
Analyzing the Global CO2 Emission per Capita using Fractals 

Allan Roy B. Elnar, Karl Patrick S. Casas and Gibson T. Maglasang 

Cebu Normal University, the Philippines 

 Date Submitted: September 25, 2018    Originality:     99% 

 Date Revised: December 21, 2018   Plagiarism Detection: Passed 

ABSTRACT 

This paper analyzes the pattern of global CO2 emission (GCE) per capita from 

1960 to 2010. GCE data are treated as a fractal with consideration of the natural cycle of 

CO2 in the atmosphere.  In this state, GCE obeys the self-similarity, irregularity and 

ruggedness behavior.  To identify that this natural state is preserved as well as the possible 

reasons if deviation from this state is observed is subjected to fractal dimension analysis 

(FDA).  From the GCE data, annual fractal dimensions (FD) were calculated and plotted 

against time.  The same set of data was tested for fractality identifying countries with high 

and low per capita GCE. Results showed that the frequency distribution plot of GCE 

exhibited a memoryless function which implied that GCE is expected to increase 

regardless of any interventions and levels of past and current emissions.  Meanwhile, the 

FD plot showed a damped oscillation function which has direct implication to the 

resistance of countries on emission protocols. When this damping persist until a steady 

state is achieved, recovering the pre-industrialization levels of GCE is highly improbable. 

Moreover, calculated FD’s of GCE is embedded at 1<FD<2.  This means that increasing 

GCE is attributed to two factors: high tourism activity and oil – production.   
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INTRODUCTION 

Fractals are observed in almost all 

types of phenomena. It occurs more often in 

nature than on regular shapes. They have the 

following characteristics of self-similarity, 

ruggedness, irregularity and fractal 

dimension (FD). Benoit Mandelbrot posited 

that the geometry of nature is indeed fractal 

and that it exhibits the aforementioned 

characteristics (Mandelbort, 1967). 

In its natural state, CO2 

concentrations in the atmosphere should 

exhibit fractal behavior under natural 

exchanges of the carbon cycle. However, 

these concentrations have been increasing 

since the pre-industrialization period in 1850 

(Knorr, 2009). For the past century, the rate of 

cumulative anthropogenic emissions was 

observed to be 40% higher in concentrations 

since pre-industrialization (IPCC, 2013). 

These changes may have caused deviation of 

the fractal nature of the concentration of CO2 

in the atmosphere resulting to changes in 

atmospheric factors related to CO2 emissions 

such as global surface temperature and sea 

level.  In fact, global CO2 emission (GCE) had 

become a major concern since irreversible 

fluctuations of these emissions have been 

reported to result in an irreversible climate 

change (IPCC, 2014).  

Early models that assessed the 

increasing trend of global CO2 emission 

suggested many reasons to include population 

growth, economic growth, as well as energy 

consumption.  Among these models, 

environmental Kuznets’s curve (EKC) had 

been intensively researched and debated.  

While EKC presents acceptable results 

concerning local emission, global emission 

proved otherwise, hence EKC cannot be 

generally accepted at the global level 

(Borghesi and Vercelli, 2003).     
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Similarly, several studies had focused on 

forecasting that generated long term forecasts 

of CO2 emission (Holtz-Eakin and Selden, 

1995; Schmalensse et al., 1998), future 

distribution of CO2 emission (Aldy, 2006; Aldy, 

2007), as well as energy efficiency in relation 

to examining convergence of CO2 emission 

(Graus, et al., 2007; Persson et al., 2007).  

Similarly, cross – country convergence in CO2 

emission studies had gained interests from 

policymakers implicated by future climate 

change policies (Aldy, 2006; Ezcurra, 2007; 

Romero-Avila, 2007; Stegman, 2005; Panopoulou 

and Pantelidis, 2007).  However, Ramanathan 

(2002) argued that these methodologies were 

limited to consider only economic activities in 

describing environmental performance.  More 

recent studies, however, examined the nexus 

of these variables and have reported that the 

influence of these variables may have 

unidirectional and/or bidirectional causality 

(Omri, 2013; Shahbaz et al., 2013; Chandran 

and Tang, 2013).   

In this study, a different approach in the 

analysis of global CO2 emission (GCE) and its 

future trend is employed.  This method 

assumed that global CO2 emission per capita 

is a natural phenomenon having 

characteristics of fractals.  First, the analysis 

carried out a test of fractality achieved using 

Ryan – Joiner test.  Second, annual fractal 

dimension (FD) from 1960 – 2010 is 

calculated and FD vs. time plot is obtained to 

show the fractal dimension trend.  The 

significance of the first test explores the 

possible reasons of the deviation of current 

global CO2 emission and clustering of high 

and low CO2 emission.  The second test 

explores the number of and possible factors 

that have a major contribution to the deviation 

as well as the future direction of the global 

CO2 emission in relation to these factors.  This 

is a departure from the commonly employed 

methodologies as such it delimits the 

identified number of factors affecting the 

deviation of global CO2 emission from its 

natural state.   

Review of Related Literature 

According to the data, CO2 

concentrations in the atmosphere have been 

increasing over the past century at the onset of 

industrialization era.  Energy demand had 

soared gearing toward economic development 

worldwide (IEA, 2013). However, 

environmental degradation become 

noticeable, particularly on the concerns of 

climate changes experienced in many parts of 

the world, that efforts of reducing CO2 

emissions put in place the Kyoto Protocol in 

1990.   

Many of the analytical methods 

employed to address or to identify factors 

affecting the increasing trend of global CO2 

emission as well as the environmental 

performance of a country were based on 

economic variables.  Even those extended 

models focused on the integral effect of two 

or more economic variables (Omri, 2013; 

Shahbaz et al., 2013; Acaravci and Ozturk, 2010; 

Ghosh, 2010; Yavuz and Yilanci, 2012).  

Typically, the inverted U – shaped function, 

called Kuznets’s curve was used to describe 

the relationship between environmental 

degradation and economic development 

(Grossman and Krueger, 1993).  This model 

posited that as economy increase pollution 

also increases until a certain income level is 

reached.  Beyond this level, the balance shifts 

as income increases and pollution declines as 

people put a high value on a cleaner 

environment, clean technologies, and 

regulations become more effective (Dasgupta 

et al., 2002).  While the EKC model had 

gained momentum in tests of its hypothesis, 

Borghesi and Vercelli (2003) argued that 

EKC could not be generally accepted at a 

global level.  Moreover, it is argued that 

economic variables used to investigate the 

increasing trend of global CO2 emission only 

provide a partial picture in describing 

environmental performance (Ramanathan, 

2002).  A thorough survey conducted by 

Rodriguez and Pena-Boquete (2014) 

suggested that evidence were inconclusive 

about the validity of the EKC hypothesis. 
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On the other hand, the use of fractals in 

the analysis of natural phenomena is not a new 

concept.  The analysis was carried in many 

contexts to include applications in physics and 

mathematics (McCauley, 1993) particularly to 

natural phenomena with time series data 

(Cervantes – de la Torre et al., 2013).    The 

methods employed in this study included (a) 

test of fractality, which used the log test of 

mean global CO2 emission per capita similar 

to those employed in the study of club 

convergence (Panopoulo and Pantelidis, 2007; 

Jobert et al., 2010; Camarero et al., 2013; Barassi et 

al., 2011; Yavuz and Yilanci, 2012); (b) 

measurement of annual fractal dimension and 

plot the trend in its change.  In fractal theory, 

the fractal dimension indicates either as a 

topological dimension, an embedded object, 

or box-counting dimension (Wild, 2010).  In 

this study, fractal dimensions translate to the 

number of factors embedded in the dimension 

that may have causality to the increasing 

global CO2 emission (or decreasing fractal 

dimension).   

MATERIALS AND METHODS 

This section presents the methods used in 

analyzing the global CO2 emission per capita 

of 253 countries from 1960 to 2010 outlined 

as follows:   

Test for Fractality 

The test for fractality can be done in two 

ways using the following theorems.  

A variable x is said to be fractal if and only if 

the 

(1) 𝑙𝑜𝑔 (
𝑥

𝜃
) exhibits exponentiality, where θ 

is the minimum; or 

(2) histogram of  𝑒 𝑦 exhibits fractality

where x is the variable considered and

𝑦 = 𝑙𝑜𝑔 (
𝑥

𝜃
).

If the data satisfies either of the two conditions 

mentioned, the data shall be compared to 

theoretical exponential data and perform a 

Ryan-Joiner Test. 

Measurement of the Fractal Dimension 

The annual fractal dimension 𝜆 can be 

measured by  

𝜆 = 1 +
1

�̅�
where �̅� is the mean. 

Measurement of the Trend of the fractal 

dimension 

The calculated annual fractal dimension 

is plotted versus time (in year). There are three 

regions identified based on the average slope. 

The slope of each trend is calculated via 

regression analysis using Minitab. 

RESULTS AND DISCUSSIONS 

From the raw data of annual global CO2 

emission per capita, a histogram of frequency 

vs. CO2 emission per capita was generated as 

shown in Figure 1.  

Figure 1. Frequency distribution of mean CO2 

emission per capita (1960 - 2010). 

Evidently, its frequency distribution 

behaves exponentially where its probability 

distribution is described as  

Eq. 4.         𝑓(𝑥) = 𝛽 exp(−𝛽𝑥), 

where 𝛽 is constant and x is a random 

variable. The probability for  𝑥 > 𝑥0 is

therefore 

Eq. 4.2  𝑃(𝑥 > 𝑥0) = 1 − 𝛽𝑒𝑥𝑝(−𝛽𝑥). 

Eq. 4.3      𝑃(𝑥 > 𝑥0 + 𝑡 | 𝑥 > 𝑡) =
𝑃(𝑥 > 𝑡), where 𝑥 = 𝑥0 … 𝑥𝑛

where t is some constant (Pal et al., 2006). 

Moreover, using Ryan - Joiner test provided a 

relatively high mean regression coefficient (r2 

= 90.5%). This further confirms the 

exponentiality of the probability distribution 
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that is there are more countries having CO2 

emission between 0 to 10 metric ton per capita 

and fewer are found in the upper extreme.   

Furthermore, as n becomes large, the 

probability approaches to unity.  This is a 

characteristic of a “memoryless” function.  

Qualitatively, “memoryless” functions depict 

events in the future that does not rely on their 

past events.  Strictly speaking, it is determined 

by its most present event (Barucha – Reid, 

1960; Papoulis, 1984).  This characteristic 

function of global CO2 emission per capita 

indicates that it will have an increasing trend 

regardless of its current and past status. 

Additionally, this has serious implications to 

the current intervention of humans in terms of 

emission reduction of major CO2 contributing 

countries.  That is, no amount of intervention 

such as emission protocols, the agreement 

between countries that will solve the problem 

of continued CO2 emission.  We point out that 

regardless of the level of emission, this would 

impact on climate change (IPCC, 2007; 

Gardiner and Hartzell-Nichols, 2012) 

however, this too hurts economic growth and 

sovereignty of a country as such that there is a 

strong causality between economic growth 

and CO2 emissions (Wang et al., 2017).  In 

particular, compliance with these protocols is 

dependent on national circumstances such as 

economic structure, resource endowment, and 

policy choices (Fankhauser and Jotzo, 2017).  

For example, the US, Japan, and Canada had 

withdrawn from these agreements for 

economic reasons among others.  Likewise, 

member countries of the European Union 

(EU) failed in achieving their targeted 

reduction emissions posing uncommittable 

stringent climate policies. Also, there are only 

63 out of 144 countries have ratified the 

DOHA amendment including the staunchest 

advocate European Union (EU) (Fankhauser 

and Jotzo, 2017) as well as there are 13 

countries yet to ratify the Paris agreement 

(Apparicio and Sauer, 2018) before its full 

implementation.   

The characteristic function above 

suggests that the current CO2 emission per 

capita is purely independent and does not 

depend on any of its adjacent data from the 

past.  This may reflect the results of Aldy 

(2006) on diverging CO2 emission per capita 

for 88 countries using Markov Chain 

transition matrix.  Similarly, the divergence of 

CO2 emissions per capita in OECD countries 

and EU countries were evident (Barassi et al., 

2007; Jobert et al., 2010).  

The divergence of CO2 emission per 

capita of countries results in a clustering of 

countries where emissions are relatively the 

same.  Employing theorem 2, it is found out 

that countries cluster each other according to 

their similarities in CO2 emission per capita as 

shown in Figure 2. This figure further 

identifies countries clustered in the lower and 

upper extreme.  Of the 253 countries 

evaluated, countries appearing consistently in 

the top rank in terms of CO2 emission per 

capita are Qatar, United Arab Emirates, 

Kuwait, Brunei, and the United States of 

America (USA). During the start of the 1980s, 

Bahrain and Aruba entered the top list. 

This clustering of low and high per capita 

CO2 emission was described on Panopoulou 

(2007) as club convergence.  Under this 

clustering, countries were identified to 

converge to the point of steady state emission 

of CO2. Countries of high emission of CO2, 

for example, tend to have emissions on the 

average of 28.2 metric ton per capita.  The 

significant activities identified for these 

clustered countries point to high oil – 

production and high tourism activity.  We 

note that the identified countries of the Middle 

East as generally oil – producing countries 

(i.e. Qatar, UAE, Kuwait, Bahrain) as well as 

Brunei and USA.  They are commonly listed 

in the top rank oil – production countries 

(World Bank, 2014; Bekhet et al., 2017).  On 

the other hand, the major economic driver of 

Aruba is tourism which has direct relation to 

high fossil fuel/ energy consumption and 

corresponds to 28.1% of GDP (WTTC, 2018).  

Tourism induced CO2 emission has been 

predicted to contribute 7.5% of global CO2 
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emission by 2035 (UNWTO-UNEP-WMO, 

2008; Chen et al., 2018). 

Moreover, a trend on the fractal 

dimension is graphed as shown in Figure 3.  It 

is observed to show a dramatic decline in the 

fractal dimension between 1960 and 1973.  

Prior to this period, the natural cycle of global 

CO2 level fluctuates and behaves as 

undamped oscillation.  However, the 

fluctuation of the fractal dimension shown in 

Figure 3 is behaving like a damped oscillation 

whose function can be expressed as where A 

and 𝛾 are the amplitude and damping 

coefficient respectively.  It is imperative from 

equation 4.4 and from Figure 3 that its fractal 

dimension amplitude is defined by damping 

factor/s and is decreasing (fractal dimension) 

as time progresses. This damping factor/s 

suggests resistance causing the reduced 

amplitude of this fractal dimension 

oscillation. For example, opposition 

(resistance) to Kyoto Protocol by developing 

and developed countries caused elevated CO2 

emissions as it did not speak the needed 

arbitration on the reduction of CO2 amenable 

to these countries (Ferry, 2010). 

Eq. 4.4     𝑓(𝑡) = 𝐴 exp(−𝛾𝑡) sin(𝜔𝑡 +  𝜑), 

Figure 2. Histogram of the Exponential of 

mean CO2 emission per capita (1960 - 2010)  

As pointed out earlier, the stricter 

policies imposed by the emission protocols 

resulted in withdrawal and/or non – committal 

to reduction agreements.  In effect, this may 

pose unregulated CO2 emission that may 

further reduce the fractal dimension indicating 

a total deviation and irreversibility from the 

natural state of CO2 exchange in the 

atmosphere.  This is a manifestation of 

possible crossing critical tipping points where 

major irreversible changes in the Earth system 

is a risk, such as a sea level rise and global 

temperature; hence the Paris agreement 

necessitates the global average temperature to 

well below 1.5C (Frieler et al., 2012). 

Figure 3. The plot of the change of the fractal 

dimension over the course of 5 decades  

CONCLUSION 

In light of the finding of the study, high 

tourism activity and high oil production have 

a direct bearing on per capita GCE. This is 

reminiscent of the economic value of these 

activities.  For example, tourism activities 

have resulted in increasing employment as the 

demand for the service sector increases.  

Causality between economic growth and 

increase in CO2 emission exists.  These 

activities were identified to cause the 

deviation from natural exchanges of CO2 in 

the atmosphere at least in our model.  

Consequently, per capita GCE likely to 

increase exponentially as countries do not put 

regard to past and current emission level as 

well as on implemented interventions.  Also, 

these interventions only direct toward 

clustering of countries where per capita CO2 

emissions are relatively the same.  Moreover, 

resistances to interventions points to non – 

recovery of a pre-industrial level per capita 

GCE.  These resistances may pose a risk of 
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crossing critical tipping points in natural 

processes (i.e., glacier melt, sea level rise) 

such as the effect of elevated GHG’s to the 

global temperature beyond the articulated 

agreement of 2C.   

The use of fractals, on the other hand, 

allows us to identify the major confounding 

factors, as in the case of GCE per capita high 

tourism activity and oil production, by 

looking into the fractal dimension (i.e., 1 < 

FDGCE < 2 means there are two major 

confounding factors affecting GCE per 

capita).  This is the relative power of the 

method in the analysis of events and processes 

and the observable deviation from them by 

looking at the changes of the fractal 

dimension (FD).   
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