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Summary
The diffusion and mixing of air with lower carbon dioxide (CO2) concentration is important

for assessing direct air capture (DAC) modules’ impact on the local atmosphere. A DAC module
releases air to the atmosphere after passing through the chemical sorption within the system.
DAC modules releasing air at three different CO2 concentrations (252 ppm for 40 % removal,
168 ppm for 60 % removal, and 4 ppm for 99 % removal) are evualated. The current, seasonally
averaged ambient air has a CO2 concentration of approximately 420 ppm. Note that in 1960, the
CO2 concentration was approximately 320 ppm. Using gas diffusion equations, the CO2 modules
in the low CO2 concentration air  travels a distance of 18 m in approximately 10 s. Using a
Gaussian dispersion model and a 3 m/s wind speed, the CO2 concentration is determined to
return to background levels in 56 m (183 ft) for 40 % removal, 75 m (246 ft) for 60 % removal,
and 102 m (324 ft)  for  99  % removal.  Hence,  the  overall  area  affected  (with  wind in  any
direction) is relatively small at approximately at 12,544 m2 (3.1 acres) for 40 % CO2 removal and
approximately 41,616 m2 (10.3 acres) for 99 % CO2 removal.

Methodology
Gas  particle  movement  from  high  to  low  concentration  is  directly  proportional  to  the

concentration  gradient.  The  change  in  concentration  with  time  can  be  predicted  using  the
diffusion equation.  The diffusion equation is  a partial  differential  equation that describes the
macroscopic  behavior  of  many  gas  particles  in  Brownian  (random)  motion.  The  diffusion
equation describes a type of mass transport that relies on random motions of the particles to
gradually distribute mass according to the conditions of the system. Atmospheric diffusion is in
three dimensions and follows a linear differential equation. The diffusion coefficient of CO2 at 1
atm (atmosphere) of pressure and an air temperature of 20  oC is 0.16 cm2/s (The Engineering
ToolBox 2018). Using the CO2 diffusion coefficient and a diffusion time of 10 s, the average
distance traveled is  by a CO2 molecule is 18 mm. These types of simple textbook diffusion
calculations  can  be  extended  to  include  atmospheric  conditions  and  used  to  determine  the
amount of time a parcel of air with reduced CO2 concentration takes to return to ambient levels.

While there have been studies modeling the dispersion of CO2 release from pipeline leakages
(Herzog and Egbers 2013), the dispersion of low concentration of CO2 into the atmosphere is
much simpler  because the  mixing gases  are  ideal  gases  at  typical  atmospheric  pressure  and
temperature. For atmospheric mixing, it is best to use a Gaussian dispersion model that takes the
emission rate, emission height, atmospheric stability, and wind speed into account to determine
the concentration downwind. The WKC Group has a Gaussian model (WKC Group) available
online, which is used to determine the concentration of CO2 downwind of a DAC module using
parameter that represent a “worst-case” (lowest CO2) evaluations. The DAC module is assumed
to produce an air parcel with low concentration CO2 air having the properties given in Table 1.
Assuming  an  atmospheric  CO2 of  420 ppm (Figure  1),  the  DAC capture  fraction  of  60  %
indicates a plume emission concentration of 252 ppm. Note that in 1960, the CO2 concentration
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was  approximately  320  ppm.  Based  on  ice  core  data,  the  CO2 concentration  in  1750  was
approximately 278 ppm (MacFarling Meure et al. 2006).

Table 1: List of properties related to a direct air capture (DAC) module. DAC size and area are
given in length (L), width (W) and height (H) dimensions. The plume equivalent diameter is the
diameter of a circle with the same area as the DAC module area, using the length multiplied by
height (LxH) dimensions.
Description Parameter
Air Flow Rate 100,000 m3 / hr
Evaluated Capture Fractions 40 %; 60 %; 99 % 
Module Size (LxWxH) 19.5 m x 9.8 m x 10.4 m (64 ft x 32 ft x 34 ft)
Module Area (LxH) 202.8 m2

Plume Equivalent Diameter 16.1 m

Figure  1:  Plot  showing  the  atmospheric  CO2 concentration  measured  at  Mauna  Loa
Observatory in Hawaii. Concentration has units of μmole per mole, or parts-per-million (ppm,
10-6).  Data  is  from Dr.  Pieter  Tans,  NOAA/ESRL (https://gml.noaa.gov/ccgg/trends)  and Dr.
Ralph Keeling, Scipps Institution of Oceanography (https://scrippsco2.ucsd.edu/), with the plot
access on 2023-12-15, https://w.wiki/4ZWn, which is enhanced from the original version.

While  Gaussian  plume  dispersion  models  are  typically  used  to  determine  the  downwind
concentration of pollutants released from stacks, the physics of dispersion is not restricted to
pollutants; therefore, CO2 reduction from a DAC can be determined using Gaussian dispersion
model. Parameters  for this Gaussian dispersion model  are based on average June conditions in
North  Dakota (Table 2).  These atmospheric  conditions  are  based on when crops  are  rapidly
growing, and removing CO2 from the atmosphere (Figure 1). The seasonal variation subplot in
Figure 1 shows the greatest decrease in CO2 concentration in June and July. North Dakota has
strong, summer, day-time insolation (solar radiation) and surface wind speed of 2-3 m/s (Figure
2),  which  results  in  an  atmospheric  stability  class  of  “A”  in  accordance  with  the  Pasquill-
Guifford scheme. While the June monthly average wind speed is used for the evaluation, the July
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and August monthly averaged wind speeds are the similar. While there are periods with wind
speeds much higher than the monthly average, the high wind speed produces a more turbulence
near surface atmosphere, which will enhance mixing. Therefore, the use of the average wind
speed in June is the worst-case wind speed option. We use 20  oC as the ambient atmosphere
since  it  is  an  often  used  temperature  and  is  representative  of  day-time  North  Dakota.
Additionally, atmospheric temperature has little effect on the modeling results. To keep things as
simple as possible, we also used 20 oC as the stack gas exit temperature since DAC emitted gas
is  not  very  hot  and  should  quickly  reach  equilibrium  with  the  ambient  environment.  The
Gaussian  dispersion  model  also  uses  coefficients  based  on  North  Dakota  being  a  rural
environment.

Table 2: List of parameters used for the Gaussian dispersion model. The Stack Gas Velocity is
calculated using the 100,000 m3 / hr DAC flow rate (Table 1) and the stack area.
Description Parameter
Anemometer Height 5 m
Wind Speed at Anemometer Height 3 m/s
Stack Height (H/2) 5.2 m
Stack Diameter 16.1 m
Stack Gas Exit Velocity 0.0 m/s
Stack Gas Exit Temperature 293.15 K (20.0 oC)
Ambient Air Temperature 293.15 K (20.0 oC)

Figure  2:  Plot  showing  the  average  3  m  wind  speed  for  June  2023.  Plot  is  produced  by
enhancing version obtained from the National Centers for Environmental Information, National
Oceanic  and  Atmospheric  Administration  (NOAA),  see  plot  available  at
https://www.ncei.noaa.gov/access/monitoring/wind/maps/202306.

Analysis and Discussion
Using the Gaussian dispersion model parameter, the concentration along the center-line of the

air parcel is calculated at different distances downwind (Table 3). The air parcel center-line is a
worst-case option; as ambient, higher CO2 concentration air mixes in from the sides of the air
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parcel, the CO2 concentration has a higher concentration than at the center-line. Likewise, the
height above ground where the CO2 concentration removal is the highest is used to determine the
atmospheric concentration, and a 0.0 m/s vertical velocity is used that provides the lowest CO2

concentration at the surface, where plants take in CO2 as they grow.

Table 3: List of the Gaussian dispersion model determined CO2 concentration downwind of the
Direct Air Capture (DAC) module using different percentages of CO2 initially removed by a DAC
module. The calculations uses an unperturbed CO2 concentration of 420 ppm, a rate of 8.53 g/s
of CO2 removed, a stack exit velocity of 0.0 m/s and parameters listed in Table 2. Height is the
distance  above  ground  level  (AGL)  of  the  maximum  amount  of  CO2 removal.  The  CO2

Concentration Removed is  the greatest  amount of  CO2 removed at  the Downwind Distance,
which is  provided by the Gaussian dispersion model.  The Atmospheric  Concentration is  the
lowest concentration of atmospheric CO2 at the Downwind Distance.
DAC CO2 
Removal

Downwind Distance Height 
(AGL)

CO2 Concentration 
Removed

Atmospheric 
Concentration

40 %   0 m (0 ft) N/A 307 mg/m3 252 ppm
  5 m (16 ft) 5.2 m 159 mg/m3 333 ppm
 30 m (98 ft) 4.1 m  12 mg/m3 354 ppm
 56 m (183 ft) 0.0 m   5 mg/m3 417 ppm

60 %   0 m (0 ft) N/A 461 mg/m3 168 ppm
  5 m (16 ft) 5.2 m 238 mg/m3 289 ppm
 30 m (98 ft) 4.1 m  18 mg/m3 410 ppm
 75 m (246 ft) 0.0 m   5 mg/m3 417 ppm

99 %   0 m (0 ft) N/A 761 mg/m3   4 ppm
  5 m (16 ft) 5.2 m 394 mg/m3 205 ppm
 30 m (98 ft) 4.1 m  30 mg/m3 404 ppm
102 m (324 ft) 0.0 m   5 mg/m3 417 ppm

The analysis parameter and conditions used the Gaussian dispersion model (Table 3) are for
the worst-case conditions, in terms of having the lowest concentration of CO2 the furthest away
from the DAC module. A 3 ppm level is used for the return to ambient condition level since 3
ppm is the range of seasonal CO2 variation (Figure 1). For example, using the 3 ppm of ambient
atmospheric  concentration  level,  it  takes  102  m  (324  ft)  from  the  DAC  module  for  CO2

concentrations to return to background levels. Hence, the area affected is approximately 12,544
m2 ((56m*2)*(56m*2))  for  40  %  CO2 removal  and  approximately  41,616  m2

((102m*2)*(102m*2))  for  99  % CO2 removal.  Therefore,  the  distance  and  amount  of  land
affected by a DAC module is relatively small. If multiple DAC modules are arranged in an array,
regardless of the amount, the approximate distance of affected areas of lower CO2 concentration
is estimated to be no more than double the distance impacted by one DAC module.  Further
modeling would be needed to determine the exact distance.
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