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ABBREVIATIONS AND ACRONYMS

APM Ambient particulate matter
AQI Air quality index
COPD Chronic obstructive pulmonary disorder

COVID-19 Coronavirus disease 2019

DALY Disability-adjusted life year

DHS Demographic and Health Surveys

GBD Global Burden of Diseases

GDP Gross domestic product

ICD-10 International Statistical Classification of Diseases and Related Health Problems, 10t revision
IHD Ischaemic heart disease

IHME Institute of Health Metrics and Evaluation

PAF Population attributable fraction

PM, Concentration of particulate matter with diameter <2.5 um
PM, Concentration of particulate matter with diameter <10 um
TFP Total factor productivity

usD United States dollar

WHO World Health Organization

YLD Years of life lived with disability

YLL Years of life lost



SUMMARY

The aim of this project was to estimate the impact of air pollution on morbidity and mortality in Ukraine,
the economic consequences of the loss of health, and create tools and projections that help to estimate the
impact of interventions aiming to improve air quality. The analysis was done primarily using data from the
Global Burden of Disease (GBD) database (https://ghdx.healthdata.org) and other publicly available datasets
on air quality, economic indicators and health determinants.

According to the most recent data from the World Air Quality Index project (https://agicn.org/), air quality in
Ukraine is suboptimal: measurements for concentration of particulate matter with diameter <2.5 um (PM,,)
above 55 pg/m?, the threshold for unhealthy air quality, are commonly observed in all major cities, and values
above 150 pg/m?3(considered as very unhealthy air quality) are also not uncommon during the winter season.
In 2019, 42,900 premature deaths and 953,500 disability-adjusted life years (DALYs) were estimated to
be attributable to PM, , exposure. According to the GBD data, this corresponds to about 10% of all morbidity
and mortality.

The health conditions most commonly affected by poor air quality are cardiovascular diseases (ischemic
heart disease, stroke), respiratory diseases (lower respiratory infections, chronic obstructive pulmonary
disorder), tracheal, bronchus and lung cancer, and diabetes mellitus type 2 (source: GBD). The GBD
analysis was based on estimated relative risks of PM,_ exposure and other key determinants (smoking,
physical exercise, selected dietary habits and metabolic factors) on these key outcomes. The risk ratios
were implemented into a regression model to project the incidence and prevalence of the six conditions
mentioned above. In the large cities of Ukraine where the air quality is clearly suboptimal, improving the
quality of air to a level considered as “good” could prevent up to a third of all strokes and cases of
chronic obstructive pulmonary disorder.

An economic model, based on the human capital augmented Solow model, was developed to estimate the
economic impact of air pollution related mortality and morbidity. The model’s main output is the total annual
gross domestic product (GDP) of Ukraine, which is calculated based on the human capital (proportional to
labour force) and physical capital stock. The model was parameterised with publicly available data from the
GBD, World Bank (https://data.worldbank.org/), Penn World Table (https://www.rug.nl/gagdc/productivity/
pwt/?lang=en), and International Labour Organization (https://ilostat.ilo.org/) databases. A future projection
using this model revealed that a constant gradual improvement in the air quality, aiming at the WHO
recommended level by 2030, would bring about 100,000 additional person-years of labour force by
2035. This would correspond with almost 3.5 billion USD increase in the economic output in one year by
2035.

This analysis is subject to a number of limitations, particularly related to the ongoing conflict and its impact
on Ukraine’s demographic, health, environmental and economic development. The results of this analysis
nevertheless give insights on the magnitude and processes on how better air quality can impact people’s
health, quality of life and eventually the wealth. The cumulative gains in economic output mean that
investments of several billion USD in better technologies or other ways to substantially reduce the pollution
can pay themselves back in the foreseeable future.


https://ghdx.healthdata.org
https://aqicn.org/
https://data.worldbank.org/
https://www.rug.nl/ggdc/productivity/pwt/?lang=en
https://www.rug.nl/ggdc/productivity/pwt/?lang=en
https://ilostat.ilo.org/
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Air pollution is estimated to result in about seven million deaths globally every year.(7) Air pollution can be
roughly divided into two major categories, ambient pollution and household pollution, with about 4 million
deaths being globally attributable to both. The World Health Organization (WHO) estimates that 99% of
the world’s population lives in areas where the air quality exceeds the limits set by the WHO guidelines.(2)
Whereas household pollution affects predominantly people living in resource-limited settings, ambient air
pollution, to a large extent caused by emissions from the industry and energy production, affects most parts
of the world.

Ukraine is one of the countries most heavily affected by air pollution in Europe. In 2017, the mean annual
exposure to ambient atmospheric particulate matter with a diameter of <2.5um (PM,,) was 20.3 pg/m’,
ranking 9 highest in Europe.(3) Although there is a broad range of data sources related to the health and
other impacts of air pollution — likely the most comprehensive being the Global Burden of Disease (GBD)
database (4) - these data have also several limitations. The attributable factor alone does not imply that the
associated mortality and morbidity would be preventable, as most health conditions depend on multiple
factors through a complex network of causal relationships; this facto may thus overestimate the true level of
health benefit that can be achievable with interventions targeting air quality. The national-level estimates do
not take into account the geographical heterogeneity, and may substantially underestimate the true burden
in the heavily industrialized areas particularly in eastern Ukraine. Importantly, estimates of the economic
consequences of pollution are not available in a consolidated form.

The aim of this project is to conduct an evaluation of health impacts and social costs associated with air
pollution in larger urban areas of Ukraine according to the Terms of Reference. The specific objectives are as
follows:

1) Examine the present situation on air pollution and quantify the attributable health burden, both
nationally and to a feasible extent in different regions of Ukraine;

2) Estimate the economic loss related to the health conditions impaired through air pollution; and

3) Make future projections for the health and economic burden under various scenarios related to
interventions on air quality

This intermediate report presents a description of the first preliminary findings and methods that have been
developed. Sections 2.1 to 2.4 an introduction to the terms, concepts and methodology used in this analysis.
The subsequent sections include a description of the key data sources (Section 2.5), descriptive analysis of
the air quality and associated health burden (Section 3.1), and two tools: a regression model for calculating
the risk of air pollution associated health problems (Section 3.2), and an economic model for calculating the
economic consequences of air pollution related loss of health (Section 3.3). Finally, in Section 4, a discussion
on the interpretation and potential limitations of the analysis is presented.
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2.1 Air quality

Air pollution is defined as the contamination of the indoor or outdoor environment by any chemical, physical
or biological agent that modifies the natural characteristics of the atmosphere.(7) Pollution can be divided
into ambient air pollution (which covers all types of pollution occurring in outdoor spaces) and household
pollution.Whereas household pollution continues to be a major problem particularlyin many underdeveloped
settings, it is less of a concern in areas like Ukraine with relatively developed infrastructure. Therefore, this
study will focus mainly on ambient pollution.

Ambient pollution consists of numerous types of matter, of which however the most essential ones are
particulate matter and ozone. Particulate matter levels are measured usually using the concentration of
particles with a diameter below a set limit. The most commonly used indices are the concentrations of ambient
particulate matter with diameter less than 2.5 um (PM, ) and with diameter less than 10 um (PM, ).(5) In this
study, the focus will be on PM_ , although the analysis could be also easily converted to other indicators such
as PM, S ora composite index. The sources of PM_ , particles are various including both anthropogenic (e.g. the
use of solid and liquid fuels industry, power plants, transportation, and heating) and natural (e.g. wildfires,
volcanic eruptions).(7,6) Due to their microscopic size, PM, , particles stay in the air for prolonged durations
of time.

Air quality can be measured using either a single indicator such as the PM, , concentration, or composite
indexes that take into account different determinants of air quality including PM, ; but also other factors. For
example, the air quality index (AQI) used in the United States uses a 500-point scale depending on particulate
matter, ground-level ozone, carbon monoxide, sulphur dioxide and nitrogen dioxide concentrations.(7) The
AQI levels are further categorized into six levels: green (good), yellow (moderate), orange (unhealthy for
sensitive groups), red (unhealthy), purple (very unhealthy), and maroon (hazardous; Table 1). Although other
scales have been developed and adopted by different countries, a categorization according to the AQI will
be adopted in this study due to its wide application and compatibility with the direct indicators such as PM, ..
Table 1. Levels of health concern related to air quality according to Air Quality Index (AQI) by the United States

Environmental Protection Agency. The table shows the levels of health concern and the respective ranges of ambient
particulate matter of diameter <2.5 um concentration (PM, ) and the AQl score.

PM, , score (pg/m?) AQIl Level of health concern
12.1-35.4 51-100 Moderate

301-500 Hazardous
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Health burden is commonly measured in disability adjusted life years (DALYs). DALY is a concept that integrates
both lifetime lost due to premature death, and lifetime lived with disability or other condition that seriously
affects the ability to participate and contribute to the society. Briefly, DALY is defined as the sum of years
of lifetime lost (YLL) and years of life lived with disability (YLD).(8) YLL is calculated as the difference of actual
time of death and the longest possible life expectancy of a person at that age in the given country. The latter
is defined using the country-level estimates from the World Population Prospect projections for 2050. YLD
is determined by multiplying the lifetime lived with a certain health condition by a disability weight that
reflects the severity of the disease.

In this project, DALYs will be used along with the number of premature deaths and the disease-specific
indicators (incidence, prevalence) as the main measures of health burden. In addition, the components of
DALY (YLL and YLD) will be used as input parameters to the economic model where they are used as proxies
for lost and/or potentially gained contribution to the labour force.

Although the Global Burden of Disease study itself contains a sophisticated statistical model, it has several
limitations that call for a simplified approach to be applicable in the present study. The GBD models contain
only national level estimates, being unable to escribe the national variability and the potentially enormous
burden in the heavily affected industrial areas of Ukraine as well as a geographically large and heterogeneous
country like Ukraine. Furthermore, as some areas of the country are at present war zone, the veracity of
the data is difficult to ascertain. For the purpose of preventing air pollution associated health problems, a
simplified approach focusing only on the key and/or preventable co-factors can be of advantage.

A statistical framework for estimating and projecting the conditions that are strongest associated with air
pollution was therefore constructed. For this purpose, data from the Global Burden of Disease database was
reviewed to identify the health conditions that are essentially affected by air quality, as well as the other co-
factors that are associated with these diseases. A simple linear regression model, including only age
(categorized into 5-year bands) and sex as co-factors, is first fit to the prevalence and incidence data on each
identified health condition. Next, the model is adjusted by including other co-variables using relative risks
from the GBD database. The relative risks are converted into regression coefficients; as the health conditions
in question can be expected to be sufficiently rare, it is possible to estimate that the relative risks and odds
ratios are also sufficiently close to each other. Interaction terms between age, sex and other covariables are
included if suggested so in the GBD data and if feasible according to available data. The original coefficients
for age and sex are then adjusted so that the observed overall incidence or prevalence of the condition can
be reproduced using the full model. The full model can be represented in the usual form

n

log¥ = o + me +Ziﬁu)ﬂ-j

i=1j=1

where Y is the outcome of interest (incidence or prevalence of the target health condition), 8, and Bij the
regression coefficients of individual variables and their interactions, respectively, and X, the covariables
that may be either continuous or categorical. In the present study, air quality (measured through mean
PM, . concentration) was always considered as a continuous variable; other variables were dichotomized
in a feasible way or dummy variables were used. For age, only categories from age 15 years upwards were
considered and children below the age of 15 were thus not considered in the analysis.
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The resulting models were applied for various situations. The models were applied for year 2022 in selected
Ukrainian cities using the local population size and mean PM_, concentration. The ten largest cities in the
territories under Ukrainian government’s control as of 2021 were included; cities for which air quality data were
not available or insufficient were excluded. The achievable relative reductions in incidence and prevalence
were calculated for each city under the assumption that the mean PM, , concentration could be suppressed
to a set target (using the threshold values of the AQI categorization as targets). In a national-level analysis, the
annual incidence and prevalence of each condition were estimated for the time period 2022-2035, assuming
either that the mean PM, , will remain constant, or that a gradual decrease to a set target (15, 10 or 5 ug/m3)
is achieved by 2030. The prevalence results of this projection for prevalence were also used as inputs into the
economic analysis presented in the next section.

Human capital approach is a widely used method to model the growth of a setting’s economy. It takes the
assumption that the human capital, i.e. the contribution of the labour force that is adjusted for the education
level, acts as a factor in the country’s economic growth.(9) This method can thus be used to quantify the lost
productivity due to illness in economic terms.

In this project the human capital augmented Solow model will be applied, as suggested by Arcand and
colleagues.(70) A country’s economic product Y, in year t can be determined according to the Cobb-Douglas
production function (77) as

Y, = VAtha(HtLt)ﬁ

where K_is the physical capital (which contains the infrastructure, equipment and other physical stock), L, the
labour force (proportional to the number of adults participating in the economic life, adjusted by age band
for experience and education level), H, the human capital index (country-level coefficient that reflects the
skills and productivity of the country’s work force), and A, the total factor productivity (TFP), a factor that is
used to explain the economic growth that is not attributable neither to physical nor to human capital (which
could, for example, reflect the overall technological development). The coefficient y is a constant that is used
to adjust the units in the formula; and the exponents a and 8 are elasticity parameters that essentially show
the relationship between the growth of the capital and the output. In this study, the condition a+8=1 is
applied, i.e. the output will always grow at the same speed as the product of the two inputs. Therefore, it is
sufficient to use only a single parameter a and its complement 1-a.

TFP can be assumed to develop over time, i.e. it can be modelled as 4; = Ay,e9 where A,is the TFP at the
first year of the model and g a constant growth factor. At each year, the value of the existing physical capital is
depreciated by a rate § (assumed to be constant over time). A part of the year’s output (assuming a constant
savings rate s) is saved and moved into next year’s physical capital. The human capital, on the other hand,
depends on the health of the population. It is straightforward to include into the model a health intervention
component, where a part of the annual output is invested into healthcare, and the next years’labour force is
increased correspondingly.

The inputs from the regression model described in the previous section were used as input for the economic
model. Prevalence data in each scenario were converted into lost health by calculating for each age-sex group
the ratios of deaths per prevalent case, and YLD per prevalent case. Using this approach, the averted loss of
workforce was derived from the incremental averted deaths and YLD between the scenarios.
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The primary data source of this project is the Global Burden of Disease (GBD) database.(4) Maintained by
the Institute of Health Metrics and Evaluation (IHME), the GBD database contains annual estimates for DALYs
and their components and derivatives by age and sex group in all countries of the world, starting in 1990.
The dataset includes a total of 297 distinct causes of health loss that include non-communicable, infectious
and maternal/neonatal diseases (classified according to the 10" version of the International Statistical
Classification of Diseases and Related Health Problems [ICD-10]) and injuries. In addition to the direct causes,
GBD database includes estimates of the attributability to a total of 87 risk factors, among which are three
sources of air pollution — ambient particulate matter pollution, household pollution from burning solid fuels,
and ambient ozone pollution.(72) The attribution is estimated with the population attributable fraction (PAF):
the DALYs attributable to different causes may sum up greater than the total DALYs, as most direct causes are
influenced by more than one risk factor, which in turn may be causally related to each other. The database
contains also access to the input parameters. These include the estimated relative risks for all risk factors, as
well as the disability coefficients for each cause.

In Ukraine, a clear majority (93%) of all air pollution related health loss is due to ambient particulate matter
(APM) exposure.(4) Because of the additional fact that APM concentration (using commonly available indicators
such as PM,_or PM, ) can be collected from various data sources, the results of this report are restricted to
those related to APM. Exposure to household air pollution and/or ambient ozone can be addressed in a similar
way, however their impact on the overall situation in the context of Ukraine is negligible to that of APM.

Up-to-date real-time data on air quality is available from multiple sources. SaveEcoBot collects data on air
quality from various locations in Ukraine regularly.(713) The measurements take place in 283 stations located
in 134 distinct cities or towns that cover most of the country. For each location of measurement, the following
measures are calculated: PM,, exposure, PM,  exposure, temperature, humidity, air pressure, and air quality
index. Real-time as well as historical data are available also from the World Air Quality Index Project, which
covers a large number of stations located in various parts of Ukraine.(74) Historical data on measurements of
PM, and PM, are also available, mostly for a period starting in mid-2019, although the data have some gaps
particularly in 2021. These data were collected for the present analysis.

Population data is available through the Spectrum/DemProj software interface.(75) The model contains
population data stratified by age and sex for Ukraine, as well as projections for the future. Population sizes
for each city were adopted from the Ukrainian national census database.(16) Other co-factors (such as
smoking, certain metabolic factors and dietary habits) were extracted from various sources: dietary factors
were extracted from the Global Dietary Database data;(77) metabolic risk factors and physical exercise from
the WHO Global Health Observatory database;(78) and the Demographic and Health Survey (DHS) Program
data(79), which includes one survey done in Ukraine in 2007, was used to extract the prevalence of smoking
in each age group.
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According to the World Bank, the average annual PM, ; exposure in Ukraine in year 2017 was 20.3 pg/m>.(3)
Over the past years, the exposure has been following a moderately decreasing trend, from 24.0 pg/m? in
2011. Although this value is on a comparable level to many other European countries, it is still clearly higher
than the threshold value recommended by the WHO, which is 5 pg/m?, with the additional condition that
the 24-hour average should not exceed 15 pg/m?® more than 3 or 4 days every year.(2) In Ukraine, the entire
population (100%) is exposed to levels of PM, concentration above the WHO threshold. In contrast, in the
entire European and Central Asian region this proportion is estimated at 85.1% (2017), having decreased from
94% in 2011.

Seven out of the ten largest cities had historical air quality data available for the time period from 2019
until early 2022. The largest number of measurement stations were available in Kyiv (h=13) and Dnipro
(n=16); other cities with data were Odesa, Zaporizhzhya, Lviv, Kryvyi Rih and Mariupol. Unfortunately
most cities had a gap in data either during summer 2021 or winter 2021-22 ; for 2019-20, the data were
however relatively complete. The dataset contains also observations from other locations in Ukraine that
can be retrieved, including smaller cities and selected villages or other settings.

The mean values were calculated in two steps, first calculating the mean values for every calendar month
(combining the years), and then the mean over the 12 months. This method was used to mitigate the bias
that may be caused by missing data, as the air quality is expected to differ according to season. The highest
mean values were observed in Lviv (61.8 ug/m?3) and Mariupol (60.5 ug/m?); these estimated need however
to be interpreted carefully as these two cities had the least amount of data. Kyiv had the lowest mean value
(39.5 pg/m3). Values in the unhealthy category (red; >55.5 pg/m?) were commonly measured in all cities
throughout the year. In Zaporizhzhya and Kryvyi Rih, the concentration also regularly exceeded the value 150
pg/m? (threshold for very unhealthy/purple category) during the winter months (Figure 1).

According to the GBD data, the deaths and DALYs attributable to ambient particulate matter pollution
increased in the early 1990, peaking at 85,000 APM attributable deaths and 2.0 million APM attributable
DALYs. Since then, the health impact of air pollution has decreased gradually: in 2019, the deaths and DALYs
attributable to APM exposure were 42,900 and 953,500, respectively. In total, the annual deaths (all cause) in
Ukraine have been relatively stable in the range of 500,000 to 600,000, and the annual DALYs at around 11-12
million. This means that in the mid-1990s, as much as one fifth of all deaths and DALYs were attributable to air
pollution. At present, this proportion has decreased to about 10%.

In more than half of the APM attributable deaths and DALYs, the direct cause was ischemic heart disease - this
corresponds to 29,000 deaths and 593,700 DALYs (Table 2). Other major direct causes were stroke, chronic
obstructive pulmonary disease, and tracheal, bronchus, and lung cancer. A number of other co-factors impact
the incidence and prevalence of the conditions mentioned above. Probably the most relevant of these is
smoking, which is a well-known determinant of increased risk to cardiovascular diseases, lung cancer and
respiratory disease. Other lifestyle factors are also strongly contributing to the incidence and prevalence of
these diseases in Ukraine. Cardiovascular diseases are, for example, shown to be attributable to a number

11
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of dietary factors; these determinants are in turn likely to be strongly associated with factors such as the
immensely prevalent use of pork lard, and the 24.1% obesity rate in Ukraine which is among the highest in
Europe.(18) Figure 2 shows as an example the population attributable fractions of all risk factors on ischemic
heart disease. Air pollution’s contribution is clearly less than that of dietary factors or smoking, nevertheless
still on a notable level. The metabolic factors, particularly high blood pressure, have the highest contribution
among all factors, however it can be expected that these are at least to some extent on the causal pathway
between other risk factors and the outcome.

Kyiv
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Figure 1. Concentration of particulate matter with diameter <2.5um (PM, ) in seven selected Ukrainian cities. The data were collected

from all available measurement stations in the respective cities on the Air Quality Historical Data platform (14). The colours refer to the Air

Quality Index categorization (see Table 1).
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Table 2. Deaths and DALYs attributable to exposure to ambient particulate matter of diameter <2.5um by direct cause
in 1995, 2010 and 2019.

Deaths DALYs
1995 2010 2019 1995 2010 2019

Ischemic heart disease 37,731 36,830 29,464 808,556 728,000 593,684
Stroke 20,490 12,686 9,644 466,244 286,607 227,745
Chronic obstructive pulmonary 4919 1,556 1,089 118,013 39,603 27,260
disease

Diabetes mellitus type 2 564 334 300 38,185 36,412 30,797
Tracheal, bronchus and lung cancer 4,420 1,924 1,716 123,772 49,773 45,497
Other non-communicable diseases 3 1 1 281 123 65
Lower respiratory infections 875 670 621 32,373 22,697 21,268
Other communicable diseases 7 1 1 640 138 69
Neonatal disorders 254 146 80 22,568 13,003 7,118
Total 69,261 54,150 42,916 1,610,631 1,176,356 953,502

DALY, disability adjusted life year
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Figure 2. Risk factors contributing to the disability-adjusted life years lost due to ischemic heart disease in 2019: population
attributable fraction.

3.2 Health model

Essentially, air pollution affects the population’s health by increasing the risk of various diseases that in
turn act as the direct causes of mortality and morbidity. As described in the previous section, diseases and
conditions strongly associated with air pollution exposure include cardiovascular diseases (heart disease,
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stroke), respiratory diseases, and lung cancer.(4) In order to estimate the impact of air pollution - and the
potential of prevention - it is thus necessary to estimate the incidence of such conditions, and the impact of
air pollution as well as other factors on it.

Models were created for the following six health conditions which ambient particulate matter pollution was
shown to be associated with: ischaemic heart disease; stroke; chronic obstructive pulmonary disorder (COPD);
lower respiratory infections; tracheal, bronchitis and lung cancer; and diabetes mellitus type 2. The relative
risks from the GBD study were analysed graphically to check for linearity and the need of a transformation
function (Figure 3). We only considered the values up to PM, , concentration of 150; although values above
this level are occasionally observed in Ukraine, the yearly averages are clearly below this threshold and the
behaviour of the trajectory with higher values becomes irrelevant for the functionality of the model.

For COPD, lower respiratory infections and diabetes mellitus type 2, single relative risk applicable for all age
and sex groups are reported. After plotting the relative risks against PM, . concentration, the relationship for
COPD was roughly linear, justifying the use of PM, . concentration directly as a continuous regression variable.
For lower respiratory infections, a declining curve was observed, following approximately the square root
function; therefore, for lower respiratory infection, the choice was made to use PM, . concentration with square
root transformation in the regression model. The same was done for lung cancer. For ischaemic heart disease
and stroke, the relative risks are reported for each 5-year age band, starting from 25-29 years and ending at
95+ years. Transformation with an exponent of 0.7 produced relatively good linearity for both diseases and
all age groups, although differences between age groups existed. The age-specific relative risks will be taken
into account in the model using interaction terms. For diabetes (type 2), a logarithmic transformation resulted
in a sufficiently linear curve.

Smoking was the most important other co-factor, which was associated with all of the six diseases. We
simplified the variable to consider only the proportion of regular smokers in each age-sex group of the
population, and used the relative risk of smoking currently 20 cigarettes daily. The interaction terms with age
and sex were also included. Ischaemic heart disease, stroke and diabetes mellitus type 2 were also affected
by a number of other variables including dietary factors, metabolic factors and physical exercise. Table 3
presents the cofactors included in each model. Some dietary and metabolic factors were excluded due to
insufficient data; and the interaction terms of dietary factors with age were not considered as the relative risks
were relatively close to the default value and age-specific data was not available.

Relative risks of cardiovasculardisease due to ambient
particulate matter exposurein selected age groups
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Relative risks of other diseases due to ambient particulate
matter exposure
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Figure 3. Relative risks of cardiovascular diseases (top panel) and other conditions (bottom panel). Source: Global Burden of Disease
source database (4). For cardiovascular diseases, the relative risks are given for 5-year age bands from 25 years up (only three age groups are
shown for clarity). IHD, ischaemic heart disease; COPD, chronic obstructive pulmonary disease; PM. , concentration of particulate matter with
diameter <2.5um. Note: lung cancer includes also tracheal and bronchus cancers.
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Table 3. Co-factors included in the regression models for each health outcome. Yes = variable included; A = interaction term
with age included; S = interaction term with sex included.

IHD Stroke = COPD Lower Lung Diabetes Source for

resp. cancer type 2 prevalence

Age yes yes yes yes yes yes (76)
Sex yes yes yes yes yes yes (76)
PM2.5 yesA | yes?A yes yesP yesP yes® (3,74)
Smoking yesAS = yesAS yes yes yes yes (19)
Physical inactivity yes yes yes (18)
Diet low in fruit yes yes yes yes (17)
Die low in vegetables yes yes (17)
Diet low in whole grain yes yes yes (17)
Diet low in nuts/seeds yes yes yes (17)
Diet high in red meat yes yes yes (17)
Diet high in processed meat yes yes yes (17)
Diet high in sugar-sweetened yes yes yes (17)
beverages

Diet low in fibre yes yes yes (17)
Diet low in seafood omega3 yes yes (17)
fatty acids

Diet low in legumes yes yes (17)
High plasma glucose yes yes (18)
High LDL cholesterol yes yes (18)
High systolic blood pressure yes yes (18)
High BMI yes yes yes (18)

IHD, ischaemic heart disease; COPD, chronic obstructive pulmonary disorder; Lower resp.= Lower respiratory infections;
PM, , concentration of particulate matter with diameter <2.5um; LDL, low density lipoprotein; BMI, body mass index. “Power
transformation with exponent 0.7; *Square root transformation; ‘Logarithmic transformation.
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Table 4 presents the incidence (in absolute numbers) of the six conditions in the seven modelled cities using
2022 population data. The scenarios correspond to the present PM_, level and the highest thresholds of the
orange (unhealthy for certain groups), yellow (moderate) and green (good) categories. In relative terms, the
greatest potential in reducing incidence will be for stroke (reduction of PM_ to good level preventing 21%
to 33% of incident cases) and COPD (preventing 21% to 34% of incident cases). This corresponds e.g. in Kyiv
to averting about 2200 strokes and 1700 cases of COPD in a year. The absolute reduction was greatest for
lower respiratory infections which has by far the highest incidence among the six diseases. Reduction to the
moderate level would prevent about 2500 incident respiratory infections in Kyiv; but e.g. in Zaporizhzhya
the absolute reduction was even greater (2800 cases) despite the much lower population. Reduction to the
good level would avert >20,000 incident cases in Kyiv. The results regarding prevalence are similar since most
regression coefficients (with the exception of age and sex) were the same as for incidence.

The long-term projections are shown in Figure 4. These show how a gradual increase to the WHO target level
of 5 pg/m? could reduce the annual incidence of stroke, lower respiratory infections and by more than 10%
during the coming decade. In contrast, the benefit for averting lung cancer is minimal, this condition being
strongly influenced by smoking.

Table 4. Projected new incident cases of the six included health conditions in selected Ukrainian cities per year. The values
are based on the situation in 2022. Baseline: PM, . exposure as in the data; other scenarios: PM, , exposure decreased to the given level.

Kyiv Odesa Dnipro = Zaporizhzhya Lviv Kryvyi Rih Mariupol
Population 2,962,180 @ 1,015,826 983,515 722,713 753,827 615,492 452,542
Ischaemic heart disease
Baseline 10,367 3,596 3,661 2,811 3,088 2,277 1,838
PM, .<55.5 ug/m? - - - - 2,956 - 1,775
PM, <35.5 pg/m’ 10,047 3,446 3,336 2,451 2,557 2,088 1,535
PM, . <12.0 pg/m? 8,185 2,807 2,718 1,997 2,083 1,701 1,250
Stroke
Baseline 8,382 2,911 2,987 2,314 2,573 1,856 1,528
PM, .<55.5 pg/m? - - - - 2,438 - 1,464
PM, .<35.5 ug/m? 8,097 2,777 2,688 1,976 2,061 1,682 1,237
PM, . <12.0 pg/m? 6,650 2,281 2,208 1,623 1,692 1,382 1,016
Chronic obstructive pulmonary disorder
Baseline 8,382 2,911 2,987 2,314 2,573 1,856 1,528
PM, <55.5 pg/m? 8,382 2,911 2,987 2,314 2,438 1,856 1,464
PM,.<35.5 pg/m? 8,097 2,777 2,688 1,976 2,061 1,682 1,237
PM, . <12.0 pg/m? 6,650 2,281 2,208 1,623 1,692 1,382 1,016
Lower respiratory infections
Baseline 171,546 59,145 58,604 43,918 46,839 36,575 28,017
PM, <55.5 pg/m? 171,546 59,145 58,604 43,918 45,972 36,575 27,598
PM, <35.5 pg/m? 168,995 57,954 56,110 41,231 43,006 35,114 25,818
PM, <12.0 pg/m? 151,239 51,865 50,215 36,899 38,488 31,425 23,105
Tracheal, bronchus, and lung cancer
Baseline 1,265 434 421 310 325 264 195
PM, <55.5 ug/m? 1,265 434 421 310 324 264 194
PM, . <35.5 pg/m? 1,262 433 419 308 321 262 193
PM,,<12.0 pg/m® 1,245 427 413 304 317 259 190
Diabetes mellitus type 2
Baseline 5,463 1,881 1,852 1,379 1,459 1,157 874
PM, <55.5 ug/m? 5463 1,881 1,852 1,379 1,442 1,157 865
PM, ,<35.5 ug/m? 5399 1,852 1,793 1317 1,374 1,122 825
PM,.<12.0 pg/m’ 4,809 1,649 1,597 1,173 1,224 999 735
PM, , concentration of particulate matter with diameter <2.5um
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Figure 4. Projected incident cases of the six health conditions per year in Ukraine in four scenarios. Baseline = concentration of
particulate matter with diameter <2.5um (PM, ) stays at the current mean (20.3 ug/m?). Decreases of PM, , to the given levels are done
gradually during the period 2022-2030, after which the value will remain constant. Note that the scale on the y-axis does not start at zero.
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3.3 Economic model

The economic model follows the human capital augmented Solow model described in section 2.3. The model
consists of an Excel spreadsheet tool, which is based on an analysis that was earlier performed for estimating
the burden of TB in the Western Pacific region.(20) This tool is directly implemented from the model developed
by Arcand et al,(10) which assessed the economic impact of universal health coverage in selected countries.

The model can be applied for an arbitrary time period (including both the past and the future projections). In
the present project, the model started in year 2015 and was continued beyond the present time until 2035, in
line with the projections from the health model. Ukraine’s total GDP (in nominal USD) collapsed substantially
from USD 190.5 billion in 2013 to 91.0 billion in 2015, obviously impacted by the conflict in East Ukraine and
the deterioration of trade with Russia that had until then been a major trade partner.(23) Since 2015, the GDP
has been however on increase, reaching 155.5 billion USD in 2020. The model’s output is the yearly total GDP
of Ukraine, measured in nominal USD.(3) As described above in section 2.4, GDP is calculated as a product of
TFP, physical capital and human capital (Figure 5). The TFP (until 2017), savings rate and depreciation rate are
adapted from Penn World Table;(27) TFP growth after 2018 is fitted. The factor y is fitted; elasticity exponent a
is chosen at this version at 0.5, but in the final version this will be varied in sensitivity analyses.

Human capital is calculated in multiple steps. First, data from DemProj software tool (Avenir Health/Spectrum
package) is taken to estimate the population in each age and sex group (5-year bands) at each year.(75)
The population in each group is multiplied by a participation coefficient adapted from the International
Labour Organization database,(22) defining the proportion of the individuals who contribute to the country’s
economic production. From the resulting active work force in each age-sex group, YLDs (taken from GBD; all
causes) is deducted.(4) Finally, the remaining labour force’s contribution is multiplied by the human capital
index (Penn World Tables).(27) The economic model was run in the same four scenarios as the national-level
health projection model presented in the previous section: baseline scenario (air quality stays constant), or
a gradual decrease of the PM, , concentration to 15, 10 or 5 ug/m? by year 2030. The parameterisation of the
model is presented in Table 5.

Labour force
lost due to

Economic input morbidity and  Economic output
mortality

Year n

Physical
capital

Physical capital
remains but loses its
value gradually
(depreciation)

Total GDP

Part of GDP saved (investments to
physical capital)

Part of GDP invested in

healthcare interventions

Physical
Year n+1

capital

Figure 5. Schematic representation of the human capital approach. Part of the potential labour force is lost (shown in light blue) due to
morbidity and premature mortality. A part of the total economic output is used to invest both in physical capital and in healthcare (or other
interventions that can reduce morbidity and mortality. GDP, gross domestic product.
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Table 5. Input parameters to the economic model. In addition to the parameters shown above, population size and age/sex
distribution estimates were adapted from the DemProj software tool,(15) and age/sex specific economic participation rates from

the ILOSTAT database.(22) TFP, total factor productivity.

Indicator Value
Initial values in 2015

Total factor productivity

Physical capital stock 7205.3 billion USD

Human capital index
Constants

Depreciation rate

Savings rate

Growth of TFP

Elasticity relative to physical capital

3.2554

Source

1.707 | Penn World Table (27)

2% | Assumption
40% | Assumption
0.12 | Fitted

0.5 | Assumption

Penn World Table (27)
Penn World Table (27)

Fitting coefficient 2.6 | Fitted

The modelreproduced relatively well the increase in GDP observed between 2015 and 2020, with the projected
GDP in 2020 being 159.6 billion USD (compared with 155.4 billion USD estimated by World Bank; Figure 6).
The projected increase continued exponentially, reaching 278.2 billion USD by 2025, 500.5 billion USD by
2030 and 940.2 billion USD by 2035; in other words, the GDP was projected to double about every 6 to 7 years.
In contrast, the labour force contributing to the economy of the country was projected to slightly decrease
over time due to demographic development. The number of individuals contributing to the economic output
was equivalent to 17.5 million person-years in 2020, slowly decreasing to 15.0 million person-years by 2035.

Gross domestic product: baseline scenario
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(Continues on next page)
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Total human capital (labour force), baseline scenario
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Figure 6. Gross domestic product in nominal USD (upper panel) and the person-years contributing to labour force (lower panel) in
the baseline scenario (no change in the air quality from present). The orange lines show the model’s projections; the grey dashed line
shows the observed data.(3)

The interventions to reduce the level of PM, . concentration resulted in relatively small but nevertheless
existing impact (Figure 7). Even a moderate reduction to 15 pug/m? by 2030 brought a gain of 22,000 additional
person-years of work in 2030, and 30,700 person-years in 2035. The corresponding gained economic output
in GDP was 365 million USD in 2030, and already 1.05 billion USD in 2035: the overall increasing trend in GDP
boosts the benefit of the increase in labour force. If interventions were made to reach the WHO target level
(5 pg/m3), the gains were approximately three time higher: more than 100,000 person-years of work would
be gained in year 2035, corresponding with an incremental gain of 3.48 billion USD in the GDP. However, the
modelled benefits of improving the air quality remained very moderate in relative terms, corresponding even
in the best case to less than 1% of the total labour force and <0.5% of the economic output.

It should be emphasized that these results present only one possible parameterisation. The contribution to
the overall economic growth is strongly sensitive to the elasticity that we assumed to be 0.5 with respect to
physical capital, i.e. growth both physical capital and labour have the save impact on the growth on output.
An assumption that puts more value on the labour will correspondingly increase the GDP, approaching the
same relative increase as for the labour force (0.7% in the most optimistic scenario in 2035).

Gain in GDP due to improved air quality
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21



Health impacts and social costs associated with air pollution in larger urban areas of Ukraine

Gain in labour force due to improved air quality
120 000
100 000
80 000
60 000 mm——=

40 000

force/year

20000

0
2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035

Gained person -years of labour

e====PM2.5 concentration decreased to 15 pg/m3
e PM2.5 concentration decreased to 10 pg/m3

PM2.5 concentration decreased to 5 pg/m3

Figure 7. Incremental gain in gross domestic product (GDP; upper panel) and labour force (lower panel) in scenarios with improved
air quality, compared with the baseline scenario. The decrease in the concentration of particulate matter of diameter <2.5um (PM, ) takes
place gradually between 2022 and 2035.
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The population of Ukraine is exposed to a clearly suboptimal quality of air. The concentration of PM_, particles,
a commonly used metric for air quality, exceeds constantly and clearly the level recommended by the WHO,(2)
and a substantial proportion of the measurements is on the “unhealthy” level.(7) The air quality measured in
seven large cities of Ukraine was clearly worse than the national average: the mean PM_, concentrations in
the cities ranged between about 40 and 60 pug/m? (around the threshold of “unhealthy for sensitive groups”
and “unhealthy”, while the overall mean concentration in Ukraine is estimated at 20 ug/m? (moderate). There
was a somewhat clear seasonal pattern, with highest values recorded between October and February, which
is in line with previous research findings.(23,24)

According to the Global Burden of Disease study, about 10% of the health loss in Ukraine is attributable to
air pollution. This means about 43,000 premature deaths and almost one million DALYs. This proportion has
halved from the peak values in mid-1990s, but the burden is still multiple-fold compared to, for example,
the Nordic countries where only 1% of health loss is attributable to air pollution.(4) Thus, thousands of
premature deaths and a great amount of morbidity could, at least in theory, be preventable by interventions
that improve the quality of air. Air quality impacts the health by increasing the risk of various diseases, mainly
cardiovascular diseases, respiratory diseases and lung cancer. People living in Ukrainian cities with a high
PM, . concentration have more than twice as high risk to develop, for example, stroke or COPD than their
peers living in setting with very good air quality.

The losses in health are also directly translatable into losses in economy. A healthy population is also a
productive population, and can contribute to a growing economy and wealth. This claim should not be
understood as trying to give health a monetary value, but simply by showing that interventions that improve
health usually pay themselves and can also bring economic wealth to the population. In this study, a simple
economic model was developed showing that the amount of person-time contributing to the country’s
economy could be increased by about 0.7% by the year 2035 if the mean PM, . concentration was suppressed
to the level recommended by the WHO during the ongoing decade. Depending on the assumptions about
the mechanisms behind the economic growth, this could translate into an increase of more than 3 billion USD
in annual total GDP within the same time period. In relative terms this may not be high (about USD 75 per
person), but this should be seen in the context of what should be invested into a healthier air quality. During
the time period 2022-2035, the cumulative incremental gain in GDP would be about 15 billion USD, meaning
that if this money is invested in interventions that can — one way or the other - result in sufficiently cleaner air
quality, the investment will pay itself back by 2035.

It should be further noted that prevention of diseases will also reduce the amount of healthcare resources
needed, which leads to further savings. In Ukraine, 7.1% of the GDP, or about 11 billion USD, was spent on
healthcare expenditure in 2019.(3) As an example , the prevention of stroke has been estimated to cause
0.6% to 4.3% of the total healthcare related expenditure across different EU associated countries,(25) which
would in the Ukrainian context mean between 65 and 470 million USD per year. The costs of COPD have
been estimated at 1889 to 11,787 USD per patient per year across eight European countries;(26) applying
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the minimum of these values into Ukrainian prevalence data (about 800,000 prevalent cases) would make
1.5 billion USD. Substantial improvement in air quality was shown to avert up to 30% of these two conditions
at least in the large cities; it is therefore fair to assume that the direct savings by averted diseases may also
be in the magnitude of a billion USD per year. As an overall conclusion, the results are promising and show
that attempts to improve the quality of air not only prolong the lifetime and quality of life, but will also pay
themselves back, possibly in multiple fold amounts.

The diseases strongly associated with air pollution share also other cofactors, the most important being
smoking. For example, those smoking a pack of cigarettes per day have about 6-fold higher risk of developing
COPD or lung cancer than non-smokers. The prevalence of smoking has clearly decreased in Ukraine over the
past years, from 28% in 2010 to 23% in 2017, which however still leaves space for improvement.(27) Efforts to
improve the air quality and to further reduce the prevalence of smoking could together lead to an even more
substantial reduction in the burden of cardiovascular and respiratory diseases.

The methods used in this analysis have some limitations that need to be understood. The analysis is essentially
a comparison between various hypothetical scenarios: the methodological framework that is used to project
these scenarios is highly simplified, based on a combination of theory and observations, and thus prone
to multiple types of bias that occur in the calculations, data, or predictions of future development. The
data sources have also their limitations. Most available data are only national estimates which ignores the
heterogeneity e.g. between industrialized urban areas and rural regions. There exists a large amount of real-
time air quality data from various individual locations in Ukraine (mainly in large cities), but it is not trivial to
average the values collected from multiple stations and at multiple times to produce generalized estimates
that can reflect the true status of air quality in the respective location. Data from most cities showed a high
deviation of values, from <5 pg/m? up to >150 pg/m?, sometimes even during the same day.

The economic model has also its limitations. The model is based on constant growth parameters that do not
take into account factors like the indirect consequences of the still ongoing conflict in Eastern Ukraine, the
complex international relations that affect the trade, or the COVID-19 pandemic that has temporarily slowed
down the economic development worldwide substantially. The model also does not so far include the costs
related to health care (which would party be also preventable by improved air quality) or the indirect impacts
of morbidity in children below or elderly population above the working age. An approximation of these will
be built in the next step.

A further limitation in the use of such an economic model is that it is still based on the assumption that
the economy will continue to grow. Economic growth is usually associated with growth in production and
thus also increased emissions that impair air quality; this together with the experience from the COVID-19
pandemic has called on action questioning the aim of continuous growth and instead turning into an “eco-
just degrowth’, where the society is developed in a sustainable way that takes into account environmental
aspects and aims to decrease the inequalities.(28) Therefore, the methods behind this study should not be
misunderstood. Economic growth in the sense of this analysis essentially means the growth of human capital,
which can make the population healthier, better educated and more productive, so that the economic
development can rely more on the human capital than the unsustainable and ecologically harmful overuse
of natural resources.

Finally, the analysis does not take into account the ongoing situation and the escalation of the war in Ukraine.
It is clear that there will be a substantial drop in the GDP during the next few years, and it is impossible to
predict how fast the economy will recover after the crisis is over. It is also obvious that the war itself has a
substantial impact on both the air quality and the ability to monitor it.
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The results of this study demonstrate that although air pollution is only one of the numerous factors in the
network of determinants related to different diseases and disorders, investments in better air quality are very
likely to pay themselves back, even in the foreseeable future of one two to decades. Meanwhile, the COVID-19
pandemic has given some insights that there may be alternatives to the pre-pandemic economic growth
with constantly increasing need and use of resources. In the early stages of the epidemic, a great number of
cities in China went into strict lockdown resulting in total closure of many industrial activities and substantial
reductions in traffic volumes, which was shown to improve the air quality dramatically.(29) Although such
massive scale-down of industry in the long term will be unlikely, this data will help to quantify the impact of
various sources on the air pollution levels. Importantly, the world has also adapted behavioural changes that
may at least partly become permanent, such as the reduction of occupation related travel and commuting.
Promoting the adaptation of such new habits that save resources and environment, and at the same time
investing in new technologies that reduce the pollution, can together efficiently improve the health and
quality of life of Ukraine’s population.
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