 23.95%-50.66% in
different cities. This study sheds light on
effectively and renewably capturing CO, from
indoor air worldwide.
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NOMENCLATURE

Abbreviations

ICC Indoor CO; concentration

DAC Direct air carbon capture

ETC Evacuated thermal collector
Symbols

Mo, Collected CO, mass (kg)

Peo, (®) Indoor CO; partial pressure (Pa)

B Cooling energy-saving (%)

1. INTRODUCTION

Indoor CO; concentration (ICC) can be 2-7
times higher than the outside because humans
spend 90% of their time indoors [1-4],
especially in crowded rooms without proper
ventilation. A high ICC potentially causes
health issues to occupants[5-13]. Conventional

methods to decrease indoor CO; concentration
are usually achieved via natural/mechanical
ventilation methods that fall short of carbon
reduction demands and the pervasiveness of
application scenarios.

A growing interest in indoor air carbon
capture has arisen recently. Kim. M et al. [14]
have investigated implementing a CO;
adsorption device in an air ventilation system
to recirculate indoor air and save 30%-60%
ventilation energy. Similarly, Baus et al. [15]
have compared the overall energy-saving
performance for various environments.
Harrouz et al. [16] adopted different
adsorbents to remove excess water and CO,
from the indoors and reported the optimal
working conditions for various months. Wang
et al. [17] have focused on carbon capture
performance and achieved a capacity of 128.4
mg_CO, / g_adsorbent, with a regeneration
efficiency of 66.7%. Nevertheless, current
research fails to provide a complete
performance analysis that includes carbon
capture and energy-saving performance at the
same time. More importantly, both
performances are highly sensitive to ambient
conditions and have mutual effects on each
other, which haven’t been properly studied.

Thus, this paper conducts a global
performance analysis on a time-dependent
solar-driven hybrid indoor air carbon capture
model that considers real-time air
recirculation. The average summer weather
conditions (solar irradiance, ambient
temperature, relative humidity) of 20 cities
worldwide are adopted to investigate their
effects on the proposed system’s carbon
capture performance and cooling-energy
saving performance.
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2. STRUCTURE AND METHODOLOGY
2.1 Proposed scheme

Fig. 1 presents the entire hybrid system
scheme, which composes three major parts: a
simulated room, a two-chamber adsorption-
based carbon capture (CCA) device, and
evacuated solar thermal collectors with a
buffer tank. The given room size here is
40 m? x 2.8 m with 39 occupants (39.2 kg CO;
exhaled in 24 hours). Notably, ETCs are located
on the rooftop and share the same room area.
The useful heat gained is first stored in a buffer
tank, from which the hot water flows through
the capture chamber and heat adsorbent to
the acceptable regeneration temperature
Treg(t) to activate the desorption process
(chamber 2 when i=1 or chamber 1 when i=3).
The stale air caused by human metabolism acts
as the feed gas of the chamber that is

undergoing the adsorption process (chamber 1
when i=1 or chamber 2 when i=3) when CO; is
selected and captured by the adsorbent
(zeolite 13 X). The other gases that are not
captured flow through an electronic valve,
which is programmed only to pass “ideal gas”
(gases with lower temperature-concentration
values than the outside) back to the room (j=1),
and only pass “not ideal gas” to the outside
environment (j=2). When CCA undergoes
mode 2, valve V2 is turned off, and the two-
chamber exchange residual heat with each
other. The continuous m /""" from the
outside ensures a plausible indoor oxygen
level. This research adopts the historical
average weather conditions from 20 cities
worldwide as the inputs to uncover the
influence of climate conditions on the system’s
capture and energy-saving performance.
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Fig. 1 The overall scheme of the proposed solar-driven indoor air carbon capture hybrid system



2.2 Theory and Calculations

Treg(t)

_ _ (Qw(t) B Q'reg(t B 1)) (1)
=Treg(t—1) + Meant Croo dt
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— Tchamber (t)) (2)
Treg(t) is the instant regeneration
temperature that primarily affects the CCA's
capture performance (K); Q,, (t) is the instant
collected useful thermal energy by ETC
(W), Qpeg(t—1) is the CCA’s heat
consumption at the former time step (t-1) (W)
[18]; mqter is the water mass inside the
thermal buffer tank (kg); ky,o is the heat
transfer coefficient between the water and the
adsorbent material (J/kg K); Ap is the contact
area between water pipes and adsorbent
particles(mz); T.namper(t) i the instantaneous
temperature inside the chamber (K);
Pco,(t)
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Pco,(t) is the instant indoor CO, partial
pressure based on time-dependent calculation
(Pa); Pco,(t) is the corresponding derived
function (Pa/s); Py, is the atmospheric
pressure (Pa); My; and M¢o, are the molar
mass of atmospheric air and CO; (g/mol),
respectively; Y dé'gz (t) is the total increment
of CO, mass, where k denotes 4 items: “new”,
"human”, "cap”, "back”; my,om is the total air
mass inside the room (kg), which is a constant
because of the restriction of mass balance, as
shown below:

4 X
> r'n{;i’;(t) - (4)
1

alr (t) MC02 CCOZ(alr) (5)
MalT
(t) are the instant mass flow rate of each

dé’é‘z ®) =

alT
gas stream (kg/s); Ccoz(air) is the CO;
concentration of each gas stream k;

ggglv(t)_mneed(t) Cp(alr) (Tamp () (6)

Troom)

QLory(t) is the cooling demand for
conventional ventilation methods that can
maintain the same plausible indoor CO;
concentration level (<1000 ppm); My eeq(t) is
the accordingly mass flow rate of new-coming
air from the outside (kg/s); Cp(qir) is the

specific heat capacity of ambient air (J/(kg K));
Tamp(t) is the actual real-time ambient
temperature data for 20 cities worldwide (K);
Troom 1S the default room temperature, which
is set as 297.15 K; T, om is also the adsorption
temperature for the CCA device;
new,back
Q=Y () Gy )
(Ta:'l”?r 3 lk(t) Troom)

When the post-captured gas satisfies the
temperature-concentration requirement of
the electronic valve, air recirculation is valid
(j=1), and the corresponding cooling demand
of the proposed indoor air carbon capture
system is calculated by Eq.(7). Two gas streams
are included for j=1: new air supplied from the
ambient and the recirculated “ideal gas” from
CCA’s adsorption process; The corresponding
temperatures of these two gas streams are
depicted by T1*(0);

air
coot (£) = ;lOrrSZnew(t_) * Cp(ain) (8)
* (Tamp () = Troom)

When j=2, there is no recirculated air; thus,
ambient air is the only inflow. And the
proposed system’s cooling demand is
calculated by Eq. (8).

ﬁzf;'";"oszsft(r)dt fome ZICLLIPI, )
S Qeger (Bdt

B is the cooling energy-saving efficiency of the

proposed system, which is calculated by the

time-integrated items of instant cooling

demand subject to both methods;

tmax
meo, = [ " tkeo, x (mio, ~meo, @)t (10)
KPco,

1+ KPco,
Mco, (kg) is the total collected CO; mass,
based on the Linear Driven Force model [18,
19]; m¢o, is the intended equilibrium CO;
mass result, which can be obtained by the
Langmuir adsorption isotherm model as shown
in Eq.(11); P¢o, is the time-averaged indoor
CO, partial pressure, which is also the partial
pressure of the CCA device’s feed gas.

Mco, = Mo(co,) X (11)



3. RESULTS AND DISCUSSION
3.1 Time-dependent performance

After validating the subsystems with
experimental references (excluded in this
draft), Fig. 2 shows the time-dependent results
of CO, uptakes and energy-saving performance
of Phoenix, whose solar irradiance is also
demonstrated in Fig. 2 (a). Black and green
dashed lines show the cyclic CO;, uptake
amounts of chambers 1 and 2, which always
work under alternative processes. The
difference between the peak and valley point
is the final collected CO, amount for each cycle.
This value gets bigger when a higher
regeneration temperature is achieved by
higher solar irradiance. Fig. 2 (b) first compares
the cooling demand of the conventional case
(the top black line) and the proposed case
(white shaded area). The difference between
the two cases (Esqye) is shaded in blue, 62.2
kWh/24 hours.

As mentioned in Fig. 1, an electronic valve
is designed at the outlet of the adsorption
chamber only to allow “ideal gas” to enter the
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room. The red line depicts the temperature of
returned air in Fig. 2 (b). The CO; concentration
of returned air is always lower than ambient
air, and that is why " 3Lback s always
lower than 7.4 ; thus, to decrease the
cooling demand. The mass flow rates and
temperatures of the corresponding air streams
are marked in Fig. 2 (b). For each adsorption
process, traveling air temperature always first
increases from room temperature due to
adsorption reaction. Once the outlet air
temperature is higher than ambient
temperature or its CO, concentration is higher
than ambient conditions, the electronic valve
turns off and stops the uncaptured gases from
flowing back into the room. And this is when
the gas stream from the ambient kicks in. As
adsorption goes, the adsorbent gets saturated,
and the reaction gets much milder; thus, the
temperature goes down again and activates
the electronic valve to allow air recirculation.
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Fig. 2 Time-dependent analysis: (a) CO2 uptake performance and solar irradiance; (b) Cooling demand

3.2 Global performance analysis

Fig. 3 is a holistic comparison of the hybrid
systems’ cooling energy-saving performance
and carbon capture performance. Specifically,
Fig. 3 (a) uses different colors and circle radius
to represent the magnitude of (3. For example,
yellow circles represent cities with a 3 value of
between 38% and 43%, whereas the city name
is shown at the bottom of the figure. A general

trend can be observed that both performances
increase  with the growing ambient
temperature and solar irradiance. All the light
purple circles fall in the “less hot” region, while
all the highest-level circles fall in the “Very hot”
area. The saved energy performance increases
monotonically with increasing ambient
temperature.



Notably, cities No.16 & 17, Yuma and Dakar,
have a promising energy-saving performance
of 47.28% and 46.79%, respectively, due to
high ambient temperatures. However, due to
low solar irradiance, according to Fig. 3 (b),
they only capture 38.862 kg and 38.18 kg of
CO, per day, which are lower than the amount
of CO;, exhaled by occupants (39.2 kg). In
contrast, city No.15, Nagpur, achieves a 3 of
46.87% while still capturing 40.891 kg CO, per

day due to higher solar irradiance than cities
No.16 & 17. Moreover, since the CCA device
takes the indoor air as the feed gas, the
ambient  temperature doesn’t directly
influence the adsorbent’s uptake ability.
Instead, it is affected majorly by solar energy
inputs. For example, in Fig. 3 (b), all the purple
circles fall within the low sunlight zone, while
all the blue circles fall within the “strong
sunlight” zone.
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Fig. 3 Global performance analysis: (a) cooling energy-saving; (b) Collected CO2 mass

4. CONCLUSION

This study uncovered the influence of solar
irradiance, ambient temperature, and relative
humidity on the novel system’s carbon capture
performance and cooling energy-saving
performance. Specifically, a global analysis of
weather conditions from 20 cities worldwide
has been conducted on a solar-driven indoor
air carbon capture system that considers real-
time air recirculation. The main findings are
enlisted below:

(1) For a 40 m? x 2.8 m with 39 occupants,
the proposed system can capture 37.2 kg-
41.03 kg CO, per day and achieves an energy

saving percentage of 23.95%-50.66%
different cities.

(2) Solar irradiance significantly affects the
collected CO; mass, while the ambient
temperature substantially affects the cooling
energy-saving performance.

(3) Cities with rather high temperatures and
strong solar irradiance perform better overall,
such as Phoenix, Riyadh, and Kuwait. In
contrast, less hot cities with low sun lights,
such as Kuala and Miami, perform less ideally.
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