
Introduction

Economic development has long been a struggle for 
developing countries to acquire a robust stance against 
competitive markets in the world. For international 
and national connectivity, technological advancement, 
trade routes and information exchange for economic 
growth and development are attained through the China 

Pakistan Economic Corridor (CPEC)1 under the ‘One 
Belt One Road’ initiative.

Due to the industrial revolution and upgraded 
lifestyles with the advancement of technology, 
consumption of energy has been amplified extensively 
[1]. Energy is an essential factor for economic growth, 
and all other sectors such as agriculture, transportation, 

1  CPEC is a multi-level billion dollars mega developmental
project initiated through a brotherly alliance between  
Pakistan and China for the formation of ‘New Silk Road’ 
from Kashgar to Gwadar and further towards Central Asia, 
Middle East and Africa.
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connectivity, communication, industrialization, etc. 
which are dependent on electricity, hence the industrial 
revolution accelerated the intensity with which energy 
has been consumed [2, 3]. CPEC and its projects aim 
to change the lifestyle of Pakistani citizens through 
energy projects, land transportation infrastructure, and 
Gwadar port development, leading to expansion of 
trade activities, and long-term enhancement of political 
and economic growth [4, 5].  

Through CPEC initiation, Pakistan’s economic 
and social growth will transition toward a more stable 
and developed country, given that environmental 
degradation is minimized as a result of developmental 
projects. CPEC has been the center of the world’s 
attention due to its strategic location, economic 
intensification, military significance and vast resources 
[6]. So far, investment by the Chinese has been the 
largest FDI received [7], which has provided Pakistan 
with the opportunity to curb its shortcomings in the 
energy sector that restrain its growth and loss in 
business due to frequent blackouts [8].

Out of $46 billion worth of investment, $33 billion 
is invested in energy projects2 [9, 10]. These projects 
comprise coal-fired power plants, solar power 
generation, and hydel as well as wind projects all 
over Pakistan [11].  The crisis of electricity deficit is 
expected to be alleviated through CPEC energy projects 
in the long run. Currently, GDP growth in Pakistan is 
at 2.7% in 2017 and it is expected to increase by 5.6% 
by 2018 [12], but with an excessive population growth 
of 2% annually, the demand and supply for energy are 
skewed toward excessive demand. 

Pakistan faces inefficient electricity production, 
impartial power tariffs, theft, and loss during 
transmission, which has burdened the financial status 
due to excessive borrowing and foreign investment in 
the energy sector. In 2016, the energy deficit amounts 
to 6GW, so around 6% annual growth in energy will 
cover the demand by 2018, given around 24GW worth 
investments owing 8.6GW to CPEC, in the energy sector 
this is planned for the next 7-9 years [13]. CPEC has 
planned six power production projects with an additive 
capacity of 4290 MW from local coal mines, whereas 
5201 MW of capacity will be increased by 2021 through 
imported coal [14]. The early harvest projects under 
CPEC of coal-fired power plants worth $5.8 billion 
are expected to supply 7000 MW of electricity to the 
national grid by 2019-2020 [15].  Pakistan has abundant 
coal resources, estimated at up to 185 billion tons, of 
which 95% is situated in the Thar coal field (Sindh), 
so it is deemed beneficial to invest in coal-fired power 
plants (CFPP) under CPEC in order to cater to demand 
of energy nationally [16]. Though only 3.5 million coal 
reserves were used domestically due to lignite coal 
high moisture content, clean coal technology is used 

2 Energy projects such as early harvest projects, aim to cut 
energy shortfall by 2018 by 10400 MW.

by Shanghai Corporation in CPEC energy projects for 
cleaner production and low environmental impacts and 
lower GHG emissions such as CO2, CO, NOx, SO2, 
SMP, O3, etc.

Energy production, distribution, and consumption 
have been reckoned a foremost contributor to air 
pollution at local, regional and global levels. Coal is 
abundant in developing countries and is deemed as an 
affordable, safe and reliable energy source to build and 
industrialize economies. Even though coal demonstrates 
an exceptional capability to meet 50% of global energy 
demand [17], still the emissions of CO2, SO2, NOx 
etc. from coal-fired power plants poses an undeniable 
threat toward the environment and international climate 
change. Coal-based energy plants impact climate and 
air quality via emissions of CO2 (long-lived), Ozone and 
aerosol precursors (short-lived), NOx (NO, NO2), SO2, 
mercury and solid wastes, of which tropospheric ozone 
and particulates have adverse effects on human health, 
whereas ozone and sulphur compounds have damaging 
capabilities for natural ecosystem and biodiversity [18]. 

Nitrogen oxides play an important role in the 
formation of secondary pollutants, tropospheric ozone 
through photochemical reactions, also found in the form 
of smog in the atmosphere. NOx is a major pollutant 
that accounts for almost 90% of total NOx in coal-fired 
flu gas, resulting in the formation of photochemical 
smog and acid rain, with the reaction to poly aromatic 
hydrocarbons (PAHSA) [19]. As coal plant emissions 
have the potential to emit large amounts of NOx, the 
probability of ozone formation as a result of direct NOx 
emissions is high. Therefore, the energy development 
projects in developing countries dependent on coal 
implicate the excessive atmospheric emissions of NOx 
with increased levels of tropospheric O3, ultimately 
degrading the environment. 

As the baseline for CFPP emissions and 
Tropospheric ozone formation has been established, the 
international treaties and conventions for its mitigation 
and reduction are put forward globally.3 At the global 
level, O3 measurements have seen a significant rise over 
East Asia, China, South Korea, and Japan, but due to 
a lack of ground-based stations in East Asia, spatial 
distribution and seasonal variation through satellite 
data is usually the effective way to find changing trends 
in recent years [24]. According to WHO (2006), EU 
ambient air directive 2010, UK, Gothenburg Protocol 

3 In 1952, Haagen Smith first put forward the concept of 
tropospheric ozone in atmosphere based on California due 
to smog incident in Los Angeles [20]. At the national and 
regional level, standard guidelines were issued for ozone 
emissions in 1960s and 1970s by North America, European 
Union (EU) and Japan, but still, lack international policy  
initiative at that time [21]. These initiatives were taken 
when O3 doubled in Europe in 1950s till the 1990s but later 
decreased in 2000s [22], whereas in Pacific Ocean cost of the 
USA in spring and Japan reported strong increase for Mount 
Hoppo during spring [23].



China-Pakistan Economic Corridor... 3731

and UNECE, internationally accepted standards 
were deemed at 50 ppb at 8-hour daily mean and  
60-65 ppb by EU as the critical level for human health, 
whereas the EU threshold for O3 is 90 ppb per hour 
with an alert threshold of 120 ppb for atmosphere [25, 
26]. However, due to O3 characteristics of short-lived 
climate gas with the capability of intercontinental ozone 
transport, its policy guidance models are relatively 
new and not effective, yet as global models for ozone 
they are hampered due to a lack of observations 
[27]. Thus, environmental governance is imperative 
for implementing laws, policies and monitoring the 
tropospheric ozone concentrations and other GHGs 
according to standard levels in order to promote green 
sustainable development and decrease the vulnerability 
of communities toward climate change.

The impact of ozone on human health, crops and 
vegetation [28] is the result of increased concentrations 
in the environment as it is the strongest oxidant, and 
even short-term exposure to excessive tropospheric 
ozone levels can reduce lung function, cardiorespiratory 
disease and mortality, abnormality in the central 
nervous system and reduced productivity/developmental 
effects [29, 30]. Apart from internal damage, it also 
causes skin diseases and irritation in eyes if exposed 
regularly [31, 32]. Also, it has been hypothesized that 
long-term exposure can result in skin aging as similar 
to other air pollutants and results show a positive 
association of tropospheric ozone exposure to increased 
wrinkles due to chronic ultraviolet radiation, NOX and 
particlate matter [33].

Problem Statement

As the need for energy and coal-fired power 
plants under CPEC is discussed and concern about 
environmental degradation is highlighted, the research 
gap remains to evaluate the concrete evidence 
pertaining to the assumption of expected impacts on the 
environment due to CPEC coal power projects. Since the 
major sources of NOx are coal-power plants, changes in 
tropospheric ozone due to changes in the concentration 
of NOx are expected. Thus, this study aims to find the 
changes in the concentration of tropospheric ozone due 
to the commencement of coal-fired power plants under 
CPEC. 

Since 2015, as CPEC projects were inaugurated, 
the construction of CFPP was categorized as early 
harvest projects to be completed by 2020, so the 
proactive research on expected near future impact on 
the environment needs to be analysed. This research 
will give concrete evidence regarding changes in the 
concentration of tropospheric ozone as a result of coal 
plant emissions. Based on this study, the debate on the 
detrimental effects could be answered to an extent that 
whether CFPP is a bad development decision or a good 
one. The unexplored area of research and attempt to 
find some evidence remains essential for future policy 
mitigation strategies.

Hypothesis

H0: There is no relationship between coal-fired power 
plants of CPEC on tropospheric ozone concentrations.
H1: There is a significant relationship between coal-
fired power plants of CPEC on tropospheric ozone 
concentrations.

Research Questions

Does the commencement of CPEC’s coal-fired power 
plants have a significant impact on concentrations of 
tropospheric ozone in Pakistan?
1. What are the effects of coal-fired power plants on the 

environment of Pakistan?
2. Are coal-fired power plants under CPEC 

environmentally friendly initiatives?
3. What are the O3 levels in locations of coal-fired 

power plants before and after the commencement of 
CPEC energy projects?

Literature Review

Formation of Tropospheric Ozone 
and Its Precursors

According to OECD (2012), there will be an 
increased level of premature deaths in OECD countries 
due to tropospheric ozone, given that by 2050 the air 
pollution abating policies are not implemented [34]. 
Ozone is not directly emitted into the atmosphere but 
is basically a by-product through oxidation reaction and 
termed as a short-lived air pollutant that participates in 
climate change.4

It has long been considered that tropospheric ozone 
formation was major because of ozone transport from 
overlying layers under the influence of radioactive 
flux, but later in the 1960s the photochemical reaction 
of precursor gases that result in tropospheric ozone 
was deemed a major contributor [36, 37]. The ozone 
chemistry with respect to ozone modulation indicates 
two mechanisms that result in tropospheric ozone 
formation as a result of the stratosphere. One is from 
the total ozone-caused modulation of the ultraviolet 
radioactive flux that enters the troposphere and results 
in photochemical reaction, and the other is the direct 
transport of stratospheric ozone that generates the 
same process of ozone formation through triggering 
photolysis in the troposphere. Therefore, control via 

4 Tropospheric Ozone is considered as 3rd largest GHG 
in changing climate with radioactive forcing (RF) of  
0.4±0.2 W m−2, that is about 14% of the present total RF 
and equal to 24% of CO, with concerns of its concentra-
tion increase on factors such as Stratosphere-troposphere  
exchange, changes in trace gases i.e. CH4, VOCs, Lightening 
NOx and soil NOx, CO, aerosols and as a result of vehicular 
emissions, coal-burning and wildfires [35].
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ultraviolet flux determines the amplitude modulation 
and transport from stratosphere causes to temporal 
modulation [38].

The first mechanism of UVB radiation with respect 
to total ozone (TO) variation has a noticeable relationship 
on long timescales and instability in short-term scales, 
and increases5 (decrease of TO is accompanied by 
growth of ground-level ozone, i.e., NOC) [39]. The 
second mechanism essentially focuses on the transport 
of ozone6 from the stratosphere to troposphere in a 
Brewer-Dobson cell that descends vertically in ordered 
air motions with a velocity of 0.1 cm/s [41]. The 
chemistry of tropospheric ozone is mostly determined 
through the photolysis of ozone with radioactive 
influx of UVB with wavelengths shorter than 340nm, 
resulting in the formation of O(1D) atoms7 that are able 
to dissociate O3 into O2 and electronically excited O(1D) 
atoms react with water vapor, producing OH radicals 
[45]. Ozone is produced through the chemical reaction 
of NOx, CO and VOCs in the presence of sunlight, 
winds, temperature and humidity [46, 47], which are 
emitted through anthropogenic activities such as power 
plants, transportation vehicles, heating systems, crop 
burning and natural emissions [48-54]. Ozone is altered 
and transported through regional and inter-continental 
boundaries based on atmospheric diffusion that results 
in seasonal transport patterns and climatic variability, 
hence increasing concentrations in neighboring regions 
from source emissions points [55, 56]. As almost 10% 
of the atmospheric layer consists of tropospheric ozone 
and almost 90% of ozone is in the stratosphere, ozone 
in the boundary layer due to diffusion transports into 

5 Due to variations on Total Ozone (TO) results in variations 
in UVB influx in troposphere where photolysis results in  
formation of Ozone [40]. Hence though this process of  
influx of UVB influx changes the magnitude and spectrum  
with maximum shift of 310-330 nm which decreases  
photolysis rate (usually happens at 305-307 nm), confirming 
the mechanism of stratospheric control on the photochemical 
activity of ozone concentration in troposphere.

6 The transportation of ozone is caused by tropopause ‘break-
ing’ and folding in the jet stream zone which is surrounded 
by spiral circulation with descending side transporting ozone 
and ascending side transports water vapour, aerosols and 
trace gases hence keeping balance of momentum and ther-
mobaric gradients of jet stream [42]. The velocity of ascend-
ing motion is Brewer-Dobson circulation system is a few 
tenths of cm/s pertaining to considerable effect on timescales 
comparable to time intervals required for the air to descend 
from ozone pause altitude, which is close to tropopause level 
in matter of days and weeks measured by average monthly 
TOR levels through NASA Website [43,44].

7 1)  O3 + hn < O(1D) + O2 (l<340 nm).
 While most of the excited O atoms are collisionally deacti-

vated to ground state O atoms which again form O3 via
 2)   O + O2 + M < O3 + M,
 the remaining O(1D) atoms have enough energy to react 

with water vapour to produce OH radicals
 3)   O(1D) + H2O < 2OH

the free atmosphere with a longevity of several weeks, 
and it absorbs earth radiation that results in global 
warming [57, 58]. 

The prevailing factors that contribute to the changes 
in tropospheric ozone are proximity to point sources 
of O3 precursors, geographical location and weather 
conditions, depending on photochemical reactions and 
physical reactions; the transfer of ozone molecules from 
upwind sources (i.e., transport of O3 from stratosphere to 
troposphere, which was deemed the only way of ozone 
at ground level) [59]. Another factor that contributes to 
changes in tropospheric ozone is the changes in pressure 
due to altitude. High-pressure systems normally have 
high temperatures with slow winds, TO3 concentration 
increases at lower altitudes and vice versa for high 
altitudes and mountainous areas [60]. 

Typically, photochemical reaction takes up to a 
few seconds to ten minutes, where O3 production 
depends on the reaction between NOx, OH radicals, 
CO, hydrocarbons (CH4, i.e., long-lived), water vapors 
and loss regimes from stratosphere boundary layer that 
could be a more than expected source of O3, henceforth 
ozone formation requires CO and hydrocarbon oxidation 
with NOx (shown in the figure below), whereas its 
destruction requires water vapors and hydrogen 
peroxy and hydroxyl radicals (HOx = HO2 + OH) [61]. 
According to research findings, tropospheric ozone 
concentration increases with a rise in temperature and 
maximum intensity of radiation in clear days, whereas 
most day-to-day variation occurs in spring and summer 
(March-August) as compared to winter [62]. Ozone’s 
lifespan is 23 days and its photochemical reaction needs 
VOCs and NOx to oxidize in the presence of UV light,  
high temperature, and low wind, and travels with the 
wind too long distances [63]. Due to the absorption of 
sunlight, tropospheric ozone directly influences the 
increase in surface temperature and global warming 
[64]. Urbanization, rules and regulatory policies and 
government initiatives have lowered emissions of 
ozone precursors, as the National Emission Inventory 
(NEI) of the U.S. EPA suggests that there was almost 
a 45% decline in NOx and a 16% decrease in VOCs 
from 2000-2014 [65]. A study conducted in China in 
2012 indicated that direct pollutants emitted from coal 
combustion contributed 51%, 66% and 52% to PM2.5, 
SO2, and NO2, respectively, which was higher than the 
environmental capacity [66].

Impact on Tropospheric Ozone due 
to Coal-Fired Power Plants

Moussiopoulos (1990) first tried to find the 
relationship between power plant emissions with 
tropospheric ozone through the multi-box model and 
found that as the emissions are reduced, the ozone 
levels are lowered, given primarily to the reduction in 
the concentration of NOx [67]. There was an increase 
in NOx by 60-70% in the troposphere and ground-level 
ozone levels from 1990-1995 in Africa, Southeast Asia, 
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and China due to coal power plants, the transport sector, 
and fossil fuel consumption emissions [68]. The coal-
dominant energy structures in Shandong were found to 
be largest emitters of air pollution, generating severe 
and multifaceted problems of atmosphere in the form of 
smog (O3 concentration), haze and acid rain [69]. 

According to the USCUSA (2017), in 2014 US  
coal power plants emitted 1.5 million tons of NOx, 
22124 tons of VOCs and 10% of CH4 from coal  
mining practices [70]. NOx is a major ozone producer 
through coal power plants, with a 10-times emissions 
increase from 1 coal power plant unit (GW), i.e., 
0.794x10^15 molecules/cm2 in India from 2005-2007 
[71]. The annual changes in NOx in China using the 
GEOS-Chem model indicated that from 2005-2007, an 
82% correlation was found between NOx and CFPPs 
locations with a concentration of 8.11 Tg and 9.58 Tg, 
with a 3.8-17.2% increase in summer average OMI from 
six selected sites [72]. A study conducted in Pakistan 
on spatio-temporal variability of monthly averaged 
Vertical Tropospheric Columns (VTCs) of NO2 
using OMI from December 2004 to November 2008 
showed an increasing trend of 3.29% per year with  
1.102 + 0.08x10^15 molecules/cm2 pertaining to the 
changes in air mass trajectories of its concentration on 
4 hotspot regions (Rawalpindi/Islamabad, Lahore, D. I. 
Khan and Karachi) based on wind for its long-distance 
transportation [73].

In order to find a relationship between coal-fired 
power plants and tropospheric ozone concentrations, 
a study from Brazil on the CIT photochemical model 
using the regional atmospheric modeling system 
(RAMS) for winters and summers found the significant 
relationship of TO3 and CFPPs in summers due to 
high temperatures and low-intensity winds [74]. Ozone 
productive efficiency (OPE is derived from the fluxes 
of O3, NOx and SO2 concentrations) per NOx due to 
emissions from coal power plants found to have a strong 
correlation through measurement from aircraft using  
2 dimensional Lagrangian for 1 Km horizontal 
resolution and 3-D regional model from source points 
18 hours downwind [75]. Ground-level ozone (GLO) 
was found in the range 6.4-24.8 with a standard 
deviation of 14.9 ppb, at times of high radiation from 
the sun during winters with the correlation of r = 0.55 
in Chandrapur from 2005-2006 due to coal usage at 
the source of emissions and high temperatures giving 
favourable conditions for ozone production [76].

China tried to evaluate the ozone formation potential 
(OFP) as VOCs are emitted from coal-based thermal 
power plants from spring and autumn of 2014, and 
found coal-power plants and transportation as major 
emitters of VOC at 29.98% and 21.25% respectively, 
which are higher in autumn as compared to spring due 
to wind speed and direction, i.e., high winds lead to 
low OFP values with 73.73% production of OFPs due 
to 10 common VOCs at coal power plant sites [77]. 
Coal power plants in India do have a considerable 
impact on the ozone formation from  2001-2010 and  

2020-2021, with an exceptional increase of 150 μmb 
over 2 coal power plant sites and overall the same O3 in 
other regions throughout the year [78].

For determining the methodology for measuring 
tropospheric ozone, the study conducted by 
OLTMANSA et al. (2006) analysed the climatology 
of ozone through satellite AURA through an ozone 
monitoring instrument (OMI) and microwave limb 
sounder (MLS). The time period of the study conducted 
by OLTMANSA et al. (2006) was from October 2004 
to December 2010 [79]. The results were spatially and 
temporally distributed and showed large variability 
in the Atlantic and Asian regions in summer. The 
OMI and MLS are 2 out of 4 instruments that are 
installed on the AURA satellite that was first launched 
in July 2004 at polar orbit, 705 km altitude and  
98.2 inclination. OMI is nadir- a scanner that is using 
350-500 nm UV light channels with a resolution of  
13 km x 24 km. OMI can also measure NOx, SO2 
HCHO, aerosols, and centroid cloud pressure apart from 
ozone, whereas MLS is a thermal-emission microwave 
limb sounder that takes vertical profiles of mesospheric, 
tropospheric, stratospheric, temperature, ozone, CO and 
H2O measurements after 7 minutes; OMI does readings 
for the same location at an ascending orbital track. All 
measurements are in Dobson Units (1DU = 1/0.65 parts 
per billion) [80].

For long-term determination of ground-level ozone, 
the studies are hampered by lack of observational 
satellite data for more than 15 years, an inability to cover 
regional areas frequently and few sites that monitor 
air quality, the inability to check ozone behavior in 
background air at 500-1000 km scale, limited studies on 
the measurement of ground-level ozone, and a lack of 
determining changes at geographical and broader levels 
[81]. 

Coal-Fired Power Plant’s Environmentally 
Friendly Technology

To cater the concerns of environmentalists upon the 
GHG emissions from CPEC CFPPs, the deployment 
of innovative and environmentally friendly technology 
such as ‘supercritical emissions-reducing technology,’ 
i.e., extensive electricity generation along with 
protective measures, is used [82]. Waste from direct 
coal combustion in processes of coal gasification though 
3 types of coal (i.e., two hard coals and lignite) has a 
diverse impact on the environment, checked through 
leaching and radionuclide content in Polish power plants 
based on concentrations of its ash contents. Results 
indicate that the type of coal used in power plants has 
a significant influence on ash content and the type of 
thermal processes used [83].

The introduction of useful technologies has already 
been proven to reduce emissions from coal power 
plants and other industries, such as baghouse filters 
or electrostatic precipitators (ESP) with removal 
efficiencies of up to 99.9 % or low NOx burner 
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technology (LNBT), with an efficiency of 40-60% 
[84]. Carbon capture and storage (CCS) is the recent 
technology considered an innovation in technology that 
can reduce GHG emissions by 50-80% by 2050 [85]. In 
China, in order to address the excessive CO2 emissions, 
environmental protection equipment (i.e., for dedusting, 
desulfurization and denitration) have been installed in 
Chinese coal-fired power plants that have decreased the 
emissions as well as the consumption of water up to 
70% in recent years [86].

Eight coal-fired power plants in China were revealed 
to have a reduction in NOx by 78-94% due to the 
installation of air pollution control devices (APCDs) 
and selective catalytic reduction (SCR) in checking the 
combustion efficiencies of anthracite, bitumen, and lignite, 
of which anthracite had more NOx emissions capacity 
[87]. Coal intensifies the ecological problems during 
the combustion process through waste products, which 
are reduced through desulphurization and denitration 
technologies such as a combination of SNCR and SCR 
technologies in their modified form, which improves 
its efficiency and removes shortcomings previously  
observed in separate processes. Other technologies 
like wet, dry and semi-dry desulfurization, activated 
carbon absorption, electron beam radiation, corona, wet 
desulphurization denitrition technology as well as flue 
gas desulfurization (wet-FGD) for SO2 reduction and 
selective catalytic reduction (SCR) for NOx reduction 
are the most widely used globally nowadays [88, 89]. 

As per government officials and Chinese 
construction companies, CPEC CFPPs have installed 
flue gas desulfurization, seawater desalination, and 
high-efficiency electrostatic precipitators to ensure 
that emissions remain within the limits of national 
environmental quality standards and help to preserve 
the freshwater marine ecosystem and protect projects 
from damage. Given that, these claims are met in the 
construction phase of coal power plants, the emissions 
can be expected to be lower than usual, so through this 
study, we estimated whether the emissions are increasing 
extensively or not, given that new technology is used.

Materials and Methods

Our research took data from the NASA Aura 
satellite, which used MLS and OMI instruments (2010-
2017) as used by Zeimke (2011), which confirms the 
possibility of NASA data for further research purposes 
[90]. The years were divided into summers and winters 
based on temperature intensity per month [74]. The 
rationale for dividing winters and summers was due to 
day-to-day variations occurring in spring and summer 
from March to August as compared to winter, when 
the Tropospheric ozone concentration increase with the 
rise in temperature and maximum intensity of radiation 
on clear days [62]. Also, 6 months with a temperature 
greater than 22ºC are included in summers and less 
than that are assigned for winters as shown by World 

Bank data (2018). This strategy was used to handle a 
large data set and gain better results. The following 
steps explain the methodology used in this paper.

Raw data for 7 years was provided in both Dobson 
units and parts per billion (ppb). This research is based 
on Dobson units as they depict better results than ppb in 
showing prominent variations in changes in tropospheric 
ozone concentrations: 1 ppb of tropospheric O3 = 0.65 
Dobson Unit (DU)8 [91].  

According to WHO, EU and UK tropospheric ozone 
threshold level, 50 ppb is the maximum O3 allowed in 
the atmosphere, hence if 50 ppb is converted in DU, 
then Dobson units should not exceed 32.5 DU9.

This shows that, per location, tropospheric ozone 
concentration should not exceed 32.5 DU according to 
WHO, European Union, United Kingdom standards 
[25]. No conversion from ppbv to DU was done in 
the study. In reality, the NASA website provides data 
in both DU and ppbv, and in this study only DU data 
was used. The above-given conversion method is only 
to understand the difference between ppbv and DU, as 
mostly ppbv studies and standard level of tropospheric 
ozone are given in ppbv.

Processing of Raw Data

In the processing of data, required editing of the 
data by deleting the extra information and using Editing 
Notepad++ Forming Excel file with .csv format to be 
used in programming, so we can get data in a simpler 
form in Excel for latitude and longitude. We used 
Rstudio software to make Excel files from edited 
notepad++. Programming model10 was used to procure 
processed data.

8 So if Tropospheric Ozone concentration is 40 DU:
Then 1 ppb = 0.65 DU = 40

0.65
 = 61.54 ppb

9 1 ppb = 0.65 DU
 50ppb = α DU
 α = 50 x 0.65
 α = 32.5 DU
10 # Set working Directory
 setwd ("D:/STUDIES/MS THESIS/OZONE DATA 

MONTHLY/Year 2009/December 2009")
 # Read Table 
 df<-read.fwf(file="L3_tropo_ozone_column_dec09.txt", 

widths=(c(4, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3,3, 3, 3, 3, 3, 3, 3, 3, 
3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 
3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 
3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3,3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 
3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 
3, 3, 3)), skip=0, header=F)

 lat<-read.table("LatLong3.txt", header=T, sep="\t")
 df2<-matrix(t(df),ncol=1)
 df3<-df2[complete.cases(df2), ]
 mydata1 <- paste(lat$Latitude, lat$Longitude, df3,sep=";")
 jaw2<-matrix(t(mydata1),ncol=1)
 write.csv(jaw2, "TO3 Dec 2009.csv", row.names=F, 

quote=F)
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and remains in the atmosphere for 23 days, making 
IDW most reliable and valid tool for interpolating data 
[64]. Data is extracted by a mask that extracts cells 
of the raster that correspond to the areas defined by a 
mask. Through this, we get the final raster image that 
shows the tropospheric concentrations in Pakistan.

Locating CFPP Locations through Google Earth 
and Forming Buffer Zones

For identifying two coal-fired power plants on the 
Pakistan map, coordinates of longitude and latitude are 
used to pinpoint the locations in order to make shapefiles 
and further analysis.  The Sahiwal CFPP is located at 
30°42’48.37”N 73°14’22.04”E and Port Qasim CFPP is 
situated at coordinates 24°47’7.44”N 67°22’10.20”E as 
shown in Figs 2-3 through Google maps.

To make the buffer zones around CFPPs, shapefiles 
were made using conversion tools for transforming 
k.ml into layer data. Evaluating the changes in the 
concentration of ozone through distance from point 
source at 10, 20 and 30 miles is done through a buffer 
analysis tool through which buffer zones are created 
around each plant. Previously created shapefiles for 
north, south, east and west points on these buffered 
lines were made, and through these buffer zone  
points the concentration for ozone at each point is 
extracted from the attribute table for further analysis. 
This process is done for all years from 2010-2017  
and values are extracted in excel. The percentage 
change from source point to 30 miles was calculated 
to obtain results. Fig. 4 indicates the buffer zones and 
buffer points for the summer and December 2017 raster 
image.

The obtained latitude and longitude column with 
a concentration of Tropospheric ozone from the 
programming represented in DU x10 as indicated on 
the website. To get the O3 in DU, we divide it by 10 
to get tropospheric ozone concentrations in DU. Later, 
monthly data is aggregated into bi-annual categories 
based on seasonal and temperature changes. The 
months from April to September were categorized as 
the summer data set, and monthly data from October 
to March was aggregated in the winter dataset file by 
taking an average of six months for each year. Through 
this classification of winters and summers, an excel.csv 
file now includes the data ready for GIS mapping.

GIS Mapping

For this part of the methodology, ArcMap 10.5 
software was used to obtain raster images through 
several instruments used to interpolate the data from 
latitude and longitude points to map form. The process 
of converting excels numerical data results in raster 
images showing tropospheric ozone concentration in 
Pakistan. It requires inserting a shapefile for Pakistan 
into ArcMap and using an inverse distance weighted 
(IDW)11 tool (Spatial Analyst) and extract by mask 
(Spatial analyst) instruments to get raster maps. For the 
tropospheric ozone data, due to its lifespan phenomenon 
and its unchanging and uniform distribution, it is 
unchanged due to source as it is a secondary pollutant 

11 IDW basically, is an exact interpolator for any unpredicted 
location by which maximum and minimum variation of the 
surface data is used to capture and predict neighboring areas.

Fig. 2. Google Earth with locations for coal-fired power plants.
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Results and Discussion

Descriptive Analysis of Summer and Winter

Summer Concentration of Tropospheric Ozone 
in Pakistan (2010-2017)

The spatial and temporal tropospheric ozone 
concentrations in summers are created through ArcMap 
from 2010 and 2017 and are illustrated in Fig. 6 and 
2011-2016 (see Appendix). Overall analysis of the 
raster images showed that the highest concentrations 

are situated in the northern Punjab region and a small 
portion of KP. Northern Pakistan has comparatively 
the lowest concentration of tropospheric ozone. The 
raster map shows the distribution of tropospheric ozone 
concentrations in Pakistan, which shows variability 
across regions. To analyse this map, we look at 
the classification colours through the legend table, 
estimating the concentration in each region. The top 
beige colour represents the lowest concentration to be 
found in summers of 2010-2017. From the legend values 
analysis shows that with each passing year the highest 
ozone concentration level increases, and in some cases 

Fig. 3. Google Maps for a) Sahiwal Coal-Fired Power Plant, b) Port Qasim Coal-Fired Power Plant. Source: Author’s own analysis

Fig. 4. Buffer zones and buffer points for summer and December 2017. Source: Author’s analysis
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so does the brown highlighted region. The values 
of legend and its range are important to identify the 
changes in brown regions, merely the size variation does 
not depict the increase or decrease in concentrations. 

From the raster images 2010-2017, the gradual 
increase in dark brown and light brown area has 
expanded from upper Punjab to Sindh and Baluchistan, 
with most change shown in  the summer 2017 image 
as shown in Fig. 6, depicting all of Punjab with a high 
concentration of ozone ranging from 43.5 to 49.5 DU 
and light brown areas covering KP, Sindh and some 
parts of Baluchistan ranging from 43.4 to 45.82 DU. 
All of Punjab, KP, Baluchistan, and Sindh have TO3 
levels greater than 40.5 DU, which exceeds the standard 

level of 32.5 DU, according to WHO, EU, and UK 
guidelines. In comparison, the 2010 raster image has a 
dark brown area only in Upper Punjab with TO3 level 
ranging from 40.2 to 44.1 DU. There has been a 10.9% 
increase from 2010 to 2017 as shown in Fig. 6. Due 
to lower temperatures and low-pressure in northern 
areas such as the Himalayas and Karakorum range, the 
concentration of ozone is lower with a concentration of 
27.90 DU to 34.20 with beige, pink and purple colours. 
This shows that the altitude difference and low-pressure 
in northern areas with higher wind speed leads to lower 
formation of TO3, hence more concentration levels in 
lower altitude with higher temperature areas as shown 
in Fig. 6.

Fig. 6. Summer mean map of TO3 using OMI/MLS instruments from 2010 and 2017 (see Appendix Fig. I for more maps).
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Winter Concentration of Tropospheric Ozone 
in Pakistan (2010-2017)

The spatial and temporal tropospheric Ozone 
concentrations in summers are created through Arc Map 
from 2010-2017 and are illustrated in Fig. 7. The overall 
analysis of the raster images showed that winter has a 
relatively lower concentration of tropospheric ozone, 
which is concentrated in lower Baluchistan, Sindh and 
sometimes southern eastern Punjab, which could be 
explained by moderate temperatures in areas near the 
sea, relative to upper Punjab and northern areas. It is 
a natural phenomenon where regions near the ocean 
and sea have higher temperatures as compared to other 

northern regions. Now for 2010, even though most of 
Punjab and Sindh have dark brown areas, its TO3 levels 
are lower in the range 34.0 to 35.5 DU as compared 
to the 2017 raster image as shown in Fig. 7, indicating  
36.7 to 39.6 DU covering most of Punjab and 
Baluchistan and all of Sindh, with light brown and 
yellow regions between ranges 34.17 to 36.7 DU and 
31.4 to 34.1 DU respectively. For winters, the per year 
increase in tropospheric ozone levels is gradual, but a 
sharp increase has been seen in 2017 winters. Compared 
to 2016, there has been an increase in the maximum 
range by 7.16%, which is a substantial change for one 
year as shown in Fig. 7.
 

Fig. 7. Winter means map of TO3 using OMI/MLS instruments from 2010 and 2017 (see Appendix Fig. II).
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Analysis of Sahiwal and Port Qasim CFPP TO3 
Emissions for Summers and Winters

Pakistan is a developing country and requires 
energy resources to cater to the needs of development, 
urbanization and increasing population, hence the 
installation of coal-fired power plants under CPEC. 
Pakistan has extensive reserves of coal in Thar of 
around 185 billion tons [16], aimed at fueling 5 coal 
power plants providing 7000 MW of energy by  
2019-20 and 6% annual growth in electricity production 
[13, 15]. No doubt this will cover the supply deficit, 
but the environmental effects can be disastrous. To 
determine the possible effect a coal-fired power plant 
can have on changes in emissions – i.e., NOx and 
VOCs impacting TO3 and hence the ecosystem of 
Pakistan – this research estimated the formation of 
ozone in locations of new coal energy-based projects, 
looking at the TO3 levels in previous years without coal-
power plant emissions, to obtain a trend and then see 
if there are any significant changes after 2015 in the 
concentration levels of TO3 at these locations in order 
to evaluate the impact as a result of CFPP construction 
and operation in that area. 

In this study, the limitation remains on the effect 
of other anthropogenic factors on changes in emissions 
at the CFPP location, i.e., Sahiwal CFPP and Port 
Qasim CFPP such as geographical location, weather 
conditions, speed of photochemical reaction given 
favourable temperature and wind and the presence of 
TO3 precursors [46], which is not investigated in this 
research. However, future studies could be done to find 
the conditions and availability of primary pollutants at 
CFPP locations in order to get additional confirmation 
of the following results. 

Table 1 shows Tropospheric Ozone concentration 
at the geographical locations where CFPPs were 
constructed after 2015 and to see the change each year 
before and after the power plants are constructed and 
operating. The Sahiwal CFPP was initiated in May 2015 
and was operational in September 2017, whereas Port 
Qasim construction started in May 2015, with one unit 
in October 2017 and another unit in April 2018. Now 
for summers, since the CFPP was not yet operational 
in 2017, the TO3 formation is assumed to be higher 
than previous years (2010-2014), but as construction is 
going on and we cannot ignore the emissions of NOx 
and VOCs in the atmosphere of these locations, it may 
or may not have effect of TO3 formation far away from 
the source point. Since data was available through the 

Aura satellite only until December 2017, this study can 
be continued for future impacts of power plants under 
CPEC. 

The results in Table 1 and Fig. 8(a-b) show the 
concentrations of tropospheric ozone at both power 
plants from 2010-2017. From 2010-2014, there is a 
gradual increase in TO3 levels for both power plants – 
ranging from 42.8 to 45.5 for Sahiwal CFPP and 36.6 
to 41.9 for Port Qasim CFPP, but both have elevated 
concentrations in 2015 and 2017 with percentage 
increases of 3.55 and 4.81 in 2015 and 3.31 and 6.58 
in 2017 (Table 2). There is a decrease in 2016 TO3 
concentration that has occurred due to unknown 
reasons, which can later be researched to evaluate the 

Table 1. Tropospheric ozone concentration at CFPP coordinates for 2010-2017 summers.

2010 2011 2012 2013 2014 2015 2016 2017

Sahiwal CFPP, Punjab 42.82 44.34 44.43 45.35 45.48 47.16 46.52 48.11

Port Qasim CFPP, Sindh 38.60 39.25 40.28 41.48 41.89 44.00 41.82 44.77

Source: Author’s own analysis

Fig. 8. Tropospheric ozone concentration at CFPP coordinates 
for 2010-2017 summers.
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anomaly. The percentage change can be represented by 
Fig. 9(a-b). 

The results illustrated in Fig. 9 and Table 2 for 
summers does show a substantial impact of TO3 levels, 
which may not be because of direct emissions from 

source point but interpret the process of constructing 
CFPP, resulting in increased NOx and VOC emissions, 
hence changing TO3 levels. 

In winters, the TO3 level is relatively lower 
throughout the years but shows a significant increase 
in 2017, pertaining to the fact that both CFPPs were 

Table 2. Percentage change in TO3 levels per year in 2010-2017 summers.

Fig. 9. Graphical representation percentage change in TO3 level 
per year in 2010-2017 summers.

% Δ 
2010-2011

% Δ
2011-2012

%Δ
2012-2013

% Δ 
2013-2014

%Δ 
2014-2015

% Δ 
2015-2016

% Δ 
2016-2017

Sahiwal CFPP, Punjab 3.42 0.21 2.03 0.28 3.55 -1.38 3.31

Port Qasim CFPP, Sindh 1.66 2.55 2.89 0.98 4.81 -5.21 6.58

  Source: Author’s own analysis

Table 3. Tropospheric ozone concentration at CFPP coordinates for winter from 2010-2017.

Fig. 10. Histogram showing TO3 at CFPP Coordinates for 
2010-2017 summers.

2010 2011 2012 2013 2014 2015 2016 2017

Sahiwal CFPP, Punjab 34.89 33.96 33.70 35.39 33.83 34.58 34.40 37.50

Port Qasim CFPP, Sindh 35.25 36.18 34.94 35.93 36.12 35.42 36.05 39.16
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operational in September and October 2017. The 
emissions from those power plants despite clean coal 
technology usage contributed to almost 8.28% for 
Sahiwal CFPP and 7.95 % for Port Qasim increase in 
tropospheric ozone formation due to the presence of its 
precursors at those locations, as shown in Table 4 and 
Fig. 11(a-b). Even though in winters, ozone formation 
is low with a decrease and increase from years  
2010-2016 at an average of 34.4 DU for Sahiwal CFPP and  
35.7 DU. In 2017 as shown in Table 3 and Fig. 10(a-b), 
TO3 level in Port Qasim CFPP in 39.16 DU, which is 
greater than Sahiwal CFPP 37.50 DU because coastal 
areas in winters have a higher temperature than 

northern areas, giving preferable weather conditions at 
Port Qasim CFPP for ozone formation.

The hypothesis previously discussed: 
H0: There is no relationship between CFPPs of CPEC on 
tropospheric ozone concentrations.
H1: There is a significant relationship between CFPPs of 
CPEC on tropospheric ozone concentrations.

Based on the results from the satellite data, we 
reject H0 and conclude that there is a significant 
relationship between tropospheric ozone levels in the 
atmosphere and CFPP emissions. This result aligns with 
the different studies from a literature review in which, 
with the installation of 1 unit a CFPP has almost a 
10-times increase in NOx emissions in India [71], which 
has resulted in an increase of almost 8% TO3 levels as 
shown in our study (Fig. 11). Annual changes of 8.11 
Tg and 9.58 Tg for Chinese coal plants shows 82% 
correlation of its emissions with NOx emissions [61], 
and with 29.9% of VOCs, for which CFPPs account for 
[76], the probability of tropospheric ozone formation 
due to CFPPs is hence significant through our results. 

Not much research has looked into finding the 
relationship between CFPP and tropospheric ozone in 
Pakistan, but a study from Candiota, Brazil studied 
tropospheric ozone impact due to CFPPs, and its 
findings showed results as significant, depicting to the 
reasons such as high temperature and low-intensity 
winds that help in accumulating the precursors of 
ozone and forming ozone. Our results showed 8.28% 
for Sahiwal CFPP and 7.95% Port Qasim CFPP 
increase in TO3 as they became operational, and the 
Port Qasim CFPP concentration is greater than Sahiwal 
CFPP emissions due to higher temperatures in coastal 
areas aligning with the result of Brazil and GLO of 
Chandrapur India, where CFPPs have a higher level of 
correlation with NOx and ozone formation with high 
temperature (r = 0.55) and wind speed [74, 76]. Our 
results are also endorsed by Verma [77], who found 
a significant relationship between CFPPs in India and 
CO2, SO2, and NOx formation, which also shows an 
increase in tropospheric ozone.

The results also ensure the concerns of 
environmentalist about air pollution [12, 90, 91] and 
refute the reassurances by Pakistani and Chinese 
governments and experts on the notion that CPEC will 
not create environmental problems and that Beijing will 
not transfer outdated technology to Pakistan’s energy 
sector by installing superficial emission-reducing 
technology such as high thermal efficiency through 
high-efficiency electrostatic precipitator and flue gas 
desulfurization facilities that will reduce emissions 

Table 4. Percentage change in TO3 level per year during 2010-2017 winters.

% Δ
2010-2011

% Δ
2011-2012

%Δ
012-2013

% Δ 
13-2014

%Δ 
2014-2015

% Δ 
2015-2016

% Δ 
2016-2017

Sahiwal CFPP,Punjab -2.75 -0.76 4.78 -4.61 2.15 -0.51 8.28

Port Qasim CFPP, Sindh 2.59 -3.56 2.75 0.55 -1.99 1.74 7.95

Fig. 11. Percentage change in TO3 levels per year in 2010-2017 
summers.
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[81, 92, 93]. Our results showed that emissions have 
increased substantially for the secondary pollutant, so 
the assumption is that primary pollutant emissions will 
be far greater (given that these readings are in winter 
when the temperature is comparatively lower than 
summertime in Pakistan). This raises the problem that 
if emissions of secondary pollutants are increasing to 
almost 8% just in the starting phase and in unfavorable 
weather conditions, what will be the state of air 
pollution and smog formation in Pakistan in the summer 
and future environmental impacts, hence answering the 
objective of study on CPEC energy projects as being 
environmentally friendly.

Conclusions

CPEC projects are receiving enormous attraction 
due to strategic location, economic intensification 
and vast resource mobilisation. At the heart, these 
projects provide an opportunity to curb the energy 
shortcomings through CFPPs, which have been planned 
to be developed with a net worth of $5.8 billion US 
that is expected to supply 7000 MW of electricity to 
national grid by 2019-2020, thus a 6% annual increase 
in electricity production in Pakistan. Simultaneously, 
environmentalists fear that these projects will increase 
GHG emissions, for which although they incorporate 
innovative and environmentally friendly technology 
(e.g., supercritical emission reducing technology), 
the uncertainties are enlarged. This study confirmed 
that the use of supercritical technologies like flue 
gas desulfurization, seawater desalination, and high-
efficiency electrostatic precipitators remains limited. 
This has certainly led to NOx emissions beyond the 
national environmental quality limits that have damaged 
the ozone layer over the two installed CFPPs in Sahiwal 
and Port Qasim. The results showed a significant mean 
change in concentration of tropospheric ozone for pre-
CPEC and post-CPEC (i.e., after 2015) for summers 
at 2.29±1.27 DU and for winters at 0.94±0.64 DU in 
Pakistan. This shows that with more CPEC development 
projects underway, the emissions of primary pollutants 
such as NOX and VOCs will increase and affect the 
level of TO3 in the country. Here, the higher change 
in concentration of tropospheric ozone in summer is 
linked to a higher temperature during summertime 
in the study areas that pose more damage to ozone 
concentrations. This correlation of emissions (especially, 
NOx emissions) and TO3 at high temperature 
(r = 0.55) and wind speed is found to be significant in 
other parts of the world, such as Brazil and India [74, 
76]. Further studies confirm more explicitly that a 
vital association exists between CFPPs and CO2, SO2, 
and NOx emissions that upset the tropospheric ozone 
[77], whereas from the CFPP perspective, this strong 
correlation is allied to evidence that the installation 
of 1 unit CFPP results in a 10-times increase in NOx 
emissions [71] and an annual change of 8.11 Tg and  

9.58 Tg in TO3 confirms an 82% increase in NOx 
and 29.9% increase in VOC emissions [72, 76]. Thus, 
a higher risk of changes in the tropospheric ozone 
formation due to emissions from three remaining 
CFPP signs high risk to local climate and inhabitants. 
The scenario therefore calls for effective use of critical 
technology in futuristic energy projects in order to 
avoid any anthropogenic hazards.
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APPeNDIX

Summer concentrations of tropospheric ozone in Pakistan (2011-2016)

Fig. I. Summer mean map of TO3 using OMI/MLS instruments, 2011-2016.
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Fig. II. Winter means map of TO3 using OMI/MLS instruments, 2011-2016.  

Winter concentrations of tropospheric ozone in Pakistan (2011-2016)


