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Estimation of Fossil Fuel CO2 Emission Using
Satellite NOx Data

Abstract

Carbon dioxide (CO2) is widely considered one of the main driving factors of climate
change and it is also blamed for reinforcing the warming effect, which is called
Greenhouse Effect. However, CO2 emission is hard to measure due to the long lifetime
of CO2 and hard to separate anthropogenic sources and biogenic sources. Even though
a lot of inventories have been built for estimating the annual CO2 emission based on
the human-activity data, there is no reliable method to estimate the daily CO2 emission.
In general, satellite NO2 are shown to be a useful source of information on CO2 sources
collocated with sources of nitrogen oxides. Thus, this study used the satellite NO2 data
from TropOMI to estimate the daily CO2 emission. Paris was selected to be the study
region for this study. The satellite daily NO2 data in 2018 was converted to NOx
emission based on the CAMS model. The NO x to CO2 conversion factor was analyzed
based on the emission inventory TNO-MACC. For the result, the sum value of the CO2
estimation showed the similar result compared the CO 2 emission from TNO-MACC,
however the seasonal variation of estimation was very different from TNO-MACC.
Most of the differences could be explained based on real-day situation and the CO2
emission from TNO-MACC was based on behavioral patterns that are assumed to be
the same across Europe. This method estimate the daily CO2 emission based on realday situation and shows a good estimation, but there is still lack of strong validation for
its reliability. The method still needs to be improved and exploited further in future
research. This could help people easier to regulate and know about CO2 emission
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1. Introduction
Carbon dioxide (CO2) is widely considered one of the main driving factors of recent
climate change (Stocker, 2014). CO2 is blamed for reinforcing the warming effect,
which is called Greenhouse Effect. It has been shown that the CO2 concentration in the
atmosphere has been increasing in recent years and a large amount of CO2 is attributed
to anthropogenic activities, such as fossil-fuel combustion (IEA,2016). This has alerted
policy makers around the world. In order to combat climate change, parties of the
United Nations Framework Convention on Climate Change (UNFCCC) adopted the
Paris Agreement in 2015, including 195 signatories, with the goal of accelerating and
intensifying the actions and investments for a sustainable low carbon future (UNFCCC,
2015). Against such background, it is important to identify accurate CO2 measuring
methods to facilitate environment policy making around the world.

In the past few decades, few methods measuring CO2 concentration have been
developed, including carbon footprint model, upwind-downwind concentration
difference methods, stack measurements and lab experiments. These methods can be
classified into two main types: bottom-up and top-down approaches. The bottom-up
approach focuses on tracing human activities including combustion of fossil fuels and
other types of fuel to estimate CO2 concentration, while the top-down approach utilizes
satellite data to study CO2 concentration.

The carbon footprint model traces all the impact of an activity or a product, including
production, storage, transport, repair etc, on CO2 emissions. This model has permeated
and is being commercialized in all areas of economy, however, it suffers from the
shortfall of lack of common definition, and standards of calculation of the footprint
(Pandey, Argrawal and Pandey, 2011). Since this model is a bottom-up method, little
inaccuracy in primary data is likely to lead to large uncertainty in the emission
estimation.
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Bottom-up approach tend to suffer from the shortfall of considerable uncertainties in
the emission estimate, primarily due to low data quality, inconsistent data sources and
the absence of key information (Stocker, 2014). This is because the data sources of most
emission inventories are from statistical reports based on the economic activities and
technologies. The inaccuracies of the data could lead to considerable errors in emission
data. This is particularly an issue for developing countries since they are experiencing
rapid changes in technologies and fast development of the economy. For instance, fossil
fuel CO2 emission might be underestimated because of inaccurate official information
on the fossil fuel combustion (Guan et al., 2012). This might not contribute to optimal
policy making of the government.

An alternative approach for CO2 estimation is the inverse modelling, or the top-down
approach, by tracing gas concentration data from atmospheric measurement. An
example of such approach is upwind-downwind concentration difference method. This
approach has been gaining popularity in recent years given availability of large amount
of satellite measurement data. In contrast to the bottom up approach, this approach has
been considered a better approach in terms of data consistency and low degree of
uncertainty (Chevallier et al., 2007; Houweling et al., 2004). Many studies have shown
that using the satellite CO2 emission data could contribute to better quality of CO2
estimation (Rayner and O’Brien, 2001; Park and Prather, 2001).

However, the accuracy of satellite CO2 emission estimation also suffers from many
shortfalls. For instance, satellite measurement captures global CO2 emission in an
overall manner, high background concentration due to long lifetime and it is difficult to
separate anthropogenic sources and biogenic sources (Konovalov et al., 2010).
According to the United Nations Environmental Protection Agency, biogenic emissions
relate to the natural carbon cycle, as well as those resulting from the combustion,
harvest, combustion, digestion, fermentation, decomposition, or processing of
biologically based materials (UNEPA, 2017).

Moreover, satellite measurement is
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also sensitive to the measurement errors due to the variability of CO2 concentration is
largely affected by biogenic sources and sinks. Thus, the observations of CO2
concentration will be low relatively to the actual CO2 emission, except for the hotspots.

While accurate satellite measurement of anthropogenic CO2 has been a challenge,
satellite measurements have been widely applied to estimation of NO2 emission (Martin
et al., 2003; Müller and Stavrakou, 2005; Boersma et al, 2019). This is because the
background concentration of NO2 is relatively low, since NO2 is short-lived, therefore
its measurement is believed to be more reliable. For instance, TropOMI is one of the
monitoring instruments that utilizes satellite data to observe emission of several gases,
including NO2. TropOMI extends the data records obtained from SCIAMACHY (20022012), GOME-2 (since 2007), and OMI (since 2004), and is the preparatory mission
for Sentinel-5, due for launch in the 2020s (Boersma et al, 2019). Since 2018, daily
NO2 emission is monitored by TropOMI on clear-sky day, the data has been used by
Folkert Boersma to estimate the daily NOx emission (Boersma et al, 2019).

NOx emission is strongly related with CO2 emission, since they have common sources
such as fossil fuel combustion. It is believed that temporal changes in anthropogenic
emissions of NOx is associated with CO2 emission and therefore could be used to
estimate CO2 emissions. This is because NOx has relatively short lifetime and is
therefore less affected by the long-range transport from distant emissions than CO2
measurements (Berezin et al, 2013). Using NO2 as a proxy to study CO2 emissions
could potentially lead to few errors since its observation is more robust.

Against this background, this paper aims at verifying the feasibility of using the NOx
estimation data from TropOMI to estimate the daily CO2 emission. The NOx to CO2
conversion factor will be analyzed based on the emission inventory TNO-MACC 2011.
TNO-MACC 2011 is an update on TNO-MACC II, and further improves on the quality
of data. Even though the data in TNO-MACC 2011 is from the year 2011, due to its
reliability, this study decide to use TNO-MACC 2011 as the emission inventory to
5

analyze NOx to CO2 conversion factor.

This study will select Paris as the study region to test the feasibility of this method.
Paris is selected due to great quantity and quality of data available. Pairs is a typical
metropolis where human activities are concentrated and could be representative of large
cities around the globe.

The main question of this study would be ‘Is using TropOMI satellite NO2 data in
combination with NOx: CO2 emission ratios a promising method to monitor CO2
emissions from cities?

For testing the feasibility of this method, the following questions will also be looked at:
1. How to transfer the NO2 emission data to NOx emission data?
2. What is the available information about NOx -to - CO2 conversion factors that
could be used in this research?
3. How to evaluate the uncertainties of the result?
4. How to reduce the uncertainties of the result?

2. Methodology

2.1 Summary of the method
This study aims at testing the feasibility of using daily estimated NO x data from
TropOMI in combination with the conversion factor from TNO-MACC 2011 to
estimate the daily CO2 emission. The study region is chosen in Paris (60km*60km),
which is shown in Fig 1. This area is fit to the NOx estimation data from Folkert
6

Boersma and also include all the main highways and industries around Pairs.

Fig. 1.

The map of study region in Pairs (60km*60km). The map contains the entire
study region.

For CO2 estimation, if CO2 and NOx are both emit from same emitters and they have a
relatively stable relationship, the equation for NOx covert to CO2 will be:
𝐸𝐶𝑂2 = 𝐸𝑁𝑂𝑥 （𝑇𝑟𝑜𝑝𝑂𝑀𝐼） ∗

𝐸𝐶𝑂2
（𝑇𝑁𝑂 − 𝑀𝐴𝐶𝐶）
𝐸𝑁𝑂𝑥

where 𝐸𝐶𝑂2 is the estimation of daily CO2 emission, 𝐸𝑁𝑂𝑥 is the NOx estimation from
TropOMI,

𝐸𝐶𝑂2
𝐸𝑁𝑂𝑥

is the NOx:CO2 conversion factor, which is based on the information

provided by TNO-MACC 2011 and this is also the curial part for this study since data
of 𝐸𝑁𝑂𝑥 has already been provided by Folkert Boersma.

This method demands that CO2 and NOx must have common emitter, which means this
method could not be used to estimate the CO2 emission from emitters that only emit
CO2 or NOx.

In TNO-MACC, all CO2 emitters are divided into 11 sectors, as listed in Table 1.
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Sector
1

Energy industries

2

Non-industrial combustion

3

Industry

4

Fossil fuel production and distribution

5

Solvent and other product use

6

Road transportation, exhaust gasoline

7

Road transportation, exhaust diesel

8

Road transportation, LPG and natural gas

9

Non-road transport

10

Waste treatment and disposal

11

Agriculture
Table. 1.

Eleven sectors divided by TNO-MACC

Firstly, all the emitters of NOx or CO2 in study region will be examined, if the emitter
of CO2 and emitter of NOx are from the same latitude and longitude and from the same
sector, they are assumed to be an emitter emits both CO2 and NOx. Otherwise, the
emitter will be treated as the emitter that only emit CO2 or NOx, which means this kind
of emitter could not be used for estimating the CO2 emission.

In the study region in Pairs, there are 514 CO 2 emitters and 706 NOx emitters. All the
CO2 emitters meet the standard above and also co-emit NOx. For the left 706-514=192
emitters, they are all emitters only emit NOx, However, these emitters only emit
804kg/yr, which is only 0.001% in total emission and is negligible. This study will focus
on the 514 emitters within 11 sectors based on TNO-MACC 2011. Between these 11
sectors, the NOx: CO2 conversion factor will also be different, it is necessary to analyze
NOx: CO2 conversion factor in each sector. Besides, even though these emitters are
from same sectors, their NOx: CO2 conversion factor may also not the same due to there
are also sub-sectors in each sector, this study will use the average NOx: CO2 conversion
8

factor of each sector for estimation.

Since I aim to estimate the daily CO2 emission, it is necessary to build the NOx: CO2
conversion factor for each day, the time profile is also provided by TNO-MACC
2011(Table 4).

After combining with the time factor, the final equation would be:
𝐸𝐶𝑂2.𝑑 = 𝐸𝑁𝑂𝑥.𝑑 ∗ (𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 )𝑑
d refers to the day of the year, 𝐸𝐶𝑂2.𝑗 means the estimated CO2 emission on day d,
𝐸𝑁𝑂𝑥.𝑑 means the NOx emission on day d from TropOMI, (𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 )𝑑 means the
NOx:CO2 conversion factor in day d based on TNO-MACC. Next section will be
explained how this is been calculated

2.2 NOx: CO2 conversion factor of each day analysis ((𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 )𝑑 )
The equation for NOx: CO2 conversion factor of each day will be:
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(𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 )𝑑 = ∑ 𝐹𝑠.𝑑 ∗ (𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 )𝑠
𝑖=1

𝐹𝑠.𝑑 =

𝐸𝑁𝑂𝑥,𝑠
𝐸𝑁𝑂𝑥,𝑡𝑜𝑡

𝑜𝑛 𝑑𝑎𝑦 𝑗, which is the fraction of NOx emission from sector s in total

NOx emission.
(𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 )𝑠 is the average NOx:CO2 conversion factor for sector s.
The calculation of 𝐹𝑠.𝑑 and (𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 )𝑠 will be explained in following two subsections.

2.2.1 The calculation of 𝐹𝑠.𝑑
The expression for (𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 )𝑠 contains the variable 𝐹𝑠.𝑑 , which is the fraction of
NOx emission from sector s in total NOx emission on day d. In this section, how 𝑃𝑖.𝑗
is determined will be explained.
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Firstly, it is necessary to know how much NOx is emitted from sector s on day d and
the total NOx emission on day d before calculating 𝐹𝑠.𝑑

The NOx emission from

sectors on day d will be calculated by the annual fraction of NOx emission from sector
s and combine with the time factor on day d. The total NO x emission will be the sum
of NOx emission from each sector on day d.
The equation shows as follows:
𝐹𝑠.𝑑 =

𝑓𝑠 ∗ 𝑡𝑠.𝑑
∑11
𝑖=1 𝑓𝑠 ∗ 𝑡𝑠.𝑑

𝑓𝑠 is the fraction of NOx from sector s in the annual total NOx emissions, 𝑡𝑠.𝑑 is the
time factor for sector s on day d.

2.2.2 The conversion factor for each sector ((𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 )𝑠 )
Since there are 11 sectors in Paris, and the NOx: CO2 conversion factor from each sector
(𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 ) is different, it is necessary to analyze the (𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 ) for each sector.
This study will use the total CO2 emission divided by total NOx emission from each
sector and use the value as the NOx: CO2 conversion factor for each sector. This will
lead a lot of uncertainties because the NOx: CO2 conversion factors from the same
sector are not all the same. But it would be too complex if all the details are in
consideration. The uncertainties will be discussed in the Discussion section.

3. Results
In this part, the fraction of NOx and CO2 emission from each sector will be discussed
at beginning, this will build an impression of how CO2 and NOx emission is constituted
by each sector, then NOx: CO2 conversion factor from each sector will be shown, the
figure could help to know the relationship between CO2 and NOx between different
sectors straight forward. Afterwards, the result of daily CO2 estimation will be disused.

3.1 NOx: CO2 conversion factor analysis ((𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 )𝑠 )
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Based on section 2.2.1, the fraction of NOx emissions from each sector on each day
(𝐹𝑠.𝑑 ) is determined by the fraction of the annual NOx emission by each sector and on
each day, as a function of (𝑓𝑠 ) and the time factor (𝑡𝑠.𝑑 ).

Firstly, the fraction of the annual NOx emissions from each sector i (𝐹𝑖 ) is analyzed
based on TNO-MACC 2011. In TNO-MACC 2011, the emission sources are divided
into 11 categories, which have already shown in Table 1. In Fig 2, it is obvious that
sector 2 (Non-industrial combustion) and sector 7 (Road transportation, exhaust diesel)
are the major sources for both NOx and CO2 emission, this means that most of CO2 and
NOx emission are from the same emitters and shows that this method seems make sense.
However, for CO2, sector 2 (Non-industrial combustion) is the most contributor and the
for NOx, sector 7 (Road transportation, exhaust diesel) is the largest contributor.
This means that the relationship between CO2 and NOx through different sectors are
quite different. It is really to important figure out what is NO x: CO2 conversion factor
to each sector.
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Fig. 2.

The percentage of emission from each category in total emission from TNO-

MACC 2011 in Paris.

3.2 NOx: CO2 conversion factor for each sector (𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 )𝑠
After knowing about how different category weights in total emission, NOx: CO2
conversion factor for each sector (𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 )𝑠 is calculated.
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Fig. 3.

Sector specific emission ratio of each category in TNO-MACC 2011. (Since

the emission ratio of category 5 is extremely high, it is not included in the figure.
However, category 5 only weighted 0.5% percentage of total CO2 emission and 0.04%
percentage of total NOx emission, it is could be negligible for the CO2 emission.). The
black line in the figure means the standard deviation for each sector

As Fig 2 shows, the NOx: CO2 conversion factor is different for each sector. For sector
1,4,6,7,8,10 and 11, the NOx: CO2 conversion factors of these sectors are relatively
constant with small value of the standard deviation. However, for sector 2, 3 and 9, the
ratios are unstable because of the large value of standard deviation, which means there
are a lot of variabilities in these sectors. This might because that the emission ratios are
based on detailed measurements. And the lack of variability in emission ratios in a
sector might be an indication that detailed information is missing. More details will be
discussed in the discussion.

In Fig 2, the NOx: CO2 conversion factor shows a really high value in sector 2 (Nonindustrial combustion) and it is 5.1 times more than that in sector 7 (Road transportation,
exhaust diesel). This implies that the sector 2 contributes most to CO2 but sector 7
contribute most to NOx.
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3.3 The NOx:CO2 conversion factor on each day(𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 )𝑑
For analyzing the 𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 variation through days, it is necessary to analyze the
variation of fraction of NOx emission of each sector in total first. Since the NOx: CO2
conversion factor from each sector (𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 )𝑠 ) is just analyzed in section 3.1.
Combining the fraction of NOx emission from each sector in total emission in each day,
it would be easily to conclude the NOx: CO2 conversion factor on each
day(𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 )𝑑 by the equation in section 2.2. The fraction of NOx emission from
each sector in total emission could also help to analyze the variation of contribution to
the emission from each sector.

Fig. 4.

Fraction of NOx emission from each sector in total in each day. This figure is

a function of showing the contribution of each sector in each day. It shows how the
contribution of each sector varies through the year.

In Fig 4, it is shown that sector 2, the sectors 6,7 and 8 and sector 9 have a large
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fluctuation compared to others. The contribution of sector 2 decreases from January to
July and increases from July to December. The contribution of sector 6,7,8 and sector
9 show a totally opposite pattern. As discussed above, the value of 𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 of
sector 2 is relatively high in all sectors and those of sector 9 and sector 6, 7, 8 are
relatively low. Even though the NOx: CO2 conversion factors for sector 6 and 8 are not
low, but sector 7 emits 92% NOx in total road transportation (sector 6, 7, 8), this leads
the NOx: CO2 conversion factor to be a small value for the whole road transportation.
Thus, from January to July, with the decrease of fraction of sector 2 and increase of
fraction of sector 6,7,8 and 9, the value of 𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 decreases. From July to
December shows the opposite results. The 𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 variation in day average are
shown in Fig 5.

Fig. 5.

𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 variation through days

Since the data from TropOMI are only observed at noon, it is necessary to analyze the
𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 variation at noon. In general, the range of time for observation of TropOMI
is mainly from 12:00 to 14:00, this study will pick 13:00 as the time for analyzing the
𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 at noon. The estimation will use the 𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 at 13:00 instead of daily
overall 𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 .The result is shown in Fig 6.
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Fig. 6.

𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 variation at 13:00 through days of the year.

In Fig 6, the trend of 𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 at noon is similar as the trend of daily average
𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 , and the value of 𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 at noon is smaller than the value of
𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 in day average. For analyzing the differences between them and finding
the reason behind it, the ratio of

𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 in day average divide

𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 at

13:00 is plotted in Fig 7.
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Fig. 7.

𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 through days divided by 𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 at 13:00 h.

In Fig 7, the ratio in April has a shape increase compared with first three months, then
drop rapidly to July.

This is because the weather in first three months is cold and similar, however, in April,
the weather turns to be warm at noon, but the weather is still cold at night. Thus, due to
the high value of NOx: CO2 conversion factor of sector 2 (most is residual heating), the
curve goes up. Afterward, weather become warm and there is no need for heating. Road
transportation starts to contribute most to the emission, since the low NO x: CO2
conversion factor of road transportation (92% sector 7), the ratio decreases.

3.4 Estimation of daily CO2 emission
In Fig 8, because the TNO-MACC data is from 2011 and the estimation of CO2
emission is from 2018, the days of the week do not match. However, the variation of
the data in TNO-MACC is similar in the same month, so the x-axis in the Fig 8 will be
transferred into day in the week instead of the real date.
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Fig. 8.

Comparison between CO2 emission estimation from TropOMI with emission
data from TNO-MACC.

For the estimation of CO2 is shown in Fig 8, the overall totals of estimation are similar
to the overall totals of the data in TNO-MACC, which is only 0.08% more. However,
this result is considered to have a lot of uncertainties. Firstly, due to the TropOMI could
only observe the gas concentration on clear-sky day, which means not all days are
included in the estimation, this will lead the result not comprehensive. Secondly, the
CO2 estimation is based on the NOx data at noon and 𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 at 13:00. However,
the value of 𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 at noon is smaller than the daily average value of 𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 ,
which means that the TropOMI CO2 emission estimation should be lower than the CO 2
emission in daily average. Even though it is possible to correct based on the time profile
provided by TNO-MACC 2011, the differences between noon and day average should
not be the same in 2011 and 2018. This kind of uncertainties could not be avoided unless
there is time profile available for 2018. Nevertheless, the CO2 emission differences
between the noon and day average should be similar which means it will not lead big
18

differences between the CO2 estimation and CO2 emission in reality.

In Boersma et al,2019, they use the daily NOx emission estimated from TropOMI
compare with the NOx emission from TNO-MACC. The comparison of CO2 estimation
from TropOMI and CO2 emission from TNO-MACC looks similar as the comparison
of NOx emission which is the emission estimation from TropOMI is higher than the
data in TNO-MACC 2011 in February and lower in April, May and June. But there are
still a lot of differences between comparison of CO2 emission and comparison of NOx
emission. In February, the CO2 emission estimation is 69%-135% more than the
emission data in TNO-MACC and the NOx emission from TropOMI is only 25%-68%
more than the data in TNO-MACC. In June, the CO2 estimation is 3%-58% less than
the data in TNO-MACC and the NOx emission from TropOMI is 6%-61% less than the
data in TNO-MACC. There is less reduction in June.

These differences could be explained by the colder weather in the winter of 2018, which
is 5℃ lower in average than temperature in 2011 and warmer weather in April- June.
Since the data from TNO-MACC is based on the climatology and estimation from
TropOMI is closer to the real-time activity data, the residential heating is expected to
weight more in February 2018 and weight less in April-June 2018. Residential heating
is included in sector 2 (Non-industrial heating). As discussed in above, the 𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥
based on TNO-MACC for sector 2 is relatively high, more fraction of sector 2 will
increase the overall 𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 . This means more residential heating will lead to more
CO2 emission increasing and this could explain the reason of CO2 estimation in
February have such a high value. In June, because of the warmer weather, the CO2 and
NOx emission from residential heating weighs so little in the total emission and sectors
6, 7, 8 (Road transportation) dominates the NOx emission as discussed in section 3.2.
Since the value of overall 𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 based on TNO-MACC is quite low in June, the
fluctuation of CO2 comparison will be smaller than that of the NOx comparison. This
could explain the less reduction of CO2 comparison than NOx comparison in June.
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However, due to the daily overall 𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 calculation is based on the time factor
from TNO-MACC and underestimation/overestimation of residential heating in winter,
the daily overall 𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 would be different if it is based on real-time situation.
Since most of sector 2 is constituted by residential heating, and 𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 of sector
2 has a high value compared with main sectors(sectors contributed most of the CO2/NOx
emission), the daily overall 𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 will be increase/decrease with the fraction of
sector 2. Therefore, in February, the daily overall 𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 should be higher due to
the underestimation of residential heating. This will lead to more CO2 estimation even
though CO2 estimation has already much more than expected. In the same way, in
summer, overestimation of residential heating will decrease the CO 2 estimation even
though the CO2 emission is already lower than expected in June. Even though it is hard
to quantify how much is CO2 emission is underestimated/overestimated in
winter/summer due to lack of information about residential heating in real-day situation,
this study will try to quantify it by using the CO2 emission from transportation because
the CO2 emission from transportation is relatively stable through the years. It is shown
in section 3.5.

3.5 The fraction of CO2 emission
For deeper understanding of daily variation of CO2 emission, the fraction of CO2
emission from each sector is shown in Fig 9. Just like Fig 4, it is similar that only sector
2, sector 6,7,8 and sector 9 have big fluctuations and others are relatively constant.
Besides, the trend of fraction of each sector is also similar. However, the CO2 emission
from sector 2 weights much more than NOx emission from sector 2 in the winter.
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Fig. 9.

Fraction of CO2 emission from each sector

3.6 Quantify the underestimated/overestimated CO2 emission
Since sector 2(Non-industrial combustion) and sector 6,7,8(Road transportation)
contribute most of the CO2 emission and the CO2 emission from road transportation
always have the same pattern in different years. This section will try to use the CO 2
emission from road transportation to quantify how much CO2 emission from sector 2 is
underestimated/overestimated CO2 emission in winter/summer. The daily CO2
emission estimation will be treated as accurate value in this section which means the
underestimated/overestimated CO2 emission doesn’t influence the total daily CO2
emission.

In section 3.5, it is known that in July, the sector 2 has the least and sector 6,7,8 (Road
transportation) has the most contribution to the CO 2 emission through the year. This is
because the warm weather in July and there is almost no CO2 emission for residential
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heating. However, in Boersma et al ,2019, there is no NOx data in July, this study will
use the NOx emission estimation from TropOMI in June for this section. Furthermore,
for reducing the uncertainties, this study will use the last three days to quantify the CO2
emission due to the temperature in these three days are almost the same. The equation
of calculating the CO2 emission from road transportation is shown below:
𝐸𝑟𝑜𝑎𝑑.𝑑𝑎𝑦 = 𝐹𝑟𝑜𝑎𝑑.𝑑𝑎𝑦 ∗ 𝐸𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑖𝑜𝑛.𝑑𝑎𝑦
𝐸𝑟𝑜𝑎𝑑.𝑑𝑎𝑦 is the CO2 emission from road transportation in a specific day, 𝐹𝑟𝑜𝑎𝑑 is the
fraction of CO2 emission from road transportation in a specific day, 𝐸𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑖𝑜𝑛.𝑑𝑎𝑦 is
the CO2 emission estimation based on TropOMI in a specific day.

By using this equation, the CO2 emission from road transportation have been calculated,
which is 9544.9±830.8 mol/s. Then based on the time factor for road transportation
from TNO-MACC which is shown in Fig 10, it is easily estimate the CO2 emission
from road transportation in other days. In Fig 9, it is obvious that only sector 2 and
sector 6,7,8 have a big fluctuation through days and others are relatively stable. Thus,
in this section, all the sectors except sector 2 and sector 6,7,8 will be remain the same
fraction in each day. By combining with the daily CO2 emission estimation from
TropOMI, the adjusted CO2 emission from sector 2 could be easily calculated which
should be more closed to the emission in real-day situation.

Fig. 10.

Daily mean time factor for road transportation from TNO-MACC
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The comparison of adjusted CO2 emission from sector 2 and original CO2 emission
from sector 2 estimated from TropOMI is shown in Fig 11. In Fig 11, it shows that in
February, the CO2 emission from sector 2 is underestimated about 121%-137%. In
May, the CO2 emission from sector 2 is overestimated about 25%-71%.

Fig. 11. The comparison of adjusted CO2 emission from sector 2 and original CO 2
emission from sector 2 estimated from TropOMI
This section roughly estimated the underestimation/overestimation of CO2 emission, it
makes sense but still not strict enough, the uncertainty will be discussed in section 4.2.

3.6 Uncertainty of 𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 for each sector
Since the 𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 for each sector are not constant, which means there are a lot of
uncertainties for calculating the daily overall 𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 , this section will use the
minimum and maximum value of the 𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 for each sector to calculate the
influence to total CO2 emission estimation. While calculating each sector, the
𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 other sectors remains the average value. The result shows in Table 2.
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Sector

The uncertainty of total CO2 emission
estimation due to each sector

1.Energy industries
2.Non-industrial combustion
3.Industry

0%
-1.3%-2%
5.7%

4.Fossil fuel production and distribution

0%

5.Solvent and other product use

0.01%

6.Road transportation, exhaust gasoline

0.2%

7.Road transportation, exhaust diesel
8.Road transportation, LPG and natural gas
9.Non-road transport

-10%-3.4%
0%
-2.3%-17.2%

10.Waste treatment and disposal

0%

11.Agriculture

0%

Table. 2.

The uncertainty of total CO2 emission estimation due to each sector

In Table.2, it is obvious that only sector 2, sector 7 and sector 9 will lead big
uncertainties to the total CO2 emission estimation. However, the calculation of the
uncertainties is using the minimum and maximum value of the 𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 for each
sector, this means the uncertainty in real-day situation should be smaller. This is because
the differences value of 𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 in a sector is due to the different subsectors in that
sector. Thus, it is not possible that all the 𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 in a sector are all minimum or
maximum value.

The reason why uncertainty of sector 2 and sector 7 are such big is these two sectors
weight too much in the total CO2 emission. For sector 9, this is because sector 9 is Nonroad transportation included several subsectors which are rail-way, airplane, etc. The
value of

𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 for each subsector are too different, this lead the big value of

uncertainty. However, for sector 9(Non-road transportation), the constitution of sector
9 should be stable unless Paris build a new airport/rail-way station. Thus, the
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uncertainty of sector 9 should close to 0% unless there is construction of airport/station.

4. Discussion

4.1 Sensitivity of each sector
For better understanding of how each factor could influence the total CO2 emission, we
increase the NOx emission from each main sector (weight more than 5% in total CO2
emission) individually by 10% and then analyze how much the total NOx and CO2
emission increases. The result are showns in Table 3
.
Main sectors increase 10% NOx emission

ΔE_NOx,tot

ΔE_CO2

Power industry (1)

0.5%

+1.2%

Non-industrial combustion (2)

1.6%

+3.7%

Industry (3)

0.5%

+0.8%

Road transportation, gasoline (6)

0.4%

+0.7%

Road transportation, diesel (7)

5.7%

+2.7%

Non-road transportation (9)

1.3%

+1.0%

Table. 3.

Sensitivity of each sector

In table 1, it is shown that the 10% increase in NOx emission from sector 3, sector 6
and sector 9 don’t have a large effect on the total NOx emission and CO2 emission (less
3%). This means that there are no big difficulties on estimation of these sectors.
However, for sector 2, the 10% increase of the NOx emissions from this sector lead to
a 1.6% increase of the total NOx emission leads and a 3.7% increase of the total CO2
emission. This means little NOx emission differences will lead bigger differences in
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CO2 emission which implies a strong sensitivity and consequently a larger uncertainty
in the CO2 emission estimation. For sector 7, it increases 5.7% NOx emission but
increases only 2.7% CO2 emission. This implies that if the NOx emission changes a lot,
the CO2 emission does not change that much. In this situation, it is would be important
to know about the constitution of the NOx emission, especially for the change of sector
2 and sector 7.

4.2 Disadvantages
Even though this method provides a new way to estimate daily CO2 emission, it is still
lacking a strong validation. Since the time factor is from TNO-MACC 2011 and the
estimation is in 2018, the situation would be different due to different weather, policy,
number of cars, etc. Even though this kind of uncertainties is hard to quantify, since
France is a developed country and Paris is the capital of France, this means that the
differences between each year are similar except the weather. Thus, the variation of
sector 2 would be very important for the accuracy of the CO2 estimation. In section 3.5,
this study tries to quantify the overestimation/underestimation of CO2 emission due to
the warmer/colder weather. However, the method is not strict enough due to the
assumption of daily CO2 estimation is accurate. The improvement of this method would
be using the overestimated/underestimated CO2 emission to reconstruct the fraction of
NOx emission from each sector and build a new daily overall 𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 . Then
combine the new 𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 and the NOx emission estimation from TropOMI to
calculate the adjusted CO2 emission estimation. This result would be more reliable and
closer to the real-day situation. However, due to the limitation of time, this study didn’t
finish the improvement of this part.

Furthermore, the daily 𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 calculation is the main part of this method, all the
information is based on TNO-MACC, thus this method really relies on the accuracy of
the method, especially for the relationship between CO2 and NOx. However, even
though there are hundreds of emitters in Paris, almost 80% NOx/ CO2 emission is from
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only 20% emitters. Thus, if possible, focusing on these 20% emitters in different
emission inventories and then integrate the information together, this will could reduce
the uncertainties and could help this method not only relies on one emission inventory.
There is also a lot of uncertainties on NO x emission from TropOMI, because of the NOx
emission is estimated by the NO2 emission in TropOMI.

Another limitation of this method is that it depends heavily on weather and region
where the data is collected. The NO2 emission from TropOMI could only be observed
on clear-sky days, indicating that CO2 estimation data is not successive through days,
due to missing data on cloudy days. Although the missing data in cloudy days could be
estimated based on the CO2 estimation on clear-sky day if the temperature and pattern
of human activity are similar, it might still generate certain errors, since weather
conditions might be an influencing factor for CO 2 emission, causing inaccuracy in the
results. For instance, on cloudy days people are likely to be more inclined to travel by
traffic car than on sunny days. Extra CO2 emission might be generated by the traffic
used.

Met opmerkingen [MKvdM1]: Also, on cloudy days is

Besides, due to missing data on cloudy days, it is hard to obtain annual CO2 emission

may be colder and the emissions in sector 2 are more

estimation, especially when there are considerable cloudy days in a year.

Furthermore, the method could only be applied to regions where the most of the emitters
emit both NOx and CO2. The method could not be applied if most of the NOx or CO2
emission are from the emitters that don’t co-emit CO2 or NOx. For instance, cement
production does not produce considerable amount of NO2, if there is a region that most
of CO2 emission are from cement production, then this region is not considered in this
method.

4.3 Advantages
This method provides a brand-new way to achieve the daily CO2 emission estimation.
The daily CO2 emission estimation would be helpful for people to understand more
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than on clear days.

about how CO2 emission changes through days and provide vision for the policy makers.

Moreover, this method provides a way to visualize the variation of CO2 emission
throughout different time periods, if there is no too much cloudy days, the estimation
could be used for analyzing the weekly, monthly and seasonal variation of CO2 emission.
This method is especially suitable for developing countries, since human and industrial
activities tend to follow a relatively stable and trackable pattern. This will cause CO 2
estimation to be more accurate.

5. Conclusion

Met opmerkingen [MKvdM2]: You did not yet provide
clear answers to the research questions. Go back to the
introduction, read the RQ’s and answer them one by one.

The estimation shows that in the winter emits much more CO2 is emitted than expected,
this is because residential heating increases the NOx emissions and because the daily
𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 emission ratio is large, the CO2 emission increases more than

This makes sure that the conclusions section is really the
section where you make the circle round.
Met opmaak: Subscript
Met opmaak: Subscript

proportionally.

For the sectors that have low NOx emission and high value of 𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 , it is hard to
estimate the CO2 emission, because there is no corresponding large NOx emission, but
due to the high value of 𝐸𝐶𝑂2 ⁄𝐸𝑁𝑂𝑥 , the CO2 emission will be changed a lot.

However, for the developed country where most of CO2 emission are from the emitters
that co-emit NOx, this would be a good method for estimating the CO2 emission. This
method provides a brand-new way for estimating daily CO2 emission and could also be
used for analyzing the weekly, monthly, seasonal variation of CO2 emission.

This method still needs a lot of improvement. Firstly, if the time factor could be built
based on the real-day situation, this will help to increase the accuracy of the CO 2
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Met opmaak: Subscript

estimation. Besides, this study depends on the accuracy of TNO-MACC, both database
and time profile. As it said above in section 4.2, 80% of emission are from 20% emitters,
focusing on these 20% emitters with information from different emission inventories,
this could help the method more accurate and not only relies on one emission inventory.
After the improvement, this method could be a way for estimating daily CO2 emission
and provide information for policy makers.
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Appendix

Table 4. Time factor is specific for France. TF in the table means Time Factor and C
means category. Since Category 6,7,8 is all for the road transportation and the value of
TF for them are same, they will be put together in the table. Besides, the time factor
varies each hour, (how to say)
Day

Time

TF

(utc)

C1

C2

C3

C4

C5

C6+C C9

C10

C11

7+C8
Thu

12:25

1.402

1.717

1.440

1.2

1.728

1.404. 0.920

1.0

2.275

12:06

1.402

1.717

1.440

1.2

1.728

1.431

0.92

1.0

2.275

11:29

1.426

1.733

1.416

1.2

1.728

1.384

0.92

1.0

2.144

13:10

1.390

1.62

1.45

1.2

1.728

1.521

0.92

1.0

2.21

12:51

1.114

1.2

1.075

1.2

0.72

1.081

0.92

1.0

2.21

12:18

0.969

0.8

1.0

0.8

0.75

1.180

1.03

1.0

2.89

22-02
Fri
23-02
Sun
25-02
Sun
25-02
Mon
26-02

Tue
17-04
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Wed

12:59

1.198

1.058

1.252

0.8

1.800

1.67

1.03

1.0

2.635

12:44

1.198

1.058

1.253

0.8

1.800

1.801

1.03

1.0

2.635

12:25

1.208

1.08

1.35

0.8

1.800

1.702

1.03

1.0

2.89

13:29

0.961

0.784

0.928

0.8

0.75

1.29

1.03

1.0

2.65

12:39

1.078

0.741

1.19

0.8

1.818

1.703

1.05

1.0

1.318

12:01

1.088

0.756

1.283

0.8

1.818

1.644

1.05

1.0

1.445

11:42

1.088

0.756

1.283

0.8

1.818

1.675

1.05

1.0

1.445

13:23

1.078

0.740

1.19

0.8

1.818

1.836

1.05

1.0

1.317

13:04

1.078

0.74

1.19

0.8

1.818

1.903

1.05

1.0

1.317

12:26

0.872

0.56

0.95

0.8

0.758

1.203

1.05

1.0

1.445

13:49

1.049

0.748

1.108

0.8

1.817

2.174

1.05

1.0

1.148

13:11

1.078

0.741

1.19

0.8

1.818

1.803

1.05

1.0

1.317

12:58

1.078

0.74

1.19

0.8

1.818

1.770

1.05

1.0

1.317

12:39

1.078

0.74

1.19

0.8

1.818

1.803

1.05

1.0

1.317

18-04
Sat
21-04
Sun
22-04
Tue
24-04

Wed
02-05
Fri
04-05
Sat
05-05
Sat
05-05
Sun
06-05
Tue
08-05
Wed
09-05
Fri
11-05
Thu
17-05
Fri
18-05
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Sat

12:20

1.088

0.756

1.283

0.8

1.818

1.675

1.05

1.0

1.445

12:20

1.027

0.432

1.215

0.8

1.854

1.568

1.06

1.0

1.445

14:00

0.991

0.427

1.05

0.8

1.854

2.195

1.06

1.0

1.148

12:02

1.027

0.432

1.215

0.8

1.854

1.629

1.06

1.0

1.445

13:05

1.018

0.423

1.128

0.8

1.854

1.854

1.06

1.0

1.317

12:27

0.824

0.32

0.9

0.8

0.772

.1.245 1.06

1.0

1.445

12:08

0.824

0.32

0.9

0.8

0.772

1.214

1.06

1.0

1.445

13:50

0.795

0.317

0.778

0.8

0.772

1.7

1.06

1.0

1.148

13:31

1.018

0.423

1.128

0.8

1.854

1.719

1.06

1.0

1.317

13:12

1.018

0.423

1.128

0.8

1.854

1.787

1.06

1.0

1.317

19-05

Wed
20-06
Wed
20-06
Thu
21-06
Sat
23-06
Mon
25-06
Tue
26-06
Tue
26-06
Wed
27-06
Thu
28-06
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