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Abstract

In cities experiencing rapid urbanisation and motorisation like Nairobi, deterioration of air
quality is bound to occur due to vehicular emissions. Exposure to ambient aerosols is a
leading risk factor which is attributed to respiratory diseases, cardiovascular diseases, lung
cancer and stroke. Regular monitoring of air quality is therefore important for constant
assessment of the abundance of air pollutants in the air we breathe. The model for Highway
Development and Management (HDM-4) was calibrated against Edgar-DICE emissions.
Calibration of vehicle Engine Output Models (EOM) involved adjustment of default emission
coefficients till the model output emissions was in agreement with the Edgar-DICE
emissions. Calibrated model was used to predict annual exhaust emissions within Nairobi.
The effect of traffic growth on exhaust emissions was investigated for a twenty-year period.
Sentinel 5P satellite measurements of total NO2 tropospheric column was used to map spatial
distribution of NO3 in the study area. Spearman’s rank correlation coefficient was used to
rank the degree of sensitivity of the model input variables and then visualized as Tornado
plots. According to this test, vehicle life, vehicle operating weight, and road geometry had the
highest influence on the exhaust emissions. The HDM-4 annual modelled quantities of CO,
NOXx, and PM2.5 were 60324, 4582, and 4273 tonnes respectively. For the same pollutants,
the Edgar-DICE emissions predicted 42420 tonnes, 1458 tonnes, and 3188 tonnes
respectively. The improvement in HDM-4 predictions was attributed to its bottom-up
approach unlike the Edgar-DICE emissions which were generated through a top-down
approach. Exhaust emissions forecasting showed possible increment of PM2.5 and CO by
11.5% and 2.20% respectively for the high traffic growth scenario while NOx reduced by
0.22%. In low traffic growth scenario, PM2.5 and CO recorded a reduction of 1.33% and
0.1% respectively, contrary to NOx which increased by 0.5%. This behaviour was attributed
to the fact that traffic congestion has negative influence on NOx emissions. Observation from
Tropospheric Ozone Monitoring Instrument (TROPOMI) satellite showed patterns of high
NO: concentration along busy highways connecting the city. The study has demonstrated
alternative tools which can not only provide information on air quality in areas with limited
coverage of ground monitoring but also form new frontier in air quality research through
modelling and satellite remote sensing. Adequate understanding of the of source contribution

to overall emissions is key to formulation of target control measures.
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CHAPTER ONE
INTRODUCTION
1.1 Background

Because of the widespread evidence of the health effects arising from exposure to poor air
quality (Manisalidis et al., 2020), there is need for regular assessment of air quality to prevent
associated risks. The causes of air pollution range from vehicle emissions, industrial
emissions, uncontrolled burning of municipal waste, mineral dust, biomass burning among
others. These emissions include historically defined criteria pollutants namely PM2.5, SO,
NOx, CO, and a variety of toxic species of hydrocarbons (HCs), which pose risk to human
health (Saxena and Sonwani, 2019). For this reason, robust monitoring of air quality is

necessary to constantly assess the level of ambient aerosols.

Air quality studies in Kenya have been based on sparse datasets collected from random
monitoring campaigns, mostly conducted in learning institutions (Gichuru et al., 2005). The
studies have given insights on the poor state of air quality in the city (Kinney et al., 2011).
Measurements taken in the central business district and areas in close proximity to busy
traffic road links have recorded levels of air pollution which exceeded the World Health
Organisation (WHO) guidelines (Gaita et al., 2014). Air pollution hotspots have been
identified in the neighbourhood of motorways and around the bus parks (Kinney et al., 2011).
The situation is only expected to get worse owing to the quality and quantity of fuel
consumed (Ndegwa, 2017), traffic congestion (Gachanja, 2015), lack of public awareness
about air quality (Egondi et al., 2013), and deficiencies in relevant legislation due to

incomprehensive data which is necessary for policy formulation (Gichuru et al., 2005).

As of 2019, the main mode of transport for approximately 4.4 million residents of Nairobi
was road and walking (KNBS, 2019). Railway transport is available during rush hours and
covers limited routes within the city. The number of registered vehicles in 2019 was 3.6
million, rising from 2.5 in 2015, which represented approximately 11.7% annual increment
during that period (KNBS, 2016, 2020). About 30% of registered vehicles nationally operate
in Nairobi (Omwenga, 2011). Majority of the vehicle fleet are second-hand imported
vehicles. Fuel consumption is also bound to increase due to the old vehicle technology, poor
maintenance practices, frequent traffic congestion and deteriorated road conditions, all of

which are likely to contribute to high exhaust emissions.
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Exposure to PM2.5 is associated with respiratory disease, cardiovascular disease, lung cancer
and stroke(Landrigan et al., 2018). The risk is especially high to the elderly, children and
people with underlying conditions. In 2019, respiratory system disease was leading cause of
il health in Nairobi with about 820 thousand reported cases (KNBS, 2020). The three-
leading cause of mortality for children aged below five were pneumonia, prematurity and
diseases of respiratory system (NCIDP, 2018). Studies have shown high pollutant
concentrations along busy traffic networks within the city owing to high traffic volumes. City
drivers, traffic police, street vendors, and motorbike operators are therefore at great risk of
occupational exposure (Mukaria, 2017; Ngo et al., 2015). Additionally, passengers and
pedestrians get exposed as they undertake their daily activities. It has also been shown that
since 1974 to 2018, visibility in Nairobi reduced by approximately 60% owing to increase in
anthropogenic emissions over time (Singh et al., 2020). Since 2015, Nairobi has recorded the
highest number of road accidents followed by Nakuru and Kiambu counties(Muguro et al.,
2020), which could be attributed to degradation of eyesight.

Traditionally, air quality measurements taken from ground stations (reference stations) has
been considered as ground truth (Sadd et al., 2014). PM2.5 is the widely monitored pollutant
owing to the widespread evidence of its health effects even in low concentrations. The
sampling techniques and quantification of PM2.5 mass concentration has been documented
widely (Cheng et al., 2015; Koistinen et al., 1999). Pre-weighed filter is deployed in a
sampler and allowed to run, mostly for twenty-four hours and the mass of PM2.5 is then
determined by the mass difference. The use of optical particle counters has also increased
recently owing to their relatively low cost and the ease of deployment (Kumar et al., 2015;
Munir et al., 2019). They have therefore become suitable alternatives in places without
existing monitoring networks. However, good understanding of their limitations and proper

calibration is paramount in order to achieve reasonably accurate results (Pope et al., 2018).

In the recent years, satellite remote sensing has received wide application in air quality
studies. A good example is the Moderate Resolution Imaging Sprectroradiometer (MODIS)
which provide vertically resolved aerosol measurements emanating from industries, transport,
biomass burning, forest fires, dust storms, and volcanic eruptions (Xiong et al., 2009). The
TROPOspheric Monitoring Instrument (TROPOMI) is a low orbit atmospheric detector
onboard Sentinel 5P satellite. TROPOMI provides information about tropospheric
composition of aerosols and clouds.

15



Air quality models predict air quality at different spatial and temporal scales. They are
effective tools which not only supplement air quality monitoring but also perform tasks such
as scenario analysis and forecasting, which cannot be achieved through monitoring (Castell et
al., 2017). The Highway Development and Management-4 (HDM-4) model has been
developed by World Bank for the purposes of pavement management. Vehicle exhaust
emission models are also incorporated in the HDM-4 for the purpose of environmental impact

assessment.

The Engine Out Emissions models in HDM-4 were calibrated and used to model vehicle
exhaust emissions in Nairobi. The model simulates emissions by taking into account complex
interactions between pavement characteristics, vehicle engine and physical characteristics,
and the environment (Prasad et al., 2013a). Other sub-models in HDM-4 include pavement
performance prediction, vehicular performance prediction and economic analysis tools
(Prasad et al., 2013a). The components of exhaust emissions simulated by the models include
HC, CO, CO., SOz, NOx, and particulate matter (Sassykova et al., 2019).

While huge sets of air pollution data exist from different satellite missions, it has been
scarcely applied to study air quality, especially in a city like Nairobi where only limited
ground measurements exist. The mapping of NO2 emissions within Nairobi was done using
tropospheric column data from Sentinel 5P satellite. Data analysis was done using python
packages developed by Copernicus Research and User Support Service (RUS, 2018). The
synergy provided by vehicle emission models and the satellite data provided good
understanding of the relative contribution of vehicle emissions to the overall air quality as

well as identification of air pollution hotspots within the city.

1.2 Problem Statement

While short term air quality monitoring campaigns have revealed the deteriorating state of air
quality in Nairobi, traffic emission is the major source of atmospheric pollution. This is
occasioned by huge traffic volume which is estimated to grow by approximately 13%
annually. Frequent incidences of traffic congestion experienced in the city contribute to

increased fuel consumption which has potential to cause increased exhaust emissions.

Road transport is responsible for most of PM2.5, HC, CO, CO., NOx, and SO, emissions in
urban centres. The PM2.5 particles pose great dangers to human health, they are capable of
penetrating through the alveoli of the lungs into the blood streams owing to their small size.

Exposure to PM2.5 is attributed to acute lower respiratory infections, cardiovascular, chronic
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obstructive pulmonary diseases and lung cancer (WHO, 2006). HC emissions contribute to
formation of smog in urban areas which reduces visibility and can result to accidents. In
presence of sunlight, NOx, CO and HC reacts to form ground level Oz which has potential to
trigger asthma, reduce lung function as well as causing of lung diseases (WHO, 2006). The
SO exposure is linked to inflammatory condition to respiratory tract which cause coughing,

mucus secretion and aggravation of chronic bronchitis and asthma.

The National Economic survey of 2019 recorded respiratory diseases as leading cause of
illness among children in Nairobi. Cumulatively, 154,636 and 489 cases of respiratory and
cardiovascular conditions constituted 12% and 11% of the nationally statistics respectively
(KNBS, 2020). These estimates could be higher given that many cases go unreported and

therefore unaccounted for.
1.3 Objectives of the Study

1.3.1 Main Objective
The study aimed to estimate the impact of motorised traffic to atmospheric emissions using

research tools which can effectively supplement ground measurements and ensure
improvement of air quality prediction in cities with limited coverage of ground monitoring
networks like Nairobi.

1.3.2 Specific Objectives
I. To prepare and carryout Level 1 calibration of HDM-4 vehicle emission models for

Nairobi.

ii.  Tomodel annual vehicle emissions of CO, HC, NOy, SO, and PM2.5.

iii.  To evaluate the relative changes in these emissions for a period of twenty years due
to traffic growth.

iv.  To map out the spatial distribution of NO2 over Nairobi using total NO> tropospheric
column data derived from Sentinel 5P satellite.

1.4 Justification

The city of Nairobi with an estimated population of about 4 million people has experienced
rapid urbanization and motorization which in many ways is typical of most cities in
developing countries thus facing similar air pollution problems (NCAQAP, 2018). The sparse
air quality datasets drawn from randomly conducted studies (NCAQAP, 2018) has hindered
the spatial-temporal analysis of air pollution. Thus causing inconclusive findings on health

effects of exposure to airborne aerosols in Nairobi (Gaita et al., 2014; Kinney et al., 2011;
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Pope et al., 2018). These incomprehensive datasets have derailed both regulation of air
quality in as well as formulation of appropriate policies to mitigate air pollution. In the
absence of the ground monitoring network, it is necessary to innovate and embrace

opportunities offered by emission models and satellite remote sensing to study air quality.

Vehicle emission models have been widely developed and used to predict vehicle
contribution to atmospheric emissions. These tools are not only effective to supplement air
quality monitoring, but also important in performing tasks such as scenario analysis and
forecasting, which cannot be achieved through monitoring (Castell et al., 2017). The
Highway Development and Management-4 (HDM-4) emission models are capable to perform
these tasks. The models compute vehicle emissions from a section of road to the complete
road network (Prasad et al., 2013).

1.5 Scope and Limitations of the Study

The study involved estimation of vehicle emissions in Nairobi county using HDM-4 emission models
and Sentinel 5P datasets. Only Level 1 calibration of HDM-4 models was carried out at this stage.
Level 2 and Level 3 require huge time and resource investment therefore not in this project. The
vehicle emission models were calibrated against Edgar-DICE emissions due to lack of vehicle
emissions monitoring data (Mazzeo et al., 2019). The period of vehicle exhaust emissions forecasting
was taken to be twenty years which is considered as the pavement lifecycle in the HDM-4 model.
Sentinel 5P tropospheric column measurement was then used to demonstrate the spatial distribution of
NO- in Nairobi. Thirteen major roads links were assumed to represent Nairobi road networks. The

road transport was also assumed to be main source of atmospheric NO2 within Nairobi.
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CHAPTER TWO
LITERATURE REVIEW
2.0 Background

Transport has played fundamental role in human development. It creates competitive business
environment and is the means through which social-economic and environmental objectives
can be achieved (Chama, 2013). However, rapid convergence of people in cities of emerging
and developing economies has not only increased motorization but also intensified strain on
the limited and poorly developed transport infrastructure (Rajé et al., 2018). High volume in
developing cities has the effect of causing congestion, accidents and air pollution (Diaz et al.,
2020). Fuel combustion in vehicle engines generates air pollutants in form of nitrogen oxides
(NOx), hydrocarbons (HC) which is also known as volatile organic compounds (VOCs),
carbon monoxide (CO), particulate matter (PM2s, PM1o) and black carbon (BC) (Winkler et
al., 2018). The light-duty gasoline powered vehicle is generally known for high VOCs, CO
and NOx emissions, whereas heavy-duty diesel vehicles are major emitters of NOx and PM2 5
(Sawyer, 2010). Besides increased traffic volume, majority of vehicles in developing
countries are composed of second-hand imported vehicles which are likely to cause more
emissions due to old emissions control technologies in these vehicles (Ebinger and Vergara,
2011). In 2017, approximately 70% of the global used light duty vehicles was imported by
developing countries (Baskin et al., 2020). This figure is set to at least double by 2050 due
factors such as population growth, limited regulations governing the quality of imported

vehicles and inadequate implementation of existing regulations (Baskin et al., 2020).

The city of Nairobi has experienced rapid growth in vehicle fleet to meet high transport demand for
approximately 4.2 million inhabitants (KNBS, 2020). The number of in-service vehicles in Kenya is
estimated at 1.6 million (Ogot et al., 2018), about 30% of the fleet is estimated to operate in Nairobi
(Omwenga, 2011). The fleet is composed of motorcycles, cars, buses, matatus (14-seater public
transport vans) and trucks. The fleet is characterised by old and poorly maintained vehicles which get
frequently overloaded during use, all these factors increase tailpipe emissions resulting to enhanced air
pollution (Mbandi et al., 2019).

Road transport system in Nairobi is characterized with paved roads which emanate radially from the
centre of the city (Nakagawa et al., 2018). The roads are however linked to limited networks of radial
arterials outside of the city to surrounding neighbourhoods and to the communities beyond(Gonzales et
al., 2009). The major road intersections are managed with roundabouts and the flow is mostly
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controlled manually by traffic police, traffic signals are only available in a few junctions in the CBD
(Gonzales et al., 2009). Inefficient traffic flow has the effect of causing incidences of traffic

congestion which not only raise vehicle fuel consumption but also the quantity of vehicle emissions.

The Highway Development and Management (HDM-4) model has received wide application globally
for pavement management (Prasad et al., 2013). HDM-4 provide opportunity for analysis of pavement
investment from feasibility study, design stage, construction, future improvements, maintenance and
the cost. The HDM-4 model structure can be classified into two broad sub-model namely Road
Deterioration and Work Effects (RDWE) models and the Road User Effects models. The vehicle
emission is modelled in RUE sub-models. Vehicle emission modelling is important for assessment of
effects in terms of pollutant quantities, changes in road characteristics, traffic congestion and vehicle
technology. HDM-4 predicts the different components of vehicle exhaust and tailpipe emissions as a
function of fuel consumption and speed. The predicted quantities of NOx, HC, CO, CO, SO, and
PM2s emissions are computed based on equations given in HDM-4 manual (Volume-4, part F). A
good understanding of source contribution to atmospheric emissions is important in formulation of

targeted mitigation measures.

2.1 Ground Level Air Quality

The ambient air which we breathe contains mixture of gases, liquid and solid particles, some
of which cause harm to human health (Manisalidis et al., 2020). The level of risk associated
with these pollutants is determined by their sizes, chemical composition, toxicity and its
relative abundance in the atmosphere (Humans, 2016). Airborne particles which has
aerodynamic diameter equal or less than 2.5 microns is defined as fine particles and denoted
as PM2.5 (Wu et al., 2018), and are more detrimental due to their smallness in size (Chan and
Lippmann, 1980; Villar-Vidal et al., 2014). Their compositions range from sulphate ion,
nitrate ion, elemental carbon EC, dust, sea salt and trace metals (Cheng et al., 2015; Chow
and Watson, 2002). Fossil fuel combustion is a key source of atmospheric SO and the
primary sulphate particles (Gaita et al., 2014; Ngo et al., 2015). Atmospheric SO is oxidized
to sulphuric acid (H2SO4) which then condenses to form aqueous sulphate particles which in
presence of ammonia gas, is neutralized to aqueous sulphate to form ammonium sulphate
(NHa)2 SO4 particles (Seinfeld and Pandis, 2016; Tomasi and Lupi, 2016). Secondary PM2 s
is also formed when nitrous oxide reacts with ammonia leading to ammonium nitrate
particles (Seinfeld and Pandis, 2016).
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Secondary inorganic aerosols are mainly formed by trace gases such as NOx, SOz, and NH3
which emanate from anthropogenic and natural sources (Boucher, 2015). The leading
anthropogenic sources air pollution in urban areas are fossil fuel combustion in industries,
power generation and the transport sector (Boucher, 2015; Ngo et al., 2015). The SO
emissions get produced from power plants while transport sector is the major source of NOx
while wildfires and burning of biomass generate certain amount of NO> and SO> (Sudalma et
al., 2015). Primary organic aerosols are emitted from vegetation (e.g. pollen grains, biomass
burning) (Sudalma et al., 2015).

2.2 Air Pollution Studies in Nairobi

Air quality studies in the country started a couple of decades ago mainly focusing on the total
suspended particulate matter (TSP) within Nairobi area (Karue et al., 1994). TSP
measurements however could not provide adequate information on involved health
implications (Dockery et al., 1994). Another study to assess elemental composition of
ambient aerosols was carried out in Nairobi (Kenya) and Hanoi (Vietnam). The study
reported elemental concentrations of chlorine, potassium and iron above 100 ng m=3 in both
cities (Gatari et al., 2005). Ambient particulate matter has been reported to rise due to
increased anthropogenic emissions. Road transport continue to dominate atmospheric
pollution while other sources include industrial emissions, construction works, uncontrolled
burning of municipal waste, biomass fuel, and wind-blown dust (Gatari et al., 2019; Kinney
etal., 2011; Muindi, 2017).

Air monitoring campaign conducted in 2011 showed high concentration of black carbon (BC)
in Nairobi central business district and in neighbourhoods of highways feeding into the city.
These concentrations reduced at distances away from road networks thus indicating the role
of motorised traffic on particulate emissions (Gatari et al., 2019). In 2015, measurements of
PM10, PM2.5, NOx, SO, CO, BC, and O3 were taken at Nakumatt, Landhies Road, Pangani
and Industrial area junctions. At Landhies roundabout, BC concentration exceeded the upper
measurement limit of detector (50,000 pg m—3), concentrations of SOz, Oz, PM10 and PM2.5
in the four sites were below their WHO guidelines (Gaita et al., 2014).

Source apportionment of atmospheric aerosols has been carried out in the urban and suburban
sites in Nairobi (Gaita et al., 2014). The PM2.5 mass concentration was found to exceed the
daily WHO guidelines (25 pg m—3) in both sites (Gaita et al., 2014). The major sources of

pollutants identified through positive factorization matrix were mineral dust, industry,
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combustion, motor vehicle and a mixed factor (Gaita et al., 2014). In low income areas of
Korogocho, Mathare and Viwandani, the average concentration of PM2.5 were 166 pg m—3,
103.8 + 28.363 pg m—3, 67 pg m—3 respectively (Egondi et al., 2013; Ngo et al., 2015). BC
accounted approximately one-third of the measured PM2.5 in Mathare and emanated mainly
from road transport and industries. Other sources of pollution identified in the study ranged

from use of biomass fuel, trash burning, and resuspended dust (Ngo et al., 2015).

In 2016, PM2.5 measurements were taken on high traffic congested roads at Kamukuniji,
Uhuru Highway, and University Way (Mukaria, 2017). The average concentration of PM2.5
was highest around Kamukunji at 123.3 pg m=3, while it ranged between 45.0 — 46.0 pg
m~-3 along Uhuru Highway, and at University Way (Mukaria, 2017). Pope et al.

(2018) also reported on PM1, PM2.5 and PM10 at urban background site (American

Wing University of Nairobi), urban roadside (Fire Station-Tom Mboya Street), and rural
background (Nanyuki town). It was found that peak particulate matter emissions occurred
during the morning and the evening rush hours, and WHO air quality guidelines were always
exceeded in roadside and urban background (Pope et al., 2018). Although limited research
exists on PM1, and while no global regulatory guidelines exists currently, its health outcome
could be more severe than PM2.5 (Chen et al., 2017).

The models are not only effective tools which supplement air quality monitoring, but are also
important in performing tasks such as scenario analysis and forecasting, which cannot be
conducted by monitoring (Castell et al., 2017). They also provide opportunity to test
contribution of different sources to pollution loading, and the relative contribution of primary
emissions to secondary pollutants (Cretu and Deaconu, 2012).

2.3 Health Effects of Air Pollutants

Road transport is responsible for PM2.5, HC, CO, CO2, NOx, and SO2 emissions. Since
PM2.5 is first deposited on the lungs, it is reported to cause airway inflammation effect (Feng
et al., 2016; Habre et al., 2014; Xing et al., 2016). It leads to poor functioning of the lungs,
increased incidences of asthma and chronic obstructive diseases, besides making the lungs
prone to other infections (Feng et al., 2016; Habre et al., 2014). Inhaled PM2.5 is deposited
on the surfaces of pulmonary and bronchiole and alveoli, it interacts epithelial cells and
macrophages in the lungs, impairs its functioning and could even cause them to die (Deng et
al., 2013; Feng et al., 2016; Gualtieri et al., 2011).
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The impacts of PM2.5 on cardiovascular system has also been widely documented. The
traffic related components of PM2.5 inhibits cardiac autonomic function, cause decline in
heart rate variability thus leading to increasing cardiovascular morbidity and mortality (Hu et
al., 2020; Thayer et al., 2010). According to Adar et al. (2013), long term exposure to PM2.5
is linked to cardiovascular diseases through accelerated atherosclerosis, which is a chronic
disease of the arterial wall (Feng et al., 2016; Hu et al., 2020).

The HC emissions contribute to formation of smog in urban areas which reduces visibility
and can result to accidents. in the presence of sunlight, NOx, CO and HC reacts to form
ground level Oz which has potential to trigger asthma, reduce lung function as well as causing
of lung diseases (WHO, 2006). The SO, exposure is linked to inflammatory condition to
respiratory tract which cause coughing, mucus secretion and aggravation of chronic
bronchitis and asthma. According to the KNES (2019), diseases of the respiratory and
cardiovascular systems were the leading cause of illness among children in Nairobi.

Cumulatively, 154,636 and 489 cases of respiratory and cardiovascular conditions were
reported, this constituted 12% and 11% respectively of the nationally statistics (KNBS,
2020).

2.4 WHO Air Quality Guidelines

Since vehicle exhaust emission has significant contribution to atmospheric aerosols within
Nairobi, regular measurements are important in order to control their abundance in air.
Vehicle exhaust emissions is composed of PM2.5, SO, NOx, HC, CO and CO>. The WHO
has issued safety guidelines to control atmospheric concentration of these pollutants. The
guideline requires that the annual mean concentration for PM2.5 and NO> does not exceed 10
pgm—3 and 40 pgm—3 respectively, and the 24-hour mean concentration for SO is

20 pgm—3 (WHO, 2006). Individual countries have developed their own emission limits based on
which enforcement of air quality regulations is done. In Kenya, the National Environmental
Management Authority (NEMA\) is the body responsible for enforcement of air quality
regulation. Air quality regulation is carried out in three zoned areas (table 2.1) (NEMA,
2014).
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Table 2. 1 NEMA Air Quality Guidelines

Industrial Residenti Control
Pollutant area al area led area
Annual 35
-3
PM2s average Hgm
24 hours 75 pgm3
Annual
average
NO;
100
24 hours ugm-2 0.1 ppm
Annual B B 15
average 80 pgm 60 pugm Lgm'3
SOz
125 5 30
24 hours ugm-2 80 pgm- p—
200
1 hour Hgm73 0.12 ppm
O3
120
8 hour ugm-3 1.25 ppm

2.5 Vehicle Exhaust Emissions

Combustion of fossil fuel in motor vehicles is the main cause of exhaust emissions. The
major pollutant from diesel engines exhaust is PM2.5 (Fiebig et al., 2014). On the other hand,
gasoline engines are major emitters of NOx, CO, HC and volatile organic compounds (VOC)
(Saini et al., 2013). The engine out CO emissions is generated due to incomplete combustion
caused by insufficient oxygen which can adequately mix with the fuel (Bolaji and
Adejuyigbe, 2006). The reaction which leads to CO formation takes place pretty fast than the
one for CO,, therefore, CO can be considered as an intermediate or final product. When
internal combustion engine fails to burn fuel completely to CO, and water, CO forms part of
the exhaust emission (Bolaji and Adejuyigbe, 2006). The concentration of CO is high in a
rich air/fuel mixture owing to high amount of unburnt fuel while for a weak air/fuel mixture

the amount of CO reduces considerably (Bolaji and Adejuyigbe, 2006).

CO occur as a colourless and odourless gas which is highly poisonous. This pollutant has a
tendency to reacts with haemoglobin present in the blood to form carboxyhemoglobin thus
supressing the quantity of oxygen transported to the body organs (Weaver, 2009). In high
concentration, CO is able to increase the risk of cardiovascular problem and impede the
psychomotor functions (Heidarnazhad et al., 2004). The risks due to CO exposure are high in
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children, elderly, and people with cardiovascular problems. The presence of CO in the lower

troposphere increases ozone formation at the ground level (Monks et al., 2015).

The HC emissions in motor vehicles occur due to missing, worn-out or improperly tightened
fuel caps (Batterman et al., 2005). Evaporation causes HC emission to occur in stationary
vehicles due to diurnal temperature changes. HC emissions is also formed due to incomplete
combustion of fuel due to limited O2 supply or difference in temperatures of combustion
where some fuel species burn at higher temperature than others. High quantity of HC is
produced during long deceleration events(An et al., 1998). Since fuel consumption reduces
considerably during deceleration, the fuel which was initially undergoing combustion process
is thus released unburned(An et al., 1998).

Vehicle exhaust emissions is the principal source of nitric oxide (NO) and nitrogen dioxide
(NO>) both of which are referred in a general term as nitrogen oxides (NOx) (Bolaji and
Adejuyigbe, 2006; Lozhkina and Lozhkin, 2016). NOx is generated due to the high
temperature and pressure in the engine cylinder which cause dissociation and subsequent
recombination of atmospheric N2 and O as shown by the following chemical reactions
(Dimaratos et al., 2019).

N, + 0, - 2NO (2.3)
2NO + 20, — 2NO, (2.4)

NOx and VOC react in the presence of sunlight to form ground level ozone (Chuturkova,
2015).

Carbon dioxide (CO) emissions is the major product of complete combustion of fuel in the
vehicle engine. It occurs naturally in the atmosphere and therefore not considered as a
pollutant. Since COz is transparent to short wavelength radiation from the sun but opaque to
the longer wavelengths radiated back to space from the earth, in high concentration, it cause
heating of the earth’s atmosphere and therefore global warming (Bolaji and Adejuyigbe,
2006).

2.6 Satellite Remote Sensing of Air Quality
The rise in concentrations of trace gases (NO2, CO and SO>) especially in urban areas have
become indicator of the level of air pollution. Studies to determine spatial-temporal

characteristics of these gases has therefore increased tremendously. Satellite remote sensing

provides unprecedented capabilities to be able to study large-scale behaviour and evolution of
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these pollutants over long periods of time. Its use for monitoring of air pollution has
developed over the previous decades (Martin, 2008).

2.6.1 TROPOMI Air Quality Detector
The TROPOspheric monitoring Instrument (TROPOMI) is an atmospheric detector on-board

the Sentinel 5p satellite aimed at monitoring changes in global air quality and climate
(Veefkind et al., 2012).

Figure 2. 1 Sentinel 5P satellite carrying TROPOM I detector on board (RBISA, 2020).

TROPOMII detector derives its properties from its predecessor instruments namely
SCIAMACHY (Bovensmann et al., 1999), GOME-2 (Munro et al., 2016) and OMI (Levelt et
al., 2006). TROPOMI is a multispectral imaging detector which covers spectral bands in the
Ultraviolet, Visible, Near-Infrared and the Shortwave Infrared (Veefkind et al., 2012). It
therefore measures a wide range of atmospheric trace gases including NO», Os, SO, CO,
CH20, CHg, and clouds (Veefkind et al., 2012). The spatial resolution for all trace gases is
3.5 x 7 km? except for CO and CHa which is 7 x 7 km? (Veefkind et al., 2012). For this
reason and for the first time, it is possible to detect air pollution on facility and city scale from
space (Borsdorff et al., 2018). TROPOMI has two dimensional detectors, one for measuring
the spatial information and the other for measuring spectral information (Veefkind et al.,
2012).
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Figure 2. 2 Spectral bands for TROPOMI and its predecessors OMI, SCIAMACHY and GOME (Vries

et al., 2009).

2.6.2 TROPOMI Working Principle
Atmospheric pollutants exist as molecules formed by combination of elements joined together

by several type of bonds of different strength (NRC, 2003). It is possible to identify chemical
compounds in the atmosphere owing to differences in mass and bonding structures which lead
to unique quantized energy states associated with vibrational, rotational, stretching and bending
modes of the molecules, thereby leading to identification of chemical species (NRC, 2003).
The uniqueness of each chemical species is identified by observing the infrared absorption
spectra or the Raman scattering intensity within the region of the spectrum, 0-4200 cm™*, which

corresponds to absorption spectrum wavelengths from about 25 to 2.4 um (Kang et al., 2009).

The Sentinel 5P has a large swath of 2600 km which provide a global coverage and the collected
data sets which are available as L1B and L2 (Berger et al., 2012). The L1B is geolocated and
radiometrically corrected top-of-atmosphere radiance while L2 include radiance products, solar
irradiance products, aerosol products, and the total column concentration for Oz CO, NO2, SO,
and CHg trace gases (Berger et al., 2012; Virghileanu et al., 2020). The datasets are available
on two different timelines, the first one is Near Real Time (NRT) which is made available three
hours after sensing. The second is the Offline (OFFL) stream which is available after five days
(Berger et al., 2012).

2.7 The Highway Development and Management Model (HDM-4)

The Highway Development and Management (HDM-4) model was originally developed by
World Bank for pavement management (Kerali, 2000). The model is widely applied to
facilitate analysis of alternatives for road maintenance and investment (Li et al., 2004). Its

focus is to provide road performance prediction, project appraisal, and policy impact studies
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(Kerali, 2000). It has ability to predict pavement performance based on factors relating to
road design, materials, construction variability, traffic, vehicle operating costs, environmental
considerations as well as maintenance and rehabilitation practices (Li et al., 2004). For HDM-
4 to give reasonably accurate results, the model default parameters must be customized to
reflect the local conditions (H. G. Kerali et al., 2000). The model has been customized and
domesticated in numerous countries including Ethiopia, Ghana, Malawi, India, Thailand etc.
Similarly, effective application of the model in Kenya adequate calibration to be conducted
(Thube, 2013).

The model is broadly classified into two sub-models namely Road Deterioration and Work
Effects (RDWE) and Road User Effects models (Bennett and Paterson, 2002; Kerali et al.,
2000). The RDWE model simulates road deterioration for three classes of pavements namely
bituminous, concrete and unsealed roads (Morosiuk et al., 2004). Since each pavement
deterioration is unique, it is modelled separately in HDM-4 (Odoki and Kerali, 2000). The
roadworks anticipated to be carried out during the life-cycle of the pavement must be defined
during the project analysis (Morosiuk et al., 2004). The models simulate the effect of each
type of roadworks on pavement condition and determine the corresponding costs (Bennett
and Paterson, 1998). On the other hand, the Road User Effects (RUE) models predicts the
vehicle exhaust emissions, cost of vehicle operation, road accidents and travel time cost
(Prasad et al., 2013). Prediction of vehicle exhaust emissions is based on vehicle energy
consumption, which on the other hand is influenced by vehicle technology, road condition,
and traffic volume (Odoki and Kerali, 2000).

2.7.1 HDM-4 Data Requirement
The HDM-4 model configuration require data relating to road network, vehicle composition

and their characteristics, road maintenance, improvement works, traffic flow patterns, speed
flow types, accident classes and road calibration parameters (Kerali et al., 2000). The model
has several data managers where this information is inputted, they are Vehicle Fleet, Road
Network, Work Standards, Projects, Programmes, Strategies, and Configuration (Odoki and
Kerali, 2000).

Limited studies exist on characterisation of vehicle fleet in Kenya. However, aggregated data
on vehicle registration is available at National Transport and Safety Authority (NTSA) and
the Kenya National Economic Surveys (Ogot et al., 2018). Recently, a study was conducted
to estimate the nationwide on-road vehicle fleet, age distribution and life expectancies,

emission factors, fuel consumption, mileage and the national rate of motorisation (Ogot et al.,
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2018). The vehicle ages, mileage and motorization rate used in HDM-4 model was extracted
from this study.

The five critical data managers within the HDM-4 model are Vehicle Fleet, Road Networks,
Road Works, Maintenance Standards, and Configuration (Kerali, 2000). The Vehicle Fleet
data manager stores and retrieve vehicle characteristics information which is required for
calculating vehicle speeds, operating costs, travel cost time and other vehicle effects (Bennett
and Greenwood, 2003). The Road Networks data manager allows one to store characteristics

of one or more road sections (Kerali, 2000).
2.8 Modelling Vehicle Emissions in HDM-4

The objective is to assess the quantity of emissions, variation of these emissions with changes
in road characteristics as well as vehicle technology (Hammerstrom, 1995). The formulation
of emission models in HDM-4 is based on vehicle specific fuel consumption (Zhang, 2016).
On the other hand, fuel consumption is dependent on vehicle characteristic, speed and road
condition (Zhang, 2016). The primary data required for modelling vehicle emissions include
the length of road section, section traffic volume, vehicle speeds, fuel consumption, and

vehicle characteristics (Kerali et al., 2000).

2.8.1 Road Characteristics
It has been established that pavement characteristics affects traffic flow speeds and

consequently the rate of fuel consumption (Svenson and Fjeld, 2016). The model road
surface classification falls under paved or unpaved (Hammerstrom, 1995). Paved roads are
further sub-divided into bituminous and concrete while earth roads represent the unpaved
class (Hammerstrom, 1995). The data on road geometry, road surface condition, road section
speed limit, and the fleet volume for motorised and non-motorised vehicles is also required
(Odoki and Kerali, 2000). The road section undergoes different forms of deterioration during
the analysis period caused by traffic volume and climatic conditions. These distresses can be
predicted by mechanistic and empirical modelling approaches (Morosiuk et al., 2004).

Table 2. 2 Road Surface Classification (Morosiuk et al., 2004)
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Bituminous Concrete Block * Unsealed
Drainage Cracking Rutting Gravel loss
Cracking Joint Spalling Roughness Roughness
Ravelling Joint Faulting Surface Texture
Potholing Failures

Edge Break Roughness

Rutting
Roughness
Texture Depth
Skid Resistance

* Not currently modelled in HDM-4
These damages can be described by road roughness on macro-scale as well as on micro-scale.

On macroscale, road roughness is described by potholes, ruts, and cracks. While on
microscale road roughness exist as the smoothness or roughness of the pavement surface
texture (Noshadravan et al., 2013). The range of roughness values for each class of pavement

has been shown below:
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Figure 2. 3 International roughness index for various roads (Sayers, 1986)

The factors which trigger pavement deterioration include the type of construction material,
construction quality, traffic volume, axle load characteristics, road geometry, environmental

conditions, age of pavement, and maintenance policy pursued (Odoki and Kerali, 2000).

In Kenya, state agencies responsible for road management are main custodian of all road
networks data nationally. They include Kenya Urban Roads Authority (KURA), Kenya
National Highways Authority (KeNHA), and the Kenya Rural Roads Authority (KeRRA).
The role of KURA is management, development, rehabilitation and maintenance of different
roads in cities except the national roads (KURA, 2021). KeNHA and KeRRA are tasked with
the development, rehabilitation, management and maintenance of all trunk roads and rural
roads respectively (KENHA, 2021; KeRRA, 2021).
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2.8.2 Traffic Characteristics
The Traffic composition play a key role in road deterioration, heavy vehicles such as trucks

and buses cause more distress on road than cars (Chatti et al., 2004). The level of damage
induced on a pavement is dependent on the weight of the vehicle. Detailed analysis on how
each of these variable is modelled is presented in Volume-4 manual of the HDM-4 model
(Morosiuk et al., 2004). This section describe the traffic data required in the model. The
traffic representation in terms of categories, composition, volume and growth has been
described in (Kerali et al., 1994). Both motorised and non-motorised vehicles are included in
the model, the reason of non-motorised traffic is that it tends to affect traffic flow speeds

which has impact on fuel consumption (Kerali et al., 1994).

Table 2. 3 Vehicle Categories Included in HDM-4 (Kerali et al., 2000)

Category

Motorised Motorcycle, small passenger car, medium passenger car, large passenger
car, light delivery vehicle, light goods vehicle, four wheel drive, light truck,
medium truck, heavy truck, articulated truck, minibus, light bus, medium
bus, heavy bus, coach

Non- Pedestrian, bicycle, rickshaw, animal cart

motorised

2.8.3 Modelling Vehicle Speed
The vehicle flow speeds influence the rate of fuel consumption and subsequently affects

vehicle exhaust emissions (Jaikumar et al., 2017). The modules for predicting vehicle speeds
under different driving conditions are therefore included in the HDM-4. The speeds depend
on vehicle specific characteristics, road geometry, road surface type and its current condition
(Jaikumar et al., 2017). A travelling vehicle is associated with two types of speeds namely
vehicle free speed and operating speed, unlike operating speed, free speed can be achieved on
uncongested road (Eluru et al., 2013; Malaghan et al., 2020).

In the HDM-4 model, vehicle free speeds are predicted using mechanistic models. The
assumption made is that the steady-state speed for each vehicle type k is a probabilistic
minimum of five constraining speeds based on driving power, braking capacity, road
curvature, surface roughness and the desired speed (Watanatada et al., 1987). The equations
for estimating the uphill speed, downhill speed and the average round trip speed are described

in Greenwood and Bennett (2003). The formulae for the uphill segment is;
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exp |

1 1 1 1 1
(VDRllVEu)B + (VBRzlmzu)B + (VCUlRVE)B + (VROlUGH)B + (VDéSIR)ﬂ

VS = — (26

Where:

VSyy the predicted steady — state speed for uphill segment (ms™1)
VDRIVEu the speed limited by gradient and used driving power for uphill section (ms™1)
VBRAKEu the speed limited by gradient and used braking power for uphill section (ms~1)VCURVE the

VROUGH the speed limited by roughness (m s™1)
VDESIR the desired speed under ideal condition (ms™1)
o SPEED_SIG Weibull model parameter

B SPEED_BETA Weibull model parameter

For the downhill segment, the speed prediction model takes the format below (Greenwood
and Bennett, 1996):

VSkd =

1 exp [672] : @7

118

1 1 1 1 1
(m)ﬁ + (m)ﬁ + (VCUlRVE)B + (VROlUGH)B + (VD;SIR)B
Where:

VS,q the predicted steady state speed for the uphill segment (m s~ 1)

VDRIVEd the speed limited by gradient and used driving power for uphill section (m s~1)
VBRAKEd the speed limited by gradient and used braking power for uphill section (m s™1)
VCURVE the speed limited by curvature (m s~1)

VROUGH the speed limited by roughness (m s™1)

VDESIR the desired speed under ideal condition (m s™1)

o SPEED_SIG Weibull model parameter

B SPEED_BETA Weibull model parameter

2.8.4 Traffic Congestion modelling

The speed-flow model in HDM-4 is shown in (figure 2.4), all variables bear the same
meaning as in Hoban et al. (1994):
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Figure 2. 4 Speed flow model in HDM-4 (Hoban et al., 1994).

Free flow speed

Traffic volume is key to the vehicle speed-flow, therefore traffic congestion model simulate
vehicle speeds for different states of traffic loading. According to the model, a critical traffic
volume exist below which traffic interactions are insignificant and all vehicles travel at their
free speeds (Hoban et al., 1994). When traffic interactions sets in, the speeds for the
individual vehicles decrease until the nominal capacity where all vehicles will be travelling at
the same speed (Hoban et al., 1994). A further reduction in speeds can occur towards the
ultimate capacity beyond which unstable flow will arise.

Congested speeds

Increased traffic flow lead to high vehicle interactions which then results to a reduction in
speed. This reduced speed is modelled as the steady-state congested speed which is
determined by the traffic flow period for both the uphill and the downhill segments(Bennett
and Greenwood, 2003) . For the Uphill segment, the model equation takes the form below:

VU, = MAX(VUy, * CALIBFAC, VSult) (2.8)

Where:

VUy,, steady state congested speed of vehicle of type k during period p for uphill section (ms™1)
CALIBFAC speed calibration factor

VSult is obtained by dividing Sult by a factor of 3.6

Speed for Downhill segment

The steady-state speed for each traffic flow period is modelled using the equation presented
below:
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VDy, = MAX(VDy, * CALIBFAC, VSult) (2.9)
Where:
VDy,, steady state congested speed of vehicle type k during period p for the uphill section
(ms™)
CALIBFAC speed calibration factor
VSult is obtained by dividing Sult by a factor of 3.6
Round trip congested speed

The average steady-state congested speed for a round trip (km % 1) at each flow period p and

flow Qy is predicted by the equation presented below (Odoki and Kerali, 2000):

7.2
= (2.10)

o)+ )]

Where:

Skpaverage steady state congested speed (km h™")

Vehicle operating speed

This speed is calculated by multiplying congested speeds described above by speed-bias
factors. The steady-state vehicle-operating speed is therefore calculated as follows:

SSkp = Skp * SPEEDBIAS (2.11)
Where;

SSyp, vehicle operating speed (km h1)

Skp steady state congested speed (km h~1) for traffic flow period p

SPEEDBIAS speed adjustment factor to account for the bias introduced through the use of the
time mean speed instead of space mean speed. where each of the variable is described in
detail in Volume-4 manual of the HDM-4.

2.8.4 Fuel Consumption

Fuel consumption is a significant factor which influence vehicle exhaust emissions. Fuel

consumption modelling is based on mechanistic approach, assumption being that vehicle fuel
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consumption is directly proportional to the total power requirements of the engine which
include tractive power, engine drag, and accessory power (Biggs, 1988; Kerali et al., 2000).
Fuel consumption for a specific vehicle type is estimated by computing the vehicle uphill and
downhill separately which is then averaged to obtain the fuel consumed for a round trip over
the road section (Zaabar and Chatti, 2010). The instantaneous fuel consumption for the
downhill for a specific vehicle type k during traffic flow period p was described by Bennet

and Peterson (2003) as shown:
IFCypuy = MAX[IDLEgygy, , ZETAypy * PTOTypy * (1 + dFUELyp,) | (2.12)

The fuel consumption for the downhill segment is estimated using the equation below:

IFCypa = MAX[IDLEgygy, , ZETAypg * PTOTypq * (1 + dFUELypq)] (2.13)
Where:

[FCypq instanteneous fuel consumption m/s

IDLEgygy, idle rate of fuel consumption (ml s™hH

ZETAypq uphill fuel to power efficiency factor of vehicle type k (ml kw—1s™h
PTOTypquphill total requirement for steady state motion (kW)

dFUELypq additional fuel consumption factor due to vehicle speed change cycles

The specific fuel consumption (ml) per vehicle-kilometre on a particular road section was
developed by Biggs (1988)

(2.14)

IFCp,y  IFC
SFCyp = 500 [ Kpu pkpdl

VU =~ VD
Where:

SFCypspecific fuel consumption (ml km™1)

[FCypy instanteneous fuel consumption for uphill travel (ml s™hH
[FCpypq instanteneous fuel consumption for downhill travrl (ml s™hH
VUyp uphill speed (m s~ 1) of vehicle type k in traffic flow period p

VDy, downhill speed (m s™%)
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The annual fuel consumption for a specific vehicle type is reported in litres per 1000 vehicle
kilometre as shown (symbols explained in HDM-4 Calibration manual Vol. 4) (Biggs, 1988;
Kerali et al., 2000):

n

HRYR, X HV, X FCy,

FCiay = —— (2.15)

_HRYR, x HV,

2.9 Calibration of Vehicle Emission Models

The model must be properly calibrated before any modelling activity is undertaken (Bennett
and Paterson, 2002). The ability to calibrate the HDM-4 model relies on the type of
application, resources and time available to the user (Bennett and Paterson, 2002). Level 1
calibration was undertaken in this study. This was a desk study based on data collected from
secondary sources such as government agencies (KURA, NTSA), industrial publications,
operator organizations or various RUE reports from previous studies (Bennett and Paterson,
2002). The default variables that were adjusted in this study are shown in Appendix A. Level
2 and Level 3 were beyond the scope of the study since they involve major field surveys and
research to improve data collection, therefore they were not possible at this stage. The HDM4
calibration was carried out by adjusting the default coefficients contained in the exhaust
emissions model. The model was run with the adjusted coefficients and the exhaust emissions
output compared against the Edgar-DICE emission inventory. The DICE Africa emissions
inventory was developed for the year 2013 (Marais and Wiedinmyer, 2016) while the Edgar-
v4.3.2 global emission inventory was developed for the year 2012 (Crippa et al., 2018). They
were merged in similar procedure as that of Marais and Wiedinmyer (2016), to generate a

new inventory (Edgar-DICE) emissions.

2.10 Format of VVehicle Emission Models in HDM-4

The HDM-4 emission models compute quantity of each emission component (CO, COg,
NOx, SOz, PM2.5) separately (Bennett and Paterson, 2000). The exhaust emissions are
predicted based on vehicle fuel consumption (Tong et al., 2000). The total annual emission of
each component is obtained by summing over the contribution of each vehicle type (Bennett
and Greenwood, 2003). In general, vehicle emissions can be directly related to changes in
pavement conditions, traffic characteristics as well as vehicle technology (Wang et al., 2014).
The CO, emissions was calculated from carbon balance assumptions (Bennett and

Greenwood, 2003). The engine out emissions are acted by catalytic converter (if present) to
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yield tailpipe emissions which is then released into the environment. Below is the format of

the model catalytic converter as described by An et al. (1997)

and

T

CPF; = [1 — g;exp(—Db;IFC MassFuel)] min [(1 + 100

AGE)) , MDF,| (2.17)
The quantities of CO, SOz, NOx, HC, PM2.5, and CO; are predicted as follows (Bennett and
Greenwood, 2003)

Carbon Monoxide model
It is based on the rate of fuel consumption and engine out emissions which are directly related
(Anetal., 1997):

EOECO = dco X FC (218)
EOE., engine out carbon monoxide emission in grams per vehicle kilometre

ratio of engine out emission per gram of fuel consumed for emission CO

FC is the fuel consumption (including congestion effects) in g km~1

Sulphur Dioxide model
Its formulation is based on the assumption that the amount of SO emitted is related directly
to the quantity of sulphur present in the fuel (Bennett and Greenwood, 2003). The engine out

emissions for SO is therefore presented as (Bennett and Greenwood, 2003)
EOESOZ = ZaSOZFC (219)
EOEso; engine out sulphur dioxide emission in grams per vehicle kilometre

agp,ratio of engine out emission per gram of fuel consumed for emission SO2

Nitrous oxide model
The relationship used to model NOx component of exhaust emission is described below (An
etal., 1997):

EOEno, = max [ayo, (FC - FR+°) 0] (2.20)
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Where:

EOEyo, engine out nitrous oxide emissions in grams per vehicle kilometer
ano, ratio of engine outemissions per gram of fuel consumed for emission NOx
FRyo, the fuel threshold below which NOx emission are very low

Hydrocarbons model
The model for predicting engine out emission takes the format below (Bennett and

Greenwood, 2003):

r
EOEgc = aycFC + % 1000 (2.21)

and

_ IFC MassFuel 1000

; (2.22)

EOEyis the engine out hydrocarbon emission in grams per vehicle kilometer

ayc is the ratio of engine out emission per gram of fuel consumed for emission HC

ryc is a constant to account for incomplete combustion in gs~1

IFC instanteneuos fuel consumptiuon ml s~1

FC is the fuel consumption in gkm™!

v is the vehicle speed in ms™!

MassFuel is the mass of fuel in g mL™!

Each coefficient hold the same meaning as described by (Bennett and Greenwood, 2003)

Particulates model
The model for particulate emissions (PM2.5) takes the format below (Bennett and

Greenwood, 2003):

r
EOEpm2.5 = apm2sFC + Pl\\/;z's 1000 (2.23)

Where:

EOEpy engine out particulate emissions in grams per vehilce kilometres
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apmz.s ratio of engine out emissions per gram of fuel consumed for emission PM2.5

FC is the fuel consumption (including congestion effetcs) in gkm™1

ryc is a constant to account for incomplete combustion in g s ™1

v is the vehicle speed in ms ™!

Carbon Dioxide
This model is described in HDM-4 Manual Volume-4(Bennett and Greenwood, 2003):

FC TPEco TPEyc TPEpmas

TPEcq, = 44.011
co2 12.011 + 1.008aco, 28.011 13.018  12.011

(2.24)

TPE(q, tail pipe carbon dioxide emissions in grams per vehicle kilometer

aco, fuel dependent model parameter representing the ratio of hydrogen to carbon atom in the fuel
2.11 Summary

The sparse air quality datasets collected from short monitoring campaigns have shown levels of air
quality which exceed the WHO guidelines. The situation is only likely to worsen due to high cost of
acquiring and maintaining air quality monitors which has proved unaffordable to most developing
cities like Nairobi. There is need for air quality data of good spatial and temporal resolution upon
which policies and regulation of air quality can be based on. The vehicle emission models in HDM-4
and Sentinel 5P tropospheric measurements provide information regarding atmospheric emissions
which can be exploited to studies air quality. Properly calibrated HDM-4 emission models have been
shown to model vehicle emissions with reasonable degree of accuracy. Sentinel 5P provide long term
measurements of atmospheric pollutants at high resolution, thus making it possible to study air quality

at city scale.
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CHAPTER THREE
METHODOLOGY
3.0 Customization and Calibration of HDM-4 Model v2.0

The HDM-4 model is a commercial software distributed by HDMGLOBAL, the software
was downloaded and installed in Windows 10 laptop computer. The licence was acquired
through ASAP (A Systems Approach to Air Pollution) project of East Africa. The disk
space required to run the program files was about 50MB.

The data for pavements, vehicle fleet, maintenance standards, and model configuration
parameters within Nairobi county was collected from secondary sources. The data was
manually obtained from KURA (Kenya Urban Roads Authority KURA) Nairobi road
networks data and Nairobi AADT data.

The key variables extracted from the data were classified into two broad categories namely
pavement physical characteristics and pavement geometry. The road physical characteristics
included road section name, identification code, carriage width, shoulder width, length, speed
flow type, directions of flow, surface class, last surfacing, traffic flow pattern, climate zone,
traffic and last construction year. The inputs for pavement geometry included road curvature,

pavement gradient, number of rise and falls (Appendix A).

Another information also obtained from KURA was the Nairobi Annual Average Daily
Traffic (AADT) data. The vehicle classes in the data included motorcycles, passenger cars,
14-seater vans (Matatus), small bus, medium bus, small trucks, medium trucks, Heavy trucks,
articulated trucks, and others. The AADT for each road section was also contained in this
data. Thirteen road networks were generated from this data and defined in the Road
Network data manager of the HDM-4 model. Each network was built from multiple sections
of road and the model input parameters for the sections summarised in Appendix A. The rate
of traffic growth for each class of vehicles and along different road categories were manually
obtained from a draft report by the Kenya Roads Board (Appendix B).

The vehicle fleet data was also obtained upon request from KURA. It contained information
in terms of Annual Average Daily Traffic (AADT). The classes of vehicles in this data
included motorcycles, passenger cars, small buses, large buses, light trucks, medium trucks,
heavy trucks, and articulated trucks. The model default values were used for the PCSE,
number of wheels and operating weight. The vehicle mileage, average life and operating
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weight (Appendix C). The fleet was defined in the Vehicle Fleet data manager of the HDM-4

and for modelling.

Then calibration of Engine Output models involved adjustment of default emission
coefficients for HC, CO, NOx, SO, and PM2.5. The model was run repeatedly with the
adjusted factors, each time comparing the agreement of output emissions with the Edgar-

DICE emissions. Level 1 calibration of Engine output models was achieved this way.

3.1 Sensitivity Test

The vehicle exhaust emissions have been shown to depend on vehicle physical parameters,
road characteristics as well as traffic characteristics (Prasad et al., 2013a). Thirty-five Input
variables that influence exhaust emissions were identified, sixteen were engine related, four
vehicle physical inputs, while the rest constituted road geometric and traffic characteristics.
The engine related variables were beyond the scope, therefore they were dropped from this

analysis.

The variables considered in this analysis included vehicle average life, vehicle operating
weight, vehicle number of wheels, PCSE, pavement roughness, pavement carriage width,
number of rise and falls, average rise and fall, speed reduction of motorised traffic due to
non-motorised traffic (XNMT), speed reduction of motorised traffic due to roadside activities
(XFRI), pavement curvature, the altitude and speed limit. Fourteen simulations were run to
generate random Latin Hypercube Samples (LHS), this technique is documented in the work
of Prasad et al. (2013a). A rectangular grid of 14 x13 sample points was thus generated, each
sample acting as a single data point (Sheikholeslami and Razavi, 2017). The Spearman’s rank
correlation coefficient was computed for these inputs. The degree to which these variables
impact on the components of vehicle emissions i.e. HC, CO, SO, NOx, was hence visualized

as Tornado plots.
3.2 Modelling Annual Exhaust Emissions

This simulation was done through project analysis which is incorporated in the HDM-4. A
project was created for each road network used in the model. The duration of simulation was
taken to be one year. Then model was run and the output was in form of a report which had
information on traffic, Deterioration and Work Effects, Road User Effects, and Environment
Effects. This was repeated for the thirteen road networks, and the output analysed for vehicle

exhaust emissions.
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3.3 Effects Traffic Growth on Vehicle Exhaust Emissions

Integrated in the HDM-4 are powerful tools for investigating the role of future economic
development on exhaust emissions. Due to the ever increasing population, construction of
new roads and expansion of existing networks, the on-road traffic is bound to increase. It is
therefore necessary to investigate the impacts on Nairobi air quality. Three test scenarios
were set to carry out this analysis. They included High, Base, and Low traffic growth

scenarios.

This analysis was conducted for a period of twenty years starting from 2020. The annual
traffic growth for that year was 14% which was adopted from (Notter et al., 2019). Three test
scenarios (Base, High and Low traffic growth scenarios) were set in order to investigate
variations in vehicle emissions, fuel consumption, and the road surface condition. By taking
the Base traffic growth scenario as 100%, the High and Low traffic growth scenarios were
generated by adding and subtracting 14% to the Base scenario respectively. The
multiplication factors for the High, Low and Base scenarios were 1.14, 0.86, and 1
respectively. The pavement maintenance activities defined for the analysis included
potholing, crack sealing and overlay. The output of this simulation was in form of a report
containing information on traffic growth, average fuel consumption, average traffic operating
speeds, and the pavement deterioration in form of the roughness index (IRI). The relationship

of these parameters with the vehicle tailpipe emission analysed and presented in results.

3.4 Mapping NO2 Concentration Over Nairobi

The TROPOMI is air quality detector on-board the Sentinel 5P satellite. The air quality
data acquired by TROPOMI detector is stored in the Copernicus website (Guzzonato et al.,
2020). Two data streams are available from this detector namely the Near Real Time
(NRTI) and the Offline (OFFL) data products. The NRTI product is available a few hours
after it has been sensed by the satellite. It is considered raw data and therefore data
processing is required for research. The OFFL product is processed and quality assured. It
is made available after a few days and is therefore recommended for research. In this study,
Level 2 data product was used. The NO2 tropospheric column data was retrieved for the

spatial grid with longitude/latitude points shown below.

42



name

border
coordinates

map center

image

Nairobi
-1.17
36.67 —3— 37.21
-1.46
< 1.315°S 36 94°E

Najirobi location map.png

Figure 3. 1. lllustrates the horizontal grid over which NO> tropospheric column data was retrieved

(source:(Wikipedia, 2018).

Random days were chosen depending on availability of the satellite image. A single
TROPOMII orbit contains datasets stored in fourteen granules. The granule cutting through
the grid shown in figure 3.1 was selected and downloaded. Data processing and visualization

was done using python programming language which has highly advanced software tools for

analysis for geospatial analysis. The data was filtered for contaminants such as clouds and

snow cover, all pixels with quality assurance values less than 75% were therefore removed.
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CHAPTER FOUR
RESULTS AND DISCUSSION
4.0 Sensitivity Test Results

The Spearman’s Rank Correlation coefficient of the model input variables were determined
and visualized as Tornado plots (Figure 4.1). The variables whose value of the Spearman’s
rank correlation coefficient was equal to one or negative one had the highest impact on that
particular pollutant, while that having a value closer to zero is least significant. The variable
with a positive value of Spearman’s Rank Correlation coefficient indicates a direct
relationship with that particular pollutant, the opposite is true to variables with a negative

sign.

The two variables which showed significant influenced on CO emissions were vehicle life
and road surface roughness. The carriage width of the road section, number of rise and falls,
and the number of wheels of the vehicle showed a strong negative influence. For HC
emissions, road section rise and fall, and vehicle operating weight showed strong positive
effect. On the other hand, road carriage width and the vehicle number of wheels had strong
negative impact. The vehicle life and operating weight was reported to impact directly on
NOx emissions while section carriage width and the number of rise and falls had negative
effects on these emissions. The vehicle life had major impact on PM2.5 emissions which on

the other hand was affected negatively by road section curvature.
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Figure 4. 1 Tornado plots showing sensitivity of the model input variables to (a) CO, (b) HC, (c) NOx,
and (d) PM2.5 emissions.

4.1 Modelled Exhaust Emissions

The vehicle exhaust emissions were modelled using un-calibrated and calibrated forms of the
model (Figure 4.2). The un-calibrated model had weak emissions prediction power which
resulted to the huge margins between HDM-4 and Edgar-DICE exhaust emissions.
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Figure 4. 2 Comparison of un-calibrated HDM-4 exhaust emissions Edgar-DICE emissions.
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Figure 4.3 illustrates the exhaust emissions from calibrated HDM-4 model and the Edgar-
DICE. A huge difference was observed between modelled SOz and the Edgar-DICE SO-
emissions which was attributed to a bug in the model. The Edgar-DICE emissions has been
validated for PM2.5 relative to the impact of primary emissions. However, it has not been
done for gaseous pollutants which might explain the huge difference between the two sets of
emissions. It was found that road transport contributed approximately 4273 tonnes of PM2.5
emissions annually. Its significance to air quality in Nairobi has been underscored in previous
studies. Pope et al. (2018) showed that motorised traffic was the dominant source of
emissions in the city contributing approximately 48.1%, 47.5% and 57.2% of PM10, PM2.5
and PM1 respectively. Mukaria et al. (2017)recorded concentrations ranging from
124.3ugm to 45.0ugm3 45.0 ugm-3at Railways Roundabout and University Way
Roundabout respectively. Shilenje et al. (2016)recorded extremely high levels of BC along
Landhies Road. It was further noted that exhaust emission was bound to increase owing to

huge fleet of old and poorly maintained vehicles.

Until now, limited studies exist which concern monitoring of pollutant gases in Nairobi.
Shilenje et al. (2016) reported SO2, CO, and Oz concentration along Ladhies road, Nakumatt
junction, and Pangani Roundabout. For the four sampling locations, SO, and O3
concentrations were below their respective WHO recommendations. The mean CO in all sites
was above the background concentration 0.05-0.12 ppm. It was however pointed out that lack
of instrument calibration could limit the accuracy of recorded results. Although the results
were not directly comparable to air quality reporting standards, it provided useful insights on

the role of traffic emissions to air pollution in the study area. Emission fluxes derived from
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the study form important component of urban emissions that can be used in chemistry

transport models to predict air quality.
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Figure 4. 3 Illustrates comparison between HDM-4 and Edgar-DICE emissions
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4.2 Results of Change in Exhaust Emissions Due to Traffic Growth
The High, Base and Low traffic growth scenarios were analysed for nine major road
networks. For each network, the road surface condition (IR1), average vehicle operating

speeds were analysed to understand their influence on vehicle exhaust emissions

4.2.1 Jogoo Road Results
Figure 4.4 (a) illustrates changes in road surface roughness, and (b) is the respective change

in vehicle average speed for the three analysis scenarios. This increase in IRI signified poor
road surface condition which was likely to impact on vehicle operating speeds 4.4 (b). Low
vehicle operating speed is associated with high fuel consumption, therefore causing more

exhaust emissions.
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Figure 4. 4 (a). Shows variation in IRl and (b) is the vehicle operating speed.
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Fuel Consumption

Figure 4.5 illustrates the annual average vehicle fuel consumption for trucks, buses, passenger
cars, and motorcycles. It was observed that vehicle fuel consumption followed fleet operating
speed. Therefore, at speed of 82.5 km/hr, fuel consumption was lowest except for the
motorcycles which is not affected by traffic congestion. Generally, fuel consumption
increased for all test scenarios. It was however significant for High traffic growth scenario

thus causing more exhaust emissions.
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Figure 4. 5 The modelled annual average fuel consumption for Jogoo road

Modelled Vehicle Exhaust Emissions for Jogoo Road

The exhaust emissions in form of CO, HC, PM, SO2, and NOx was modelled and presented in
figure 4.6. For all components of exhaust emissions, the quantities were highest in the High
Traffic Growth scenario followed by the Base scenario and the Low Traffic Growth. The High
and the Low Traffic Growth scenarios were evaluated against the Base scenario. The modelled
CO, HC, SO,, NOx and PM2.5 increased by 14%, 12%, 17%, 14% and 10% respectively for
the High Traffic Growth scenario. Similarly, these emission components decreased by 9%, 8%,

12%, 9% and 9.4% respectively for the Low Traffic Growth scenario.
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Figure 4. 6 Illustrates the modelled exhaust emissions for Jogoo road

4.2.2 Mombasa Road Results
The road surface condition, vehicle operating speeds, and emissions for Mombasa road was

modelled, analysed and reported in Figure 4. 7. A sharp rise in road surface roughness was
observed for the high traffic growth which signified faster rate of deterioration, the opposite
was true for the low traffic growth. The high level of traffic experienced during the high
traffic growth resulted in congestion which gradually slowed vehicle operating speed. The
reduction in traffic speeds from 87 km/hr to 77 km/hr and from 87km/hr to 80km/hr was

noted for the high and the low traffic growth scenarios respectively.
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PROGRESSION IN PAVEMENT ROUGHNESS

Test Scenarios

—— High Traffic Growth
Base Scenario
Low Traffic Growth

&

IRI

(m/km)

Speed

(km/h)

' © —— High Traffic Growth

Annual Average Speed

Test Scenarios

Base Scenario
Low Traffic Growth

2040

Figure 4. 7 (a) Variation in pavement IRI and (b) are the changes in annual average operating speed.
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Figure 4. 8 Shows the modelled annual average fuel consumption for Mombasa road

Modelled Vehicle Exhaust Emissions for Mombasa Road

The results of vehicle exhaust emissions for Mombasa road was presented in figure 4.9. The

five components of emissions showed a general increasing trend throughout the simulation

period. For CO emissions, an increment of approximately 9% was reported for the high

traffic growth scenario while a reduction of approximately 8% was observed during the low

traffic growth scenario. For HC, an increment of approximately 9% was noted during the

high traffic growth scenario which then reduced by almost 8% for the low traffic growth

scenario. PM emissions increased by approximately 12% during the high traffic growth
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scenario while it reduced by approximately 11% during the low traffic growth scenario. The
quantity of NOx increased by 6% for the high traffic growth scenario, however this reduced
by 5% for the low traffic growth scenario.
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Figure 4. 9 Predicted exhaust emissions for Mombasa road

4.2.3 Ngong Road Results
Analysis of road surface roughness, vehicle operating speed and emissions for Ngong road

was reported in this section. The results showed a sharp rise in pavement roughness at the
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start of analysis which was altered by pavement maintenance. The variations in the road
condition and the growth in traffic volume along this road section has subsequent effect of
reducing the average vehicle operating speeds (figure 4.10 (b)). Consequently, the traffic
operating speeds affect the rate of fuel consumption and consequently the vehicle emissions.
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Figure 4. 10 (a) Illustrates predicted pavement surface condition (IRI) and (b) is the annual average
vehicle operating speed.
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Figure 4. 11 illustrates the modelled annual average fuel consumption for Ngong road

Vehicle Exhaust Emissions for Ngong Road

Analysis of the modelled CO, HC, NOx, SO, and PM was done for the high and low traffic
growth scenarios as reported in figure 4.12. The cumulative emissions for these scenarios
were evaluated with the base scenario. The highest quantities of CO and HC emissions was
reported at 90km/hr and reduced as vehicle operating speed slowed. However, a dramatic
increase in these emissions was observed below 60km/hr. In comparison to the base scenario,
cumulative emissions for CO and HC increased by approximately 4% for the high traffic
growth scenario, while it reduced by approximately 4% for the low traffic growth scenario.
For PM, emissions increment of approximately 10% was reported for high traffic growth
scenario while a reduction of approximately 9% reduction was recorded for the low traffic
growth scenario. The quantity of SO2 emissions increased by approximately 12% during the
high traffic growth while it reduced by approximately 11% for the low traffic growth
scenario. Approximately 6% increase in NOx emissions occurred for the high traffic growth

scenario while a 5% reduction was reported for the low traffic growth scenario.
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Figure 4. 12 Illustrate predicted vehicle exhaust emissions for Ngong road.

4.2.4 Outer-Ring Road Results

The results of pavement roughness, annual average vehicle speed and vehicle emissions for

Outer-Ring road has been analysed and presented in this section. According to figure 4.13(a),

the road surface underwent deterioration throughout during the period of analysis. This had

the effect of lowering the average vehicle operating speed along the road section.
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Figure 4. 13 Illustrates change in modelled pavement surface condition (a), and variations in modelled

vehicle average operating speeds (b)
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Figure 4. 14 The modelled annual average fuel consumption for Outer-Ring road.

Vehicle Exhaust Emissions for Outer-Ring Road
The cumulative emissions for the high and the low traffic growth scenarios were evaluated

against the base traffic growth scenario as follows:
High traffic growth scenario

The exhaust emission for the high traffic growth case was estimated and compared to the base
scenario. The cumulative CO, HC, PM, SO, increased by approximately 4%, 5%, 18%, and
9% respectively. However, NOx emissions reduced by approximately 0.6% during this
period. It is therefore evident that particulate emission is high at low vehicle operating speeds
and the opposite is true for NOx.

Low traffic growth scenario
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The cumulative emissions of CO, HC, PM, and SO reduced by 3%, 4%, 15%, and 8%

respectively, however an increment by 0.4% was recorded for NOx emissions.
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Figure 4. 15 Predicted exhaust emissions for Outer-ring road for CO, HC, PM2.5, SO2, NOx«, CO>

4.2.5 Waiyaki Way Results
The modelled road surface roughness, vehicle operating speed and the traffic emissions was

analysed for Waiyaki Way. The pavement surface condition changed almost linearly except
during which road maintenance was carried out. The pavement surface condition changed
almost linearly except during which road maintenance was carried out. At the start of
analysis, the average vehicle operating of 65 km/hr was recorded, it however reduced
gradually owing to increasing vehicle fleet and road deterioration reaching a minimum of 40
km/hr.
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Figure 4. 16 Predicted annual pavement surface roughness (IRI) (a), and the modelled vehicle
operating speed.

Predicted Emissions for Waiyaki Way
Emissions for Waiyaki Way has been analysed for the high and the low traffic growth
scenarios. The cumulative emissions for each scenario was then compared with the base

scenario to evaluate which the effect of traffic growth regimes on vehicle emissions:
High Traffic Growth Scenario

In this case, cumulative emissions of CO, HC, PM, and SO increased by 2%, 2%, 12%, 6%
respectively, while NOy recorded a reduction of 2%. The vehicle operating speed reduced

considerably for this scenario therefore the negative growth in NOx emissions.

Low Traffic Growth Scenario

The CO, HC, PM, and SO emissions recorded an increment of 2%, 2%, 11%, and 5%
respectively, contrary to NOx which increased by 1%. The reason for high quantity of NOx
reported is due to the fact that the vehicle speeds remains relatively high unlike in high traffic
growth scenario, which is the favourable condition for NOx emissions
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Figure 4. 17 Illustrate changes in modelled vehicle exhaust emissions

4.2.6 Thika Road Results
The trend in IRI for the Thika road network was modelled and analysed for the low and high

traffic growth scenarios. The road condition was observed to increase rapidly for the high
traffic growth compared to the low traffic growth. It signified serious damage on road surface
condition for the high traffic growth.

On the other hand, the vehicle average operating speeds for the high, base, and the low traffic
growth scenarios was also analysed. The traffic flow speed impacts on the rate of fuel
consumption which consequently affect vehicle exhaust emissions. The general increment in
the vehicle fleet and the IRI impacts on the average operating vehicle speed, which then

influence vehicle fuel consumption which is then related to vehicle emissions.
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Figure 4. 18 illustrates predicted IRI and the average vehicle speed

Modelled Vehicle Exhaust Emissions for Thika Road
Exhaust emissions was analysed and the changes in cumulative emissions for low and high

traffic growth scenarios compared with the base scenario:
High Traffic Growth

The trend for all emission components increased throughout the analysis period. The
quantities of CO, PM, NOx, HC, SO, and CO varied from the base scenario by
approximately 3%, 8%, 2%, 3%, 4%, and 3% respectively.

Low Traffic Growth Scenario

The trend in exhaust emissions also observed to gradually increase throughout the modelling
period. Compared to the base scenario, the quantities of CO, PM, NOx, HC and SO>
emissions reduced by about 3%, 8%, 3%, 3%, 4%, and 3% respectively.
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Figure 4. 19 Illustrates modelled exhaust emissions for Thika road

4.2.7 Langata Road Results
As illustrated in figure 4.20 (a), distinct pavement deterioration was observed for the three

test scenarios. Consequently, the average vehicle operating speed slowed gradually reaching

the lowest values towards the end of analysis.

Annual Average
Vehicle Operating Speed

Pavement Roughness

— High Traffic Growth 5= —— High Traffic Growth
7 Base Scenario _ Base Scenario

= Low Traffic Growth

e Lows Traffic Growth

Ny 65
— B @£
o Y = 680
E s AL
55
o 50
= 45
2020 2025 2030 2035 2020 2025 2030 2035 2040
Year Year

(a) (b)

Figure 4. 20 (a) illustrates variation in pavement roughness and (b) is the annual average traffic
operating speed.
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Figure 4. 21 The annual average vehicle fuel consumption along Langata road

Modelled Vehicle Exhaust Emissions for Langata Road

Figure 4.22 shows the modelled exhaust emissions for Langata road network. Each emission

component was analysed for the high and low traffic growth scenarios was compared to the

base scenario.

High traffic growth scenario

Generally, the trend in quantity of vehicle emissions increased with reducing vehicle speeds

except for NOx. Cumulative emissions were then evaluated against the base scenario. The
relative change in CO, HC, PM, SOz, and CO2 emissions was 1%, 0.6%, 5%, 3%, and 2%

respectively. Traffic congestion was attributed to this significant increment in exhaust

emissions. A relative reduction in the quantity of NOx emissions by 1.7% was reported which

was likely due to high decrease in vehicle operating speed observed in for scenario.

Low traffic growth scenario

The trend in vehicle emission during the period of analysis was similar with the high traffic

growth scenario. The relative change in CO, HC, PM, SO», and CO> emissions was

approximately 2%, 1%, 5%, 4%, and 3% respectively. On the other hand, the relative



increment in quantity of NOx was about 1.6%. This increase in NOx emissions occurred
since vehicle operating speed for this scenario remained slightly higher, therefore

contributing to more NOXx emissions.
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Figure 4. 22 Reports changes in vehicle emissions for Langata road

4.3 Predicted Cumulative Exhaust Emissions for Nairobi Road Networks

Figure 4.23 illustrates predicted cumulative emissions for all Nairobi road networks. For the
High traffic growth, PM2.5, SO, and CO emissions increased by about 11.5%, 5.8%, and

2.2% respectively. For the Low traffic growth, they reduced by 10.1%,
3.7%, and 2.1% respectively.
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Figure 4. 23 Cumulative vehicle emissions for Nairobi road networks and their annual variations for
the three test scenarios.
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Figure 4. 24 Relative change in emissions for the high and low traffic growth in comparison to the
base scenario

4.4 Spatial Distribution of NO2 Emissions over Nairobi

The atmospheric emission was mapped for six days during which satellite images were
available. The quantity of emissions was high within Nairobi central business district and
diminished towards the city periphery. Emission concentration was also high in the
neighbourhoods of busy traffic routes connecting the links t city. High level of NO>

concentration was observed along Thika road, Mombasa road, and Ngong road.

Although there was no data in north eastern part of the city which could have occurred due to
cloud masking. The level was however high at the city centre and trailed the route of
Waiyaki Way. It is therefore possible that high atmospheric concentration along major
transport routes was due to traffic congestion. Road transport is thus import source of air
pollution which requires to be monitored regularly. These results point out the important role
of traffic emissions with regard to air quality in Nairobi. Despite NO2 being a precursor of
ground level ozone as well as secondary particulate matter, much remain to be explored on
its important role on air quality within the city. The long-term data from Sentinel 5P provides
a unique opportunity for investigating the temporal behaviour of this pollutant. However, the

big size of TROPOMI data involved renders computational challenges at for this analysis.
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Figure 4. 25 Total NO tropospheric column over Nairobi observed in different days of the year.
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CHAPTER FIVE
CONCLUSION

The recent development in population growth and motorisation has compromised the quality
of air in Nairobi, thus posing serious health risks to over four million residents of the city.
These effects can be greatly minimised through continuous monitoring and source
apportionment of air quality. The study employed HDM-4 vehicle emission models and

Sentinel 5P data to study the impact of air pollution on air pollution in the study area.

The default factors in HDM-4 were customized with local pavements and vehicle fleet data.
The model was configured to reflect the traffic flow patterns, speed flow types, and accident
classes for study road networks. The existing climatic conditions was also defined in the
model since it is known to affect the rate of pavement deterioration.

Adjustment of the model default emission factors was done for the study vehicles fleet till the
output emissions compared to the Edgar-DICE. The annual exhaust emissions in Nairobi was
then predicted using calibrated HDM-4 model. The annual predicted quantities of CO, NOx,
SO, and PM2.5 emissions were approximately 60324, 4582, 1969, and 4273 tonnes
respectively. HDM-4 overestimated PM2.5 emissions by 24% in comparison to Edgar-DICE
emissions. The HDM-4 improvement in prediction of particulate emissions was attributed to
its bottom-up approach. Since the HDM-4 emission models have been calibrated, they can be
used to predict vehicle exhaust emissions in places which have similar pavement and vehicle
fleet characteristics as Nairobi. Ground monitoring of vehicle emissions is however

necessary for validation of model predicted emissions.

The effect of traffic growth on exhaust emissions was analysed for a period of twenty years.
Cumulative PM2.5 emissions from the thirteen study road networks recorded increment of
approximately 11.5% during the twenty-year analysis period. The SO, CO, and HC
emissions were predicted to rise by 5.8, 2.2, and 2.0 respectively. For the low traffic growth,
PM2.5, SO, and CO emissions was likely to reduce by approximately 10.1, 3.7, 2.1, and
1.9% respectively. Since future introduction of Bus Rapid Transport, electric vehicles and
commuter trains is likely to reduce the public service vehicles, its overall impact on exhaust

emissions needs to be investigated.

The spatial distribution of NO2 over the study area was mapped using Sentinel 5P total NO>

tropospheric column measurements. The data was retrieved, processed and mapped using
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python packages developed by RUS. High emission hotspots were identified within Nairobi
central business district and in neighbourhoods of busy traffic routes. Since significant
number of industries are located in Nairobi and Thika, it is important to estimate the

contribution of this sector to atmospheric emissions.
RECOMMENDATIONS

It has been demonstrated that the model for road management (HDM-4) and satellite remote
sensing provide opportunity for improved estimation of atmospheric emissions in areas with
limited coverage of ground air monitoring networks like Nairobi. If regularly conducted,

studies of this nature can provide comprehensive data through which policy formulation and

air quality regulation can be done.

However, proper characterisation of vehicle fleet and the pavements are necessary to improve
the accuracy of the modelled results. Assessment of contribution of industries, municipal
waste, and biomass burning to atmospheric emissions need to be done to \give insights to the
key drivers of air quality in Nairobi. Furthermore, it can provide high spatial and temporal
resolved data which improves the prediction of air quality. Routine monitoring of air quality

is also needed in the study area since it can capture long term trends in air quality.
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APPENDICES
Appendix A: Vehicle Growth Rates for Different Road Categories (source: KENHA)

e | murwsimen | Probme | b
X:::;:fw Low | Medium | High | Low | Medium | High | Low | Medium | High | Low | Medium | High
Motorcycles 39 6.0 10439 104 |[196| 26 39 100 9 11.0 | 196
Cars 39 6.4 100 | 44 75 115] 25 4.4 84 | 100 110 | 115
Pickup/Vans 25 58 104 | 25 6.8 104 13 25 75| 6.8 10.4 14
Matatu/Minibus | 3.5 53 82|35 72 100] 22 35 78| 7 12.0 | 145
Buses 35 54 82 | 35 75 84119 35 75| 35 75 12.0
Trucks 29 56 78| 35 57 84|19 35 75| 35 57 12.0
Non-motorised
Transport - - - 29 43 60 | - - 29 43 6.0
(NMT)

Appendix B: Vehicle Parameters Required for Modelling; source (Notter et al., 2019)

Vehicle Heavy Passenger Light
Class Truck Car Buses Trucks Motorcycles Matatus
Fleet type Motorised [Motorised motorised |motorised |[Motorised motorised
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Service life

8 years

14 years

5 years

10 years

4 years

17 years

Mass
(tonnes)

7.5-12

1.8

3.5

3.5

0.25

2.5

Vehicle
Utilization
(km/year)

63,205

22,223

43,815

29,862

17, 807

19,536

No. Wheels

10

Fuel type

Diesel

Petrol

diesel

Diesel

Petrol

Petrol

Tyre type

rubber

Rubber

rubber

Rubber

Rubber

Rubber

Fuel
consumption
(1/200km

27.8

9.2

315

4.4

12.1

Appendix C: The Study Road Networks (Google.(n.d))

Nyathuna

HOPPING

Waiyaki way'

SIKUN

Banana HIM

\Limuru Road

Karura Fores

Appendix D: Model Input parameters for the Road Networks
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O'Guter Ring
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Mombasa
road Section
1D:

A4/20 Road Name: Nairobi Nyayo stadium-Syokimau
Definition and Length (km): 27 Lanes (n): | 2
Geometry:
Carriage-width (m): 6 Altitude (m): | 1660
Shoulder-width (m): 2 flow-directions: | 2
Speed Limit (km/h): Climate Zone: | Sub-humid dry
Hor. Curvature
Rise and Fall(m/km): 10 (°/kmy: 15
Pavement: Last regravelling
Pavement Type: Bituminous (year): -
Conditions: Gravel Thickness
(mm): AADT (annual): | 32843
Conditions for
Roughness (IRI): 3 Year: 2016
Haile
SelassieSection
ID: K10/1 Road Name: Haile Selassie Avenue
Definition and | Length (km): 1.4 Lanes (n): 4
Geometry:
Carriage-width (m): 6 Altitude (m): 1660
Shoulder-width (m): 2 flow-directions: | 2
Speed Limit (km/h): 50 Climate Zone: Sub-humid dry
Hor. Curvature
Rise and Fall(m/km): 10 (*/kmy: 15
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Pavement: Last
regravelling
Pavement Type: Bituminous (year): -
Conditions: Gravel Thickness AADT
(mm): ; (annual): 17977
Conditions for
Roughness (IR1): 4 ear: 2016
Moi Avenue
Section ID: Road Name: Moi avenue
Definition and | Length (km): 2 Lanes (n): 4
Geometry:
Carriage-width (m): 6 Altitude (m): 1660
Shoulder-width (m): 2 flow-directions: 2
Speed Limit (km/h): 50 Climate Zone: Sub-humid dry
Hor. Curvature
Rise and Fall(m/km): | 10 (°/kmy: 15
Pavement: Last regravelling
Pavement Type: Bituminous (year): -
Conditions: Gravel Thickness
(mmy): i AADT (annual): | 32798
Conditions for
Roughness (IRI): 5 Year: 2016
Tom Mboya Street
Section ID: K4-Nairobi-1 Road Name: Tom mboya Street
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Definition and | Length (km): 2.6 Lanes (n): 4
Geometry:
Carriage-width (m): 6 Altitude (m): 1660
Shoulder-width (m): 2 flow-directions: 2
Speed Limit (km/h): 50 Climate Zone: Sub-humid dry
Hor. Curvature
Rise and Fall(m/km): 10 (*/kmy: 15
Pavement: Last regravelling
Pavement Type: Bituminous (year): -
Conditions: Gravel Thickness
(mmy): AADT (annual): | 16779
Conditions for
Roughness (IRI): 5 Year: 2016
Jogoo Road
Section ID: H2-NAIROBI-2 Road Name: Jogoo road
Definition and | Length (km): 16.2 Lanes (n): 2
Geometry:
Carriage-width (m): 6 Altitude (m): 1660
Shoulder-width (m): 2 flow-directions: | 2
Speed Limit (km/h): 50 Climate Zone: Sub-humid dry
Hor. Curvature
Rise and Fall(m/km): 10 (*/kmy): 15
Pavement: Last
regravelling
Pavement Type: Bituminous (year): -
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Conditions: Gravel Thickness AADT
(mm): Two lane road (annual): 21917
Conditions for
Roughness (IRI): 3 Year: 2016
Section ID: J7-NAIROBI-1 Road Name: Lusaka road
Definition and | Length (km): 10.4 Lanes (n): 2
Geometry:
Carriage-width (m): 6 Altitude (m): 1660
Shoulder-width (m): - flow-directions: 2
IV-Subhumid
Speed Limit (km/h): 50 Climate Zone: dry
Hor. Curvature
Rise and Fall(m/km): | 10 (*/km): 15
Pavement: Last regravelling
Pavement Type: Bituminous (year): -
Conditions: Gravel Thickness
(mmy): i AADT (annual): 17932
Roughness (IRI): 4 Conditions for Year: | 2016
Limuru Road
Section ID: J15-NAIROBI-1 Road Name: Limuru road
Definition and | Length (km): 11.1 Lanes (n): 4
Geometry:
Carriage-width (m): 6 Altitude (m): 1660
Shoulder-width (m): - flow-directions: 2
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IV-Sub
Speed Limit (km/h): | 50 Climate Zone: humid dry
Hor. Curvature
Rise and Fall(m/km): 10 (*/kmy): 15
Pavement: Last regravelling
Pavement Type: Bituminous (year): -
Conditions: Gravel Thickness
(mmy): i AADT (annual): 23487
Roughness (IRI): 2 Conditions for Year: 2016
Section ID: K40-NAIROBI-1 Road Name: First parkland avenue
Definition and | Length (km): 3.7 Lanes (n): 2
Geometry:
Carriage-width (m): 6 Altitude (m): 1660
Shoulder-width (m): 2 Row-directions: 2
IV-Sub humid
Speed Limit (km/h): 50 Climate Zone: dry
Hor. Curvature
Rise and Fall(m/km): | 10 (*/km): 15
Pavement: Last regravelling
Pavement Type: Bituminous (year): -
Conditions: Gravel Thickness
(mmy): i AADT (annual): | 7429
Conditions for
Roughness (IRI): 3 Year: 2016
Thika road
Section ID: K6-NAIROBI-1 Road Name: Muranga road-Ngara fig tree
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Definition and | Length (km): 1 Lanes (n): 4
Geometry:
Carriage-width (m): 7 Altitude (m): 1660
Shoulder-width (m): 0 Row-directions: | 2
Speed Limit (km/h): 50 Climate Zone: IV-Sub humid dry
Hor. Curvature
Rise and Fall(m/km): 10 (*/kmy: 15
Pavement: Last
regravelling
Pavement Type: Bituminous (year): -
Conditions: Gravel Thickness AADT
(mm): - (annual): 21,767
Conditions for
Roughness (IRI): 3 Year: 2016
Section ID: K10-Nairobi-1 Road Name: Ngara fig tree — Desai
Definition and | Length (km): 1.3 Lanes (n): 12
Geometry:
Carriage-width (m): 7 Altitude (m): 1660
Shoulder-width (m): 2 flow-directions: 2
IV-Sub
Speed Limit (km/h): 50 Climate Zone: humid dry
Rise and Fall(m/km): 10 Hor. Curvature (°/km): | 15
Pavement: Last regravelling i
Pavement Type: Bituminous (year):
Conditions: Gravel Thickness
(mm): i AADT (annual): 17,177
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Roughness (IR1): 2.5 Conditions for Year:
Nguru Nanak — pangani Police station
Section ID: J24-Nairobi-1 Road Name:
Definition and | Length (km): 0.5 Lanes (n): 8
Geometry:
Carriage-width (m): 7 Altitude (m): 1660
Shoulder-width (m): 2 Row-directions: 2
IV-Sub humid
Speed Limit (km/h): 50 Climate Zone:
Hor. Curvature
Rise and Fall(m/km): | 10 (°/km): 15
Pavement: Last regravelling
Pavement Type: Bituminous (year): -
Conditions: Gravel Thickness
(mmy): i AADT (annual): 18,856
Roughness (IRI): 2.5 Conditions for Year: | 2016
Section ID: A2/5 Road Name: Ruaraka - Kamakis junction
Definition and | Length (km): 11.1 Lanes (n): 8
Geometry:
Carriage-width (m): 7 Altitude (m): 1660
Shoulder-width (m): 2 Row-directions: | 2
Speed Limit (km/h): 80 Climate Zone: IV-Sub humid dry
Hor. Curvature
Rise and Fall(m/km): 10 (*/kmy: 15
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Pavement: Last
regravelling
Pavement Type: Bituminous (year): -
Conditions: Gravel Thickness AADT
(mm): - (annual): 55896
Conditions for
Roughness (IRI): 25 Year: 2016
Ngong Road
Section ID: H4-NAIROBI-1 Road Name: Ngong road — Karen hospital
Definition and | Length (km): 39 Lanes (n):
Geometry:
Carriage-width (m): 6 Altitude (m): 1660
Shoulder-width (m): 2 Row-directions: | 2
Speed Limit (km/h): 50 Climate Zone: IV-Sub humid dry
Hor. Curvature
Rise and Fall(m/km): 10 (*/kmy): 15
Pavement: Last
regravelling
Pavement Type: Bituminous (year): -
Conditions: Gravel Thickness AADT
(mm): - (annual): 13,312
Conditions for
Roughness (IRI): 4 Year: 2016
Section ID: K21-Nairobi-1 Road Name: Argwings Kodhek-Suna road
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Definition and | Length (km): 1.22 Lanes (n): 4
Geometry:
Carriage-width (m): 7 Altitude (m): 1660
Shoulder-width (m): 2 Row-directions: | 2
Speed Limit (km/h): 50 Climate Zone: IV-Sub humid dry
Hor. Curvature
Rise and Fall(m/km): | 10 (*/kmy: 15
Pavement: Last
regravelling
Pavement Type: Bituminous (year): -
Conditions: Gravel Thickness AADT
(mm): - (annual): 8,770
Conditions for
Roughness (IR1): 5 Year. 2016
Outer-Ring Road
Section ID: H2-NAIROBI-1 Road Name: Allsoaps — Meerkat Kenya LTD.
Definition and | Length (km): 16.2 Lanes (n): 4
Geometry:
Carriage-width (m): 6 Altitude (m): 1660
Shoulder-width (m): 2 Row-directions: | 2
Speed Limit (km/h): 50 Climate Zone: IV-Sub humid dry
Hor. Curvature
Rise and Fall(m/km): 10 (*/kmy): 15
Pavement: Last
regravelling
Pavement Type: Bituminous (year): -

87




Conditions: Gravel Thickness AADT
(mm): - (annual): 19,098
Conditions for
Roughness (IRI): 3 Year: 2016
Eastern bypass road sections
Basco paints Mombasa road -
Section ID: H6-Nairobi-3 Road Name: Utawala
Definition and | Length (km): 16.2 Lanes (n): 2
Geometry:
Carriage-width (m): 6 Altitude (m): 1660
Shoulder-width (m): 0 Row-directions: | 2
Speed Limit (km/h): 50 Climate Zone: IV-Sub humid dry
Hor. Curvature
Rise and Fall(m/km): | 10 (°/kmy: 15
Pavement: Last
regravelling
Pavement Type: Concrete (year): -
Conditions: Gravel Thickness AADT
(mm): - (annual): 31,348
Conditions for
Roughness (IRI): 3 Year: 2016
Section ID: H6-Nairobi-1 Road Name: Nairobi Utawala- Nairobi Ruai
Definition and | Length (km): 15 Lanes (n):
Geometry:
Carriage-width (m): 6 Altitude (m): 1660
Shoulder-width (m): 0 Row-directions: | 2
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Speed Limit (km/h): 50 Climate Zone: IV-Sub humid dry
Hor. Curvature
Rise and Fall(m/km): 10 (*/kmy): 15
Pavement: Last
regravelling
Pavement Type: Concrete (year): -
Conditions: Gravel Thickness AADT
(mm): ; (annual): 21,369
Conditions for
Roughness (IR1): 2 Year. 2016
Section ID: H3-Nairobi-1 Road Name: Nairobi Ruai- Nairobi Ruiru
Definition and | Length (km): 15 Lanes (n): 2
Geometry:
Carriage-width (m): 6 Altitude (m): 1660
Shoulder-width (m): 2 Row-directions: | 2
Speed Limit (km/h): 50 Climate Zone: IV-Sub humid dry
Hor. Curvature
Rise and Fall(m/km): 10 (*/km): 15
Pavement: Last
regravelling
Pavement Type: Concrete (year): -
Conditions: Gravel Thickness AADT
(mm): ; (annual): 22,994
Conditions for
Roughness (IRI): 25 Year: 2016
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Langata Road

Section ID: H4-Nairobi-3 Road Name: Nairobi Langata cemetery
Definition and | Length (km): 39 Lanes (n):
Geometry: Carriage-width (m): 6 Altitude (m): 1660
Shoulder-width (m): 2 Row-directions: | 2
Speed Limit (km/h): 50 Climate Zone: IV-Sub humid dry
Hor. Curvature
Rise and Fall(m/km): | 10 (*/km): 15
Pavement: Last
regravelling
Pavement Type: Concrete (year): -
Conditions: Gravel Thickness AADT
(mm): - (annual): 31,372
Conditions for
Roughness (IRI): 25 Year: 2016
Section ID: J22-Nairobi-1 Road Name: Mbagathi Road
Definition and | Length (km): 15 Lanes (n): 2
GeOmelY: " Carriage-width (m): | 6 Altitude (m): | 1660
Shoulder-width (m): 2 Row-directions: | 2
Speed Limit (km/h): 50 Climate Zone: IV-Sub humid dry
Hor. Curvature
Rise and Fall(m/km): 10 (*/km): 15
Pavement: Last
regravelling
Pavement Type: concrete (year): -
Conditions: Gravel Thickness AADT
(mm): ; (annual): 18,095
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Conditions for
Year:

Roughness (IR1): 3.0 2016
Southern Bypass
Section ID: H6-Nairobi-3 Road Name: Nairobi Northern Bypass
Definition and |Length (km): 39 Lanes (n):
Geometry: Carriage-width (m): 6 Altitude (m): 1660
Shoulder-width (m): 2 Row-directions: | 2
Speed Limit (km/h): |50 Climate Zone: IV-Sub humid dry
Hor. Curvature
Rise and Fall(m/km): | 10 (°/km): 15
Pavement: Last
regravelling
Pavement Type: Concrete (year): -
Conditions: Gravel Thickness AADT
(mm): ; (annual): 21,000
Conditions for
Roughness (IRI):  |2.5 Year: 2016
Northern Bypass
Section ID: J22-Nairobi-1 Road Name: Northern Bypass
Definition and Length (km): 15 Lanes (n): 2
Geometry: Carriage-width (m): (6 Altitude (m): 1660
Shoulder-width (m): |2 Row-directions: | 2
Speed Limit (km/h): |50 Climate Zone: IV-Sub humid dry
Hor. Curvature
Rise and Fall(m/km): | 10 (°/kmy: 15
Pavement: Last
regravelling
Pavement Type: concrete (year): -
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Conditions:

Gravel Thickness AADT

(mm): - (annual): 18.792
Conditions for

Roughness (IRI): 3.0 Year: 2016
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