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Inequality in air pollution exposure is an established problem globally; this study evaluates inequality in NOx

emissions in England. NOx is a class of air pollutants with a detrimental impact on human health. Emissions

of NOx in 2019 from the major source sectors across England were linked to deprivation data from the

English Indices of Multiple Deprivation (IMD) using Lower layer Super Output Areas (LSOAs). The median

NOx emissions in the most deprived decile of LSOAs was 16 tonnes per km2 per year compared with 7.0

in the least deprived. A linear regression model to account for the whole dataset showed higher

inequality, with emissions of 19 tonnes per km2 per year NOx for the most deprived decile and 7.3 for the

least deprived. All major emission sources, such as transport, domestic combustion, point sources and

industry showed deprivation-based inequality. Geographic classifications such as region, city and Rural

Urban Classification were shown to have inequalities within them, and the differences between them

were shown to drive national inequality. Inequalities in the distribution of NOx emissions persisted at all

levels of population density. Less densely populated, typically rural, areas had lower absolute emissions,

but the highest emissions-based inequality due to point sources disproportionately affecting more

deprived areas.
Environmental signicance

Inequality in exposure to air pollution is a globally recognised phenomena. This work examines deprivation-based inequality in NOx emissions in England by
source sector. There is a deprivation-based inequality in emissions from all major polluting sectors including road transport, domestic combustion, off-road
machinery, industry and point sources. Below national scale, inequalities in NOx emissions are observed in different regions and cities in England and
across land-use classications. This shows environmental inequality and may help guide policy decisions aimed at reducing it.
1. Introduction

Air pollution is an established danger to human health1–7 and is
associated with a wide range of poor health outcomes.
Furthermore, inequality in air pollution exposure based on
demographic factors is a global issue, with evidence from
Europe,8 Korea,9 Australia,10 Ethiopia,11 Latin America12 and
China13 showing that disadvantaged populations have higher
ambient concentrations of a range of air pollutants.

Within the UK, a variety of analyses of this inequality have
been undertaken. NOx is the combined measure of nitric oxide
(NO) and nitrogen dioxide (NO2) produced during high
temperature combustion, either from nitrogen present in the
fuel or nitrogen in the air which reacts due to the high
temperatures. NOx concentrations have been shown to have
a strong correlation with the percentage of households in
k, York YO105DD, England, UK
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poverty14 and area deprivation15 in England and Wales. The link
between households in poverty and NOx concentrations was
shown to have strengthened since a similar study from 2003
(ref. 16) which showed a link between ambient NOx concen-
trations and the percentage of households in poverty. Addi-
tionally, linking MOT data and car ownership14 showed that
areas with a lower percentage of households in poverty were
likely to be responsible for higher vehicle based emissions of
NO2 despite their low residential concentrations, with the
emissions occurring in poorer areas. London has also been
investigated on it's own, with the London Travel Demand Survey
used to compare residential and personal exposure to PM2.5 and
NO2, derived through modelled concentrations17 with house-
hold income. This showed decreasing levels of air pollution at
place of residence as income increased, but the inverse applied
when calculating personal exposure, with the increased use of
car, train and underground travel by higher income individuals
being a driving factor in this trend.

The indices of multiple deprivation (IMD) is an index used by
the UK Government to quantify deprivation in England. It ranks
deprivation using a range of measures and then combines these
Environ. Sci.: Adv., 2023, 2, 1261–1272 | 1261
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into a unied metric and has previously been used to examine
socioeconomic inequalities in ozone and particulate matter
concentrations in England.18 The IMD score is determined by
combining individual indices of deprivation with the following
weightings:19 income deprivation (22.5%), employment depri-
vation (22.5%), education skills and training deprivation
(13.5%), health deprivation and disability (13.5%), crime
(9.3%), barriers to housing and services (9.3%), living environ-
ment deprivation (9.3%). Use of a combined metric allows for
deprivation that wouldn't be visible through simply looking at
income, to be observed.

A variety of methods have been used to determine ambient
concentrations of NOx in previous inequality studies. The most
commonly used are air pollution models, ground level moni-
toring stations and satellite observations. Air pollution models
have a variety of forms, and land use regression (LUR) is the
most prevalent for determining ground level NOx for this
application. In an LUR model, factors such as the population
density, amount of traffic and presence of industry in an area
are used to estimate pollutant concentrations. This allows the
coverage of a wider area than direct monitoring as the required
information is more routinely collected and doesn't require
specialist monitoring equipment. LURmodelling has been used
in a range of inequality studies investigating both NOx

concentrations and exposure.8,11,20 Satellite observations have
also been used to investigate inequality in NOx concentrations
and exposure.21,22 These use light scattering across different
wavelengths to detect compounds such as NOx, although they
are limited to areas observed by satellites with appropriate
equipment, and are less accurate than ground level observa-
tions. Monitoring stations provide the most accurate measure-
ment of ground level NOx, but their coverage across the UK is
limited by the cost and practicality of deployment.9 As al these
methods have advantages and drawbacks, some studies use
a combination.4,10

Emissions inventories provide greater discrimination of
specic sources and sectors contributing to pollution when
compared to the use of ambient measurements and LUR
models, which reect the accumulated effects of all sources.
Emissions estimates are generated for all locations within
a given country, in this study at 1 km × 1 km resolution, and
hence the geographic coverage and resolution of inventories
generally far exceeds observational data at this time. This study
takes a novel approach, using the UK National Atmospheric
Emissions Inventory to examine how each emission sector
contributes to inequality in NOx emissions. NOx is a relatively
short-lived air pollutant with an atmospheric lifetime of the
order of a few hours which contrasts with other pollutants such
as PM 2.5, ozone or carbon monoxide that have lifetimes of
many days to several months. A consequence of a short atmo-
spheric lifetime is that the pollutant is concentrated in air close
to its point of emission and as a result emissions and concen-
trations follow one another reasonably closely. Focusing on
emissions allows a determination of the source sectors that give
rise to local inequalities.

Due to the signicant rate of change in total air pollution,
and contributing sources, continually updated research and
1262 | Environ. Sci.: Adv., 2023, 2, 1261–1272
informed adaptation of the measures used to combat it is
necessary. Examples of this include the frequent updating of
the European emission standards for vehicles which have been
through 7 stages since 1992, with the most recent standard,
Euro 7 due to be implemented in 2025. There has been an
almost complete elimination of coal red power in the UK over
the last 20 years, another example of a major change in emis-
sions. This evolving landscape of emissions has the potential to
change the prevailing drivers and locations of air pollution
inequality. In this study we combine the latest UK emissions
estimates of NOx (with sectoral resolution) with 2019 Index of
Multiple Deprivation (IMD) metrics for the UK population. A
range of factors not previously considered in the literature are
also used. By using existing geographical distinctions such as
county/unitary authority and city, the localisation of effects and
their consistency across the country is investigated. The Rural
Urban Classication (RUC) of areas is also utilised, enabling
comparison between eight land-type categories that range from
sparsely populated rural areas to urban population centres.
Inequality within each RUC is also investigated. Finally, the
links between population density, deprivation and NOx emis-
sions are investigated.

2. Method
2.1. Information sources

Annual NOx emissions data for the year 2019 at a 1 km × 1 km
resolution was obtained from the UK National Atmospheric
Emissions Inventory (NAEI).23 Emissions data was used as it has
national spatial coverage at a resolution that was appropriate
for comparison with population deprivation data and it is
differentiated by source, allowing exploration of drivers of any
trends identied. The emissions within each grid box are
calculated by multiplying an emission factor by activity data for
each contributing source type. This is calculated by either an
empirical (based on observed/reported emissions from the
activity) or on a stochiometric (e.g., an amount of pollutant will
be released per tonne of fuel burnt) basis. The total emission
values for NOx have an uncertainty score of 2, which is classed
as24 “Use [of] grids which is based on good, relevant, data at
high level of denition but with maybe some minor shortcom-
ings (e.g., road transport & population emissions)”. There is an
uncertainty of 9.2% associated with the average NOx emissions
in this data-set.25

Emissions data from 2019 was used as this was the most
recent dataset available that was not impacted by the response
to the Covid 19 pandemic, which lead to national and localised
‘lock-downs’ resulting in greatly reduced road transport26–28 and
potential impacts on other source sectors. An analysis using
2020 data was fully consistent with all general trends and
conclusions of this work, however, the absolute emissions,
particularly from transport, were signicantly lower.

Deprivation statistics from the 2019 census19 were used as
this was the most up to date available and coincided with the
year used for emissions. Emissions and population data were
mapped on to geographic areas dened as Lower Layer Super
Output Areas (LSOA). These are a geographic hierarchy
© 2023 The Author(s). Published by the Royal Society of Chemistry
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designed to improve the reporting of small area statistics in
England and Wales. Each LSOA is shaped so it represents
approximately 1600 people, and they are typically between 0.1
and 2 km2 in area. There were 32844 LSOAs dened in the 2011
census areas, which are used here with 2019 deprivation data.
LSOA geometries were obtained from the national archives;29

city30 and county31 designation and the Rural Urban Classica-
tion (RUC)32 for each LSOA were obtained from the office for
national statistics.

NOx emissions were used an indicator for NO2 pollution to
which people who live in a particular area may be exposed to.
Unlike concentration measurements, emissions data is re-
ported on a regular grid that covers the whole of England and
can be directly related to deprivation data using LSOAs. Addi-
tionally, as many government policies focus on reducing emis-
sions from particular source sectors, actions that seek to reduce
inequalities in pollution exposure are largely focused on this
measure of pollution.

2.2. Linking NOx emissions to population data

To investigate links between IMD and NOx emissions, the rst
step was to use a common feature that could be used to connect
them. This was done by using pre-dened LSOA geographical
areas associated with population census data24 that could be
mapped on to the emissions inventory as they shared the same
coordinate system (OSGB 1936), in turn allowing for the annual
emissions within that LSOA to be calculated.

The programming language R33 was the chosen statistical
analysis tool, drawing on a range of pre-existing packages that
expand the relevant functionality. The package exactectractr34

was used to calculate the mean emissions for each LSOA. This
was matched to the IMD decile and other associated statistics
then passed through automated processing and the package
ggplot2 (ref. 35) to produce graphs. A ow-chart of this process is
included in the ESI: Fig. 1.†

The rst step of data processing was reading the .asc les
from the inventory as raster objects using the rast function from
the package terra.36 The shapele describing the LSOAs was
then read as a series of vectors describing the shape of each
LSOA using the function vect, from the package terra.36 The
mean value of NOx emissions within each LSOA was calculated
using the function exact_extract from the package exactex-
tractr.34 Further data processing used a variety of functions from
the tidyverse37 collection of packages. Graphs were created using
ggplot2 (ref. 35) with extended functionality from ggpubr,38 given
accessible colour scales using viridis39 and saved using the ragg40

package.

2.3. PRAWNS package

To make the analysis reproducible, and ensure the method is
accessible for anyone wishing to perform similar analysis, the
code used was compiled in a package for Pollution Raster
Analysis With National Statistics (PRAWNS) which is now
publicly available.41 This package contains vignettes explaining
the uses of the existing functions and an explanation of the
methods used to create each graph. The packages sf42 and stars43
© 2023 The Author(s). Published by the Royal Society of Chemistry
were also used to enable exibility in the input data format.
Compilation of PRAWNS used roxygen2 (ref. 44) and devtools.45

2.4. Treatment of NA values

Cells containing NA values, present only in the energy production
(8% missing values) and industrial combustion (0.3% missing
values) categories were treated as not existing in this step,
meaning that the value returned is the mean across all non NA
area within each LSOA. This leads to a discrepancy between the
total and apparent sum of sources in Fig. 8 due to the propaga-
tion of NA values present in industrial sources: when calculating
the average emissions for each source, cells with NA values are
ignored; whereas the total emissions value in the source data-set
treats these values as 0 when calculating the sum of all emission
sources. As altering the treatment has negligible effect on all
other ndings in this paper, NA values have been excluded.

2.5. Land-based classications used

For analysis, four different land-based classications were
applied to the data. The rst two were geographic: the city and
county/unitary authority that each LSOA fell within. This
allowed the localisation of inequalities to be evaluated at a level
of granularity broadly comparable with regional and local
government. The third grouping variable applied was the Rural
Urban Classication (RUC)32 of each LSOA, as this allowed for
a national comparison of inequalities effects between cities and
rural areas or towns. The fourth classication was the physical
area extent of the LSOA (km2), which serves as a proxy for
population density as LSOAs are designed to have the same total
population (LSOA size f 1/population density). As population
density is easier to understand intuitively, this term will be used
in the discussion, but LSOA size is used in the graphs to remove
the need for a conversion factor. Within the land-based classi-
cations, links between deprivation and NOx were investigated.
This involved use of linear models where appropriate, and the
creation of graphs to better visualise the information gained.

2.6. Evaluation of linear models

A linear model was tted to the values of NOx emission in every
LSOA which are associated with each IMD decile. The rela-
tionship between IMD and NOx emissions is shown in Fig. 3
using a linear regression line derived from this model. However,
this fails to convey the large variance from this line, so a box and
whisker plot was added to show the distribution of values. Due
to the large spread of emissions and the long tail in the distri-
bution as discussed in Section 3.1, the standard method of
plotting whiskers using a function of the interquartile range
was rejected in favour of extending the top and bottom whiskers
to the 90th and 10th percentiles respectively.

To assess whether the correlations observed at the national
level were the result of the high number of observations, the
dataset was randomly split into smaller chunks of 73 observa-
tions per chunk and regression analysis was performed on each
of these. The resulting vector of p values was adjusted to account
for false discovery rate using Benjamini and Hochberg's
method46 to account for multiple testing effects. A signicance
Environ. Sci.: Adv., 2023, 2, 1261–1272 | 1263
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rate of 0.05 was used. To ensure these results were not coinci-
dence based on the seed used for the random assignment, 10
different seeds for the random number generator were used and
the trends described were consistent across all of them.

Inequalities in the emissions concentrated in each
geographic area are quantied here as the difference between
the average absolute NOx emissions experienced in LSOAs in the
highest decile for IMD and those experienced by LSOAs in the
lowest decile by IMD. This difference is calculated in several
different ways, rstly as a simple difference between the average
emissions estimate for LSOAs in the highest decile by IMD and
the lowest decile by IMD. This quantication may not fully
represent the trend in emissions change moving from highest
to lowest deprivation decile. So the inequality is also repre-
sented by tting a linear model to the average emission esti-
mates for each deprivation decile and using that to calculate the
difference between the most and least deprived deciles, and
using linear regression of the entire data set.
3. Results and discussion
3.1. NOx emissions in England

The distribution of mean annual NOx emissions by LSOA is
right skewed, and there are two peaks in the frequency distri-
bution (Fig. 1). This clear skewing of the data is important to
consider in later analysis, as neither measure of central
tendency (mean or median) is fully representative of the spread
of the data. This has implications for later interpretation of the
scale of inequality in the geographical distribution of emissions
as the average values will be considerably lower than the highest
emissions experienced.
3.2. Inequalities in emissions sectors across England

3.2.1. Establishing links to IMD. The mean and median
emissions for each major NOx emission sector show the
national scale connections between sectoral emissions on a per
km2 basis and IMD when aggregating data from all LSOAs in
England (Fig. 2). There are many LSOAs in London due to the
high population density and the capital also experiences high
levels of pollution emissions, meaning it has a signicant
Fig. 1 The frequency distribution of mean total annual NOx emissions
across all LSOAs in England based on 2019 data from the UK National
Atmospheric Emissions Inventory, cropped to the 99th percentile.

1264 | Environ. Sci.: Adv., 2023, 2, 1261–1272
inuence on the national picture. The results were plotted both
with and without London to demonstrate that the trend
observed was not driven solely by the situation in London itself,
and to isolate the effects of London from the rest of the data.
With London included, the inequality slope goes from 22–9
tonnes NOx km

−2 whereas without it the slope goes from 19–7
tonnes NOx km

−2. This is a decrease in absolute inequality but
an increase in relative inequality from 59% to 62%.

Using the total emissions estimates averaged across all
LSOAs in England by deprivation decile, geographies repre-
senting the least deprived decile experienced on average 44%
less median annual NOx emissions compared to the most
deprived decile, 55% less when the difference is calculated
using a linear t through themedian points, and 57% less when
calculated using linear regression of the entire data set. This
demonstrates that at a national level there is a high degree of
inequality in the distribution of NOx emissions.

Almost all sectoral emission sources showed lower NOx

emissions in less deprived deciles. This highlights that the
inequality is driven by multiple different sources. The excep-
tions to this are agricultural and natural emissions, which are
both very minor emission sectors in terms of tonnes per year.
Each source sector with annual emissions above 0.1 tonnes per
km2 has a reduction of at least 25% in emissions magnitude on
a regression line plotted when going from the most to least
deprived decile.

Since the emissions are skewed, the LSOAs with the highest
10% of emissions in each decile were compared (ESI: Fig. 2†).
This showed more extreme inequality, with a percentage
difference of 60%, and an absolute difference of 37 tonnes per
km2 when looking at the values for total emissions on
a regression line at the most and least deprived deciles, more
than triple the absolute difference when looking at the whole
population. There was a higher increase in the mean compared
to the median for more deprived deciles, showing that more
deprived areas experience more high emitting outliers.
Inequality associated with road transport decreased when
compared with the entire population. The absolute inequality in
all other major sources increased when compared with the
entire population. This effect grew larger if a lower percentage
of the highest emissions (e.g., the highest 5% in each decile) was
selected, with inequalities associated with all sources but road
transport becoming more extreme.

Many previous studies on pollution inequalities have
focused on the role played by proximity to road transport
emissions;14,20,26,47–49 while this is well justied as this is
currently the largest single NOx source for most areas, our
analysis shows that other sources also contribute to inequalities
in emissions of NOx. This has important implications for future
inequality. While NOx emissions from road transport are likely
to reduce over time assuming, electric vehicles become a larger
proportion of the vehicle eet, inequalities will continue to
occur, driven by the uneven distribution of emissions from
sectors such as domestic combustion and industrial sources.
Future policies for domestic heating and industry will need to
consider whether they have the potential to widen those
inequalities, or to reduce them.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Themean andmedian emissions of NOx by LSOA across England formajor source sectors, the averagewithout London is also shown. The
category “Other sources” is the combination of the source sectors: agricultural; energy production; industrial combustion; industrial
combustion; solvents; natural; and point sources.
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3.2.2. Strength of the relationship between IMD and
emissions. In the underlying data each IMD decile is associated
with many LSOAs which have signicant differences in NOx

emission. This results in a high root mean squared error
(RMSE) of 18 tonnes per km2, which reduces to 7.2 tonnes per
km2 when points above the 95th percentile are removed from
the RMSE calculation as compensation for the high skew in the
data. Whilst this value is still of the same order of magnitude as
all points on the line, it is lower than the difference between the
maximum and minimum values. Further evaluating the error,
the residuals were plotted on a histogram, showing a skewed
Gaussian distribution of residual errors (ESI: Fig. 3†), the skew
reects that of the data, and the Gaussian distribution validates
the use of a linear model. The exceptions to this were agricul-
ture, waste treatment and disposal, and energy production.
These sectors only formed a very small portion of the NOx total
this was not investigated further. Plotting the residuals against
IMD decile also showed nothing indicating that a linear model
was inappropriate (ESI: Fig. 4†). R2 values for the tted regres-
sion lines are low (R2t; 0.1), as a model that predicts a particular
NOx emission for each IMD cannot explain the variability seen
in the real data; R2 is therefore a poor statistic to use in this
situation.50–54

To assess whether the correlation was simply the result of the
high volume of data, regression analysis was performed on
random samples (n = 73) and p-values were calculated,
accounting for false discovery rate using FDR (ESI: Fig. 5†). For
the sectors energy production, industrial production and point
sources no samples had a signicant link, reecting that the
linear correlation observed in these sectors is weak. For total
emissions, and the sectors road transport, domestic combus-
tion, waste treatment and disposal, and solvents, themajority of
p-values were below 0.05. This shows that even on a small
© 2023 The Author(s). Published by the Royal Society of Chemistry
sample of the data, using a straight line with a non-zero
gradient is a signicantly better t than a at line with
a gradient of 0. The sectors industrial production and other
transport and mobile machinery had some p-values below 0.05,
and skewed towards lower p values. Doubling the sample size
resulted in the majority of p-values for these sources falling
below 0.05, showing that a linear model is somewhat appro-
priate, reected in how the linear regression line for these
sources, whilst not truly descriptive, shows reasonable align-
ment with the 75th percentile of emissions. The high RMSE and
low r2 values are to be expected for data summarising the wide
variety of regions in England. However, the Gaussian distribu-
tion of residuals and consistently low p-values show that a linear
model is valid and not the result of coincidence.

Fig. 3 shows the difference between the median and mean
emissions for each source sector. The mean is higher than the
median for all source sectors except waste treatment and
disposal, which reects that there are more extreme cases above
the median than below it. Emissions sectors where the median
and mean have a similar gradient but with an offset show that
these high emission cases are equally distributed indicating
that there is a similar chance of high emissions above the
average for each IMD decile.

Source sectors such as industrial combustion, industrial
production and other transport and mobile machinery show
a noticeable increase in gradient when using a linear regression
line rather than quantile regression through the median emis-
sions. This indicates that the high emission cases not reected
in the median are more frequent or of higher magnitude for the
more deprived deciles. This is also reected in the position of
the 75th and 90th percentiles for these emission sectors, which
decrease at a faster rate than themedian, showing that themore
deprived deciles skew towards higher NOx emissions. The
Environ. Sci.: Adv., 2023, 2, 1261–1272 | 1265
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values quoted so far have been for average values, but this
analysis indicates that the difference between the highest
emissions experienced by those in lower IMD deciles and the
lowest emissions in the higher deciles would be far greater. By
only considering average values those who experience the
greatest inequality are effectively excluded from the analysis.

Emission sectors where the median line tends to zero, such
as point sources, energy production and industrial production
reect that these are sources where more than half of LSOAs
have no associated emissions, resulting in a median value of 0.
In the more extreme cases, such as point sources and industrial
production, the 75th percentile is also 0 for some IMD deciles.
However, in these cases the 90th percentile being at a non
0 value and of the same order of magnitude as the regression
line for the entire dataset shows that the mean is still driven by
an appreciable fraction of the data rather than a tiny number of
edge cases so is still a relevant metric. Energy production is an
exception to this as the mean values are much larger than the
90th percentile, indicating that the observed trend is driven by
less than 10% of the data. This means that to remedy inequality
in energy production emissions it would be necessary to look at
the section of the population affected by emissions from energy
production and tailor measures to them rather than addressing
the population as a whole.
3.3. Regional and city-based trends

The inequality gradient of NOx emissions against IMD decile
produced by a linear model for each county or Unitary
Authority (UA) was calculated. These values were plotted on
a histogram (ESI: Fig. 6†). The p-values for each county/UA
were calculated to determine if a straight line with
Fig. 3 NOx emissions for all source sectors except offshore emissions for
extend to the 90th and 10th percentiles respectively, and dots represen

1266 | Environ. Sci.: Adv., 2023, 2, 1261–1272
a gradient of 0 was more appropriate than a straight line of
best t with the associated gradient. A p-value of less than 0.05
was treated as meaning the points had sufficient linear
correlation for the gradient to provide information on depri-
vation based inequality in the area. Overall, 66% of all
counties/Unitary Authorities had both negative inequality
gradient and a p-value of less than 0.05 indicating a signicant
correlation between emissions and deprivation for these areas.
For the remaining regions with a p-value of above 0.05 this
does not indicate that there is no inequality, but rather that
a straight line is inappropriate to describe any observed
pattern and individual assessment is required to determine its
extent, nature and cause. This shows that at least two in three
counties and unitary authorities in England have signicant
deprivation-based inequality in NOx emissions, and the true
number is likely higher.

Having established inequality within many regions, the next
step was to determine if there is inequality between regions.
Fig. 4 shows the average total NOx emissions for each county
and unitary authority, as well as the average IMD decile for
LSOAs contained within it. This reveals a general downwards
trend, meaning that more deprived regions are more likely to
have higher emissions. It also shows that there is signicant
variation between regions and looking at them individually
(ESI: Fig. 7†) further emphasises this.

Cities were investigated using the same procedures as used
for regions. Plotting the average deprivation for each city
against its emissions (ESI: Fig. 8†) showed similar results to
counties and unitary authorities, with more deprived cities
tending towards higher emissions. The inequality gradient
linking NOx emissions and IMD decile was calculated (ESI:
Fig. 9†) showing that a lower proportion of cities showed
LSOAs in England with London excluded. The top and bottomwhiskers
t the 90th percentile in cases where the 75th percentile is equal to 0.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Scatter plot linking the average total NOx emission and mean
IMD decile for all counties and unitary authorities in England. Counties
and unitary authorities within London are omitted. The blue line is the
line of best fit for linear regression using all points plotted. Each cross
in orange represents a single county or unitary authority. The boxplot is
split into 8 bins containing equal numbers of counties/unitary
authorities and uses standard procedures for plotting the whiskers.
The circular point in pink has an emission of 42 tonnes per km2.
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statistically signicant gradients to counties and unitary
authorities. This was likely because the smaller size of cities
leads to a greater variation in their emissions (ESI: Fig. 10†).
Many cities have large peaks in NOx emissions centred between
the 2nd and 4th decile, and as there is a good chance these are
centred on one geographic area, this suggests that targeted
measures could be effective at addressing emissions inequality
within individual cities.
3.4. Is inequality driven by the difference between rural and
urban areas?

Rural and urban areas typically experience different levels of
pollution55–57 and oen have different levels of deprivation on
a national level, although whether rural or urban areas are more
Fig. 5 The relationship between IMD decile and average NOx emissions

© 2023 The Author(s). Published by the Royal Society of Chemistry
deprived varies by country.58 Separating LSOAs by the Rural
Urban Classication (RUC) allowed for the exploration of the
contribution to national inequalities from inherent differences
between rural and urban areas irrespective of IMD. Total NOx

emissions were plotted against deprivation (Fig. 5) for each
RUC, allowing a comparison between them and the observation
of inequalities within each RUC. The deprivation and number
of LSOAs in each RUC was determined (ESI: Fig. 11†), and this
was used to determine how the differences between RUCs
contribute to national inequality.

The results showed that all of the classications that repre-
sent the majority of the population have a negative inequality
gradient (Fig. 5), showing that more deprived areas are likely to
experience higher levels of NOx emissions. For the classica-
tions urban city and town in a sparse setting; rural village and
dispersed; and rural village and dispersed in a sparse setting where
the gradient is not negative there is no linear relationship
between deprivation decile and NOx emissions.

The contrast between the RUCs urban major conurbation and
urban minor conurbation, which have high emissions and
substantial areas of high deprivation, and rural town and fringe/
rural village and dispersed, which have low emissions and
deprivation, contributes to national inequality. RUCs in a sparse
setting run counter to this, with low emissions and a tendency
towards moderate (deciles 3–5) levels of deprivation, however
they account for a small portion of the population so aren't
major contributors to the national picture. Urban city and town
on the other hand contains a large number of LSOAs spread
fairly evenly across deprivation deciles and features a peak in
population at the least deprived decile. However, as this is
a single peak rather than a skew the effect on the national
picture is muted. Overall, the difference between rural and
urban areas in terms of deprivation and emissions is shown as
a driver for national inequality.
for each rural urban classification (RUC) in England.
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Fig. 6 The mean and median total emissions of NOx by LSOA for
London and the rest of England with London excluded. The boxplot
represents LSOAs within London, and whiskers are calculated as the
10th and 90th percentile. The orange crosses represent the mean
emissions for each deprivation decile.
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3.5. London

London shows trends similar to the rest of England but at
higher base levels of NOx emissions (Fig. 6). The median
values for the rest of England fall below the 10th percentile of
London's emissions for the majority of deprivation deciles,
and the mean values fall below the 1st quartile in most cases.
It had higher absolute inequality than the rest of England,
with a difference of 13 tonnes per year between the most and
least deprived deciles on the regression line, as opposed to 12
tonnes per year for the rest of England. However, due to the
higher average NOx emissions this resulted in relative
inequality of 38%, lower than the 62% in the rest of England.
The gradient being identical for the mean and median values
within London shows that the distribution of outliers is
largely consistent across all deciles within London. This
contrasts with the rest of England, where the median
regression line has a steeper gradient than the mean. This
demonstrates that high NOx emission outliers are more
extreme for lower deciles in the rest of England, reecting
that large NOx point sources are less likely to be located in
London.
Fig. 7 Inequality in mean NOx emissions for different sizes of LSOA.
The division was made purely on the expanse of each LSOA so each
size bracket does not contain an even distribution of deprivation
deciles.

1268 | Environ. Sci.: Adv., 2023, 2, 1261–1272
3.6. The effect of population density on emission inequality

Population density has been shown to inuence levels of air
pollution,59,60 and this is also true for NOx emissions (ESI:
Fig. 12†). Since more deprived areas are more likely to have
a higher population density (ESI: Fig. 13†), this drives
inequality. To determine if inequality is driven only by pop-
ulation density, LSOAs were grouped by size, and the trend in
total emissions by deprivation decile plotted (Fig. 7). This shows
that inequalities persisted across all sizes of LSOA, and that
there was a greater deprivation-based emission inequality
between larger LSOAs than between smaller ones. Most
pronounced is the drop in emissions from the 3rd to 4th decile
for the largest 20% of LSOAs, which was signicant enough to
warrant further investigation. This revealed that point sources
produced the bulk of emissions for the more deprived deciles
but had negligible effect on any beyond the 4th decile in the
largest LSOAs (ESI: Fig. 14†). Additionally, the most deprived
LSOAs between 0.42 and 2.9 km2 had higher average total
emissions than their equivalents in smaller, more densely
populated LSOAs. This shows that population density, and
therefore activities associated with permanent residents of the
area, is not the sole driving factor behind NOx emissions.

To better understand why emissions were relatively static
regardless of population density for the most deprived LSOAs,
emission sources were aggregated into road transport; indus-
trial sources; and other sources, then plotted against LSOA area,
with only the most deprived 20% of LSOAs selected (Fig. 8). The
emissions from road transport, and sources associated with
population density (listed as other sources) remained largely
constant for the smallest 70% of LSOAs before dropping, which
is to be expected due to the link between LSOA size and pop-
ulation density. In contrast to this, emissions associated with
industry began to increase aer the smallest 40% of LSOAs. This
shows that industry is responsible for the extreme inequality in
NOx emissions for the largest LSOAs shown in Fig. 8.

Whilst road transport is the single largest source of
deprivation-based inequality in NOx emissions on a national
Fig. 8 The change in contributions to total NOx emissions for the
most deprived 20% of LSOAs. Other transport is the combination of
natural sources; agricultural sources; other transport and mobile
machinery; and domestic combustion. Industrial sources is a combi-
nation of solvents; energy production; waste treatment and disposal;
industrial production; industrial combustion; and point sources.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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level, industrial sources drive extreme levels of inequality in less
densely populated areas.
3.7. Limitations

Whilst the short lifetime of NOx leads to a strong connection
between local emissions and local ambient concentrations, they
aren't equivalent, there will be some movement of NOx between
LSOA inuencing the gradients observed. Personal exposure is
also not represented, for example individuals from higher IMD
deciles may travel through or work in LSOA with high emissions
and a low IMD score. The inverse may also be true, but
accounting for transport and workpattern, rather than simply
place of residence, whilst possible17,61 is challenging to achieve
for the population as a whole since at a national level no data-
bases are compiled linking factors such as place of work or
education to transport method and place of residence. The
elevation of some point sources using chimneys or stacks
changes how their emissions affect the local population, and
this is not considered.

Air quality is a component of the IMD, although it is small, as
demonstrated below. The living environment domain forms
9.3% of the IMD, and a third of this is allocated to the outdoor
environment, which is split in half and attributed to road traffic
accidents and air quality. NO2 is one of four pollutants with
equal weighting included in the air quality metric in the IMD.
This leads to NO2 forming only 0.4% of the total IMD ranking,
which, when combined with the loss of resolution inherent to
sorting by deciles, means that the impact of NO2 in the calcu-
lation of the IMD is insufficient to drive any appreciable
numeric circularity.
4. Conclusions

NOx emissions in England have a signicant association with
the IMD composite measure of deprivation, with more deprived
areas experiencing higher average NOx emissions. This persists
across all emission sectors with the exceptions of agricultural
and natural emissions, which are both small; and offshore
emissions which were excluded as irrelevant to land based
populations. The observations are consistent with analysis of
inequality in NOx concentrations in England,14,15 and with
international ndings about socioeconomic inequality in NOx

exposure. However, the use of emissions instead of concentra-
tions, and the high resolution of the geographic groupings
compared mean there are no comparisons that can be made to
previous literature.

Regional inequalities exist, with more deprived regions
having greater overall NOx emissions, but inequalities also exist
within regions. Two thirds of the counties and unitary author-
ities in England show signicant deprivation-based inequality
in NOx emissions. While there is a high degree of variability in
the trends seen for individual cities, the same overall patterns
are observed: emissions increase with increasing deprivation,
and this inequality exists both within individual cities and
between them.
© 2023 The Author(s). Published by the Royal Society of Chemistry
The differences between average emissions for LSOAs within
each rural urban classication (RUC) were identied as a driver
of national inequality, as RUCs with more deprived LSOAs
tended to have higher emissions and vice versa. Each RUC that
was not sparsely populated contained deprivation-based
inequality in NOx emissions. This shows that whilst the differ-
ence between cities and the countryside does drive inequality,
those in more deprived areas will likely have worse air quality
regardless of whether they are surrounded by trees or traffic
lights.

Population density was shown to contribute to inequality as
less densely populated areas were likely to be less deprived and
have lower average NOx emissions. However, inequality was
shown to persist across different population densities, and
became larger in less densely populated areas. This was a result
of point sources and industry having disproportionate impact
on the most deprived large area LSOAs. Overall, this study
demonstrates that deprivation-based inequality in NOx emis-
sions is widely experienced and exists both within and between
most geographical groupings of data. It also shows that factors
beyond road transport, which is oen the focus of air pollution
inequality studies, are important drivers of NOx air pollution
inequality. Many non-road emission sectors cause inequality in
the distribution of NOx emissions, and in specic situations,
like point sources in rural areas, this inequality is extreme. The
analysis speaks to the need for city and regionally appropriate
emissions reduction strategies if the reduction in inequalities is
a major policy motivation. It is important to note that the trend
and scale of inequality are determined using average values,
and that higher inequality is observed between the highest
emitting areas in each deprivation decile.
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