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ighborhood scale PM2.5 impacts in
rural towns in the Purepecha region of Mexico†
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The impact of cooking with solid fuels on neighborhood-scale PM2.5 concentrations in rural towns and

communities is poorly quantified due to the lack of credible ground-level monitoring sites and spatial

heterogeneity at a scale that is below the resolution of remote sensing GEOS-Chem hybrid models.

Emissions of PM2.5 from use of open fires for cooking in rural Mexico are known to cause poor indoor

air quality. The effectiveness of different intervention strategies to reduce such pollution exposures also

varies because of different local building densities and source intensities. In this study, the effectiveness

of stove intervention strategies on the neighborhood-scale PM2.5 concentrations were evaluated in

a village Cucuchucho, located in the Purepecha highlands of Mexico. The Quick Urban & Industrial

Complex (QUIC) is deployed in the assessment. The model's performance in simulating interactions

between pollutants and flow around building structures is validated through comparison with a water

channel experiment, which shows good quantitative agreement. The case study simulation results

demonstrate that upstream households contributed ∼30% of concentrations, and current trends will not

meet WHO air quality guidelines or interim targets. The magnitude of neighborhood-scale PM2.5

concentrations depends on the intervention and community structure. Based on these simulations,

a statistical model is presented to estimate ambient neighborhood PM2.5 pollution concentrations for

more communities at a regional level. The statistical model allows neighborhood PM2.5 pollution to be

included in estimates of health burdens from household pollution in Mexico using readily accessible

community parameters.
Environmental signicance

In rural Mexico, there is considerable household energy demand from solid fuel biomass burning, leading to the emission of PM2.5 known to cause poor air
quality. The effectiveness of intervention strategies necessitates meticulous quantication before investment and promotion. However, the air quality in these
towns and communities is rarely assessed due to the absence of credible ground-level monitoring and the limited resolution of satellite systems. The current
study employs computational modeling to quantify PM2.5 emissions under various interventions in rural areas. This analysis can serve as a reference for
policymakers aiming to achieve environmental equity. Another signicant contribution of this work is its focus on ambient neighborhood-scale emission
quantication. To the author's knowledge, no study has explored this particular topic.
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1 Introduction

High indoor PM2.5 exposures in rural populations in Mexico
that rely on solid biomass fuels in traditional stoves are well
documented, with large-scale interventions of chimney stoves
a part of social programs to reduce health impacts.1–3 Lean and
sustainable interventions to mitigate the environmental and
health impacts of use of solid fuels for cooking heating and
lighting are a key component of Sustainable Development Goal
7. The selection of different intervention choices to mitigate
health impacts, however, has frequently been guided by
potential benets that reect unrealistic choices on the exclu-
sive use of the intervention in daily cooking activities. This
approach oen lacks consideration of impacts on neighboring
Environ. Sci.: Atmos., 2025, 5, 171–180 | 171
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houses that do not opt to use the intervention, resulting in
unrealistic expectations and exposure reductions that do not
materialize in randomized controlled trials.4 The contributions
of cooking with solid fuels to neighborhood-scale PM2.5

concentrations in rural towns are poorly quantied. They are
not part of global frameworks to assess disease burdens as they
are at a spatial scale that is below the resolution of current
global PM2.5 assessment methods. In current global disease
assessments, exposures to PM2.5 air pollution are estimated by
combining indoor and outdoor models. Indoor air pollution is
estimated by solid fuel use while outdoor ambient pollution is
from high-resolution satellite information combined with
a GEOS-Chem global 3D model. The model results are usually
calibrated by ground level xed monitoring stations.5–7 Data
inferred from the satellite observations in most locations,
however, do not have sufficient resolution to capture the impact
of near-eld turbulence caused by buildings on the pollution
distribution. Vortices developed in the building wakes may trap
local emitted pollutants as well as upstream community
emitted pollutants in close proximity to the building envelope,
which are available for subsequent inltration based on indoor
ventilation rates and structural orices.8,9

Stove stacking refers to the practice of households using
multiple types of stoves or cooking devices simultaneously or
interchangeably. This oen occurs in areas where people are
transitioning from traditional biomass stoves to cleaner, more
efficient stoves.10 Realistic assessment of stove stacking, or the
degree to which multiple stoves and fuels are used, can signif-
icantly impact the choice of intervention strategy to reduce the
burden of air pollution in communities.10 The choice of the
optimal clean stacking combination to deliver health benets
may vary between communities, depending on local/upstream
pollution impacts, topography, ground roughness, predomi-
nant wind direction/speed, immediate building packing
density, building morphology, and chimney height.9,11 Under-
standing which clean stacking combinations are more suitable
to the packing densities of homes in different built communi-
ties remains a critical priority, along with developing the
approach to incorporate health impacts from neighborhood
pollution into regional burden of disease assessment.

Rather than predening a “clean stacking combination”
applicable everywhere, or assuming a complete switching from
traditional biomass use to modern fuels, computational
modeling of neighborhood-scale pollution dispersion in a rural
town in the Purepecha region of Mexico was undertaken. The
objective of the study is to evaluate culturally and socioeco-
nomically appropriate stacking options suited to different
packing densities in the community.12 Subsequent results from
the modelled scenarios were used to develop approaches to
estimate regional impacts of neighborhood pollution in ∼30
surrounding towns in the Purepecha region which allow more
rened regional exposure and health impact estimates. Devel-
oping tools to allow regional estimation of the neighborhood
scale PM2.5 pollution using readily accessible information
serves as the rst step in incorporating neighborhood pollution
in burden of disease estimates.13
172 | Environ. Sci.: Atmos., 2025, 5, 171–180
2 Methodology

To identify clean stacking options suited to different built
environments, this study uses Quick Urban & Industrial
Complex (QUIC) models to simulate pollution ow and
dispersion through the built environment of a village Cucu-
chucho in the Purepecha region. The village consists of
a gradient of different packing densities. Governing equations
for QUIC-URB and QUIC-PLUME are described in Section 1 in
the ESI.† The contribution of household cooking to neighbor-
hood scale area pollution levels was estimated for a baseline
scenario using traditional fuels, a business-as-usual scenario
with transition of fuels to a combination of solid fuels and LPG,
and 4 different “clean stacking” scenarios that reect possible
different intervention strategies for communities in the Central
Highlands of rural Mexico.

2.1 Model evaluation – water channel experiment

To validate the QUIC simulation of turbulence elds, controlled
comparisons were conducted between simulated ow struc-
tures in QUIC and directly visualized ow structures in a water
channel using uorescent dyes. To achieve similarity of water
channel experiment and QUIC simulations, scaling factors are
deployed to scale the water channel experiment into real world
size, which is simulated by QUIC model. The QUIC modeling
setup features a domain size of 50 m (X) × 50 m (Y) × 20 m (Z),
with a grid resolution of 0.1 m. The QUIC domain scaling factor
was 50 : 1 in relation to the physical dimensions of the building
in the water channel. In the QUIC simulation, buildings are 5
meters high and spaced 10 meters apart (Fig. S1†). The wind
velocity in the simulation is 5 m s−1, whereas the ow velocity in
the lab is approximately 5 cm s−1. The emission source in the
simulation releases 74 mg min−1 pollutants from the upstream
building, while in the water tank, the dye injection source has
a volumetric ow rate of 360 mL min−1. All equations that
govern the scaling of the water channel are presented in the ESI
Section 2.† The black light and uorescent dyes were deployed
to visualize pollutant dispersion in the water channel. The
reective tracer dye intensities were captured by visible-light
camera, which allowed the mapping of the pollution disper-
sion. Image processing techniques were then applied to deter-
mine the dye concentration. The highest reective intensity of
the dye at the emitted point is equivalent to the known
maximum concentration at the same point. The concentrations
in other spots were linearly scaled based on the relative reec-
tive intensity of the tracer dye. This approach has been previ-
ously used in other studies.14,15 More information about the
experiment setup (schematic in Fig. S2†) and scaling methods is
in Section 2 of the ESI.†

2.2 Study location

The town of Cucuchucho is in the Tzintzuntzan Municipality,
on the shores of Patzcuaro Lake in the Purepecha region of
Mexico (see Fig. S3†) at about 2040 meters above sea level, with
a population of around 1200 people. Cucuchucho was selected
from an evaluation of 100 communities in the area using
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Division of low, medium & high-density regions.
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satellite images available through Google earth based on prox-
imity of meteorological data, local topography and distribution
of packing densities from low to high aligned with dominant
wind direction.

2.3 Model domain

A 600 m × 800 m region was developed in QUIC city builder
which was divided into a grid of 0.5 m× 0.5 m blocks. The town
of Cucuchucho was constructed in the domain based on satel-
lite imagery for building location (Fig. S4(a)†). Field teams took
photographs in each street in the domain and known heights
were used to extrapolate to other structures to estimate all
building structures. Fig. 1 shows an estimation of building
heights in the domain with the combination of eld measure-
ments, photography, and extrapolation. Emission sources were
located for each building designated as a residential building,
and the location of the emission source was placed where the
kitchen was estimated to be (see Fig. S4(b)†). Non-residential
buildings were not allocated emissions sources as the prin-
cipal objectives were to model impacts of household solid fuel
use. A linear vertical grid with a spacing of 0.5 m was con-
structed with maximum height of 50 meters to reect real
distance above ground level. As with most QUIC urban simu-
lations, logarithmically decreasing wind speed was mapped to
the vertical grid with height from a reference measurement
height of 10 m, since wind speed decreases logarithmically as
approaching the ground.

2.4 Packing density

Fig. 2 shows the 3D representation of the buildings developed in
city builder. The average distance between buildings has been
computed and categorized to different packing density areas.
The building samples were selected from the closest buildings
within a region. The packing density areas are categorized as
low, medium, and high for average housing distances of 60–100
meters, 20–40 meters, and less than 20 meters, respectively.

2.5 Model meteorology

Meteorological conditions play a major role in PM2.5 dispersion
and deposition.9 Meteorological parameters including temper-
ature, wind speed (WS), wind direction (WD), and relative
Fig. 1 Building heights references.

© 2025 The Author(s). Published by the Royal Society of Chemistry
humidity (RH), obtained for July–August 2022 from the Morelia
monitor station (N 19°300000, W 101°150000), which is located
nearby the study region (N 19°5804400, W 101°6304300). The
predominant wind direction of south-southwest (202.5°) is
deployed in the simulation as indicated in Fig. S5.† The main
cooking period coincides with periods when wind speeds are
low. Simulations were conducted at 2 m s−1 as it is the average
wind speed during cooking times.

Fig. S6† presents the diurnal wind speed patterns, which
shows that wind speeds are low combined with lowmixing height
in the early morning, and subsequently build in the aernoon,
reaching a peak at around 3 pm. Based on eld surveys the
majority of cooking activity in this region occurs in the morning
when residents cook food for breakfast lunch and dinner for an
average period of 259 ± 123 minutes.16 Result simulations were
conducted for July–August wherein the average temperature and
relative humidity were 273.15 K and 0.3 respectively.
2.6 Model emissions and stove types

Emission measurements were conducted in a test kitchen for
different stove stacking combinations that represent the most
comprehensive look at emissions from different stacking
combinations in Mexico.3 Emissions from houses were released
from the rooop of the house. Stove stacking combinations are
shown in Table 1. The baseline scenario represents usage of
traditional fuels and stoves in all packing density regions in
a village. Continuation of the current trends in stove and fuel
adoption forms the business-as-usual scenario where there is
Environ. Sci.: Atmos., 2025, 5, 171–180 | 173
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Table 1 The emission rate from different stacking combinations

Emission rate from different stacking combination [mg min−1]

Packing density

Stacking

Baselinea BAUb Scenario 1c Scenario 2d Scenario 3e Scenario 4f

High density TSF + LPG (324 � 86) LPG (0.1 � 0.1) LPG (0.1 � 0.1) P + LPG (43 � 7) LPG (0.1 � 0.1) LPG (0.1 � 0.1)
Medium density TSF (450 � 63) TSF + LPG (324 � 86) P + LPG (43 � 7) P (74 � 43) P + LPG (43 � 7) G (25 � 3)
Low density TSF (450 � 63) TSF + LPG (324 � 86) TSF + LPG (324 � 86) P (74 � 43) P + LPG (43 � 7) P + LPG (43 � 7)

a Baseline – traditional stoves res (TSF) in low, medium density area with some LPG in high density areas. b BAU (business as usual) – increased
LPG penetration in dense urban areas, and mixed use with TSF in lower density areas. c Scenario 1 – LPG penetration in high density areas, Patsari
(P) use in medium packing densities and continued use of TSF in low packing densities. d Scenario 2 – Patsari stoves in all areas – mixed use with
LPG in high density areas. e Scenario 3 – LPG penetration in high density areas, Patsari with LPG dissemination in middle and low density areas.
f Scenario 4 – LPG penetration in high density areas, gasier dissemination in middle density and Patsari and LPG in low density areas.
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increased Liqueed Petroleum Gas (LPG) penetration in village
centers (high density areas) and continued use of traditional
stoves and fuels with some LPG use for shorter tasks in outlying
areas (low density areas). Scenarios 1–4 represent culturally and
socioeconomically appropriate interventions in these commu-
nities with more advanced stoves progressively used from
Scenario 1 to 4. Specic quantity and type of food items cooked
with each stove that represent typical consumption patterns for
this region are shown in Table S1,† the stove types are in Fig. S7.†
Mean emission factors for each stove stacking combination are
shown in Table 1 for each stove stacking combination.

Detailed presentations of emissions measurements using
double hoods to separately estimate direct and fugitive emis-
sions in a simulated kitchen have been provided elsewhere.3

Briey, PM2.5 emission factors were measured gravimetrically for
each stove stacking combination using a 102 mm berglass lter
at a sample ow rate of 16.7 L min−1 for chimney emissions.16

The simulated kitchen was representative of local kitchens in
terms of building material, size, volume, and air exchange rates.
2.7 Neighborhood scale area concentrations and perimeter
concentrations

The results of the simulations for two metrics are presented: (a)
area average concentration describes the average PM2.5

concentration for each packing density area in the domain,
including areas that are agricultural. The QUIC simulation
allows simulation of packing zones independently with sources
from other zones switched off, and thus the contributions from
upstream packing densities can be isolated from local emis-
sions. In this way, quantication, and assessment of neigh-
borhood emission contributions from different packing
densities is possible, which is not possible from direct envi-
ronmental monitoring using smart sensors or similar
approaches; and (b) average perimeter concentration reect the
average concentration around the perimeter of the house 0.5 m
away from walls at the height of 1 m. Average perimeter
concentrations reect concentrations of PM2.5 that are available
for inltration into a home during cooking events, which are
relevant for models to estimate impacts on indoor air concen-
trations and subsequently exposures.
174 | Environ. Sci.: Atmos., 2025, 5, 171–180
2.8 Statistical model

A statistical model was developed that can be applied to
different communities across a region based on the simulation
conducted for Cucuchucho (refer to the result section for more
details). Since communities across the region do not have the
same packing densities, built structures, or populations,
changes in the proportions of different density areas are
incorporated into this model. The equations are functions of
house density and spatial average pollution concentrations.
Both local and neighborhood pollution estimation is specic to
the areas and packing densities of each individual community.
Pollution concentrations for different building densities in
different communities can be estimated by the following
equation:

8><
>:

Clocal ¼ 0:15� rlocal � 35:273

Cfrom neighbor ¼
�
0:0165� rneighbor � 4:6

�
Alocal

where rlocal is the local building density, dened by the number
of households divided by the area (Alocal). rneighbor is the
building density in the immediate upwind neighborhood. Clocal

indicates the spatial average concentration from local emitted
pollutants, which is linearly correlated to the local household
packing density. Cfrom neighbor represents the pollution contri-
bution from the upstream neighborhood community, which is
linearly correlated to the neighbor community household
packing density normalized by local area. One model depicts
local concentration, while the other represents neighborhood
inuence and as such is normalized by the relevant local area.
Both local and neighborhood pollution estimation is specic to
each individual community based on building densities. The
statistical model is not dependent on a specic wind direction,
as it allows for independent selection of local and neighbor-
hood packing densities.
3 Results and discussion
3.1 Comparison of laboratory and numerical modeling

Fig. 3(a) and (b) present the comparison of pollution dispersion
in a building wake from water channel experiments and from
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Concentration distribution of pollutants in the building wake (a)
water channel experiment (b) QUIC modeling.

Fig. 4 Point-by-point comparison of QUIC modeled and water tank
simulated concentration.

Paper Environmental Science: Atmospheres

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
12

 2
02

4.
 D

ow
nl

oa
de

d 
on

 2
02

5-
03

-1
0 

 7
:4

3:
02

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
QUIC modeling, respectively. The background concentration
from the water tank experiment is denoised and concentration
values are scaled as a fraction of the maximum value, the scale
bar represents the concentration as a percentage. Concentra-
tion proles between QUIC simulation and the water channel
are similar in trapping pollutants between the buildings. As
indicated in the gure, the pollutants accumulate with the
backow downwind of the upstream building, indicating that
this recirculation in the building wakes traps stove emissions
for a longer duration. This street canyon serves as the basic
geometric unit in urban or suburban regions. The congura-
tions of a village are approximately repetitions of such street
canyon units. The presence of buildings leads to larger vertical
mixing of the pollutants compared to at terrain, thus
contributing to the near-ground pollution concentration. This
pooling effect in different wake distance is presented in Fig. S8
and the ow effects are described in ESI Section 6.† The QUIC
model is designed to simulate pollutant dispersion patterns in
urban and industrial environments, with a primary focus on
how pollutants spread and interact with surrounding structures
and atmospheric conditions. The model's strength lies in
providing a realistic depiction of the dispersion behavior rather
than precisely modeling the source characteristics. Therefore,
while discrepancies may appear near the source due to simpli-
cations and assumptions made for computational needs and
efficiency, the critical output shows good agreement between
the simulation and water channel in the comparison area.

Fig. 4 demonstrates the statistical point-by-point compar-
ison between the water channel and QUIC numerical modeling
results in the building wake comparison area. Overall, QUIC-
PLUME model provides a reasonable estimate of dispersion
trends in the building wake.

In addition to this comparison, the QUIC model has been
validated previously through various methods, including
comparisons with eld measurements and controlled experi-
ments. For example, QUIC ow patterns were compared to
those observed in a wind tunnel experiment involving complex
arrays of buildings. The model successfully simulated key ow
characteristics, including channeling and recirculation patterns
within specic street canyons.17 The results demonstrated the
model's capability to simulate complex urban ows.
© 2025 The Author(s). Published by the Royal Society of Chemistry
QUIC-PLUME modeled pollution distribution results were
compared with the Joint Urban 2003 eld experiments in
downtown Oklahoma City using a point source release for eight
intensive operating periods of 30 minutes duration. A threshold
dosage method was used to examine the percentage of samplers
that QUIC-PLUME correctly predicted to be above the threshold,
which obtained 83% matches in the 24 tracer experiments.18
3.2 Stacking scenario results during cooking events

The scenarios evaluated with the current simulations compare 4
progressive development scenarios using clean stacking
combinations compared to business as usual expected to occur
in the next decade. The simulated scenarios reect a range of
feasible “clean stacking” options for interventions that can be
distributed into the different areas of the community to
examine the impacts on neighborhood contributed concentra-
tions in each area. Fig. 5 shows QUIC simulation of PM2.5

concentrations in Cucuchucho under scenarios corresponding
to Table 1. The average area concentration over the whole
domain are: (a) 83.15 mg m3; (b) 34.86 mg m3; (c) 14.75 mg m−3;
(d) 14.73 mg m3; (e) 4.66 mg m3; (f) 3.49 mg m−3.

Fig. 5 also shows the dependency of PM2.5 concentrations on
the predominant wind direction and the number of emission
sources at a height of 1 m above ground. Windward sides of the
buildings are affected by the upstream emissions and the
leeward side tends to trap emissions from each individual
household. In general, the scenario analysis evaluates the
impacts of programs that include interventions in the lower
packing densities, in relation to Scenario 1, which shows
a program focused on LPG penetration in high density areas
with use of traditional stoves in lower packing densities. The
benets of LPG use in high density areas are largely mitigated
by upstream use of traditional stoves. Scenario 2 shows the use
of Patsari chimney stoves in all packing densities, the upstream
pollution contribution is non negligible in high packing
density. Scenarios 3 and 4 show the dissemination of LPG in
Environ. Sci.: Atmos., 2025, 5, 171–180 | 175
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Fig. 5 Pollution dispersion at 1 m height in different stacking scenarios during cooking events with prevalent wind direction of SSW. (a) Baseline;
(b) BAU; (c) Scenario 1; (d) Scenario 2; (e) Scenario 3; (f) Scenario 4.
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high density areas combined with dissemination of chimney
stoves or gasier stoves in areas with lower packing densities.
The combination of these stacking intervention approaches
results in the lowest air pollution concentrations. Scenario 4
resulted in the most effective control of PM2.5 concentrations in
all three density regions. Compared with the BAU scenario, the
implementation of Scenario 4 reduced area concentrations by
approximately 89% and achieved WHO guideline concentra-
tions in urban areas from local emissions. Clean burning semi
gasier chimney stoves should be explored further as they lead
to signicant reductions in neighborhood pollution impacts. In
addition, adoption dynamics and mechanisms to increase
sustained use of cleaner alternatives (carbon offset programs,
social benets etc.) play a signicant role in determining the
degree to which benets are realized.
Fig. 6 The percentage of neighborhood pollution concentration
contributed by upstream packing densities for baseline scenario.
3.3 Neighborhood source contributions

Fig. 6 shows the relative percentage of neighborhood concen-
trations contributed by each packing density for baseline
scenario, which reects the current situation in Cucuchucho.
Approximately one third of PM2.5 concentrations are attributed
to houses upstream in medium and high-density areas of the
village. In themedium packing density area, the emissions from
dispersed upstream homes (low-packing density area)
contribute 28% to PM2.5 pollution, dened as imported neigh-
borhood pollution. In the high packing density area, both low
and medium packing density areas are located upwind and
imported neighborhood pollution contributes 20% and 4% of
PM2.5 pollution concentrations respectively.
176 | Environ. Sci.: Atmos., 2025, 5, 171–180
Fig. 7 presents area averaged local emissions and contribu-
tions from upstream packing densities under each scenario.
Since simulations do not include sources upstream of the low-
density area, in each of the scenarios, upstream emissions are
zero for low density areas. In the Baseline scenario, the PM2.5

area average concentration in the high-density area is 103 mg
m−3 with 33% contributed from the upstream community. In
the business-as-usual (BAU) scenario, with the increased pene-
tration of LPG in the high-density area and mixed open re in
other areas the overall ambient PM2.5 concentration decreased
down to ∼25 mg m−3 with 99% contributed from the upstream
neighborhood. Even without regional background
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Spatial averaged pollution concentrations contributed by
upstream communities under scenarios defined in Table 1 (L: low-
packing density area; M: medium-packing density area; H: high-
packing density area).
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contributions, the neighborhood pollution transported into
these high-density areas is approximately equivalent to the
WHO interim target 2 of 25 mg m−3. Under the implementation
of Scenario 3 or 4, with sufficient control in all three density
areas, the air quality guideline of less than 5 mg m−3 from local
sources could be achieved in high-density urban areas with
concentrations of 2.39 mg m−3 and ∼3 mg m−3 respectively.
Concentrations in medium density packing areas were 8.07 and
6.12 mg m−3 respectively. Achieving these concentrations in
practice, however, is dependent on the degree to which the stove
stacking interventions are adopted and used (Table 1), meteo-
rology, and the presence of other emissions sources in the area
that are not quantied in this simulation.

To estimate indoor impacts through inltration, the perim-
eter concentrations around each home averaged for each
packing density are presented in Fig. S9.† Table S2† presents
the data table with area concentrations and perimeter concen-
trations for each scenario. A more practical adoption rate
scheme is presented in Table S3,† and the corresponding
perimeter concentrations is in Fig. S10.†
Fig. 8 Normalized PM2.5 concentration with distance downstream (a) o
borhood emission sources.

© 2025 The Author(s). Published by the Royal Society of Chemistry
3.4 Regional estimates of neighborhood pollution impacts

To apply these results to other settlements within the Purepecha
region, a statistical model to estimate regional neighborhood
pollution impacts was developed as a rst step in incorporation
of neighborhood pollution in estimates of regional health
burdens from household pollution (see Section 2.8). The density
factor dened below based on readily available information was
applied to normalize both direct local emission contributions
and contributions from upstream neighborhood.

r ¼ number of households

community area
�
km2

�

Fig. 8 shows the application of this density factor (r) to
simulations of area pollution concentration for each packing
density (low, medium and high) in Cucuchucho with distance
downstream. As presented in the gure, when the area
concentration is normalized by density factor, the resulting
proles of normalized concentration versus downstream
distance exhibit similar trends across different packing densi-
ties. This suggests that area concentrations can be estimated
using the density factor through linear regression. A regional
estimation can be determined by summing the local emissions
within the community and the contributions from upstream
neighborhood areas during cooking hours. The convergence of
the normalized local and neighborhood concentrations along
the same linear trend for different packing densities demon-
strates that the statistical model outlined in Section 2.8 of the
methodology can be applied to other communities within the
region.
3.5 Application to other communities

The statistical model to estimate both local emission concen-
trations and neighborhood concentrations in relation to
packing density factor is shown in Fig. 9. The model is
described in methodology Section 2.8. Based on regression
nly consider local emission sources (b) only consider upwind neigh-
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Fig. 9 Linear regression for average concentration vs. density factor.
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intercepts, the distance between homes where neighborhood
contributions from use of traditional stoves do not substantially
impact downwind community is 70 m. Thus, for communities
where homes are apart further than 70 m, the pollutants effects
would not be expected to impact near neighborhood ambient
air quality. Clearly, however this is dependent both on the
emission rate for the specic stove technology and average wind
speed. While wind speed had a strong impact on the concen-
tration, as Fig. S11† shows, the proportional reduction in
pollution concentration is similar for different density factors
(high, medium and low) upon different wind speeds. This
allows for wind speed adjustment to be incorporated into the
model for different communities as follows:

Rw = (−0.217) × U + 1.434

Ctotal = Rw × (Cbase)

where Rw is the adjusting ratio of wind speed, U is the corre-
sponding wind speed in the specic village, Cbase is the baseline
concentration at 2 m s−1 derived from our statistical model.
Fig. 10 Baseline scenario (a). Comparison of the local emitted PM2.5 con
Contribution from neighborhood pollution in different communities.
community.

178 | Environ. Sci.: Atmos., 2025, 5, 171–180
Since the density factor is readily obtainable from regional
data for Purepecha communities, impacts of neighborhood
pollution concentrations at a regional scale can be estimated for
incorporation into burden of disease assessments. To demon-
strate this approach, estimation of impacts of neighborhood
pollution concentrations for a sample of 29 communities
surrounding Cucuchucho was performed using mapped areas
of each community using satellite imagery on Google maps. In
this case study of the Purepecha region, we assume wind travels
from lower densities on the outskirts to higher densities in
village centers. Across these communities, the population range
from 453 to 13 610, and areas range from 0.14 to 2.2 km2. While
in reality, there are clearly individual communities with
different built environment from this idealized structure, which
results in localized areas in the community having an average
concentration higher or lower than expected from model esti-
mates. When applied regionally, however, these uncertainties
would not be expected to result in systematic bias, which allows
for deployment of current models in burden of disease
estimates.

Fig. 10 shows estimated contributions of (a) direct emissions
and (b) neighborhood pollution to overall PM2.5 ambient
concentrations for the surrounding communities in the Pure-
pecha region using traditional stoves. The model estimates
demonstrate that neighborhood pollution contributes signi-
cantly to ambient PM2.5 concentrations in these communities,
but the geographical scale of this impact is rarely accounted for
in burden of disease assessments. Fig. 10(b) highlights the
village of Comachuén which was estimated to have contribution
from the upstream neighborhood of ∼30% when using tradi-
tional stoves for cooking. Field measurements of 24 hour
average PM2.5 ambient pollution concentrations in the center of
Comachuén were 59 mg m−3 during the period November 2004–
January 2005 when the community used traditional stoves.19

During this period the average wind speed was 3 m s−1
centration and the upstream neighborhood emitted concentration (b).
Note: bubbles are scaled to represent number of homes in each

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Comparison of 24 h mean concentrations estimated using with and without mapping of packing densities.
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(Fig. S12,†). When adjusted for wind speed the area concen-
tration estimated from the statistical model was estimated to be
∼60 mg m−3, showing good agreement between measured and
modelled concentrations.

Since mapping the packing densities on satellite imagery in
Google maps is time intensive for application on a regional
basis, estimates of ambient PM2.5 concentrations these
communities were compared to approaches that just apply
a density factor from available data with no community
mapping of packing densities. Fig. 11 Shows a comparison of
24 h mean concentrations estimated using with and without
mapping of packing densities. The gure shows that while there
are individual communities that are over and underestimated
using this approach, the estimates on a regional wide basis
agree well using both approaches which will allow broader
application to estimate disease burdens on a regional basis.
4 Conclusion

Overall, the results of these simulations demonstrate that
neighborhood scale PM2.5 pollution can contribute signicantly
to PM2.5 concentrations in rural communities in the Purepecha
region of Mexico and can play a signicant role in mitigating
the potential benets of interventions designed to reduce
health impacts from PM2.5 exposures in more urbanized
communities. Intervention programs should also target
upstream homes in more dispersed packing densities with
socioeconomic and culturally appropriate interventions to
maximize benets of LPG in more urbanized centers of
communities. The results also show that impacts of neighbor-
hood scale PM2.5 pollution from solid fuel use on health are
signicant and approaches are needed to include health
impacts in regional and global burden of disease estimates.
Like modelling frameworks that allow health impacts from
household air pollution to be included in burden of disease
estimates, the current analysis demonstrates that statistical
modeling frameworks can be applied at a regional level to
© 2025 The Author(s). Published by the Royal Society of Chemistry
estimate impacts of neighborhood PM2.5 pollution on regional
health burdens based on current stove stacking patterns. Since
stove stacking has been demonstrated globally, these frame-
works allow for systematic evaluation of the interaction between
packing density, neighborhood scale pollution concentrations
and impacts on disease burdens.20
Data availability

Model analysis for predicting PM2.5 concentrations from solid
fuel burning in rural areas. The study integrates local emissions
and neighborhood impacts to improve air quality assessments.
Data for this article, the emission inventories are available at
https://doi.org/10.1021/acs.est.8b01704. The data supporting
this article has been included as part of the ESI.† The
soware Quick Urban & Industry Complex can be found at
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