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Direct Air Capture (DAC) technologies have emerged as a promising solution to
address climate change and meet global climate goals. However, despite the
importance of DAC in designing carbon-negative buildings, there is a lack of
research focusing on the energy and cost aspects in building ventilation systems.
The objective of this research is to investigate the CO2 capture potential and
economic viability of integrating small-scale DAC into a building ventilation
system integrated within a gym space. A gym space located in the city of
Linköping, Sweden, is used as the research object. Furthermore, the study
investigates the CO2 capture potential across a portfolio of gym spaces
corresponding to an area of 24,760 m2. The results show that the CO2

capture potential varies between 54 kg/day and 83 kg/day for the investigated
gym space. Moreover, the total CO2 capture potential is between 588 ton CO2/
year and 750 ton CO2/year for the portfolio of gym spaces. The results also
demonstrate that regenerating the sorbent during non-operating hours is more
energy-efficient and economically advantageous compared to performing four
complete regeneration cycles during operating hours. Based on a sorbent
capture potential of 0.2 mmol/g and 2.0 mmol/g, and a CO2 price of
1,000 SEK, the break-even price for energy is 0.25–0.53 SEK/kWh. Lastly, the
research shows that, among the investigated cases, the only economically viable
solution corresponds to sorbent capture potential 2.0 mmol/g and utilizing low-
grade heat for the generation process, resulting in a total cost of 663 SEK/
ton CO2.
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Highlights

• This research studies the CO2 capture potential and economic viability of integrating
small-scale DAC into a building ventilation system integrated within a gym space.

• The study also investigates the CO2 capture potential across a portfolio of gym spaces
corresponding to an area of 24,760 m2.

• The total CO2 capture potential is between 588 ton CO2/year and 750 ton CO2/year.
• The break-even price for energy is 0.25–0.53 SEK/kWh
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1 Introduction

1.1 Background

The concentration of atmospheric CO2 has increased since the
industrial revolution, contributing to global warming and its adverse
effects such as ecosystem disruptions and natural disasters (IPCC,
2021). To address this issue, organizations have established goals
and targets for decreasing global CO2 emissions, such as the Paris
Agreement and the European Green Deal (United Nations Climate
Change, 2015; European Commission, 2019). Today, the
concentration of CO2 in the atmosphere is 420 ppm (NASA,
2023). In their widely cited paper on atmospheric CO2, (Hansen
et al., 2008) underscore that that the atmospheric CO2 concentration
needs to be reduced to below 350 ppm to prevent irreversible
impacts. This means that regardless of whether all sectors achieve
climate neutrality, there is still a need to reduce the concentration of
CO2 in the atmosphere. In pursuit of global climate goals, the IPCC
highlights the importance of Carbon Dioxide Removal (CDR)
measures (IPCC, 2021). An advancing method for CDR is Direct
Air Capture (DAC), which refers to the process of extracting CO2

directly from the ambient air (Honegger and Reiner, 2018). DAC has
gained significant attention recently, not least due to the
inauguration of the world’s first large-scale plant in Iceland in
2021 (Reuters, 2021). DAC demonstrates a lot of promise in the
pursuit of CO2 removal (Lenton, 2014) and IPCC (IPCC, 2021)
states that DAC technology has the potential to remove 310 GtCO2

by 2,100. However, the current high expenditures and energy use
related to DAC hinder its broad implementation (Ji et al., 2023).
This is because of the significant energy use for the fans and
desorption of sorbents. The CO2 capture cost for large-scale
DAC with current technologies is approximately
1,400–3,600 SEK/tC02 (IEA, 2022) based on an exchange rate of
1 $ ≈ 10.8 Swedish Krona (SEK) (European Central Bank, 2023). For
DAC to become scalable and economically viable, a commonly
recognized threshold is 100 $ (≈1,100 SEK) per ton of CO2 (Ozkan
et al., 2022).

Within the built environment context, there is a broadening gap
between the building sector’s current climate performance and
decarbonization pathway (UNEP, 2022). This is reinforced by the
fact that the current practices in the built environment are
insufficient for achieving a decarbonized built environment
(Maduta et al., 2022). Additionally, by 2050, the anticipated
capture is 700 Mt CO2 yr-1, significantly less than 7,000 Mt CO2

yr-1 required to meet the upper climate target of 2°C (Shen et al.,
2022). According to the Swedish Energy Agency (Swedish Energy
Agency, 2021), public buildings in Sweden amounted to a total area
of 176 million m2, representing 25% of the total area in the built
environment. Given the fact that this part of the built environment is
characterized by high occupancy rates and prolonged periods of
public space usage, it presents an overlooked opportunity for CO2

capture. Based on a human metabolic emission rate of 34 g/CO2

person−1 h-1 (Smith, 1998) and an occupancy rate of 0.25 in public
buildings for approximately 6.5 million people aged 15-64 (Statistics
Sweden, 2023b), who spend a significant amount of time in public
buildings, initial approximation show a CO2 capture potential of
0.5 Mton/year. This corresponds to 1% of Sweden’s CO2 emissions
(Statistics Sweden, 2023a) or compensates the CO2 emissions of

more than 100,000 persons nationally. Hence, DAC in buildings can
contribute to huge reductions in CO2 emissions from the building
sector, and thus is an important step towards carbon neutral
buildings. This not only offers the potential for decreasing CO2

emissions, but also reduces the demand for Carbon Capture and
Storage (CCS) in large point sources such as energy utilities and
large-scale power plants, which require large amounts of energy to
capture CO2 and are associated with high resource exploitation and
costs (Shen et al., 2022; Eldariry and Habib, 2018).

In recent years, the interest in DAC as a means to address
climate change has grown within the research community. For
example, (McQueen et al., 2020) investigated DAC connected to
nuclear and geothermal plants in the United States. The findings
demonstrated a cost reduction that promotes the large-scale
deployment of DAC. Breyer et al. (2020) studied the possibilities
of integrating low-cost renewable energy sources to DAC inWestern
and Central North Africa. Using solar power PV plants, wind power
plants, battery storage, thermal energy storage coupled with DAC
units, the costs for the captured CO2 is calculated to 105 €/tCO2,
70 €/tCO2, and 55 €/tCO2, for 2030, 2040 and 2050, respectively. In
the context of the built environment, research has shown that
metabolic CO2 capture from building occupants is underexplored
(Gall and Nazaroff, 2015). However, if implemented, it shows
promising results for energy savings by employing CO2 capture
integrated with air recirculation (Kim et al., 2015; Harrouz et al.,
2022; Baus and Nehr, 2022). Specifically, numerical studies show a
potential of 30%–60% reduction in energy usage related to the
ventilation system in both tropical and cold climates (Kim et al.,
2015). Harrouz et al. (2022) found energy savings of 30% and 24% in
classrooms and residential buildings, respectively. Baur and Nehr
(Baus and Nehr, 2022) report an energy savings of 37%. Literature
shows that the potential of ventilation integrated CO2 capture offers
a lot of opportunities, not only with energy savings, but also on
atmospheric reduction of CO2 and possibilities of improved indoor
air quality in systems with recirculation. While scientific
investigations within the built environment exist, it is crucial to
emphasize that, as of the present, there has been insufficient focus on
the role of metabolic and atmospheric CO2 emissions in addressing
the climate crisis (Li et al., 2022).

1.2 Objective and novelty of the research

New opportunities for decarbonization in the building sector
can arise with metabolic CO2 capture in ventilation systems
integrated with DAC. In addition to reducing building CO2

emissions, DAC contributes to offsetting the pressure on CCS at
large energy supply systems, such as power plants, which require
significant energy resources and are costly. Although scientific
investigations on the integration of DAC into various sectors has
attracted more research attention recently, research on energy and
cost aspects in building ventilation system is scarce (Ji et al., 2023;
Zhao et al., 2019). Furthermore, this constitutes an important step in
the quest for designing negative carbon buildings from a lifecycle
standpoint.

The aim of this paper is to investigate the CO2 capture potential
and economic viability of integrating small-scale DAC into a
building ventilation system integrated within a gym space. This
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research also studies the effects on economic viability when utilizing
electric heat or low-grade heat for the regeneration process.
Additionally, the study explores the CO2 capture potential across
a portfolio of gym spaces. The aim is achieved by investigating
relevant literature, on-site measurements, numerical analysis, and
extrapolation of the findings. A gym space located in the city of
Linköping, Sweden, is used as the study object. Furthermore, the
extrapolation is performed considering a total of 20 gym spaces in
the city of Linköping.

2 Methodology

This research consists of four steps, as shown in Figure 1. In Step
1, data for energy use related to the ventilation system is collected.
The collected data includes information provided by the operators of
the ventilation system, direct measurements from the ventilation
unit, and data from literature related to DAC technology. This
comprehensive data set allows for numerically analyzing the CO2

capture potential of integrating a DAC unit into the ventilation
system. Step 2 consists of numerical analysis related to the
performance of the DAC unit, which is performed in the
software MATLAB. In Step 3, the findings from the numerical
analysis are extrapolated to investigate the CO2 capture potential in
a portfolio of gym spaces. Lastly, in Step 4, the numerical analysis of
the ventilation system, along with the extrapolation of findings,
enables the interpretation and analysis of energy and
economic figures.

2.1 Data collection

Firstly, data collection related to the ventilation system was
performed. This includes information on system performance and
energy use, which was obtained from operators of the ventilation
system. Information on the parameters operating hours, volume of
the ventilated space, temperature differentials, efficiency of the fans,
and energy use, was collected. In addition to the data provided by the
operators, on-site measurements were conducted to obtain missing
data relevant to the study, such as the CO2 concentration of the
system. These measurements also served as a means of validating the
accuracy of the provided data. To measure the CO2 concentration in

the air, a multiple parameter meter (Rotronic, 2023) with a
measurement error of ±30 ppm ±5% was utilized. The measuring
instrument was positioned in the exhaust air, measuring and
collecting data on ppm, relative humidity, and temperature at 1-
min intervals. The measurements were conducted over a 4-day
period with varying occupancy levels. The property owner of the
studied gym space supplied data on the occupancy levels during the
measurement period. The collected data from the 4-day period was
utilized to generate hourly average CO2 levels, representative of the
occupant levels during operational hours over a single day.
Additionally, these measurements facilitated a deeper
understanding of the ventilation system’s performance under
varying loads and CO2 concentrations, which enables a more
thorough analysis of the integration of DAC technology into
the system.

Relevant literature within the field was used to obtain data
concerning energy demand per cycle and sorbent capacity in
DAC technology during different conditions (Wurzbacher et al.,
2011; Wurzbacher et al., 2012). Moreover, it was not feasible to
conduct experiments on an implemented DAC device in the
ventilation system itself. It should be noted that the data
collected from the literature played a crucial role in evaluating
the performance and feasibility of integrating a DAC device into
the building ventilation system. Furthermore, this, along with data
on the ventilation system and the on-site measurements, served as
the foundation for the numerical analysis conducted in Step 2 of
this research.

2.2 Numerical analysis

The numerical analysis in the presented research is performed in
the Matlab software (Matlab, 2023), with a 1-min time interval,
consistent with the data collection process. The sorbent
characteristics used to numerically evaluate the performance of
integrating DAC are based on the study by (Kim et al., 2015),
which investigated a sorbent titled diamine-functionalized silica gel,
consisting of 2–5 mm diameter beads, earlier presented in
(Wurzbacher et al., 2011). Additionally, Kim et al. (2015)
developed based on measurement procedures a calculation model
for prediction of the amount of CO2 adsorbed with an adsorption
capacity of 1 kg, see Equation 1.

FIGURE 1
Schematic of the methodology.
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CO2,Ads t( ) � CO2,Discharge t( ) · Ef ·

2.388 · 106 ·Hef −∑t
2CO2 adsorption( )ppm t-1( ) · 0.4435
2.388 · 106 ·Hef

(1)

where CO2, Ads(t) = the amount of CO2 adsorbed (ppm) during the
time t, CO2, Discharge = CO2 concentration of the discharge air (ppm)
that will enter to the DAC unit, Ef = adsorption effectiveness, 0.75,
and Hef = a factor that takes into account the moisture effect of the
air. This is one at a temperature of 20°C and 50% relative humidity
ratio. Figure 0.4435 denotes the sorbent’s deficiency factor as it
captures and adsorbs CO2.

Using Equation 1 until the sorbent reaches its capacity, the
amount of CO2 adsorbed can be calculated according to Equation 2,
which enables predictions of the CO2 concentration in the exhaust
air from the ventilation system to the atmosphere after the DAC
system, and the CO2 capture potential of the ventilation system.

∑t

1
CO2,Ads ≤ 2.388 · 106 (2)

Moreover, the CO2 concentration in the discharge air as a
function of time, CO2,Discharge (t), was calculated using the mass
balance equation for a studied building during the occupancy
period, as shown in Equation 3.

V
dCO2,Discharge

dt
� Q · CO2,O − Q · CO2,Discharge t( ) + G t( ) (3)

where V = volume of the studied building (m3), CO2,Discharge(t) =
CO2 concentration in the discharge air (ppm), G = CO2 generation
due to occupants (ppm), CO2,o = CO2 concentration outdoors
(ppm), Q = volume flow rate (m3/h). Integration of Equation 3,
will predict the level of CO2 concentration in the discharge air as a
function of time, as shown in Equation 4.

CO2,Discharge t( ) � CO2,O + G t( )
Q

+ CO2,O 0( ) − CO2,O − G t( )
Q

( )•e-n•t
(4)

It is important tomentioned that CO2,O(0) = CO2 concentration
indoors at time 0, and n = Q/V corresponds to the air change rate.
Using data from the CO2 measurements and Equation 4 for
predictions of the amount of possible CO2 adsorbed, the CO2

concentration of the exhaust air from the DAC device,
CO2,Exhaust DAC (t), can be described following Equation 5.

CO2,Exhaust DAC t( ) � CO2,Discharge t( ) − CO2,Ads t( ) (5)

Thereafter, the total amount of CO2 captured, in kg, can be
calculated using the Ideal Gas Law, as shown in Equation 6.

ρ � M · P
R · T (6)

where ρ = gas density (g/L),M = molar mass of the gas (g/mol), P =
pressure (atm), R = the gas constant, and T = temperature (K).
Moreover, it is important to note that the integration of a DAC unit
to the current system will increase the pressure, and result in an
increase in energy use. This is included in the numerical analysis
related to the performance of the DAC unit.

A schematic of the CO2 flows in the numerical analysis can be
seen in Figure 2. The CO2 flows are differentiated based on the
outdoor CO2, CO2 generation from occupants, the CO2

concentration in the discharge air, and the CO2 concentration in
the exhaust air after passing through the DAC device before it enters
the atmosphere.

2.3 Extrapolation of findings

Analyzing the CO2 capture potential in the investigated gym
space enables extrapolation to 20 gym spaces in Linköping. This
extrapolation assumes that the CO2 capture potential is
proportional to gym area, with consistent ventilation rates,
usage patterns, etc., across locations, allowing for linear scaling
based on gym space area. Additionally, the areas of the gym spaces
were obtained through on-site visits and communication with on-
site personnel responsible for each location. Through this
approach, it is possible to predict CO2 capture in gym spaces of
various sizes, with the ultimate aim of contributing to the CO2-
neutral status of the city of Linköping. Figure 3 shows the areas of
the investigated gym spaces in ascending order. There is a rather
large variation in areas, ranging from 425 m2 to 3,040 m2. The total
area in the studied gym spaces is 24,760 m2, with an average area of
1,098 m2 per gym.

2.4 Interpretation and analysis

The numerical analysis in Step 2 and the extrapolation of
findings in Step 3 allow for the interpretation and analysis of
energy use and economic performance related to the ventilation
system. This enables a comprehensive understanding of the
performance of implementing DAC into ventilation systems,
both in the studied gym space and in the other gym spaces
analyzed in Step 3.

3 Description of the study object

3.1 The gym space and the
ventilation system

The object of study in this research is a ventilation system unit in
a gym space located in central Linköping, Sweden, with a volume of

FIGURE 2
Schematic of CO2 flows.
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3,000 m3 and an area of 1,000 m2. The ventilation system consists of
a heat exchanger, two filters, two pumps, a valve as well as gauges to
measure the airflow, temperatures, and pressures in the system. To
the left in Figure 4, a photo of the ventilation system can be seen,
while to the right, the CO2 generation from occupants during
operational hours (05.00–22.00) is shown. The CO2 generation is
based on the average from measurements taken over a period of
4 days, by subtracting the CO2,Discharge with the CO2,o, which is the
CO2 outdoors. Moreover, it can be observed that the CO2 generation
levels from occupants are close to 0 at the beginning and end of the
operational hours, with a peak of approximately 160 ppm at 18:00.

Figure 5 visualizes a flow chart of the ventilation system,
including the positioning of the heat exchanger, filters,

temperature and pressure sensors, and fans. Before entering the
gym space, the supply air passes through a heating battery and a
cooling unit. This is in order to adjust the temperature of the supply
air to achieve the desired temperature of 17°C inside the gym space.

Table 1 presents generic values measured from the gauges shown
in Figure 5. The system operates with a constant airflow of 3,000 m3/
h for the supply air, while the exhaust air maintains a constant
airflow of 2,740 m3/h. The discrepancy in airflow between the supply
and exhaust air is due to system instability, which is caused by
leakages in both the system and the gym space. Considering the
baseline operating conditions, the total power consumption of the
system is 3,408 W. The supply air fan consumes 1,788 W, and the
exhaust air fan requires 1,620 W.

FIGURE 3
Areas (m2) of the 20 investigated gym spaces in ascending order.

FIGURE 4
(A) The ventilation system unit in the studied gym space, located in Linköping, Sweden, and (B) the generation of CO2 from occupants during
operational hours, which is predicted by subtracting the CO2,Discharge with the CO2,o.
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3.2 Investigated cases

This research investigates two cases in which different
regeneration patterns were used. In Case 1, the sorbent is
regenerated once daily during non-operating hours, whereas in
Case 2 it operates through four full cycles during operating hours
inspired by the study from (Wurzbacher et al., 2011), resulting in
four regenerations. The reason for studying two different cases is
because they have different energy needs, and therefore different
operating costs. In Case 1, as the sorbent is regenerated during non-
operating hours, the additional pressure drops over the DAC unit
affects the system throughout its entire operating period. In contrast,
this pressure drop is avoided in Case 2 during the regeneration
periods of the sorbent. Moreover, the two cases require varying
amounts of sorbent to achieve their maximum capacity during the
sorption periods before regeneration. Temperature-Vacuum Swing
Adsorption (TVSA) is the selected regeneration techniques based on
(Wurzbacher et al., 2012; Sodiq et al., 2023).

A number of assumptions are made to facilitate the analysis of the
DAC unit’s performance. Firstly, it is assumed that both the
temperature and humidity ratio of the air remain constant for
calculation purposes, with a temperature assumption of 20°C and a
humidity ratio assumption of 50%. In line with the experimental study
by (Kim et al., 2015) on the sorbent, it is assumed that there is no
infiltration, the gases are well-mixed, and the ventilation effectiveness
is close to 100%. A pressure drop of 100 Pa over the DAC unit is
assumed based on (Brillman, 2020), resulting in increased power
usage. The investment cost for the DAC unit is not considered in this
study. Monthly electricity prices for 2022 have been collected for the
electricity price area in which Linköping is located, with an average

price of 1.37 SEK/kWh, a maximum price of 2.69 SEK/kWh, and a
minimum price of 0.77 SEK/kWh. Meanwhile, the price of heat has
been obtained from the local energy company, Tekniska Verken AB.
Moreover, the CO2 price is based on carbon permit price in the EU
using an approximate mean value for 2023 (90 €≈1,000 SEK) as
reported by (Trading economics, 2023). The system’s energy demand
is calculated by taking into account the fans’ power requirements,
airflow rate, operating hours, and CO2 capture, utilizing the molar
mass of CO2. Due to the differing regeneration patterns and varying
amounts of sorbent required in the two cases, this results in distinct
energy and power needs, and ultimately different operational costs for
the system. The EU carbon permit price and calculations of the
system’s energy demand, together with the other assumption, allows
for calculations of the break-even price of electricity using the
numerical procedure described in Section 2.2.

4 Results and analysis

4.1 CO2 concentration in the studied cases

Figure 6 presents the measured CO2,Discharge and the numerical
prediction of CO2,Exhaust DAC during operational hours for Cases 1 and 2.
The CO2,Discharge represents the CO2 concentration that leaves the gym
space and enters theDACdevice, is based on experimental data obtained
through on-site measurements. The CO2,ExhaustDAC represents the CO2

concentration that is exhausted to the atmosphere, see Equation 5, and
the difference between these two curves shows the CO2 capture potential
by integrating a DAC device, as derived from Equation 1. In Case 1, a
sorbent capacity of 86 kg is used to reach themaximum sorbent capacity.
This results in a CO2 capture potential of 83 kg. In Case 2, a sorbent
capacity of 14 kg is used. The adsorption period is 3 h and the
regeneration period of the sorbent is 1 h and 15 min (Wurzbacher
et al., 2011), which results in a CO2 capture potential of 54 kg.
Furthermore, the average decrease in CO2 concentration after the
DAC unit is 271 ppm in Case 1, while it is 177 ppm in Case 2.

4.2 Energy use of the DAC unit in the
studied cases

Table 2 presents the energy use differentiated on thermal and
mechanical energy use for the TVSA process, fan energy, as well as

FIGURE 5
Flow chart of the ventilation system unit in the gym space.

TABLE 1 Data related to the gym space and ventilation unit.

Value Unit

Operating hours
Space volume
Air flow (in)

05:00–22:00
3,000
10,800

hh:mm m3

m3/h

Air flow (out) 9,900 m3/h

η fan 65 %

Total fan power 3,408 W

Outdoor CO2 concentration 420 ppm
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additional fan energy due to the DAC unit. Two figures on the
capture potential of the sorbent are analyzed, i.e., 0.2 mmol/g and
2.0 mmol/g, based on the study by (Wurzbacher et al., 2011) that
concluded that the performance of a sorbent varies between 0.2 and
2.0 mmol/g. The total energy varies between 1,897 kWh/ton C02
(Case 1 with a capture potential of 2.0 mmol/g) and 3,947 kWh/ton
C02 (Case 2 with a capture potential of 0.2 mmol/g) as can be seen in
Table 2. Moreover, it is important to note that the thermal and
mechanical energy use are the same for the studied cases since the
calculations are based on the energy use per mole capture CO2.
However, the energy use for the fans is higher in Case 2 due to a
lower CO2 capture potential as presented in Section 4.1.

For Case 1 with a capture potential of 2.0 mmol/g, the amount of
sorbent required is 978 kg, while 159 kg is needed for Case 2. It is
important to highlight that the required sorbent volume can create
problems due to space restrictions within the ventilation system.
Therefore, it is crucial to choose the most suitable sorbent with the
highest CO2 capture potential, as a higher capture potential reduces
the amount of sorbent needed.

4.3 Economic analysis

The results related to the economic analysis are based on price of
1,000 SEK per ton CO2 according to Section 3.2. Table 3 shows the

break-even prices for energy in Cases 1 and 2 considering a capture
potential of the sorbent of 0.2 mmol/g and 2.0 mmol/g. The highest
break-even price for energy corresponds to 0.53 SEK/kWh (Case
1 with a sorbent capture potential of 2.0 mmol/g) and the lowest
0.25 SEK/kWh (Case 2 with a sorbent capture potential of 0.2 mmol/
g). It should be noted that the costs for running the fans are included
in the calculations.

Based on the CO2 capture potential from Case 1, which has a
higher break-even price for energy compared to Case 2, Table 4
shows the cost per ton CO2 captured while either using low-grade
heat or electricity in the regeneration process. The cost varies
between 663 and 3,943 SEK/ton C02. At a price of 1,000 SEK per
ton CO2, the only economically viable scenario corresponds to
utilizing low-grade heat and a sorbent capture potential of
2.0 mmol/g.

4.4 Extrapolation of findings to the
20 investigated gym spaces

Based on the CO2 capture potential of the investigated gym
space for Cases 1–2, the CO2 capture potential is extrapolated for the
investigated gym spaces in the city of Linköping. The areas of the
investigated gym spaces (left y-axis) and the annual CO2 capture
potential for Cases 1–2 (right y-axis) can be seen in Figure 7. The

FIGURE 6
Measured CO2,Discharge (blue line) and numerically predicted CO2,ExhaustDAC (orange line) in Cases 1 and 2.

TABLE 2 Energy use (kWh/tC02) for Cases 1 and 2 differentiated on thermal and mechanical energy use, fan energy, and additional fan energy due to the
DAC unit.

Case Capture potential of
the sorbent (mmol/g)

Thermal energy
usea (kWh/tC02)

Mechanical
energy usea

(kWh/tC02)

Fan energy
(kWh/ton C02)

Additional fan
energyb

(kWh/ton C02)

Total
energy use

(kWh/
ton C02)

Case 1 0.2 2,714 61 694 94 3,563

2.0 1,048 61 694 94 1,897

Case 2 0.2 2,714 61 1,070 102 3,947

2.0 1,048 61 1,070 102 2,281

aFor the TVSA, process.
bAs a result of the pressure drop caused by the DAC, unit.
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presented figures are based on the numerical analysis in Section 2.2,
along with the extrapolation approach described in Section 2.3,
assuming that the CO2 capture potential is proportional to the gym
area. In Case 1, the potential varies between 12.9 ton CO2/year and
92.1 ton CO2/year. The corresponding figures for Case 2 are
8.4–60.0 CO2/year. The total CO2 capture potential in Case 1 is
750 ton CO2/year and in Case 2 it amounts to 588 ton CO2/year.
This offsets the CO2 emissions from 994 to 647 cars from 2022 in
Sweden, respectively. Additionally, considering the average annual
emissions of an individual in Sweden (≈3.4 tons of CO2 per year), a
DAC unit has the potential to compensate for the CO2 emissions of
221 individuals in Case 1 and 144 individuals in Case 2. It should be
noted that this potential is solely based on 20 major gym spaces in

Linköping. If applied to gym spaces or other public buildings, such
as office buildings and schools, in entire cities, regions, or nations,
DAC can play a crucial role in achieving a climate-neutral
building stock.

5 Concluding discussion

The results show that the CO2 capture potential varies between
54 kg CO2/day and 83 kg CO2/day, which corresponds to
19.7–30.3 ton CO2/year. When considering the 20 investigated
gym spaces in the city of Linköping, corresponding to an area of
24,760 m2, the total CO2 capture potential is between 588 ton CO2/

TABLE 3 Break-even prices for energy in Cases 1 and 2.

Case Capture potential of the sorbent (mmol/g) Break-even price for energy (SEK/kWh)

Case 1 0.2 0.28

2.0 0.53

Case 2 0.2 0.25

2.0 0.44

TABLE 4 Electric heat cost and low-grade heat cost per ton C02 captured.

Capture potential of the sorbent (mmol/g) Electric heat cost
(SEK/ton C02)

Low-grade heat cost
(SEK/ton C02)

Percentage difference (%)

0.2 3,943 1,378 65

2.0 1,563 663 60

FIGURE 7
Areas (m2) of the investigated gym spaces and their annual CO2 capture potential, quantitative analysis in Section 2.2 and the extrapolation approach
described in Section 2.3, with the assumption that the CO2 capture potential is proportional to the gym area.
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year and 750 ton CO2/year. If implemented, this compensates the
CO2 emissions from 994 to 647 cars from 2022 in Sweden,
respectively.

With regard to economic aspects, it is important to highlight the
impact from CO2 and energy prices on the profitability of the DAC
technology. CO2 prices can fluctuate significantly depending on a
number of factors, such as global economic conditions and market
supply and demand. The considered energy prices in this research
are based on local energy prices, both for electricity and heat. The
electricity prices fluctuate depending on electricity price area, and
the cost for heat varies depending on the local energy utility.
Ultimately, the CO2 and electricity prices, together with system
performance of the DAC unit, dictates the profitability of DAC.
Even though the investment cost for the DAC unit is not considered
in the presented research, it is important to be aware of its impact on
profitability aspects. The break-even price for energy is 0.25–0.53 SEK/
kWh based on the assumptions used. Furthermore, the sole
economically viable solution in this study corresponds to sorbent
capture potential 2.0 mmol/g and utilizing low-grade heat for the
generation process, which results in a total cost of 663 SEK/ton CO2.
Concerning the replicability of the results to other case studies, the
authors would like to point out that it is difficult to generalize the
performance of the studied DAC system. This is due to the fact that
sorbent capture potential can vary significantly, as well as local energy
prices for electricity and heat. For example, the price for low-grade heat
is lower compared to electricity in the city of Linköping. Consequently,
the utilization of low-grade heat is the most financially viable option.
However, it is important to acknowledge that variations in electricity
prices could significantly impact the outcome of this research. Lower
electricity prices may lead to different conclusions and impact the
overall economic viability of the studied cases.

Data availability statement

The datasets presented in this article are not readily available
because only the presented data is available, due to restrictions from
the owner of the gym space. Requests to access the datasets should be
directed to vlatko.milic@liu.se.

Author contributions

VM: Conceptualization, Methodology, Visualization,
Writing–original draft, Writing–review and editing, Formal
Analysis. AS: Data curation, Formal Analysis, Investigation,
Writing–original draft. AG: Data curation, Formal Analysis,
Investigation, Writing–original draft. BM: Conceptualization,
Formal Analysis, Writing–review and editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. The authors
wish to express their gratitude to Linköping University’s Climate
Fund for its financial support of this research.

Acknowledgments

The authors are grateful to Linköping University for
financial support.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Baus, L., and Nehr, S. (2022). Potentials and limitations of direct air capturing in the
built environment. Build. Environ. 208, 108629. doi:10.1016/j.buildenv.2021.108629

Breyer, C., Fasihi, M., and Aghahosseini, A. (2020). Carbon dioxide direct air capture
for effective climate change mitigation based on renewable electricity: a new type of
energy system sector coupling.Mitig. Adapt. Strategies Glob. Change 25, 43–65. doi:10.
1007/s11027-019-9847-y

Brillman, W. (2020). “Chapter 23 - CO2 removal from air,” in Advances in carbon
capture, 523–543.

Eldariry, H., and Habib, E. (2018). Carbon capture and sequestration in power
generation: review of impacts and opportunities for water sustainability. Energy,
Sustain. Soc. 8 (6), 6. doi:10.1186/s13705-018-0146-3

European Central Bank (2023). Euro foreign exchange reference rates. Available at:
https://www.ecb.europa.eu/stats/exchange/eurofxref/html/eurofxref-graph-sek.en.html.

European Commission (2019). “A European green deal,” in Striving to be the first
climate-neutral continent. Available at: https://ec.europa.eu/info/strategy/priorities-
2019-2024/european-green-deal_en.

Gall, E. T., and Nazaroff, W. W. (2015). New directions: potential climate and
productivity benefits from CO2 capture in commercial buildings. Atmos. Environ. 103,
378–380. doi:10.1016/j.atmosenv.2015.01.004

Hansen, J., Sato, M., Kharecha, P., Beerling, D., Berner, R., Masson-Delmotte, V., et al.
(2008). Target atmospheric CO2: where should humanity aim? Open Atmos. Sci. J. 2,
217–231. doi:10.2174/1874282300802010217

Harrouz, J. P., Ghali, K., Hmade, M., Ghaddar, N., and Ghani, S. (2022). Feasibility of
MOF-based carbon capture from indoor spaces as air revitalization system. Energy
Build. 255, 111666. doi:10.1016/j.enbuild.2021.111666

Honegger, M., and Reiner, D. (2018). The political economy of negative emissions
technologies: consequences for international policy design. Clim. Policy 18, 306–321.
doi:10.1080/14693062.2017.1413322

IEA (2022). Direct Air Capture 2022. Paris: IEA. Available at: https://www.iea.org/
reports/direct-air-capture-2022

IPCC (2021). “Climate change 2021,” in The physical science basis. Contribution
of working group I to the sixth assessment report of the intergovernmental.
Cambridge, United Kingdom and New York, NY, United States: Cambridge
University Press.

Ji, Y., Yong, J., Liu, W., Zhang, X., and Jiang, L. (2023). Thermodynamic analysis
on direct air capture for building air condition system: balance between adsorbent
and refrigerant. Energy Built Environ. 4, 399–407. doi:10.1016/j.enbenv.2022.
02.009

Frontiers in Energy Research frontiersin.org09

Milić et al. 10.3389/fenrg.2024.1443974

mailto:vlatko.milic@liu.se
https://doi.org/10.1016/j.buildenv.2021.108629
https://doi.org/10.1007/s11027-019-9847-y
https://doi.org/10.1007/s11027-019-9847-y
https://doi.org/10.1186/s13705-018-0146-3
https://www.ecb.europa.eu/stats/exchange/eurofxref/html/eurofxref-graph-sek.en.html
https://ec.europa.eu/info/strategy/priorities-2019-2024/european-green-deal_en
https://ec.europa.eu/info/strategy/priorities-2019-2024/european-green-deal_en
https://doi.org/10.1016/j.atmosenv.2015.01.004
https://doi.org/10.2174/1874282300802010217
https://doi.org/10.1016/j.enbuild.2021.111666
https://doi.org/10.1080/14693062.2017.1413322
https://www.iea.org/reports/direct-air-capture-2022
https://www.iea.org/reports/direct-air-capture-2022
https://doi.org/10.1016/j.enbenv.2022.02.009
https://doi.org/10.1016/j.enbenv.2022.02.009
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1443974


Kim, M. K., Baldini, H., Leibundgut, H., Wurzbacher, J. A.-, and Piatkowski, N.
(2015). A novel ventilation strategy with co2 capture device and energy saving in
buildings. Energy Build. 87, 134–141. doi:10.1016/j.enbuild.2014.11.017

Lenton, T. M. (2014). The global potential for carbon dioxide removal. Environ. Sci.
Technol. 38, 52–79. doi:10.1039/9781782621225-00052

Li, M., Bekö, G., Zannoni, N., Pugliese, G., Carrito, M., Cera, N., et al. (2022). Human
metabolic emissions of carbon dioxide and methane and their implications for carbon
emissions. Sci. Total Environ. 833, 155241. doi:10.1016/j.scitotenv.2022.155241

Maduta, C., Melica, G., D’agostino, D., and Bertoldi, P. (2022). Towards a
decarbonised building stock by 2050: the meaning and the role of zero emission
buildings (ZEBs) in Europe. Energy Strategy Rev. 44, 101009. doi:10.1016/j.esr.2022.
101009

Matlab (2023). Mathworks. Available at: https://se.mathworks.com/products/matlab.
html.

McQueen, N., Psarras, P., Pilorgé, H., Liguori, S., He, J., Yuan, M., et al. (2020). Cost
analysis of direct air capture and sequestration coupled to low-carbon thermal energy in
the United States. Environ. Sci. Technol. 54, 7542–7551. doi:10.1021/acs.est.0c00476

NASA (2023). Carbon dioxide. Available at: https://climate.nasa.gov/vital-signs/
carbon-dioxide/.

Ozkan, M., Priyadarshi Nayak, S., Ruiz, A. D., and Jiang, W. (2022). Current status
and pillars of direct air capture technologies. iScience 25, 103990. doi:10.1016/j.isci.2022.
103990

Reuters (2021). World’s largest plant capturing carbon from air starts in Iceland.
Available at: https://www.reuters.com/business/environment/worlds-largest-plant-
capturing-carbon-air-starts-iceland-2021-09-08/.

Rotronic (2023). CL11 - MULTIPLE PARAMETER METER. Available at: https://
www.rotronic.com/en-cn/cl11.

Shen, M., Kong, F., Tong, L., Luo, Y., Yin, S., Liu, C., et al. (2022). Carbon capture and
storage (CCS): development path based on carbon neutrality and economic policy.
Carbon Neutrality 37. doi:10.1007/s43979-022-00039-z

Smith, P. N. (1998). Determination of ventilation rates in occupied buildings from
metabolic CO2 concentrations and production rates. Build. Environ. 23 (2), 95–102.
doi:10.1016/0360-1323(88)90023-6

Sodiq, A., Abdullatif, Y., Aissa, B., Ostovar, A., Nassar, N., El-Naas, M., et al. (2023). A
review on progress made in direct air capture of CO2. Environ. Technol. and Innovation
29, 102991. doi:10.1016/j.eti.2022.102991

Statistics Sweden (2023a). Emission of greenhouse gases. Available at: https://www.
scb.se/hitta-statistik/sverige-i-siffror/miljo/utslapp-av-vaxthusgaser/.

Statistics Sweden (2023b). Population pyramid for Sweden. Available at: https://www.
scb.se/hitta-statistik/sverige-i-siffror/manniskorna-i-sverige/befolkningspyramid-for-
sverige/.

Swedish Energy Agency (2021). Energy statistics for one- and two-dwelling buildings,
multi-dwellings and non-residential premises 2021. Available at: https://www.
energimyndigheten.se/statistik/den-officiella-statistiken/statistikprodukter/
energistatistik-for-smahus-flerbostadshus-och-lokaler/.

Trading economics (2023). EU carbon permits.

UNEP (2022). Global status report for buildings and construction: towards a zero-
emission, efficient and resilient buildings and construction sector.

United Nations Climate Change (2015). The Paris Agreement. Available at: https://
unfccc.int/process-and-meetings/the-paris-agreement.

Wurzbacher, J. A., Gebald, C., Piatkowski, N., and Steindfeld, A. (2012). Concurrent
separation of CO2 and H2O from air by a temperature-vacuum swing adsorption/
desorption cycle. Environ. Sci. Technol. 46, 9191–9198. doi:10.1021/es301953k

Wurzbacher, J. A., Gebald, C., and Steindfeld, A. (2011). Separation of co2 from air by
temperature-vacuum swing adsorption using diamine-functionalized silica gel. Energy
and Environ. Sci. 4, 3584–3592. doi:10.1039/c1ee01681d

Zhao, R., Liu, L., Zhao, L., Deng, S., Li, S., Zhang, Y., et al. (2019). Thermodynamic
exploration of temperature vacuum swing adsorption for direct air capture of carbon
dioxide in buildings. Energy Convers. Manag. 183, 418–426. doi:10.1016/j.enconman.
2019.01.009

Frontiers in Energy Research frontiersin.org10

Milić et al. 10.3389/fenrg.2024.1443974

https://doi.org/10.1016/j.enbuild.2014.11.017
https://doi.org/10.1039/9781782621225-00052
https://doi.org/10.1016/j.scitotenv.2022.155241
https://doi.org/10.1016/j.esr.2022.101009
https://doi.org/10.1016/j.esr.2022.101009
https://se.mathworks.com/products/matlab.html
https://se.mathworks.com/products/matlab.html
https://doi.org/10.1021/acs.est.0c00476
https://climate.nasa.gov/vital-signs/carbon-dioxide/
https://climate.nasa.gov/vital-signs/carbon-dioxide/
https://doi.org/10.1016/j.isci.2022.103990
https://doi.org/10.1016/j.isci.2022.103990
https://www.reuters.com/business/environment/worlds-largest-plant-capturing-carbon-air-starts-iceland-2021-09-08/
https://www.reuters.com/business/environment/worlds-largest-plant-capturing-carbon-air-starts-iceland-2021-09-08/
https://www.rotronic.com/en-cn/cl11
https://www.rotronic.com/en-cn/cl11
https://doi.org/10.1007/s43979-022-00039-z
https://doi.org/10.1016/0360-1323(88)90023-6
https://doi.org/10.1016/j.eti.2022.102991
https://www.scb.se/hitta-statistik/sverige-i-siffror/miljo/utslapp-av-vaxthusgaser/
https://www.scb.se/hitta-statistik/sverige-i-siffror/miljo/utslapp-av-vaxthusgaser/
https://www.scb.se/hitta-statistik/sverige-i-siffror/manniskorna-i-sverige/befolkningspyramid-for-sverige/
https://www.scb.se/hitta-statistik/sverige-i-siffror/manniskorna-i-sverige/befolkningspyramid-for-sverige/
https://www.scb.se/hitta-statistik/sverige-i-siffror/manniskorna-i-sverige/befolkningspyramid-for-sverige/
https://www.energimyndigheten.se/statistik/den-officiella-statistiken/statistikprodukter/energistatistik-for-smahus-flerbostadshus-och-lokaler/
https://www.energimyndigheten.se/statistik/den-officiella-statistiken/statistikprodukter/energistatistik-for-smahus-flerbostadshus-och-lokaler/
https://www.energimyndigheten.se/statistik/den-officiella-statistiken/statistikprodukter/energistatistik-for-smahus-flerbostadshus-och-lokaler/
https://unfccc.int/process-and-meetings/the-paris-agreement
https://unfccc.int/process-and-meetings/the-paris-agreement
https://doi.org/10.1021/es301953k
https://doi.org/10.1039/c1ee01681d
https://doi.org/10.1016/j.enconman.2019.01.009
https://doi.org/10.1016/j.enconman.2019.01.009
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1443974

	Exploring small-scale direct air capture in a building ventilation system: a case study in Linköping, Sweden
	Highlights
	1 Introduction
	1.1 Background
	1.2 Objective and novelty of the research

	2 Methodology
	2.1 Data collection
	2.2 Numerical analysis
	2.3 Extrapolation of findings
	2.4 Interpretation and analysis

	3 Description of the study object
	3.1 The gym space and the ventilation system
	3.2 Investigated cases

	4 Results and analysis
	4.1 CO2 concentration in the studied cases
	4.2 Energy use of the DAC unit in the studied cases
	4.3 Economic analysis
	4.4 Extrapolation of findings to the 20 investigated gym spaces

	5 Concluding discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


