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Abstract

Decarbonizing the built environment is crucial for achieving global sustainability goals, as buildings
and infrastructure contribute significantly to carbon emissions. This study explores integrating direct
air carbon capture, utilizing CaCO3-based technologies, into urban buildings through passive
sustainable design. A computational framework was developed to optimize architectural design and
enclosure geometry for enhanced passive airflow, using mass flow rate as a proxy for carbon
absorption potential. Implemented within Rhino3D and Grasshopper using Ladybug and Eddy3D,
the workflow integrates weather data and CFD simulation to compute segmented mass flow rates
through stacked capture trays. The framework simplifies traditionally complex CFD processes by
introducing a custom segmented mass-flow calculation approach that enables comparative
performance assessment during early-stage design. Results confirm the validity of the proposed
workflow, revealing that fagade rotation can modify total mass flow by up to 96.5%, seasonal wind
variability can cause airflow to range from approximately 8.5 kg/s in January to 169.5 kg/s in May in
Seattle, and tower shadowing can reduce flow by up to 60.9%, demonstrating the strong influence of
enclosure design and spatial configuration on passive carbon capture potential. This research
establishes a performance-driven design framework that enables architectural geometry to actively
enhance passive carbon capture integration, positioning building design as a measurable contributor
to climate mitigation strategies.

Keywords: direct air capture; computational fluid dynamics; carbon positive solutions; climate
responsive architecture; sustainable design; nature-based solutions; design computation

1. Introduction

As global temperatures continue to rise, reducing atmospheric CO, concentrations has become
an urgent scientific and policy priority. While sustainable design strategies mitigate operational and
embodied emissions, emerging carbon removal technologies offer an essential complementary
pathway. Direct Air Capture (DAC) is a highly scalable approach that extracts CO, directly from
ambient air; however, conventional active DAC systems rely on mechanical fans and costly synthetic
sorbents [1-4]. To overcome these financial and energetic barriers, recent innovations have shifted
toward passive, mineral-based DAC systems. These systems utilize an abundantly available calcium-
based cyclic carbonation process: calcium carbonate (CaCOs) is thermally decomposed into calcium
oxide (CaO), hydrated to calcium hydroxide (Ca(OH)), and then exposed to ambient air. Driven by
prevailing wind currents rather than mechanical fans, the Ca(OH), reacts with atmospheric CO, to
reform CaCO; through a passive mineralization process. Because this approach relies entirely on
natural ventilation, the carbonation reaction rate depends critically on airflow exposure and mass
transfer dynamics. Consequently, the aerodynamic distribution of air within DAC enclosures
emerges as a vital determinant of overall system efficiency [5-7].
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Despite the importance of natural ventilation in passive DAC, limited research has explored how
architectural enclosure design can be optimized to enhance airflow. While the internal chemistry of
mineral-based capture technologies is highly engineered, comparatively little attention has been
given to the enclosure's geometric capacity to improve air exposure without increasing mechanical
energy demand. Beyond merely providing structural protection from the elements, the enclosure
actively regulates wind distribution across the stacked capture assemblies. Identifying aerodynamic
configurations that maximize air exchange—and thereby optimize CO, contact with the sorbent
materials—remains a critical blind spot, particularly as these systems scale toward site-specific
architectural integrations. To address this, a rigorous computational framework is necessary to
evaluate enclosure performance under varying climatic conditions using quantitative metrics. This
study builds upon existing Computational fluid dynamics (CFD)-based architectural workflows and
proposes a computational framework tailored to carbon capture enclosure design, employing mass
flow rate as a primary objective function while acknowledging the limitations inherent in simplified
simulation approaches.

CFD tools are essential for simulating and visualizing airflow behavior within architectural
enclosures. Over the past decades, various CFD applications have been integrated with computer-
aided design (CAD) platforms to support performance-informed design workflows[8-12]. Examples
include Autodesk Flow Design (now retired), which functioned as a virtual wind tunnel for visual
airflow analysis, and Autodesk CFD, which provides more advanced simulation capabilities [13].
Other platforms such as Rhino CFD and Microflow extend airflow simulation to Rhino and SketchUp
environments, respectively, while cloud-based platforms like SimScale offer web-based CFD analysis
[14]. However, many of these tools are not fully optimized for parametric design environments that
enable iterative exploration of large geometric design spaces. For this reason, a CFD integration
compatible with Grasshopper-based parametric modeling was prioritized in this study to support
systematic performance-driven design exploration.

Applying CFD to architectural models presents specific challenges, particularly in mesh
generation. Architectural geometries are often complex and non-watertight, complicating their
conversion into the closed volumetric domains required for accurate CFD analysis [15]. To address
such issues, hybrid meshing strategies that combine structured and unstructured elements have been
proposed to balance computational efficiency and simulation accuracy, especially during early-stage
design exploration. CFD tools integrated within parametric design environments, such as Butterfly
and Eddy3D—both based on the OpenFOAM solver—offer automated meshing workflows [16,17].
While both platforms facilitate airflow simulation within design interfaces, differences in
computational architecture influence performance; Butterfly relies primarily on CPU-based
processing, whereas Eddy3D incorporates GPU acceleration, enabling faster solution times. Given
the iterative nature of the design exploration undertaken in this study, computational efficiency was
a critical consideration, and the accelerated simulation capability of Eddy3D supported rapid
evaluation of multiple geometric configurations.

The reliability of Eddy3D has been supported through empirical validation studies. Simulated
wind velocity and mean radiant temperature outputs have been compared with field measurements
from multiple on-campus monitoring stations, demonstrating strong agreement between predicted
and observed environmental conditions [18,19]. Additionally, Eddy3D-derived wind fields have
been incorporated into a Universal Thermal Climate Index (UTCI) framework, where correlations
were identified between simulated thermal comfort conditions and observed cycling activity [20].

Recent research has expanded the integration of Eddy3D within data-driven and optimization-
based design workflows. Automated Eddy3D pipelines have been used to generate CFD training
datasets for surrogate modeling, enabling near-instantaneous airflow predictions during early-stage
massing exploration with reported SSIM values between 75-97% across 564 urban geometries [21].
Similarly, Eddy3D outputs have been embedded in parametric and machine-learning-assisted multi-
objective optimization frameworks combining artificial neural networks and genetic algorithms [22].
Model-based optimization approaches have also been implemented using tools such as Opossum to
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explore high-rise building form generation without surrogate modeling [23]. At the neighborhood
scale, Grasshopper-based optimization frameworks combining Ladybug tools and Eddy3D have
been used to explore trade-offs between building energy performance and outdoor thermal comfort
autonomy [11]. Parallel tool-development research has extended toward coupled urban microclimate
simulations; for example, urbanMicroclimateFoam has been validated against real-world data with
temperature RMSE around ~1 °C and relative humidity errors below 5%, highlighting ongoing efforts
to integrate coupled microclimate physics into the evolving Eddy3D ecosystem [10].

Although Eddy3D is built upon the OpenFOAM simulation engine, certain fluid dynamic
parameters—such as mass flow rate—are not directly accessible through its interface, as the tool
primarily focuses on visualizing airflow patterns related to building massing and orientation.
Consequently, no established workflow currently enables the quantitative evaluation of passive
airflow performance for building-integrated DAC systems within commonly used parametric design
environments. This limitation restricts the integration of aerodynamic performance considerations
during early-stage architectural design.

DAC systems that rely on natural airflow require controlled wind distribution through stacked
calcium hydroxide capture assemblies, making mass flow rate a critical parameter for evaluating
carbon absorption potential. Since airflow distribution is influenced by enclosure geometry, tray
configuration, and wind conditions, variations in architectural design can significantly affect system
performance. To address this methodological gap, this study develops a computational framework
implemented in Rhino3D and Grasshopper that integrates site-specific climatic analysis (Ladybug)
with steady-state airflow simulation (Eddy3D).

The study contributes to the field in two ways: (1) it formalizes a CFD-integrated parametric
workflow tailored to building-integrated DAC systems by introducing a segmented mass-flow
evaluation approach that bridges architectural geometry and airflow performance metrics; and (2) it
demonstrates the applicability of this method through scenario-based investigations, illustrating how
enclosure geometry influences airflow redistribution in passive DAC configurations. These
contributions position enclosure design as a quantifiable variable within performance-driven carbon
capture integration strategies. The framework enables designers to evaluate enclosure performance
using quantifiable airflow metrics, supporting performance-informed integration of carbon capture
systems in architectural design.

2. Methodology

This paper aims to illustrate the process of calculating mass flow rate under specific site
conditions, using a representative location near downtown Seattle, WA, USA. In this study, airflow
and mass flow rate are used as proxy indicators for potential carbon capture performance, since
increased airflow across the calcium hydroxide trays increases the contact between air and sorbent
material, thereby improving the potential for CO, absorption. To focus on the impact of the
architectural geometry itself, the simulations were intentionally simplified by assuming a flat terrain
with no surrounding obstacles or adjacent buildings—effectively excluding complex external
environmental parameters. This assumption enabled a clear, unobstructed evaluation of how the
proposed enclosure influences airflow and supports passive carbon capture performance. NOAA
wind data, typically preferred for wind planning due to its higher accuracy and multi-year datasets,
was not available for Seattle. In its absence, TMYx data was utilized for this study as it provides a
comprehensive record of typical meteorological conditions for the location. While TMYx data is not
typically weighted for wind direction analysis, it was rationalized for this specific context to represent
wind conditions in downtown Seattle. To minimize the limitations of TMYx data, only the most
prevailing wind direction was prioritized for simulations. The least frequent wind direction and
seasonal variations, though included in preliminary analysis, were not emphasized in simulation-
based optimization, as they hold limited relevance for practical design purposes. This ensures that
any recommended building design, informed by Eddy3D projections, is optimized for typical
conditions. In our case, the prevailing wind predominantly originates from the northwest throughout
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most of the year. This directional data, represented as a vector, along with the associated speed,
extracted as a float, are utilized to conduct CFD analysis using Eddy3D. This approach enables more
accurate simulations of site-specific wind flow. Additionally, if the building is surrounded by objects
that may impact the microclimate, they should be accounted for during simulations in Eddy3D.

A linear building orientation, aligned in a north-south direction, is envisioned for the site, with
stacked trays of calcium hydroxide (Ca(OH)2) positioned within (see Figure 1). The design prioritizes
larger facades on the east and west sides, with the south side designated for entry and the north side
considered opaque. These prescribed conditions amplify the uncertainties regarding wind direction
within the structure, thereby yielding a range of mass flow rate values. The building dimensions are
set at 40m by 20m with a height of 12m, devoid of surrounding objects exceeding a height of 0.01m.
Initially, only one stack of tray, standing at a height of 10m, is considered for preliminary studies.
However, owing to the unknown distribution and configuration of stacked trays, a segmented
analysis of the entire tower is conducted (see Figure 2). It's important to note that the rectangular
distribution of towers yields varying mass flow rates around them, as demonstrated in the results
section, attributed to wind diversion by bordering towers.

“Ceiling e "ABL Boundary condition

e Facade to be designe 8
g Carbon capture

[ Entrv

(@)

Figure 1. (a)Considered structure for the research; (b) simulated airflow for the most prevailing wind direction.

While exploring multiple design iterations the team followed constant simulation configuration
to generate more accurate configuration (see Table 1). The virtual boundary condition is a box shaped
ABL (atmospheric boundary layer). The box's height is set to default from Eddy3D. On both sides of
the shorter length, the design is maintained at twice its breadth. We have twice as much length in the
windward direction and four times as much length in the leeward direction in the larger length [24].
Given that the structure analyzed (40m x 20m x 12m) is significantly smaller than the domain height,
the default setting ensured sufficient room for airflow modeling without interference from artificial
boundary effects. This approach is consistent with best practices for CFD simulations, where the
domain height typically exceeds the model dimensions to allow accurate simulation of wind profiles
and turbulence effects.

While customizing the domain height might have allowed for further refinement, it was deemed
unnecessary in this case, as the focus was on analyzing airflow behavior within and around the
structure, rather than simulating far-field wind effects. Future studies may consider domain
customization to investigate specific site conditions requiring a tighter computational domain.
Simulation properties are fixed from the precedent study for CFD simulations done by Eddy3D [20].
Only the height of the surface roughness has been changed to 0.01m considering the site is nearly
level and has few obstructions facing the windward direction. The number of iterations is set at 1000
since most simulations revealed that this range allowed for convergence. For a detailed examination,
we took into account a substantial number of probing points.

Table 1. Simulation and Building Input Parameters Used in Eddy3D Analysis.

Category Parameter Value Notes
Building Building footprint 40m x 20 m Rectangular plan
Geometry Building height 12m Height of the enclosure structure
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Stack height 10 m DAC trays stack within the structure.
Tray dimensions 2mx2m Assumed per tray
Tray distribution Uniform segmentation 10 segments (see Figure 2)
Orientation North-South Long facades face East-West
Wind direction Northwest Prevailing direction (from TMYx analysis)
Wind speed Derived from TMYx Annual average at 10m height
Reference height 10 m Common for urban wind profile input
Surfac}elze?;;%hness 0.01m Flat, unobstructed terrain assumption
Simulation -
Setup Boundary condition ABL (Atmospheric Cylindrical domain in Eddy3D
Boundary Layer)
Turbulence model k-Epsilon Eddy3D default
Number of iterations 1000 Ensured convergence across cases
Probing points per 16 Cross-section sampling points per tray
block segment segment
Mesh refinement for feature edges; validated
. Acc feature 3 .
Meshing in precedent
Control Ground-level refinement; improves
Acc ground 3
boundary-layer accuracy
Relaxation factor Optimized Damping factor for stable convergence
Solver (default by Eddy3D)
Settings  Solution and algorithm Optimized Auto-schemes for solver control in
control OpenFOAM backend
. Climate dataset TMYx (Seattle, WA) Used in Ladybug for weather analysis
Environmental . . . a1
Data Surroundings None Flat site with no contextual buildings
Terrain type Flat No elevation changes

From Eddy3D, we gain insights solely into wind velocity at specific probing points. It's
imperative to assess airflow adequacy at individual stacks of trays. Averaging the velocities across
all probing points fails to elucidate the volume of wind passing through. Additionally, wind direction
is expected to alter upon encountering obstacles. The number of stacks stacked atop one another in a
column is contingent upon equipment engineering. We considered each tray to be square, with a
length of 2m. Given the dynamic physics of the designed structure, uniform airflow throughout the
entire block is unrealistic. To deepen our comprehension, we've subdivided the block into 10 parts
and are evaluating the mass flow rate for each segment (see Figure 2).

Multiple Trays stacked Considered Lo be a single block o Making smaller segments for detail Single segment from
together avoid longer simulation runtime study to certain extent the tower

7

Figure 2. Segmented analysis of the tower of stacked trays.

While running the simulation, the cross-sectional area of all the blocks was reduced to half to
account for the air resistance caused by the stack of trays. These geometries simulate both the
diversion and resistance effects introduced by the stack. Modeling individual trays in detail within
the CFD setup, while feasible, would significantly increase computational demand due to the larger
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number of CFD cells required. To mitigate this computational expense, the team recommends
simplifying the simulation by reducing the effective wind speed passing through the trays, which
inherently reflects the reduction in carbon absorption caused by resistance. This approach balances
computational efficiency with the need to provide actionable insights for design optimization.
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Single segment consists of Considered geometry to run Eddy3D simulation

multiple trays.
P Y Considered probing points to calculate mass flow rate

Figure 3. (a) Wind vectors and surface vectors, (b) negating wind vectors that have a 0 or negative cosine.

To calculate the mass flow rate after simulation, actual-sized blocks are considered. While it’s an
open system, it’s hard to calculate accurately the flow of air through each block portion. Assuming
that each block portion is a sink and wind coming from all possible directions. Each side of the block
portion is divided into four divisions. These divisions are considered the cross sections through
which wind is going inside or coming out. We have taken the centroids of these cross sections as our
probing points. So, each block has 16 probing points, and each block has 160 probing points.

Now if we run Eddy3D simulation, we can get the wind direction and speed at those points.
With extracted values, we can calculate the mass flow rate at each point. Each cross-section is
considered as a vector surface having an inward direction. While calculating the mass flow rate, the
angle between the surface direction and the wind vector extracted from Eddy3D at its centroid is
considered. If the angle is zero degrees, it indicates the wind is passing through the block. If the angle
is 90 degrees or more, it means that the wind is either coming out of the block or not entering it. Any
probing point having a negative cosine is avoided (see Figure 3). Because the sum of all the mass flow
rates at all considered cross sections will be zero for both winds going inside and coming out. Only
the mass flow rate of the cross sections having wind passing through is considered. Thinking that the
viscosity of the air is negligible, we have not considered it in our equation.

m= p.v.A.cos@ €))]
m=<;;T>*M*v*A*COSB @
b 3)
Total flow = Z( )* M.v,.A,.cos 6,
R,.T,

where:
v = flow speed (m/s)
A = cross-sectional area (m2)
0 =mass density of the fluid (1.293 kg/m3 for air)
m = mass flow rate (kg/s)
P = pressure of the gas
T = temperature of the gas
M = molecular weight of the gas
R =universal gas constant
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Equation 1-3. Formulas used to calculate mass flow rate, starting from the basic density-based
equation (1), incorporating ideal gas assumptions (2), and extended to a segmented multi-vector
summation for total flow (3).

The density of air is influenced by atmospheric pressure (P) and temperature (T). For this study,
we assumed the air density to be constant for any period of time. However, the team recommends
extracting monthly average atmospheric pressure and temperature from the TMYx file using
Ladybug for more accurate simulations (see Figure 4). When the most prevailing wind direction is
considered, the average wind pressure and temperature of the site for the whole year can be utilized
for the calculation. In the equation for calculating mass flow rate, the molecular weight of air and the
universal gas constant are both constants. Ladybug provided the values for P and T, while the cross-
sectional area (A) was obtained from our model. The wind speed (v) and direction (cosO) were
determined using Eddy3D. It is worth noting that reducing the cross-sectional area allows for a more
accurate calculation of the mass flow rate, but it also results in increased computation time.

Design options

Wind Speed
Read Run Eddy3D
Weather Data simulation. Eddy

\7

Performance metric calculation

m=g.v.A. cosO

Figure 4. Framework developed for this study.

By integrating the relevant variables into our calculations (see Equation 1-3), we computed the
mass flow rate across defined probing points. Subsequently, we visualized the total mass flow rate
across individual segments of the tower using colour coding, providing a clear spatial representation
of airflow variation. To test whether the workflow produces meaningful, physically consistent
results, we simulated three distinct scenarios. In Scenario 1, we rotated operable facade panels,
hypothesizing that alignment with wind direction would increase mass flow rate. Scenario 2
examined seasonal wind speed variations, where higher wind months were expected to produce
greater airflow. Scenario 3 introduced multiple towers, with the expectation that mass flow would
decrease in towers positioned further from the windward edge due to shielding. These scenarios
allow us to assess whether the workflow responds predictably to known aerodynamic principles,
thereby validating its usefulness in early-stage carbon capture enclosure design. Figure 5 provides
an overview of the full methodological workflow described in this section.

TMYx Wealher File Tray Stack Seginentaion
i dffil
' g Winel Speed = Direction Output J Coutond  Resion
N
\

Scenarie 01

Ladybug: Windrose Analysis

Teun simulation and investigate the oulcome for 12

Custom Mass different months with 2 consistent panel rotation.

Flow Rufe Cal-
culation Script

Scenario (2

Site Location (Scattle) Building Ceometry in Khino  Simulation Domain in Eddy30

i

Scenario 63

Figure 5. Workflow diagram showing the step-by-step methodological process used in this study.
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3. Results

The following results illustrate how the proposed workflow captures variations in airflow and
mass flow rate across three distinct design scenarios. Each simulation explores how changes in
geometry or environmental conditions influence performance within the established system:

3.1. Scenario 1: Operable Facade Option

For this scenario, operable vertical fins were placed on the longer sides of the facade facing east
and west. These panels can be rotated from 0 to 180 degrees to adjust the aperture (see Figure 6). The
assumption is that aligning the panel orientation with the wind direction will maximize wind
harnessing, thereby increasing CO2 absorption (considered average wind speed of 6.0575 m/s from
the north-west direction). Figure 7 shows wind flow visualization around the tower at a height of 6.5
meters above the ground. Figure 9 illustrates the mass flow rate for individupal segments of the tower
with varying orientations of the vertical fins. The visualizations clearly indicate that greater apertures
lead to increased wind flow around the tower (see Figure 8).

Rotation: 0 Rotation: 15 Rotation: 30 Rotation: 45

Rotation: 60 Rotation: 55 Rotation: 90 Rotation: 105

q
Rotation: 120 Rotation: 135 Rotation: 150 Rotation: 165

Figure 6. Considered structure at different rotations of vertical panels.
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Figure 7. Wind flow analysis at different rotations of vertical panels.

Rotation: 0 Rotation: 15 Rotation: 30 Rotation: 45  Rotation: 60  Rotation: 75

11

Rotation: 90  Rotation: 105 Rotation: 120 Rotation: 135  Rotation: 150  Rotation: 165

Rotation: 90

Rotation: 120 Rotation: 135 Rotation: 150 Rotation: 165

26 kg/s
22 kg/s
19 kg/s

. - 15 kg/s
11 ka/s

' 7 ka/s
l 4 kg/s

Figure 8. Heatmap of mass flow rate for different segments of the tower.
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Figure 9. Mass flow rates at different rotations for the tower.

3.2. Scenario 02: Constant Panel Rotation Across Months

From the previous investigation, it was observed that a moderate amount of wind could be
harnessed when the orientation of the vertical fins was set to negative 30 degrees relative to the north-
south direction. While this wind direction is prevalent for most of the year, it is crucial to investigate
how performance varies across different months when wind direction and speed change. The
assumption is that the mass flow rate around the towers will fluctuate throughout the year.

Figure 10 visualizes wind flow for different months, reflecting the most prevalent wind direction
during those times. Figure 11 illustrates the changes in mass flow rate around the tower due to
varying wind speeds and directions. Figure 12 provides a more detailed understanding of the tower's
performance across different conditions, offering insights to improve and refine design solutions.

'y

Februarv April
5myfs
4.5 m/s
June July August Ains
e A 3.5mfs
: : % 3 m/s
2.5 mys
i 1 NG 2m/s
g %;; 1.5 m/s
i" i 1 mys
September October November December w 0.5 mys

Figure 10. Wind flow analysis for different months of the year.
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Figure 11. Heatmap of mass flow rates of different segments of the tower on different months.
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Figure 12. Mass flow rates of different segments of the tower on different months.

3.3. Scenario 03: Wind Diversion Due to Multiple Towers

In real-life scenarios, engineers might incorporate multiple towers within the structure to
optimize interior space usage. In such cases, towers closer to the apertures will receive maximum
wind flow, while those located in wind shadow zones will experience reduced flow. This
investigation aims to demonstrate how the framework accommodates these dynamics by conducting
micro-scale wind flow analysis, which can assist designers in determining more efficient tower
arrangements.

For this study, four towers were placed at the center, with a center-to-center distance of 4 meters.
This arrangement was purely for investigation purposes, and practical configurations may vary to
accommodate technical support requirements. The team clarifies that this arrangement is
hypothetical and does not reflect any company's specific design or technical advantages.

Figure 13 illustrates how the wind diverts when it encounters the first tower, reducing flow to
the towers in the shadow zone. It also visualizes the decreased mass flow rate for these towers, and
the accompanying chart (see Figure 14) provides a detailed analysis of the outcomes.
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Figure 13. (a) Wind flow analysis for multiple towers; (b)Heatmap of mass flow rate for different segments of
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Figure 14. Mass flow rate for different segments of multiple towers.

4. Discussion

The results across all three scenarios offer deeper insights into how specific design and
environmental conditions influence airflow and mass flow rate within the proposed carbon capture
enclosure. Scenario 1 demonstrates that a 45-degree panel rotation yields the highest mass flow rate,
indicating improved potential for carbon absorption (see Figure 9). Quantitatively, the simulations
show that fagade rotation can alter the total mass flow rate by up to 96.5% across the tested
configurations. However, excessive airflow could introduce structural risks. The heatmap
visualizations enable designers to compare options and select a rotation that achieves balanced
airflow. It is important to note that this framework does not define an “ideal” airflow condition;
rather, it enables performance comparisons, while the final decision must be aligned with engineering
requirements and DAC system specifications.

Scenario 2 reveals that moderate and consistent mass flow is achieved between May and
September (see Figure 12). Quantitatively, with a fixed facade configuration, total mass flow rates
vary from approximately 8.5 kg/s in January to 169.5 kg/s in May. Interestingly, some months with
high wind speed, such as February, March and December, do not correspond to higher mass flow
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rate due to the influence of design geometry. This suggests the need for adaptive design strategies to
maintain airflow throughout the year.

Scenario 3 highlights the impact of spatial configuration, where Tower 4, positioned behind the
others, receives the lowest mass flow due to wind shadowing. The simulations indicate that shielding
effects between towers can reduce airflow by up to 60.9% compared with windward towers,
demonstrating the importance of tower placement in multi-unit configurations. This also validates
the workflow’s ability to simulate realistic aerodynamic conditions and can inform master planning
or clustering decisions in larger-scale implementations.

One limitation is that the framework does not consider the microclimate within the structure.
The monthly average temperature of the site is used as a proxy, but it is important to acknowledge
that the shaded structure housing the equipment may have different temperature conditions
compared to the external environment. Additionally, the material properties of the equipment itself
can influence interior temperatures, leading to non-uniform temperature distribution within the
structure. To gain a more detailed understanding, further investigations are required to analyze the
specific materials used for the carbon capture equipment.

Additionally, the simplified simulation approach does not account for pressure variations
within the stack caused by air resistance, which could differ significantly from the atmospheric
pressure applied at the boundary conditions. Addressing these challenges would require advanced
CFD setups, which may significantly increase computational expense. The methodology adopted
represents a balance between accessibility for architectural designers and the need for accurate
simulations. Future updates to tools like Eddy3D that integrate these capabilities natively could
improve the reliability and applicability of the proposed framework.

It is important to note that our current investigation focuses on the airflow within a single
structure. However, if the technology is implemented on a larger scale, involving the master planning
of multiple structures instead of just one, new challenges will arise. Nevertheless, the location of each
individual structure can be optimized to ensure maximum airflow across all structures. Our team
aims to implement the framework in a larger-scale context and leverage the power of design
computation to explore high-performing design solutions.

While the study advances workflows for urban wind analysis, its direct contribution to carbon
sequestration research is limited. The framework does not engage with the material or chemical
processes of DAC technology, focusing instead on optimizing airflow for better performance.
Additionally, the findings are context-specific to the chosen urban site and may not generalize to
other locations without modification. Future research could integrate advanced modeling techniques
to directly simulate CO2 concentrations or explore interdisciplinary collaborations to address the
broader challenges of implementing DAC in urban environments.

5. Conclusions

This study presents a computational workflow that empowers architects to evaluate airflow
performance in carbon capture enclosures using familiar tools such as Rhino, Grasshopper, Ladybug,
and Eddy3D. By integrating mass flow rate calculations and visual analysis into early-stage design,
the workflow allows designers to explore and compare multiple design options without requiring
advanced CFD expertise.

Simulation results across three scenarios demonstrated the workflow’s ability to respond to
variations in panel orientation, seasonal wind conditions, and tower arrangements—providing
performance insights that align with physical expectations. These findings support the workflow’s
utility in helping designers make informed decisions when integrating DAC technologies into
architectural projects.

While the current framework simplifies environmental and microclimatic variables for
computational efficiency, it establishes a foundation for expanding passive carbon capture strategies
in architectural design. Future enhancements could include CO, concentration modeling, site-specific
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urban integration, and coupling with optimization algorithms to further support iterative,
performance-driven design processes.

As the urgency of climate-responsive architecture grows, tools like this can help bridge the gap
between environmental performance analysis and conceptual design. By streamlining airflow
assessment and embedding it within common design platforms, this framework invites broader
participation from the architectural community in shaping carbon-conscious solutions.
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The following abbreviations are used in this manuscript:

DAC Direct Air Capture

CFD Computational Fluid Dynamics
SSIM Structural Similarity Index Measure
RMSE Root Mean Square Error

ABL Atmospheric Boundary Layer

UTCI Universal Thermal Climate Index
CAD Computer-Aided Design

TMYx Typical Meteorological Year (dataset)
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