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ABSTRACT

ARTICLE INFO

Developing low-carbon buildings with low energy consumption and healthy indoor
environments is paramount for urban decarbonization, yet it remains challenging.
The challenge stems from the conflicting demands on ventilation rates for
maintaining low heating, ventilation, and air-conditioning (HVAC) energy demands
and high indoor air quality. Indoor COz capture (ICC) technologies offer a potential
solution by directly capturing indoor COxz rather than relying on high ventilation to
expel it. The effectiveness of ICC is closely related to the involved capture methods
and working environment, yet an analytical model that can articulate such an
interplay is lacking, hindering contextually optimal design for broad
implementation. Here, we develop an analytical ICC model applicable to different
capture methods and operational scenarios, enabling contextual performance
analysis across varying occupancy profiles. Results show that using capture
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methods with higher capture rates enables ICC to achieve greater energy savings
and reduced carbon emissions, although excessive capture may consume more
energy than it saves. To identify feasible working conditions, we develop phase
maps of ICC’s COz capture rates and specific energy consumption values that can
achieve net energy savings and net COz emission reduction. ICC is found most
effective under higher HVAC load conditions, such as in cold, hot, humid, or
crowded environments. In Xi’an, China, for instance, ICC achieves average energy
savings of 65.6% in winter, 37.9% in summer, and 28.5% annually, with a
maximum COz emission reduction of 13.4 kg/day for a medium-sized office. This
study provides a framework for evaluating and optimizing ICC systems, offering
insights into promoting practical and wide deployment of ICCs for reducing
building carbon emissions.
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1. INTRODUCTION

Buildings provide essential shields for occupants from heat, cold, and precipitation, but this comes at the
cost of intensive energy consumption and carbon emissions. Building operations account for approximately
30% of global final energy use and 26% of global energy-related emissions (IEA, 2025), underscoring the
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pivotal role in decarbonizing buildings in the global pursuit of carbon neutrality (Zuo and Zhao, 2014, Wang
et al., 2021). Within the building sector, heating, ventilation, and air-conditioning (HVAC) systems are
responsible for about 40% of building energy worldwide, primarily due to the need to manage latent and
sensible heat loads to maintain indoor thermal comfort (Department of Climate Change, Energy, the
Environment and Water, 2013). The demand for HVAC energy is projected to rise further, as a result of climate
change-induced extreme weather events and the increasing prevalence of HVAC installations.

Over the years, a range of strategies have been developed to reduce building energy consumption, including
the integration of renewable energy sources to reduce reliance on grid electricity (Meinardi et al., 2017, Buker
and Riffat, 2015, Alim et al., 2020), and the use of functionally modified building envelopes to minimize heat
gain in summer or heat loss in winter (Zhai et al., 2017, Peng et al., 2021, Adhikary et al., 2021, Li et al.,
2020b, Jelle, 2011). While these strategies can lower energy use, they often ignore the simultaneous control of
indoor CO; levels, which is crucial for occupant health (Jacobson et al., 2019). Ensuring high indoor air quality
(IAQ) with low CO; concentrations is equally important as minimizing building energy consumption. In
densely occupied spaces, respiratory CO, can accumulate rapidly, leading to indoor CO, concentrations 3-7
times higher than ambient levels and posing health risks, such as headaches, vomiting, cognitive impairment,
and reduced productivity (Jacobson et al., 2019, Baus and Nehr, 2022). To avoid CO; buildup, HVAC systems
typically increase ventilation rates to introduce fresh outdoor air and expel CO»-rich indoor air. However, this
inherently raises the latent and sensible loads on HVAC systems (Steinemann et al., 2017, Shen et al., 2024,
Harrouz et al., 2022b), creating a fundamental trade-off between maintaining high IAQ and low building
energy consumption. Demand-controlled ventilation (DCV) partially addresses this by adjusting outdoor air
intake rates based on indoor CO; levels, thereby reducing HVAC energy consumption and avoiding over-
ventilation during low occupancy periods (Emmerich and Persily, 2001, Lu et al., 2022, Lu et al., 2011).
Nevertheless, under high occupancy conditions, the trade-off between maintaining high IAQ and low building
energy consumption persists.

To resolve this trade-off, a new strategy that can maintain low indoor CO» concentrations with minimum
ventilation rates is needed, especially for high-occupancy scenarios. Recently, direct air capture (DAC)
technologies have emerged, utilizing CO»-affinity/selective materials to separate CO, from low concentration
situations such as the ambient air (Shindell and Rogelj, 2025, Sanz-Perez et al., 2016, Chiristoph Beuttler,
2021, Fajardy et al., 2018). The potential of DAC for achieving negative emissions has been demonstrated by
life-cycle assessments (LCA) of two commercial DAC plants in Hinwil and Hellisheidi, which reported carbon
capture efficiencies of 85.4% and 93.1%, respectively (Deutz and Bardow, 2021). Similarly, DAC systems
coupled with carbon storage have achieved negative greenhouse gas emissions when driven by low-carbon
electricity, with carbon removal efficiencies ranging from 79-91% according to an LCA study (Terlouw et al.,
2021). Given that indoor CO; concentrations are generally higher than the atmospheric level, it is technically
feasible and even more energetically effective to apply DAC technologies for capturing indoor CO> from an
LCA perspective. This realization has driven the development of indoor CO, capture (ICC) technologies,
establishing their fundamental feasibility for emission reduction.

ICC systems capture CO; directly from indoor air and recirculate CO,-lean air, thereby reducing the need
for increased ventilation. This new approach offers the potential to resolve the conflict between building energy
savings and IAQ (Kim et al., 2015, Shen et al., 2024, Kim et al., 2024, Harrouz et al., 2022b), while also
providing additional carbon capture benefits not achievable with other advanced ventilation methods, such as
demand control ventilation (Lu et al., 2011) and personalized ventilation (Melikov et al., 2002). ICC
technologies were initially developed in the 1960s for crewed spacecraft and submarines, using chemical
absorbents to maintain liveable environments (Isobe et al., 2016, Shen et al., 2024). However, their application
in buildings did not emerge until the 2010s, with research focusing on developing various ICC methods,
improving capture capacity at indoor CO, concentrations, and maximizing ICC’s performance in saving
buildings’ energy. In addition to the absorption-based ICC methods, other safer methods that avoid toxic
solvents, such as adsorption-based (Shen and Yang, 2023, Thakkar et al., 2016, Chu et al., 2021, Rajan et al.,
2017) and membrane-based ICC methods (Yoo et al., 2023, Kim et al.,, 2023) have been developed.
Nevertheless, these methods continue to face challenges due to their limited capture capacity at the relatively
low COs concentrations characteristic of indoor air, compared to those found in flue gases.

Ongoing research has enhanced ICC’s CO» capture capacity at the material and system levels (Shen and
Yang, 2022, Harrouz et al., 2022b, Kim et al., 2024). For instance, hybrid adsorbent material has been designed
to enable simultaneous physisorption and chemisorption of CO,, effectively preventing CO, accumulation in
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enclosed vehicles (Youngmin Cho, 2013). The capture capacity of Y-type zeolites has been increased to 158
mg CO,/g adsorbent per hour through amine impregnation (Lee et al., 2013). System-level improvements, such
as the use of rotating packed bed designs, have also been shown to increase the interaction between indoor
CO; molecules and absorbents, reducing indoor CO; levels from 1000 ppm to 100 ppm (Cheng and Tan, 2011).
Addressing the adverse effects of indoor moisture on CO; capture has led to the development of more
innovative solutions that can enhance capture capacity, including MOF-polymer composites for stable CO»
adsorption performance in humid conditions (Park et al., 2021), moisture-resistant liquid-like CO; adsorbent
that is easy to regenerate (Lee et al., 2021), and the application of hydrophobic coatings (Kim et al., 2022),
nano-encapsulated solvent (Kim et al., 2021), or facile spray-coated diamine-appended MOF composites that
displayed stable CO» capture capacity from indoor air with 60% RH (Seok Chae et al., 2021).

Moving forward, recent research has increasingly focused on evaluating the impact of ICC on reducing
HVAC energy consumption in buildings. Studies have demonstrated that a CO, adsorption-based ventilation
model can save 30% in AC cooling energy during tropical summers and 60% in heating energy during Central
European winters (Kim et al., 2015). Evaluations of MOF-based ICC systems under real-time ambient and
indoor environments have shown energy-saving potential of 30% and 24% for a classroom and residential
house, respectively. Additionally, economic analysis indicates that the payback period for ICC technology is
6 years for high-occupancy buildings and 2 years for low-occupancy buildings (Harrouz et al., 2022b). A CO,
capture-integrated energy recovery ventilation system equipped with a carbon capture filter has also been
developed, enabling continuous CO; removal while reducing ventilation energy loads, with reported heating
and cooling load reduction of 52.6% and 27.9%, respectively (Kim et al., 2025). However, these methods still
require energy input to support the carbon capture processes, limiting the overall energy-saving potential. To
address this, further advancements have explored the use of solar energy to drive ICC technologies (Gu et al.,
2022, Shen et al., 2024), further enhancing their sustainability. Additionally, integrating ICC with other
building functions, such as ICC-driven passive cooling systems for building-integrated photovoltaics, offers
synergistic benefits, enabling simultaneous indoor CO- capture, electricity generation during summer, and
reduced heating demand in winter (Kim et al., 2024). Despite significant progress, implementing ICC into the
real world remains challenging, mainly due to the diversity of working conditions and capture methods, both
of which affect ICC performances characterized by energy-saving potential and net CO; emission reduction.
Therefore, an in-depth understanding is required to guide the feasible design of ICC systems for different
scenarios, which, however, is lacking as existing studies often focus on specific capture methods and limited
conditions.

Here, this study develops an analytical ICC model applicable to different carbon capture methods and
working scenarios to systematically assess their impacts on ICC’s overall performance. This model covers a
wide range of carbon capture methods by varying the CO, capture rate and specific energy consumption, and
it addresses different working scenarios by incorporating diverse occupancy profiles. Through parameter
sweeping, we compare the performances for various ICC methods under selected scenarios and provide
corresponding phase maps to guide context-specific designs that can achieve both building energy savings and
net CO, emission reduction. Our results demonstrate the model’s potential to facilitate broader and more
effective implementation of ICC technologies.

2. METHODOLOGY

In this section, we describe the system design and modelling approach for the proposed ICC system, with
particular emphasis on evaluating its net carbon emission reduction and energy-saving performance.

2.1. SYSTEM DESIGN

Indoor CO; concentration exceeding 1000 ppm may pose health risks to occupants, such as headaches,
nausea, reduced cognitive function, and productivity (Jacobson et al., 2019). Levels above 10,000 ppm can be
dangerous and even life-threatening (Figure la). In the absence of adequate ventilation, indoor CO,
concentrations can reach values 3-7 times higher than those found outdoors. To address elevated indoor CO,,
HVAC systems typically increase ventilation rates, which substantially raises energy demand - especially when
outdoor temperature and humidity differ markedly from indoor comfort standards. Conversely, reducing
ventilation rates lowers energy use but does not effectively remove CO; from the indoor environment, resulting
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in a trade-off between maintaining high IAQ and minimizing building energy use (Figure 1b). To overcome
this trade-off, a new strategy that allows for low ventilation rates while still sustaining safe indoor CO; levels
is needed (Figure 1b).

a
Fresh Harmful Dangerous Deadly Indoor CO, capture system
(<1000 ppm) (< 10,000 ppm) (> 10,000 ppm) (< 330,000 ppm) 5=
CO, concentrations
b CO, Capture
Conventional design Proposed design e
e HVAC T
« High HVAC energy demand x |_ T
% High . : Ambient
= « High indoor air quality v « High indoor air quality v gy —— ‘
14
s Low
5 Cco,
E « Low HVAC energy demand v « Low HVAC energy demand v
> Low
* Low indoor air quality x
| CO,-rich air CO, CO,-lean air

Figure 1. Conceptual design and operation of the ICC system. (a) Impacts of different indoor COz concentration levels
on human health. (b) The proposed ICC system addresses the trade-off in conventional HVAC design between
maintaining high IAQ and minimizing building energy consumption. (¢) Schematic illustration of the ICC system concept.

This study introduces an indoor CO; capture (ICC) system that uses carbon capture devices to directly
remove CO; from stale indoor air, recirculating CO»-depleted air to replace the intake of outdoor air. This
configuration enables the ICC system to maintain high IAQ at ultra-low ventilation rates, thereby reducing
building energy demand. The captured CO- is concentrated for subsequent storage or utilization (Figure 1c).
In this work, we evaluate and compare the energy-saving potential and net CO, emission reduction of various
ICC methods, taking into account the effects of weather conditions, CO; capture rates, and the specific energy
consumption of carbon capture methods. The specific energy consumption refers to the energy needed to
regenerate each kilogram of CO; and is determined by carbon capture methods and materials used. This part
of the energy requirement may lead to additional CO, emissions, potentially offsetting the overall benefits of
carbon capture (Prajapati et al., 2022, Mertens et al., 2023), requiring nuanced analysis to ensure net carbon
emission reduction.

2.2. MODELLING

This section describes the major modelling process for the proposed ICC system. The modelling framework
is designed to quantify both energy savings and CO; emissions. All simulations are conducted under the
condition that indoor CO; concentrations remain below 1000 ppm across various conditions. Notably, we
assume that air filtration can be integrated into the ICC system to avoid the accumulation of potential pathogens
and other air pollutants, such as volatile organic compounds. The real-time CO; concentration inside the room,
Pco, (t), is calculated as follows:

Pco, (t) = Pco, (t — 1) + APgo, (1) (1)

AP¢o, (t) represents the change in indoor CO, concentration at each time step, which is 30 seconds in this
study. This variation is calculated based on the mass conservation of CO, flows, while also ensuring the
maintenance of indoor air pressure.

Eold/neW,HVAC = Ejatent + Esensibie (2)

The total energy loads of the HVAC system Eyy 4¢, in both conventional and proposed scenarios, comprises
latent and sensible components, denoted as E;,tont and Egensinie, respectively. These heat loads are attributable
to the newly introduced outdoor air and exclude potential internal heat gains from occupants or equipment,
thereby isolating the energy-saving performance of ICC’s reduced ventilation rates. Specifically, the latent
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energy load Ej;¢ene, can be calculated as below:
tmax
Elatent = J my, X Gy, dt 3)
tmin

m,, represents the amount of water added or removed by the air-conditioning (AC) system for
dehumidification or humidification. It is determined by the minimum difference in water content between the
newly introduced air and the standard indoor air.

mw = min(|mw,amb + mw,occu - mw,standard |) (4)

My amp 15 the water content in newly introduced ambient air, which is the sum of ventilated air, B, and
infiltration air, M, . My, occy 1S the water content generated by occupants inside (kg/s). My, standara 15 the
water content in the standard indoor air.

mw,amb + mw,occu = [(ﬂ + minf) X (pamb]/(l + (pamb) (5)

® gmp 18 the humidity ratio of ambient air, defined as the mass of water vapor per kilogram of dry air. This

value is determined by the temperature and ambient pressure, as well as outdoor relative humidity (RH).

(ﬁ + minf) X Qstandard

My, standard = 1+ Qamp (6)
@ <tandarq 18 the humidity ratio of the indoor air, which is determined by Eq.(7).
Pstandard ~ f (Tstanaarar Proom» RHstanaara) 7

Once the minimum value of m,, is identified by the modelling, the corresponding value of RHg;4n4qrq that
yields this minimum is determined. The RHtgnaqrq Value, varying between 40% to 60% for thermal comfort
and minimum latent loads, can then be used to calculate ™, stanaard-

tmax
Esensibie = J (B + Mung) X Coir X AT dt (8)
t

min

C.ir denotes the specific heat capacity of air, and AT represents the temperature difference between the outdoor
and indoor environments.

_ Eold,HVAC - Enew,total
§= E
old,HVAC

©

¢ represents the percentage of the energy savings achieved by the new system compared to the conventional
design.

Enew,total = Enew,HVAC + Ejcc (10)

Enew totar denotes the total energy consumption of the proposed design, which includes both the HVAC energy
consumption and the energy consumption of the ICC system.
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Mpet,co, = €nvac t €icc — Mco,

(11)

envac represents the CO, emissions associated with the energy consumed by the HVAC system (kg); while
ejcc denotes the penal carbon emissions from ICC operation (kg). In the conventional case, both e;¢c and
Mo, are zero. Notably, the exhaled CO,, which constitutes a non-trivial yet often overlooked emission sector,

is captured by ICC rather than being expelled into the atmosphere by conventional methods. However, not all
of the respiratory CO: can be captured, and the actual amount of captured CO,, mo,(kg), can be calculated
as below:

(12)

tmax
Mco, = J Mco, dt
t

min

Mo, is the CO; capture rate (kg/s). The CO, emission factor used in this study, based on heat generation from

natural gas and oil combustion, is 0.25 kg/kWh (Our World in Data, 2023). We also conduct parameter analysis
to investigate the impacts of CO, emission factor on the overall ICC performance.

2.3. EVALUATION PROCESS

The evaluation process starts with the input of weather conditions, occupancy profiles, and performance
parameters of the ICC system. In the process flow diagram (see Figure 2), the conventional scenario is
represented by grey lines, while the proposed ICC scenario is indicated by blue lines. The ventilation profile
is determined based on occupancy and the satisfaction of IAQ requirements, that is, the indoor CO;
concentration should be below 1000 ppm (Wang et al., 2018, ASHRAE 62.1, 2010). This design follows the
dynamic regulation of demand control ventilation (Lu et al., 2011). For the ICC case, the new ventilation
profile and the amount of captured CO, are established according to ICC performance and occupancy profile.
Using the weather conditions and ventilation profile, the sensible and latent loads for both cases are calculated
to maintain thermal comfort within the indoor environment. The standard indoor temperature for summer is
25°C, and 10 ~ 20°C for winter, while the indoor RH is always maintained between 40% and 60% (Harrouz et
al., 2022a), with the specific value determined by the real-time water vapor content of the outdoor air.

By comparing the HVAC loads of both scenarios, the energy savings of the HVAC system can be
quantified. However, in the ICC case, there is an additional energy consumption sector associated with carbon
capture, which is determined by the amount of captured CO, and the specific energy consumption required for
the capture process.

Weather Occupancy ICC
condition profile performance
1AQ T ;
satisfied IAQ satisfied
Real-time indoor CO, concentration < 1000 ppm
Ventilation New ventilation CO, capture
profile profile amount
Thermgl comiotk — Thermal comfort satisfied
5 satisfied
* Summer: Indoor RH = [40%, 60%)]
Indoor temperature = 25 C
HVAC New CC energy o Winter: Indoor RH = [40%, 60%]
loads HVAC loads consumption Indoor temperature = [10C, 20C]
Conventional l Inputs
Saved Conditions
icc building energy
Outputs

Figure 2. Logic chart of this study. All results are based on the satisfaction of both IAQ and thermal comfort requirements.
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3. WORKING CONDITIONS

In this section, we present the working conditions of the ICC system, including indoor conditions and
outdoor weather conditions. The indoor conditions typically include the occupancy profile, room sizes, and
ventilation rates. For the outdoor conditions, climatic factors such as temperature and relative humidity are
taken into account. In this study, the city of Xi’an, China, was selected as the case study location due to its
distinct four-season climate. Specifically, Xi’an experiences hot/humid summers and cold/dry winters,
representing two distinct weather conditions with high sensible and latent loads.

3.1. INDOOR CONDITIONS

Occupancy patterns have a direct impact on indoor CO; concentration and ventilation requirements. In this
study, we selected the occupancy profile of a medium office setting, which is characterized by a typical pattern
of clocking in and out (Figure 3a). Notably, in this study, we assume that the office room is a well-mixed room,
in which the CO; and other air components are uniformly distributed throughout the space within each time
step. The indoor CO; concentration fluctuates as a result of CO, generation (occupant exhalation, infiltration,
ventilation) and removal (ventilation, carbon capture, exfiltration). In both the conventional (no capture) and
ICC cases, the indoor CO; concentrations are maintained below 1000 ppm to comply with IAQ standards
(Figure 3b). Figure 3c presents four operational cases comparing the dynamic curves of indoor CO;
concentration, all of which exhibit exponential build-up and decay similar to findings from other studies (Lu
etal., 2011, Youngmin Cho, 2013, Lee et al., 2013, Sinha et al., 2022, Grande, 2022, Tian et al., 2023, Harrouz
et al., 2023). To prevent excessive CO, removal, an additional constraint was imposed: ICC operation is
suspended if indoor CO» concentration falls below 350 ppm, the lower bound of the atmospheric CO; level
(350~450 ppm) (Kim et al., 2015, Lee et al., 2013) (Figure 3b). This measure avoids unnecessary over-capture
and balances the advantages of lower CO; levels against the increased energy consumption associated with
capturing CO; at concentrations already satisfying healthy IAQ. With these constraints applied, the ventilation
rates for each case were calculated, as shown in Figure 3c. While ventilation rates in both cases generally
follow the occupancy profile shown in Figure 3a, a marked reduction in ventilation rates is observed in the
ICC case, highlighting the system’s potential to significantly lower HVAC energy demand (Figure 3d).
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Figure 3. Working conditions of the indoor environment. (a) Occupancy profile over 24 hours. (b) Dynamic indoor CO»
concentration, comparing the conventional and ICC case. (¢) Comparison of indoor CO:z concentration variation curves
of four cases. (d) Corresponding air ventilation rates for both cases, determined by ensuring the indoor COz concentration
is below 1000 ppm.
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3.2. WEATHER CONDITIONS

In this section, we present the weather conditions in Xi’an during the hottest and coldest months, July and
January, respectively, as well as their implications for building energy loads. Xi’an experiences hot and humid
summers (Figure 4a), while in January, temperatures frequently and largely drop below 10°C (Figure 4b), and
the relative humidity (RH) is significantly lower compared to July. Consequently, the latent load is more
prominent in July due to higher humidity, whereas in January, the sensible load — primarily for heating the
space - is more prominent than that in July. To maintain indoor comfort, RH is kept between 40 and 60%.
Seasonal indoor temperature settings are applied: heating is provided in winter when outdoor temperatures fall
below 10°C, with an indoor setpoint of 20°C, and cooling is applied in summer when outdoor temperature
exceeds 25°C. Regardless of the season, humidification and dehumidification are applied when outdoor RH is
below 40% and above 60%, respectively. The indoor RH setpoint is selected between 40% ~ 60% and is
determined by the minimum difference in water vapor content between indoor and outdoor air.
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Figure 4. Weather conditions in Xi’an. (a) RH in Xi’an during July and January (31 days each). (b) Dry bulb temperature
in Xi’an during July and January (31 days each).

4. RESULTS

This study focuses on the comparative analysis of energy-saving performance and CO; emission reduction
between the conventional HVAC case and the ICC case, as well as among different capture methods
distinguished by their specific energy consumption and capture rates. By systematically evaluating these
factors, the study aims to identify effective ICC system designs for reducing building energy demand and net
CO; emissions.

4.1. ENERGY SAVING PERFORMANCE

This section investigates the net energy-saving performance of the ICC system, which is defined as the
difference between the reduction in building HVAC energy consumption and the energy consumed to operate
the ICC device. Energy loads are evaluated on hourly, daily, and monthly timescales to capture dynamic
variations. As illustrated in Figure 5, the sensible and latent loads for July — calculated based on the medium
office occupancy profile and the satisfaction of indoor CO, concentrations below 1000 ppm, demonstrate a
clear reduction in the ICC case compared to the conventional scenario.
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Figure 5. Dynamic HVAC energy loads in July. (a) Sensible loads, comparing between the conventional case (no
capture) and the ICC case. (b) Latent loads in July.

Figure 6 evaluates the impact of ICC implementation on mean hourly sensible and latent energy loads
during the peak summer and winter months. The analysis compares scenarios with and without ICC for both
July and January, revealing that the ICC case consistently achieves lower energy loads across both periods.
The shaded areas in the subfigures highlight the magnitude of energy savings achieved by ICC. For instance,
in Figure 6a, the daily total sensible load in July is 12.7 kWh for the conventional case and 1.6 kWh for the
ICC case. In Figure 6b, the daily total latent load in July is 22.9 kWh for the conventional case, and 4.9 kWh
for the ICC case. In January, the daily total of sensible load is 41.4 kWh for the conventional case, and 5.3
kWh for the ICC case (Figure 6c¢), while the daily total latent load is 17.3 kWh for the conventional case and
1.3 kWh for the ICC case (Figure 6d). These comparative results underscore the substantial energy-saving
potential of ICC in months with high HVAC loads.
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Figure 6. The 24-hr curve of sensible and latent heat loads of mean July and January. (a) Sensible loads in July. (b) latent
loads in July. (¢) Sensible loads in January. (d) Latent loads in January.

Figure 7 presents the monthly variation in daily total energy loads under ICC operation, using a CO; capture
rate of 0.18 g/s. The specific energy consumption for this section of the case study is assumed to be 6 MJ/kg,
which is consistent with values reported in DAC studies that typically range from 5.25 to 6.7 MJ/kg for
atmospheric CO; capture (Zhu et al., 2021, Deutz and Bardow, 2021, Baciocchi et al., 2006, Keith et al., 2018,
Sabatino et al., 2020). Notably, the minimum separation work of direct air capture methods is 19~21 kJ/mol
(0.43~0.45 MJ/kg) (Siegelman et al., 2021). To facilitate comparison between different capture methods, we
assume that the CO; capture rates are constants for the same occupancy profiles, without periodic fluctuations
from capture-release cycles, such as those seen in membrane-based capture methods. For capture methods
involving capture-release cycles, stable capture rates can be achieved through capture device designs, such as
multi-chamber configurations and active capture control. Figure 7a presents the daily totals for each of the 31
days in July and January. The results indicate that, in July, more than half of the HVAC energy consumption
is attributed to overcoming the latent load due to the high ambient RH in July in Xi’an. In contrast, in January,
the dry conditions mean that latent energy is primarily used for humidification, while a greater portion of
HVAC energy is consumed to overcome the sensible heat loads of the ambient air. Overall, the ICC system
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achieves substantial energy savings, reducing total energy consumption by 67.5% in July and 46.5% in
January, after accounting for the energy required to operate the ICC device, as shown in Figure 7b. These
findings highlight the significant seasonal variability in the energy-saving potential of ICC, with benefits more
pronounced in periods when outdoor RH and temperature deviate substantially from indoor comfort standards.
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Figure 7. (a) Box plot of daily total energy loads for July and January. The box represents the 25th-75th percentiles, the
centre line denotes the median, and the square point denotes the mean value. Whiskers denote the full data range with the
interquartile range, while the circles represent individual measurements (n = 31). (b) Total energy loads and energy saving
potential of ICC systems compared to conventional cases.

As shown in Figure 8a-b, the energy-saving potential of ICC is higher during periods of high original energy
demand. For instance, the average energy-saving potential from December to February reaches 65.6%, while
in July and August, it is 37.9%. Conversely, in months with low HVAC energy demands, the energy-saving
potential of ICC diminishes or becomes negative due to the additional energy consumed for CO, capture. For
example, in April, the conventional case consumes 7.5 kWh daily, whereas the ICC case requires 13.25
kWh/day (0.72 kWh for HVAC and 12.53 kWh for CO, capture). In contrast, January exhibits the highest
energy savings, with the conventional case consuming 59.6 kWh/day, and the ICC case consuming 19.2
kWh/day in total, resulting in a reduction of 67.8%. Despite negative savings in certain months, the annual
average energy-saving potential remains substantial at 28.5%, further complemented by the carbon capture
benefits provided by ICC.
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Figure 8. (a) Daily total energy loads for each month, comparing the conventional case and the proposed ICC case. (b)
Net energy saving for summer, winter, and the annual average.

4.2. NET CO; EMISSION REDUCTION

To further investigate the impacts of different CO; capture methods on net CO; emission reductions, we
evaluate and compare the corresponding CO; emissions based on the energy loads and the CO, emission factor.
For the conventional case, CO, emissions are solely attributed to HVAC operation, calculated as e,1q gy ac-
With a CO, emission factor, 9, of 0.25 kg/kWh, a peak emission of 14.9 kg/day is reached in January, while
the lowest emission is 0.15 kg/day in October. Notably, in May, September, and October, the daily CO,
emissions for the conventional case fall below 1 kg/day due to low HVAC energy demands. In the ICC case,
total CO; emission from both HVAC and ICC operation averaged around 4 kg/day across months. Although
this value exceeds that of the conventional case in certain months, it is offset by the amount of CO, captured
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Mco,, Which is approximately 7.52 kg/day. As a result, the net CO, emission for the ICC case, Mye¢ co,, 18
negative (as shown in Figure 9), demonstrating the strong decarbonization potential of the ICC system.
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Figure 9. The CO2 emission sectors of each month. Negative values represent CO2 emission reduction.

Here, we examine the combined impacts of climate conditions and CO; capture speed, 7ii¢o,, on buildings’
net energy savings and CO, emissions reduction. A capture rate of 0 (o, = 0) represents the conventional
case without CO; capture. During months with high HVAC energy consumption - such as January, February,
July, August, and December — all non-zero 1, cases exhibit lower daily total energy loads compared to the
conventional case. During these periods, increasing the CO» capture rates leads to greater energy savings,
primarily due to reduced ventilation requirements; however, the incremental benefits gradually level off as
Mg, continue to increase. This occurs because increasing o, further reduces the HVAC subsystem’s
ventilation demand and associated energy use, but also raises the ICC’s own energy consumption. When
Meo,becomes excessive, the additional energy consumed by the ICC may outweigh the energy savings in the
HVAC subsystem, thereby diminishing or even negating the overall energy-saving benefit. For instance, the
annual average daily energy consumption decreases from 22.11 to 17.03 kWh/day, and 15.81 when ¢,
increases from 0 to 0.12 and 0.18 g/s, respectively. However, further increasing mgo,to a larger value, i.e.,
0.24 g/s, the daily energy demand rises again to 16.39 kWh/day (see Table 1). This rebound occurs because,
while a higher m¢o,reduces HVAC loads, they also increase the energy consumption of the ICC system,
partially offsetting the overall energy savings (Figure 10a).
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Figure 10. (a) Daily total energy loads. (b) Net CO2 emissions of each month, under varying COx capture rates.

Table 1. The annual average daily total energy loads and net COz emissions for different m¢g, cases. m¢p, = 0 means
the conventional case.

Values Daily total energy loads (kWh/day) Net CO: emissions (kg/day)
Meo, (&/s) 0 0.12 0.18 0.24 0 0.12 0.18 0.24
Average 22.11 17.03 15.81 16.39 5.52 -1.34 -3.57 -4.32
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In months with low HVAC energy demand, such as April, May, and October, the daily energy consumption
of the conventional case, E, 4 gy ac, 1s actually lower than that of the ICC case, Ey ey totqr- This is because the
ICC system continues to consume energy for capturing indoor CO,, even when HVAC loads are minimal (see
Figure 10a). Despite the higher energy use in these months, the net CO; emission of the ICC, My ¢o,, remain
significantly lower - or even negative - compared to the conventional case (Figure 10b). For instance, for the
case M¢o,= 0.12 g/s, the net CO, emission in January is 1.7 kg/day for the ICC case, compared to 14.9 kg/day
for the conventional case. When i1, increases to 0.18 g/s, the net CO> mission drops further to -2.7 kg/day.

This demonstrate that, even in months where energy savings are limited or negative, the ICC system still offers
substantial benefits in terms of CO, emission reduction.
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Figure 11. (a) Heat maps of total energy consumption. (b) Net COz emissions under the influence of CO: capture rates
and the specific energy consumption of CO: capture method, with 4,4 = 0.5. 7¢p, = 0 means the conventional no
capture case.

To investigate the impacts of different CO; capture methods on energy-saving performance, we identify a
specific CO, capture method using two key indexes: specific energy consumption and CO; capture rate. In
Figure 11, we examine the combined impacts of the specific energy consumption of CO; capture (q¢o,) and
e, on yearly total energy consumption (Epew totqr) and net CO> emissions (Myet co, ). In this study, we
design q¢o, to span from 0 to 4.17 kWh/kg based on literature-reported results (Goeppert et al., 2012, Zhu et
al., 2021, Keith et al., 2018, Li et al., 2020a, Gu et al., 2022, Deutz and Bardow, 2021, Baciocchi et al., 2006,
Sabatino et al., 2020) to cover as many capture methods and materials as possible. For the conventional case,
the average daily total energy consumption is 22.11 kWh/day, with a corresponding net CO; emission of 5.5
kg/day. For the ICC system, Epey rorar generally increases as qco, increases, but decreases as 1o, rises.
Notably, for high q¢¢, cases, such as those higher than 2.5 kWh/kg, Eyew torar actually increases with higher
Meo, (Figure 11a). For example, when q¢o, is 1.1 kWh/kg, Eyew torar decreases from 20.3 to 11.6 kWh per
day as m¢p, increases from 0.02 g/s to 0.2 kg/s. In contrast, when q¢o, = 3.34 kWh/kg, Epew torar increases
from 22.5 to 24.2 kWh/day over the same range of 1o, This trend occurs because, at low g, increasing
Mo, leads to significant reduction in HVAC ventilation rates, resulting in substantial energy savings and a
decrease in Epey rotqr- However, when the ICC method relies on processes with high specific energy
consumption, the energy required for ICC outweighs the savings from reduced HVAC loads, causing
Enew totar to tise. Thus, the effectiveness of ICC in reducing Ejey, rorq; depends critically on the specific
energy consumption of the chosen CO» capture method.

In Figure 11b, we discuss the relationships between net CO, emissions, Mco, and qco,. Mpetco,
demonstrates a negative correlation with 7o, and a positive correlation with q¢o,. For instance, at g¢o, =
1.67 kWh/kg, net CO, emissions decrease from 4.0 to -4.1 kg/day as m, increases from 0.02 to 0.2 g/s.
Conversely, for Mg, = 0.10 g/s, My co, increases from -2.15 to 2.6 kg per day when q¢o, rises from 0.28 to
4.17 kWh/kg. In Figure 11b, the “my, ¢ co, = 0” line marks the threshold for negative carbon emissions; regions
below this line represent net carbon removal. However, the decarbonization benefit plateaus as 1o, increases,

evidenced by the gradually flattening curves in Figure 11b. This trend mirrors the pattern observed in Figure
11a, and results from the interplay between reduced HVAC energy demand and increased ICC energy
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consumption. Therefore, it is crucial to identify the optimal ¢, that maximizes both energy savings and

carbon emission reductions, balancing the benefits of reduced ventilation loads against the energy requirements
of the ICC process.

Table 2. Minimum and maximum values of the total energy loads and net CO2 emissions for different 4,4, case.

Values Daily total energy loads (kWh/day) Net CO: emissions (kg/day)
Amax 0.2 0.5 0.8 0.2 0.5 0.8
Conventional 8.6 221 35.6 2.2 5.5 8.9
Min. of ICC 1.1 2.3 8.5 -3.1 -7.8 -8.3
Max. of ICC 15.3 37.5 52.3 1.5 4.8 8.1

The impacts of the maximum occupancy levels, 1,,,, on ICC’s energy savings and emission reduction are
also investigated. When a lower A4, is applied, Epey rorqr for both the conventional and ICC cases, are
reduced. For instance, the minimum and maximum Ejey, ¢otqr fOr Ajpgx = 0.2 1s 1.1 and 15.3 kWh/day, while
for Anqy = 0.8, these values increase to 8.5 and 52.3 kWh/day. Regarding net CO, emission, increasing A,
results in a wider range of net CO; emission values, depending on the operating conditions of o, and q¢o,
Despite these variations, the ICC system consistently achieves greater energy savings and lower CO, emissions
compared to the conventional case across all A,,4, scenarios (as shown in Table 2). Specifically, compared to
the conventional case, the maximum CO; emission reduction amount for A,,4, = 0.2 is 5.3 kg/day, increasing
to 13.3 kg/day for 4,4, = 0.5 and reaching 17.2 kg/day for 1,4, = 0.8.

In Figure 12, we analyse the impact of regional CO; emission factors ¢ on the net CO, emission
performance of the ICC system. ¢ represents the amount of CO, emitted per unit of electricity generated by a
power grid, reflecting both the carbon intensity and the energy mix of the electricity supply. For instance,
power grids with a high penetration of renewable energy, such as those in Sichuan, Yunnan, and Qinghai in
China, can have ¢ as low as 0.1~0.16 kg/kWh (Ministry of Ecology and Environment of the People's Republic
of China 2024). In contrast, coal-dominated power grids exhibit ¢ values as high as around 0.73 kg/kWh, such
as those in Hebei Province, China. Net CO, emissions of the entire system increases with higher ¢ across all
months, due to the greater carbon intensity of the energy consumed by both the HVAC subsystem and ICC
operation. For instance, in January, net CO, emissions rise from -5.6 kg/day to 11.7 kg/day as ¢ increases from
0.1 kg/kWh to 1.0 kg/kWh. On an annual basis, net CO, emissions increase from -6 kg/day to 8.3 kg/day.
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Figure 12. Net COz emissions of the ICC system in different months subject to various COz emission factors. The
dashed black line indicates net CO2 emission = 0.

4.3. PHASE MAP

To identify feasible operating conditions for the ICC system, we applied two criteria for the selection of
Meo, and qco,: 1) the total energy consumption of the new system (Eyew,totar) being lower than the HVAC
energy consumption of the conventional system (Ey;q yvac), and 2) net CO, emission, Mpyet co,, being less
than 0. Figure 13 presents phase maps illustrating the combinations of q¢o, and 1o, that satisfy these two
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criteria under different occupancy profiles and CO, emissions factors. In these maps, the region where
Enew total < Eotd totar 18 shaded red, while the region where my ¢ co, <0 is shaded blue. The overlap of these
regions indicates the feasible operating domain for the ICC system, providing valuable design guidance. The
phase maps are investigated for three different crowdedness scenarios, represented by varying maximum
occupancy during the day: A,,4,= 0.2 (less crowded), A4 = 0.5 (crowded) and 21,4, = 0.8 (extremely
crowded). For the objective of achieving Eyew totar < Eota,totar> the feasible range of g¢o, for the case ¢ =
0.25 kg/kWh is similar across all three A,,,, cases, with values below 2.78 kWh/kg. This is the critical
threshold for the ICC system to achieve lower HVAC energy consumption than its conventional counterpart.
When q¢o, > 2.78 kWh/kg, the energy required for CO» capture becomes dominant, and the ICC system is no
longer able to reduce total energy consumption compared to the conventional system.
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Figure 13. Phase map for negative net CO2 emissions under the influence of CO: capture rate and specific energy
consumption of CO: capture methods, with different occupancy levels: a, 4,5, = 0.2; b, 4,4 = 0.5; ¢, A10x = 0.8.

For the objective of Myt co,< 0, a lower occupancy level (smaller 4;,4,) broadens the feasible region
where both objectives can be met. For example, at Ap,q, = 0.2, the feasible values for ¢y, and qco, range
from 0.02 ~ 0.24 g/s and 0 ~ 2.5 kWh/kg, respectively (Figure 13a). In contrast, for 1,4, = 0.5. the feasible
ranges for Mo, narrows down to 0.06~0.24 g/s (Figure 13b), and for 4,4, = 0.8, the feasible ranges of m¢,
and ¢, narrow further to 0.10~0.24 g/s (Figure 13c). Notably, for Apq, = 0.2, increasing mo, beyond 0.08
g/s does not further expand the feasible range for q¢o,, suggesting an optimal value for ¢, that minimizes
ICC’s energy consumption, while still yielding a negative CO, emissions. Compared to that of ¢ = 0.65
kg/kWh, the viable range, specifically the Myt co, <0 of the ¢ = 0.65 is narrower. These phase maps highlight
the importance of selecting ICC methods for occupancy levels to maximize both energy savings and
decarbonization benefits.

5. CONCLUSION

To optimize and generalize ICC system designs, this study systematically evaluated the performances of
an indoor CO; capture system in reducing building HVAC energy consumption and carbon emissions, under
the influences of climate conditions, occupancy levels, and CO; capture methods. Major conclusions include:

1. The ICC system’s energy-saving and decarbonization performances vary by month, depending on
climate conditions. In months with higher HVAC loads, such as winter months like January and
December, the ICC system yields the highest energy saving of 65.8%. In the summer months, it yields
an average energy-saving potential of 37.9%. Across all months, the annual average energy-saving
potential is 28.5%. Regarding decarbonization potential, ICC yields annual negative carbon emissions,
due to its combined advantage of reducing HVAC energy consumption and directly capturing indoor
COz.

2. Regarding total energy consumption, there exists an optimal CO, capture rate that minimizes energy
use. While increasing the CO» capture reduces HVAC energy consumption, it also increases the energy
demand of the ICC system. For 1,,,, =0.5, the optimal CO, capture rate is around 0.18 g/s. Regarding
net CO; emission, a higher CO; capture rate leads to greater decarbonization potential, but the benefits
plateau as the rate increases further, due to the additional carbon emission associated with ICC operation.
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3. The ICC system saves more HVAC energy and captures more CO> in crowded indoor environments,
and the performances depend on the selection of dco, and mco, simultaneously. The feasible phase
maps for each occupancy level have also been obtained, identifying the operating regions that satisfy
energy and carbon objectives.

Overall, this study demonstrates the promising potential of ICC systems for decarbonizing buildings,
especially in crowded environments and regions with high HVAC loads. Future work should focus on
developing high-capacity indoor CO; capture materials, smart operation control platforms, and conducting
comprehensive life cycle assessments that account for the embodied carbon in materials, manufacturing,
maintenance, and end-of-life recycling of the ICC system. Furthermore, a comprehensive economic analysis
is essential for practical ICC implementation, including the prediction of payback period, assessment of
economic benefits from electricity savings and captured CO,, and evaluation of costs associated with the ICC
system. These efforts will advance the practicality of this technology for developing low-carbon buildings and
reducing urban carbon emissions.
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