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ABSTRACT. The article deals with the problem of spatial differentiation of road transport pollution due to the planning
structure changes in the new capital of Kazakhstan. The purpose of the work is to study territorial differences in from vehicles
Nur-Sultan from vehicles and to identify the role of embodied planning measures among the main factors of its differentiation.
The research methodology included the analysis of 1) the city functions and planning structure transformation as well as the
buildings and road network density and concentration; 2) traffic speed and intensity, emissions and their distribution areas
for each street.

The analysis showed that since 1997, when Nur-Sultan received the capital status, it has grown 3 times in the
area, 3.5 times in population, and 6 times in the level of motorization. However, the volume of traffic emissions in the city
increased only 2 times, largely due to the development of the planning structure and configuration of the road network.
The development of a second center in the new part of the city along with the decrease in the barrier function of the river
and transport transit because of the faster construction of transport infrastructure led to an increase in the density of the
road network by more than 2 times while reducing the density of emissions in the city center by 2.25 times. For the rest of
the territory, despite different growth rates in the road network density, the density of emissions steadily decreases from the
center to the periphery. However, several locations with a high level of pollution are still present in the middle part, while
on the outskirts of the city there are blocks of estate-type houses with low-quality roads, which hinder the development of
public transport.
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INTRODUCTION design and construction of housing and urban infrastructure

facilities. Increasing globalization pushes back the historically

In the context of globalization, typical market economy
processes are taking place in post-Soviet cities. These
processes have a significant impact on the transformation
of the socio-economic and urban planning conditions
for the development of the capital cities in CIS countries
(Zubarevich 2017). International brands and standards are
being rapidly introduced in the service sector as well as in the

established cultural traditions and leads to the unification of
the spatial structure of the largest capital cities.

In recent decades, road transport has become the main
source of air pollution in cities. For post-Soviet cities, this is
complicated by explosive growth in motorization level due
to the development of the market economy. However, their
architectural and planning structure along with the road
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network was formed before the car boom and are not able
to contend with the sharply increased load, which leads to
an increase in emissions of highly toxic pollutants into the
atmosphere.

In the research devoted to the impact of road transport,
pollution issues are considered from different perspectives
(environmental, economic and social). Most studies are based
on monitoring data, primarily PM10 and NOx concentration
analysis (Deak et al. 2020; Colvile et al. 2004; Kerimray et al.
2020). The volume of emissions is calculated using various
impact assessment methods based on traffic intensity,
fuel consumption, etc. (Dzhailaubekov 2010; Parsaev et al.
2018; Burdn et al. 2004). Several studies are also devoted to
the influence of environmental and climatic conditions on
emissions (Deak et al. 2020), the impact of pollution on public
health (Mueller et al. 2020; Revich 2018), soils (Kosheleva et
al. 2018), environmental and social equality (Mitchell 2005),
property values (Bityukova et al. 2006).

Another important aspect of research is modeling.
The simplest models assess the impact of a single factor
and include, for example, model of atmospheric pollutants
dispersion under variable wind conditions, Information and
forecasting system for private and public transport (VISUM),
Transport Emission Model for Line Sources (TREM), Variable
Dispersion (VADIS) and others (Borrego et al. 2004; Jacyna
et al. 2017; Rafael et al. 2018). For a more comprehensive
analysis that considers the influence of several factors, either
combination of such models or simulation models are used
(Zachariadis 2005).

Several studies analyzed various methods for optimizing
the transportation system and the city in general, including
traffic regulation (Zhou et al. 2021). In developed urban
environments, where a physical change of transport
routes is challenging, considerable attention is paid to the
redistribution of transport between the existing streets (Wang
and Sun 2019).

Many researchers note the necessity to develop public
transport (Santos et al. 2010; Chavez-Baeza and Sheinbaum-
Pardo 2014) or even return to the Soviet urban planning
practice, in which public transport was prioritized (Blinkin and
Koncheva 2016). The example of European countries shows
the effectiveness of more stringent government regulations
for cars and fuel (Burdn et al. 2004). Much attention is also paid
to indirect (educational, advertising) measures that help the
population to make decisions regarding transport (Santos et
al. 2010).

Besides the transport system itself, the level and impact
of pollution are also affected by the urban environment. For
example, traffic can be significantly reduced by providing
comfortable conditions to travel on foot or using alternative
modes of transport (Chien and Hu 2020; Mueller et al.
2020, Weiss et al. 2015). Greening, which absorbs noise and
contributes to the conversion of greenhouse gases to oxygen,
also reduces the impact of transport emissions (Morillas et al.
2018; Mueller et al. 2020; Rafael et al. 2018).

Despite a large amount of research in this field, urban
planning structure is rarely considered as a separate factor
affecting pollution. The analysis of this extremely inertial
system, which forms over a long time and is a product of
the city’s development and previously adopted planning
decisions, usually boils down to identifying differences at the
micro-level (Bityukova and Mozgunov 2019).

Nur-Sultan', the new capital of Kazakhstan, is a rare
exception. Over the years since it received the capital status
in 1997, the city has not only tripled its area but also radically

changed the planning structure. The trafficemissionsincreased
only 2.1 times with almost 6-fold growth in motorization. This
is a consequence of the vehicle fleet renewal, improvement
of fuel quality, expansion of the road network, increased
connectivity, reduction of barriers, and other planning factors
that provide the optimal speed of cars.

The observed changes make it relevant to consider the
impact of the renewed planning structure on traffic pollution.
However, such studies of traffic pollution, which were already
conducted for the previous capital city of Almaty (Kerimray
et al. 2020), have not been carried out in Nur-Sultan yet.
This work, which analyzes the influence of urban planning
structure on air pollution from vehicle emissions, is aimed to
fill this gap.

MATERIALS AND METHODS

At the first stage, analysis of the Nur-Sultan urban planning
structure transformation since 1997 was carried out based on
the study of master plans, cartographic data and field research.
Field surveys were conducted from 2007 to 2019 in about 50
key districts with different location, specializations, types of
development and time of incorporation into the city. Using
their example, the changes in the composition and placement
of individual functional zones and the transformation of the
planning structure of Nur-Sultan were analyzed.

At the second stage, a large-scale assessment of the
density and concentration of buildings and roads as factors of
traffic emissions was carried out. Built-up and road network
density are traditionally used in urban planning studies to
characterize the share of built-up areas and roads within a
certain area. Estimates show that there is a 30% reduction
in traffic emissions when vehicles are moving without
congestion (Bityukova et al. 2011). The increase in building
density creates conditions for a change in the urban transport
system organization and the development of intermodal
transport systems with an emphasis on public transport
(Rodrigue 2017).

A distinctive feature of Nur-Sultan, as well as other cities
of Kazakhstan, is the high proportion of blocks with individual
housing. To reflect the specifics of these areas in the study,
the concentration of buildings and roads was calculated,
which, unlike the first two indicators, shows the total number
of buildings and road sections in a certain area. Highly
concentrated blocks with individual housing have a low
density of road network with high-quality pavement, which
reduces the average speed of traffic and affects the increase
in emissions from vehicles. Unlike density, which takes into
account the length and width of road sections, concentration
shows the number of road sections within an area and allows
to estimate the number of road crossings. This indicator is
taken into account when calculating the volume of emissions
into the atmosphere in a certain area (Bityukova, Mozgunov
2019).

The calculation of these indicators was carried out using
an automatic QGIS tool based on a vector grid with regular
cells of the same area (1 km?). Square cells of a small area were
used for the most optimal assessment of indicators in a city
with a predominant regular planning structure. The vector
grid, dividing the space into equal sections, contributes to a
uniform assessment of unevenly distributed buildings and
road traffic systems.

To assess the spatial structure of traffic pollution, a technique
developed and tested for cities in Russia was used?. It includes
5 steps:

'Until 1961, the city was called Akmolinsk, then Tselinograd, in 1992 it was renamed Akmola, in 1998 — Astana, and in 2019

— Nur-Sultan.

’In particular, this technique is considered in detail in the example of Moscow (Bityukova and Mozgunov 2019).
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1. Division of the city’s transport network into sections
within which traffic intensity does not change and
determining their length (in total, 54 thousand sections
were allocated in Nur-Sultan).

2. Assessment of traffic intensity in selected sections
using operational monitoring by the road congestion
services, based on data from Yandex and Google maps and
the OSM API service (to determine the number of lanes for
traffic in a considered section).

3. Calculation of traffic emissions volume at every
section based on the information on Vehicle Kilometers
Travelled (VKT) and Emission Factors for Road Transport’.

4. Calculation of impact areas (with concentrations
exceeding a threshold) for each section of the road network
according to the methodology approved by the Ministry
of Natural Resources of the Russian Federation based on
speed, volume, and height of the gas-air mixture emissions.

5. Calculation of emissions density as the ratio of
emissions volume in the allocated territory to the area of
contamination.

RESULTS AND DISCUSSION
Transformation of functions and planning structure

The decision to move the capital, taken in December
1997, became a key factor for the development of Nur-
Sultan, stimulating rapid growth of its socio-economic
potential, territory expansion and formation of the planning
structure (Fig. 1). The transport network (more precisely, the
inability to reconstruct it to meet the new requirements

of the capital city) has become one of the leading factors
that changed the vector of the city’s planning structure
development since it quickly became clear that the
construction of government buildings and elite housing
in the old city center would lead to a transport collapse.
In 1998, a group of architects led by Kise Kurokawa began
developing a master plan, which was presented to the
government in August 2001 (Abilov et al. 2017).

Due to the absence of significant natural and artificial
barriers (rivers, railways, airports, etc.), the planning
framework of the rapidly growing city developed in
different directions at approximately the same pace, only
limited by natural and economic development constraints.
According to the general plan, the transformation of the
city’s planning structure was supposed to include:

- a creation of a new administrative center on the left
bank of the Esil River;

- preservation of the administrative functions in the
old center on the right bank;

- a transformation of the residential framework,
increase in the number of storeys and density of;

- development of a new planning axis perpendicular
to the river and the railway, between which the city was
stretched;

- strengthening of the transport network connectivity,
change of its configuration towards the radial-ring type,
construction of bypass roads.

As a result, a new city center with a presidential
residence and other representative institutions began to
form on the left bank of the Esil river. The historical center

| — rivers
Zones for2019:
| central
middle
periphery

Fig. 1. The spatial extent of Nur-Sultan, 1985-2015

'GOST 56162-2014, 2014, Emissions of pollutants into the atmosphere. Method for calculating emissions from motor
vehicles when conducting summary calculations for urban settlements. Moscow: Standartinform.
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on the right bank also changed as new offices, business,
shopping and entertainment centers, high-rise residential
complexesappearedasaresultofdensification. Meanwhile,
preservation of old buildings has generally mothballed the
existing transport network, limiting the width of central
streets and the parking system development.

Currently, public and business buildings occupy 3,5%
of the city’s territory (2.8 thousand hectares). They are
mainly concentrated in the center, mostly in the new part
of the city on the left bank. Essentially, both city centers
have almost merged, forming one central business district.
The concentration of public and business facilities in the
center (old and new) led to the adjustment of the general
plan. In 2005, it was decided to create seven planning
districts with their own sub-centers along the main streets
in the middle part of the city to unload the center.

Simultaneously with the creation of the new center
begins the transformation of the residential framework.
Large-scale compression of suburban areas (the number
of allotments decreased 2.7 times) and demolition of
poor-condition housing allowed the city to develop in the
eastern and western directions. Due to the development
of the left bank of the Esil River and absorption of garden
plots and nearby villages, the city also grew in the
southern, southeastern, and southwestern directions.
New residential areas on the left bank stretch in
several directions. In the old part of the city, residential
development mainly takes place north of the Esil River.
Here you can still trace the features of a linear city with
parallel recreational, industrial, warehouse, and residential
zones (its creation was envisaged in the 1960s when the
former Akmolinsk became the center of the wildlands
development).

Residential buildings currently occupy one-fifth of
the city’s territory (9,5 thousand hectares). Apartment
buildings and individual housing account for almost the
same share of residential buildings. Despite the reduction
in their area, there are still 28 low-rise residential districts
in the city. Meanwhile, a significant part of residential
areas in the middle and peripheral parts of the city can
be characterized as so-called commuter districts. The
large share of estate-type housing increases the average
development level of the periphery and semi-periphery
with low infrastructure availability. Currently, the expansion
of the city leads to an increase in the road network length,
individual transport usage, share of low-capacity buses
and travel time, which results in higher emissions.

Reduction of industrial functions. In Soviet times,
industry in most cities occupied on average one-fourth to
one-third of the total area, which was two to three times
more compared to cities in Western Europe (Stanilov
2007). In modern Nur-Sultan, it only accounts for about
8,6% of the city’s area. There are no industrial zones in
the new part of the city, which was built as a center of
a post-industrial service economy. The only industrial
and warehouse zone remaining from the Soviet era is
located on the periphery and constrains the city’s growth
in the northeastern direction. It is surrounded by a low-
rise residential and suburban area with minimal service
facilities and poorly developed transport links.

Development of the transport network. The rapid
growth of the population and area of the city, together
with the increasing motorization, led to the modernization
and expansion of the transport framework. For its
development, new roads were cut through residential
areas, forming a web-like system that linked remote
districts together.

Formally, the main highways and the bypass road form
a radial-circular structure of the road network. However,
in most of the city, it still has a rectangular configuration,
which, although having a higher capacity, poorly connects
the peripheral territories. The Esil River is a significant
barrier, which divides the city into two parts. The districts
located on opposite banks are connected by 17 road and
pedestrian bridges, 7 of which connect the new city center
with the right bank. However, compared to the cities in
Western Europe, where bridges are built every 500 m, their
number is still insufficient. In the new part of the city on the
left bank, the distance between roads is larger and the role
of barriers is played by large green areas, including parks.

The existing planning structure of the city facilitates the
transit of transport through the center due to the extremely
uneven distribution of residence and employment
facilities. In the central part, which has a relatively low
population density, the density of workplaces is high.
Peripheral sleeping areas, meanwhile, are characterized by
an inverse ratio, which causes daily population migration.
Despite the creation of seven planning districts, in which
the development of large counter-magnet centers was
planned to attract the population of peripheral districts,
residential functions there still dominate over public and
business functions. At the same time, the large area of the
city along with the distance between its different parts
and the center leads to congestion of the city center, slows
down traffic and increases air pollution.

The development of transport infrastructure in a
modern city is not only about developing new territories
and constructing new roads, bridges and junctions. The
world’s best practices focus on creating a large number
of streets with slow traffic or without traffic at all together
with many multi-level overground and underground
parking lots (Guidelines 2014). However, in Nur-Sultan,
as well as in other capitals of the post-Soviet countries,
these practices are still being introduced. People continue
to view cars as a convenient means of transportation
and not as a source of pollution, which predetermines
the continuation of the upward trend in the level of
motorization. Public transport is dominated by buses and
a taxi network is developing. However, construction of the
monorail, which was supposed to connect the airport and
the new railway station in opposite parts of the city, was
not completed.

Density and concentration of buildings and roads.
The highest built-up density is typical for the central and
middle zone. Multi-storey Soviet-type buildings and new
housing complexes are concentrated in the old center,
while the new center is mainly occupied by public and
business buildings. In the middle part of the city, industrial,
utility and storage areas, as well as districts with multi-story
housing have the highest built-up density. Built-up density
decreases in residential areas with individual houses in
the east and west (Fig. 2). The concentration of buildings
is highest in areas with individual housing in the middle
zone and periphery, while the old and new centers are
characterized by low concentration (Fig. 3).

The right bank is characterized by a higher built-up
density, which evolved back in the industrial Tselinograd,
the neighborhoods of which spanned between the center
on the Esil River and the northeastern industrial zone. The
layout of the old city is represented by a regular network
of roads, most of which have no more than four lanes. Low
road capacity leads to regular traffic jams at intersections.
The main streets on the right bank are the most congested
as they are highly regulated by traffic lights and stretch
across the entire bank, connecting its different parts.



GEOGRAPHY, ENVIRONMENT, SUSTAINABILITY

2021/03

]

Built-up density, m2/m2:
. £30-0,032

> 30,032 - 0,082
0,082 - 0,145

J B 0,145 - 0,212

N 0,212-0,34

Fig. 2. Built-up density, 2019

The left bank, on the other hand, is characterized by a
higherroad network density, the planning of which was based
on new principles that considered growing motorization. In
the center of the left bank, roads do not always cross at right
angles. However, the attractiveness of the new center also
contributed to the emergence of numerous road network
connectivity barriers as it includes large administrative and
commercial facilities and extensive boulevards. The density
of road network in the old and new city centers is equal to
19.6 kmm/km? and 20-25 km/km?, respectively, and decreases
towards the periphery (Fig. 4, 5).

Spatial structure of pollution as a reflection of the
planning structure

Traffic emissions in Nur-Sultan in 1998-2019 grew faster
than in other cities of Kazakhstan (from 35.5 to 74.8 thousand
tons/year) due to the highest growth of the motorization
level (from 88.6 to about 500 cars/1000 inhabitants).
Meanwhile, the vehicle fleet renewal is slow, the average age
of vehicles is 10 years and the average class is Euro-3, which
does not correspond to the level of the capital city.

The transport network could not cope with such growth
in the level of motorization despite the rate of construction
of the new roads, junctions, and bridges that exceeded the
plan. This led to the formation of numerous congestions
and, consequently, to an increase in toxic traffic emissions.
The average density of emissions decreases from the center
to the periphery from 250 to 113 t/km?. A particularly strong
reduction is observed in the transition from the middle zone
to the periphery, where the density and concentration of
buildings and roads decrease 3-5 times, leading to a decrease
in the average density of emissions by a factor of 1.5.
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The center and some parts of the middle zone, despite
the high density and concentration of roads, remain heavily
loaded (more than 2000 cars/hour), while the rest of the city
is characterized by a higher speed of traffic and relatively low
emissions.

The old center is characterized by insufficient road capacity
due to the high built-up density. Intersections of regional
highways and city streets also lead to congestion of transport
hubs due to the complexity of the road network geometry.
The presence of large parks, squares and alleys, along with the
industrial zone in the northern part of the city leads to a decrease
in the road network connectivity, which also contributes to the
congestion. The main streets — planning axes — are characterized
by a high level of traffic intensity, which leads to the high density
of pollution.

The middle zone and the periphery are heterogeneous in
terms of density and concentration of buildings and roads, and,
consequently, in pollution. For the middle zone, this is due to
the presence of public hubs that play the role of subcenters and
are characterized by a high density and concentration of roads,
which creates congestion within them. The middle zone also
includes areas of irregular development, which have a low road
network density and high building concentration. This part of the
city is on average characterized by a higher speed of movement,
which corresponds to relatively lower traffic intensity. Based on
the density of emissions, it is divided into 4 subzones:

1) areas between the tributaries of the Esil river and the
center zone with an average emissions density of up to 200-250
t/km?

2) new development areas: Nazarbayev University, EXPO
and «the Pyramid» area (up to 200 t/km?);

3) residential areas of the northwest with a moderate level of
pollution (about 150 t/km? on average), low traffic intensity, and
a relatively high density of the road network;
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4) residential areas of the southeast with a low level of
pollution (up to 140 t/km?).

The periphery of the capital is also heterogeneous and
includes an industrial zone, residential settlements with low
a density of urban development and utility infrastructure, as
well as state and interregional highways. Here, high levels
of pollution are typical only for the territories near the high-
speed highways (Fig. 6).

Thus, in the middle zone with less than a twofold
decrease in the density and concentration of roads, there
is a decrease in traffic intensity by 16% and in emission
density by 30%. The reduction in emission density is due
to a 30% reduction in building density and, probably, to
a better network structure. Capillary, not heavily loaded
streets of the local residential areas are connected to wider
streets (the average number of traffic lanes in this zone
is 4.5 versus 4 in the center), which results in the average
traffic speed increase to 32 km/h (compared to 26 km/h in
the city center).

In the periphery zone, the density and concentration of
buildings decrease 3 times, the density and concentration
of roads — 3.4 and 4.8 times, respectively, which means
that roads are getting wider (up to 5 lanes on average).
As a result, the average traffic speed increases to 48 km/h
and the emission density is reduced by 36%. Thus, despite
different rates of reduction in the density and concentration
of roads, the emission density steadily decreases from
the center to the periphery. This is because a decrease in
population density and development, widening of roads,
and improving pavement quality, all result in the traffic
speed increase, which becomes closer to optimal, reducing
the net emissions per kilometer. However, this does not
eliminate the congestion of certain highways and local
areas with high emission density along them. For example,
on the outskirts of the city, the density of emissions
increases near the wholesale, food, construction, and other
markets due to the underdevelopment of public transport,
and near industrial, utility and storage areas — due to the
high share (up to 20%) of freight transport in the traffic.

CONCLUSIONS

Due to the long period of development within the
USSR, post-Soviet cities have many common features both
in terms of urban planning in general and in terms of the
planning organization of the territory. However, the trend of
their modern development is less predetermined by their
common historical heritage and more — by the processes
of globalization and the world division of labor as well as
political and geopolitical aspects.

Relocation of the capital to Nur-Sultan led not only
to rapid population growth, expansion of the territory,
intensive housing and office construction but also to
the transformation of the spatial and planning structure
of the city in accordance with the new challenges. The
following effects of changing the planning structure can
be considered positive:

- transfer of the administrative center of the city to the
left bank. This allowed not only to unload the old center
but also to begin the development of its transport network,
connecting it by tunnels, overpasses, ramps, and junctions
in the conditions of a high building density;

- mitigation of the barrier role of the river due to the
faster construction of bridges;

- construction of a bypass road.

At the same time, the historically established functional
zoning of the city led to the preservation of the estate-type
housing, which is typical for many cities of Kazakhstan and
has low infrastructure availability and poorly developed
public transport.

The combined influence of the inherited and
transformational factors of the planning structure

development led to its ambiguous influence on the spatial
structure of traffic pollution. In contrast to small-scale
studies conducted for individual cities, which revealed an
inverse relationship between the density of road network
and density of emissions (Bityukova et al. 2011), the analysis
of intra-city differences showed a much more complex
picture.
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Despite different growth rates in the density and
concentration of roads, emission density steadily decreases
from the center to the periphery. However, the growing
concentration of roads and their increased connectivity in
the city center cannot yet compensate high traffic flows,
although the density of emissions is growing at a slower
pace. In the middle zone, compared to the center, both
built-up and road network density decreases, but this is
compensated by an increase in road capacity and traffic
speed, which also decreases the density of traffic emissions.
On the periphery, the density and concentration drop
3 times for buildings and 3-5 times for the road network.
New roads with higher capacity are being built outside the
city center, which increases the average traffic speed and
decreases the emission density. Between these highways,
large areas of estate-type housing with a high road network
density remain, however its quality is poor, which does not
contribute to the development of public transport.

The continuing trend towards further extensive growth of
the city due to the absorption of low-rise building areas with
private plots will lead to higher emissions due to an increase
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be required (the first should be developed in every possible
way, the second should be limited). For the middle zone,
it is necessary to develop public transport, road network,
traffic management and systems of parking spaces, as well
as improve the structure of the vehicle fleet and fuel. For the
periphery, it is also necessary to increase the concentration
of roads and develop a capillary network for low-rise areas.
These measures should lead not so much to a decrease in
the density of pollution, but to its more even distribution. [l
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