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Abstract: Climate change remains one of the world’s significant threats today, and thus 

Sustainable Development Goal (SDG) 13 prioritizes countries to reduce global greenhouse 
gas emissions and mitigate climate change by 2030. Recent studies have scrutinized the 
impact of Information and Communications Technologies (ICTs) on the environment. 
However, the majority of these studies assumed that the environmental impact of ICT is 
homogenous across countries. This study, therefore, investigated the impact of ICT on 
environmental degradation, considering the difference in ICT quality among countries. 
Applying a panel dataset of 110 countries between 2000 to 2018 and the instrumental variable 
generalized method of moments (IV-GMM) technique, the findings revealed that ICTs 
improve environmental sustainability in countries with high ICT quality while degrading the 
environment in countries with moderate and low ICT quality. The results of the causality 
analysis also showed bi-directional causality between ICT and carbon emissions in countries 
with high and moderate ICT quality, while there is a uni-directional causality running from 
carbon emissions to ICT in countries with low ICT quality. Policies that enhance ICT usage 
through low pricing were recommended for moderate and low ICT quality countries to help 
mitigate environmental degradation. 
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Abbreviations 

2SLS Lewbel two-stage least squares  

CC Climate change 

CCAR Climate Change Adaptation and Resilience 

CO2E Carbon emissions 

CO2I Carbon emissions intensity 

ES Environmental sustainability 

FE-DK Fixed-effects model with Driscoll-Kraay 

standard errors 

ICT Information and communication technology 

IV-GMM Instrumental variable generalized method of 

moments 

PCA Principal component analysis  

SDG Sustainable Development Goal 

WDI World development indicators 

 

 

 

 

 

 

 

 

 

 

 



3 
 

1. Introduction 

Climate change (CC) is arguably one of the world’s significant threats today1. The rising 

global temperatures, change in precipitation patterns, extreme weather, loss of sea ice, rise in 

sea level, and shrinking glaciers depict the imminent threat of CC 2. According to the CCAR 

report (2019), CC cost the world $320 billion in losses in 2017, with low-and middle-income 

countries recording the worst impact (World Bank, 2019)1. The reports also project that CC 

will drive more than 100 million people into poverty by 2030. Finally, the report indicates that 

CC will cause more than 143 million people to become climate migrants by 2050. This 

development underscores the need to reduce global carbon emissions (CO2E), the major 

driver of CC 3,4. However, global CO2E is still surging 3,5. For instance, according to the data 

on CO2E from the World Development Indicators (WDI)6, global CO2E rose from as low as 

9.5 million metric tons in 1960 to 34 million metric tons in 2018 6. As argued by Ref.7, this 

rapid rise in global CO2E suggests that recent attempts undertaken by policymakers are 

insufficient to achieve the CC goals outlined by the Paris agreement in 2015. This makes 

knowing the drivers of CO2E a worthwhile exercise to undertake. To this end, the objective of 

this study is to examine the contributions of ICTs to environmental sustainability (ES) using a 

sample of 110 countries further classified into high2 (37), moderate3 (37), and low4 (36) ICT 

quality countries from 2000 to 2018. 

ICTs have been essential in today’s business and social environment 8,9. The rapid 

reduction in ICT cost has facilitated enormous ICT investment, induced economic 

restructuring, and has become part and parcel of our daily lives 8. It facilitates economic 

growth 10, education 11,12, foreign direct investment (FDI) 13, financial development 14,15, trade 

 
1 http://documents1.worldbank.org 
2 High ICT quality countries are countries with low internet prices, reliable and efficient internet connection, 
advanced electronic infrastructure, electronic government, and electronic security. 
3 Moderate ICT quality countries are countries with moderate internet prices, internet connection, electronic 
infrastructure, electronic government, and electronic security. 
4 Low ICT quality countries are countries with high internet prices, unreliable and inefficient internet connection, 
inadequate electronic infrastructure, electronic security, electronic government, and electronic security. 
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16,17, good governance 18,19, and energy consumption 20–22. As ICTs have been shown to drive 

economic growth, FDI, financial development, good governance, trade, and energy 

consumption, their environmental effect has also gained momentum among academicians and 

policymakers in recent times.   

According to Ref.23, and Ref.24, ICTs can have three main effects on the environment; (a) 

substitution effect, (b) use effect, and (c) cost effect. The substitution effect argues that ICTs 

improve environmental quality. Thus, ICTs have driven e-mails, e-books, intelligent 

transportation systems, sharing economy systems (shared cars, bikes, homestay, and power 

banks), traffic control cameras, smart cities, e-government, e-commerce, online education, 

and calls, thereby reducing energy consumption and CO2E. Conversely, ICTs pollute the 

environment through the use and cost effect. Energy consumption is increased through the 

production, processing, distribution, and fixing of ICT tools, which translates to increasing 

CO2E. Also, the rapid consumption of ICTs reduces the prices of goods and services, thereby 

increasing product demand, energy consumption, and CO2E. Given these conflicting theories 

on the impact of ICTs on environmental quality, the literature on ICT emissions has also 

produced heterogeneous findings. For instance, some scholars maintain that ICTs improve 

environmental quality 25–32 while others document that ICT degrade the environment 33–35. 

The final group of scholars documents ICT to have an inconclusive effect on the environment 

23,24,36,37. These conflicting findings could suggest that the impact of ICTs on CO2E could 

depend on ICT quality. The assumption is that ICTs might favor the environment in countries 

with high ICT quality. At the same time, ICTs might degrade the environment in countries 

with moderate and low ICT quality. This is because countries with high ICT quality have 

developed ICT infrastructure. This promotes easier accessibility of the internet to conduct 

many activities such as banking, studying, e-commerce, entertainment, healthcare, work from 

home, and others, thus enhancing energy efficiency and improving environmental quality. 

Also, countries with high ICT quality tend to have an advanced electronic government which 

might help mitigate corruption and bureaucracy and increase transparency, thereby improving 

environmental quality. 
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On the contrary, ICTs might deteriorate the environment in countries with high ICT 

quality, given the increased energy demand associated with installing ICT equipment. 

However, no study has examined the ICT-emissions nexus by classifying countries into 

different ICT qualities. Accordingly, this study aims to bridge these knowledge gaps. An 

understanding of this is important given that policymakers are interested in eliminating CC 

and global warming. Thus, this study will guide policymakers design the best strategies to 

achieve ES. Also, this study will help policymakers know whether deploying advanced ICT 

infrastructure helps resolve environmental degradation. Finally, this study will expand the 

literature on ICT and CO2E and provide valuable recommendations for future research.  

This study contributes to the literature examining the ICT-emissions nexus by classifying 

countries into different income groups and emissions levels and classifying the countries into 

different ICT quality. For instance, Ref.34 found that ICTs degrade the environment in 

high-income emerging countries. Conversely, Ref.38 found that ICTs do not affect CO2E in 

high-income developing countries while improving environmental sustainability in 

low-income developing countries. A recent study by Ref.39 found that ICTs degrade the 

environment in countries with both high, moderate, and low CO2E. We differ from these 

studies in the following ways. First, we classified the countries into high (37), moderate (37), 

and low (36) ICT quality countries. Surfshark5 has recently ranked countries according to 

their digital quality of life. This ranking was built on five main components-internet 

affordability, internet quality, electronic infrastructure, electronic security, and electronic 

government. However, as far as we know, no study has followed this recent classification to 

examine the ICT-emissions nexus. The classification of countries into ICT quality is essential 

since countries differ in terms of ICT infrastructure, internet quality, and internet affordability. 

Such differences might impact the ways ICTs are used, thus likely influencing environmental 

quality. Therefore, the need to take into account this classification. Secondly, this study relied 

on an aggregate ICT index. Also, this study examined the impact of the internet, fixed 

broadband, mobile, and fixed telephone use on CO2E. Moreover, this study used CO2E and 

 
5 surfshark.com/dql2021 
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carbon emission intensity (CO2I) to proxy environmental degradation in the ICT-emissions 

nexus. Furthermore, this study applied the IV-GMM technique, the Lewbel 2SLS, and the 

FE-DK for our empirical scrutiny. These models produce efficient outcomes since they 

address the issues of endogeneity, omitted variables, and cross-sectional dependence 40,41. 

Finally, this research provides policy ramifications to help achieve SDG 13 and combat 

climate change.  

The findings indicated that ICTs improve environmental sustainability in countries with 

high ICT quality while degrading the environment in countries with moderate and low ICT 

quality. The results of the causality analysis also showed bi-directional causality between ICT 

and CO2E in countries with high and moderate ICT quality, while there is a uni-directional 

causality running from CO2E to ICT in countries with low ICT quality. The study proceeds 

with the review of literature in Section 2, methodology in Section 3, findings and discussion 

in Section 4, with the conclusions and policy implications in Section 5. 

2. Review of literature 

2.1 ICT and carbon emissions nexus 

The empirical studies on ICT-CO2E can be categorized into three different outcomes. The 

first aspect of literature documents a positive relationship between ICT and CO2E. For 

instance, Ref.33 found that internet usage drives CO2E in OECD countries. Ref.34, using the 

Mean Group (MG) and the Augmented Mean Group (AMG) estimators, discovered that ICTs 

pollute the environment in high-income emerging countries. Ref.39 used a sample of 93 

countries classified into high, moderate, and low CO2E and found that ICTs degrade the 

environment in both countries. Ref.35 also showed that ICTs drive economic growth and CO2E 

for nine ASEAN countries. Also focusing on 14 South and Southeast Asian countries, Ref. 42 

established that ICTs pollute the environment. Ref.43 probed the contributions of ICTs to 

CO2E for G-7 countries and found that ICTs harm the environment. The second group of 

literature documents a negative relationship between ICT and CO2E. For instance, Ref. 44 
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found that ICTs improve environmental quality for 13 G-20 countries. Ref.27 established that 

ICTs enhance environmental quality for BRICS. These findings were supported by Ref.45, 

who also studied the ICT-emissions nexus for BRICS and found that ICTs improve 

environmental quality. Ref. 31 found that ICTs contribute to CO2E alleviation in China. Ref.29 

showed that ICTs mitigate CO2E for countries along the Belt and Road. The final aspect of the 

literature documents an inconclusive effect of ICTs on CO2E. For instance, Ref.36 reported 

that ICTs have an insignificant impact on CO2E in Tunisia. Ref.46 also found that ICTs have 

an insignificant effect on CO2E in SSA countries. Ref.24 studied the sectoral impact of ICTs 

on CO2E in Iran and documented that ICTs drive CO2E in the industrial sector, whilst the 

reverse exists in the transportation sector. Ref.23 documented an inverted U-shaped links 

between ICT and CO2E using a sample of 142 countries. Focusing on BICS (Brazil, India, 

China, and South Africa), Ref.47 established an inverted U-shaped associations between ICTs 

and CO2E. Ref.38 recently applied the panel ARDL model to a sample of 58 developing 

countries and established that ICTs improve environmental quality in low-income developing 

countries, whilst high-income developing countries have an insignificant effect. For a panel of 

91 developed and developing countries, Ref.48 established that ICT’s improve environmental 

sustainability in developed countries while deteriorating environmental quality in developing 

countries. Table 1. displays a summary of selected literature on ICT-CO2E.  

Table 1. Literature on ICT-CO2E 
Author (s) Study Area/ 

Period 
ICT Indicators Model (s) Findings 

Ref.26 13 G-20 
Countries 

[2000-2014] 

ICT export 
ICT import 

FMOLS 
Quantile 

Regression 

ICTs reduce CO2E in the model with EKC 

Ref.31 29 provinces 
in China 

[2000-2010] 

ICT industry FE 
PCSE 
DK 

FGLS 

ICTs reduce CO2E  

Ref.29 59 BRT 
countries 

[1990-2016] 

Internet use 
Mobile use 

GLS 
PMG 

ICTs reduce CO2E 

Ref.27 BRICS 
[1990-2015] 

ICT index CUP-FM 
CUP-BC 

ICTs reduce CO2E 
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FMOLS 
DOLS 

Ref.39 93 countries 
[1995-2016] 

Internet use 
Mobile use 

Fixed telephone 
subscriptions 

MG 
AMG 
CCE 

ICTs increase CO2E 

Ref.34  Next -11 
countries 

[1990-2015] 

Internet use 
Mobile use 

MG 
AMG 

ICTs increase CO2E 

Ref.35 9 ASEAN 
countries 

[1991-2009] 

ICT index FMOLS 
DOLS 
CCR 

ICTs increase CO2E 

Ref.46 44 SSA 
countries 

[2000-2012] 

Internet use 
Mobile use 

GMM ICTs have an insignificant effect on CO2E.  

Ref.38 58 countries 
[1990-2014] 

ICT index PMG-ARDL ICTs improve environmental quality in 
low-income developing countries, while 

high-income developing countries have an 
insignificant. 

Ref.23 142 
Developed/ 
Developing 

countries  
[1995- 2010] 

ICT index OLS 
FE 

IV-FE 
DK 

Inverted U-shaped relationship between ICTs 
and CO2E. 

Ref.48 91 Developed/ 
Developing 

countries  
[1990- 2017] 

ICT index OLS 
FE 

GMM 
PCSE 

ICTs improve environmental quality in 
developed countries while deteriorating the 

environment in developing countries. 

Ref. 42 14 South and 
Southeast 

Asian 
countries 

[1990-2014] 

ICT index PMG 
FMOLS 
DOLS 

 

ICTs increase CO2E 

Ref.45 BRICS Internet use 
Mobile use 

Fixed telephone 
subscriptions 

Fixed broadband 
subscription 

PCSE 
GLS 

 

ICTs reduce CO2E 

Ref.43 G-7 countries 
[1990-2014] 

Internet use 
Mobile use 

Fixed telephone 

PMG ICTs increase CO2E 
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subscriptions 
 

Ref.47 BICS 
[1993-2014] 

Internet use FMOLS 
DOLS 

 

An inverted U-shaped relationship between 
ICTs and CO2E 

Abbreviations: OLS is ordinary least squares; FMOLS is fully modified OLS; DOLS is dynamic OLS; FE is 
fixed effect; IV-FE is instrumental variable FE; MG is mean group; PMG is pooled MG; AMG is augmented MG; 
CCR is canonical cointegration regression; ARDL is autoregressive distributed lag regression; DK is 
Driscoll-Kraay regression; GLS is generalized least squares; FGLS is feasible GLS; CUP-FM is continuously 
updated fully modified; CUP-BC is continuously updated bias-corrected; GMM is a generalized method of 
moments; PCSE is panel-corrected standard error; CCE is a common corrected error. 

2.2 Population size, economic growth, trade openness, and carbon emissions nexus 

The environmental impact of population size, economic growth, and trade openness 

remains ambiguous. An increase in population size drives energy consumption, thereby 

deteriorating the environment. Also, increasing population size could drive deforestation, 

wood fuel use, and other land use changes49. Conversely, rapid population growth brings 

about technological innovation, thereby improving the environment50. Empirically, most 

scholars have documented population size to increase CO2E. For instance, Ref.4 for BRICS, 

Ref.51 for SSA, Ref.52, Ref.53, and Ref.54 for China found a positive link between population 

size and CO2E. Economic growth is argued to have an inverted U-shaped relationship 

between CO2E. This is usually referred to as the Environmental Kuznets Curve (EKC) 

hypothesis. The EKC hypothesis argues that at the initial stages of a country’s development, 

an increase in income raises CO2E due to the rise in industrialization and urbanization; 

however, after a certain stage of development, an increase in income reduces CO2E due to an 

increase in technology use. The empirical literature on economic growth has produced diverse 

outcomes. Studies such as Ref.55, Ref.56, Ref.24, Ref.57, Ref.5, Ref.58, and Ref.23 found that 

economic growth increases CO2E, while Ref.4 and Ref.59 reached different conclusions. 

Regarding trade openness, Ref.4, Ref.55, Ref.60, Ref.61, and Ref.62 established a positive 

connection between trade openness and CO2E. At the same time, Ref.63 and Ref.64 also found 

a negative and insignificant impact of trade openness on CO2E.  



10 
 

3. Methodology 

3.1 Data 

This study depends on secondary data from the WDI database. Panel data on CO2E, 

population size, economic growth, trade openness, mobile, internet, fixed broadband, and 

fixed telephone use for a sample of 110 countries (further classified into high (37), moderate 

(37), and low (36) ICT quality countries) covering the period 2000 to 2018 were used. In this 

study, we based on the recent digital quality of life rankings provided by Surfshark. The 

availability of data also necessitated the period for this study. The data on the composite index 

of ICT was obtained from the principal component analysis (PCA). To present the findings as 

elasticities, we considered the log form of the variables in our empirical analysis. Table A1 

shows the list of countries considered in this study. Table 2 reports the variables, code, 

definitions, and units of measurement.  

Table 2. Variable definition 
Variables Code Definition Unit of 

Measurement 

CO2E  lnco2pc Carbon emissions Per capita 
Economic 
growth  

lngdp Economic growth is represented by GDP per capita. constant 2010 US$ 

Internet use lnint Internet users  percentage of 
population 

Mobile use lnmob Mobile cellular subscriptions  per 100 people 
Fixed broadband 
use 

 Fixed broadband subscriptions per 100 people 

Fixed telephone 
use 

lnfts Fixed telephone subscriptions per 100 people 

ICT lnict The composite index of internet, mobile fixed broadband, and 
fixed telephone subscriptions 

Index 

Trade openness lnto Sum of export and import as a share of GDP  Percentage 
Population  lnpop Total population Total 

 

The variables and their summary statistics are reported in Table 3. It was found that high 

ICT quality countries have high averages of mobile, internet, fixed broadband, fixed 

telephone subscriptions, and total ICT. This was followed closely by countries with moderate 
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ICT quality. In contrast, countries with low ICT quality have the lowest averages for mobile, 

internet, fixed broadband, fixed telephone subscriptions, and overall ICT. 
 

Table 3. Descriptive Statistics  
 Variables  Obs.  Mean  Std. Dev.  Min  Max 

High ICT quality countries      
 lnco2pc 703 2.115 0.486 0.974 3.865 
 lnpop 703 16.354 1.607 12.986 21.055 
 lngdp 703 10.249 0.730 7.693 11.566 
 lnto 703 4.497 0.571 2.973 6.081 
 lnmob 703 4.573 0.413 1.888 5.148 
 lnint 698 4.030 0.587 0.574 4.602 
 lnfbb 683 2.521 1.465 -6.345 3.836 
 lnfts 703 3.625 0.422 1.766 4.317 
 lnict 678 0.631 0.445 -2.318 1.078 
Moderate ICT quality countries      
 lnco2pc 703 1.289 0.881 -0.463 3.372 
 lnpop 703 16.485 1.743 12.874 21.025 
 lngdp 703 8.791 0.820 6.630 11.015 
 lnto 702 4.344 0.499 3.084 5.777 
 lnmob 699 4.137 1.051 -1.083 5.360 
 lnint 686 3.105 1.179 -2.171 4.592 
 lnfbb 632 0.926 2.230 -8.491 3.777 
 lnfts 697 2.812 0.697 0.480 4.094 
 lnict 620 -0.025 0.830 -3.152 1.069 
Low ICT quality countries      
 lnco2pc 679 -0.029 1.263 -2.923 2.854 
 lnpop 684 16.336 1.581 11.088 19.173 
 lngdp 684 7.726 0.917 5.555 10.612 
 lnto 631 4.199 0.405 3.031 5.167 
 lnmob 678 3.428 1.724 -3.981 5.336 
 lnint 647 1.928 1.703 -4.182 4.517 
 lnfbb 555 -0.957 2.750 -9.963 3.835 
 lnfts 676 1.442 1.435 -2.635 3.957 
 lnict 526 -0.784 1.129 -5.112 1.006 

 

Table 4 displays the correlation relationship among our variables. The results show that 

correlation coefficients are below the threshold value of 0.8 for high, and moderate ICT 

quality countries, except for economic growth, which has an average of 0.9 in countries with 
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low ICT quality. However, the variance inflation factor6 of 1.85 is below ten (10), suggesting 

that the study has no problem with multicollinearity. 

 
Table 4. Correlation matrix 
  Variables   lnco2pc   lnpop   lngdp   lnto   lnict 

High ICT quality  
 lnco2pc 1.000  
 lnpop -0.132 1.000  
 lngdp 0.494 -0.257 1.000  
 lnto 0.001 -0.660 0.031 1.000  
 lnict 0.179 -0.163 0.543 0.149 1.000 
Moderate ICT quality      
 lnco2pc 1.000     
 lnpop -0.222 1.000    
 lngdp 0.673 -0.421 1.000   
 lnto 0.306 -0.623 0.154 1.000  
 lnict 0.365 -0.303 0.516 0.186 1.000 
Low ICT quality      
 lnco2pc 1.000     
 lnpop -0.350 1.000    
 lngdp 0.897 -0.383 1.000   
 lnto 0.329 -0.741 0.291 1.000  
 lnict 0.552 -0.128 0.602 0.051 1.000 

3.2 Empirical model 

This study follows Ref.65 and Ref.66 STIRPAT (stochastic impact by regression on 

population, affluence, and technology) model to examine the effect of ICT on the 

environment.  

The model is expressed as Equation (1):  

i
d

i
c
i

b
ii eTAaPI =                                                            (1)  

By expressing (1) in logarithm form, produces (2): 

ititititit eTdAcPbaI ++++= lnlnlnln                                         (2)  

Where I P A  is economic growth, T  is 

 
6 See the supplementary file 
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technology, t  and i  denote time and country, e is the error term. T denotes variables other 

than population and affluence that influences the environment. Accordingly, we included trade 

openness, mobile use, internet use, fixed broadband use, fixed telephone use, and overall ICT 

index into the model.  

The models are expressed as follows:  

ititititoit mobbtobgdpbpopbbpcco lnlnlnln2ln 4321 ++++=                      (3)  

ititititoit btobgdpbpopbbpcco intlnlnlnln2ln 4321 ++++=                      (4) 

ititititoit fbbbtobgdpbpopbbpcco lnlnlnln2ln 4321 ++++=                       (5) 

ititititoit ftsbtobgdpbpopbbpcco lnlnlnln2ln 4321 ++++=  

ititititoit ictbtobgdpbpopbbpcco lnlnlnln2ln 4321 ++++=                        (6) 

where pcco2  is carbon emissions per capita, pop is population, gdp is economic 

growth, to is trade openness, mob is mobile use, int is internet use, fbb  is fixed broadband 

use, fts  is fixed telephone use, and ict is overall ICT index. 

 This study aims to compute 4b . We anticipate 4b  a significant positive or negative effect 

on CO2E depending on the country's level of ICT quality. 

3.3 Econometric framework 

We solved the equations using a technique called IV-GMM. This estimation approach 

deals with the many sources of endogeneity, such as omitted variables, measurement errors, 

and reverse causality 67.  In the IV-GMM technique, the estimates are robust to 

autocorrelation, and the estimates are efficient in the presence of unknown heteroscedasticity 

67. This method is appropriate because the study period is shorter than the countries studied 67. 

To perform post estimation analysis, we relied on the Hansen statistics and the 

Cragg-Donald/Kleibergen-Paap F-statistics to test the appropriateness of the instruments. The 

Hansen statistical test is used to check whether the null hypothesis of the over-identification 
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restriction should not be rejected. This technique has recently been used in a variety of studies 

10,41,68,69. We also used the Lewbel70 two-stage least squares (2SLS) estimator to test the 

robustness of the IV-GMM estimates. The Lewbel 2SLS technique estimates the parameters 

of a regression model when the instruments are unavailable or weak 70. This technique has 

recently been widely used in empirical studies 71–73. Finally, we applied the FE-DK technique. 

This model addresses the problems of cross-sectional dependence 74.  

3.4 Construction of ICT index 

We used the PCA to develop an ICT index from mobile, fixed broadband use, internet, and 

fixed telephone use following Ref.75, and Ref.76. PCA produces a new variable by 

transforming the whole dataset 76. Tables 5 and 6 show the results. We found that PC1 showed 

about 78% of the differences in the original dataset; therefore, we chose PC1 to estimate the 

ICT index (see Table 5). Mobile, fixed broadband, internet, and fixed telephone use 

represented PC1 because their scoring coefficient is higher than 0.3 (see Table 6). 

Table 5. Principal component analysis  

Component Eigenvalue Proportion % Cumulative% 

PC1 3.137 0.784 0.784 

PC2 0.637 0.159 0.944 

PC3 0.133 0.033 0.977 

PC4 0.092 0.023 1.000 

Table 6. Continuation of principal component analysis  

Variables PC1 PC2 PC3 PC4 

lnmob 0.492 -0.529 0.691 0.037 

lnint 0.543 -0.075 -0.405 -0.732 

lnfbb 0.542 -0.084 -0.486 0.680 

lnfts 0.412  0.841 0.350 0.025 
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4. Results and discussion 

Tables 7, 8, and 9 show the IV-GMM results for the impact of ICTs on CO2E. The 

findings indicate that ICT and the sub-measures drive ES in countries with high ICT quality. 

Specifically, a 1% rise in mobile, internet, fixed broadband use, fixed telephone use, and ICT 

reduces CO2E by 0.35%, 0.19%, 0.13%, 0.18%, and 0.23%, respectively at the 1% 

significance level. These findings suggest that countries with high ICT quality have developed 

ICT infrastructure. This promotes easier accessibility of the internet to conduct many 

activities such as banking, studying, e-commerce, entertainment, and others, thus enhancing 

energy efficiency and improving ES. Also, countries with high ICT quality tend to have an 

advanced electronic government which might help mitigate corruption, bureaucracy and 

increase transparency, thereby improving environmental quality. These findings contradict the 

findings of Ref.34, Ref.38, and Ref.39. We argue that such differences could emanate from the 

differences in the country classification. Focusing on countries with moderate ICT quality, the 

results disclose that only fixed broadband use improves ES, while fixed telephone 

subscriptions worsen environmental quality. The results further show that aggregate ICT has a 

negative but insignificant effect on CO2E. This suggests that ICTs might not have a favorable 

impact on ES in countries with moderate ICT quality. These are unique findings. Finally, the 

results for countries with low ICT quality demonstrate that only mobile use improves ES. In 

contrast, internet use, fixed broadband use, fixed telephone use, and overall ICT degrades the 

environment. Specifically, a 1% rise in internet use, fixed broadband use, fixed telephone use, 

and aggregate ICT index drives CO2E by 0.04%, 0.03%, 0.24%, and 0.08%, respectively, at 

the 1% and 5% significance levels. These findings could also submit that countries with low 

ICT quality tend to have an underdeveloped ICT infrastructure. This promotes difficulties in 

accessing the internet to conduct many activities such as banking, studying, e-commerce, 

entertainment, and others, thus enhancing energy consumption and leading to environmental 

degradation. Also, countries with low ICT quality tend to have underdeveloped electronic 

government which might facilitate corruption, high levels of bureaucracy, and lack of 

transparency thereby promoting environmental degradation of ICTs. This backs the findings 
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of Ref.33, Ref.34, Ref.35, and Ref.24 for the industrial sector, which indicated that ICTs pollute 

the environment.  

Population size was documented to drive CO2E in countries with moderate and low ICT 

quality, while it has an insignificant impact on CO2E in countries with high ICT quality. This 

means that increasing population increases energy consumption in countries with moderate 

and low ICT quality, increasing CO2E. This supports the findings of Ref.4, Ref.51, Ref.52, 

Ref.53, and Ref.54. Economic growth was also documented to have a positive and significant 

effect on CO2E. Thus, an increase in economic growth degrades environmental quality. This 

supports the findings of Ref.55, Ref.56, Ref.24, Ref.57, Ref.5, Ref.58, and Ref.23, who found that 

economic growth increases CO2E. However, this opposes the conclusions of Ref.4 and Ref.59, 

which found that economic growth reduces CO2E. Trade openness significantly enhances 

CO2E in moderate and low ICT quality countries. This backs the findings of Ref.60 for China, 

Ref.61 for China-Japan, Ref.4 for BRICS, Ref.55 for the top ten carbon emitters countries, and 

Ref.62 for 105 countries that found that trade openness impedes environmental quality.  

The study passes the instrument over-identification restriction, given that the probability 

values of the Hansen test are significant than 5%. 

Table 7. ICT and carbon emissions (IV-GMM results for High ICT quality countries) 
Variables Model 1 Model 2 Model 3 Model 4 Model 5 

lnpop -0.019 -0.002 0.012 -0.006 -0.002 
 (0.016) (0.014) (0.014) (0.014) (0.014) 
lngdp 0.368*** 0.391*** 0.419*** 0.381*** 0.390*** 
 (0.027) (0.035) (0.029) (0.034) (0.035) 
lnto -0.001 0.001 0.007 -0.051 0.004 
 (0.031) (0.031) (0.029) (0.035) (0.031) 
lnmob -0.347***     
 (0.067)     
lnint  -0.188***    
  (0.058)    
lnfbb   -0.134***   
   (0.020)   
lnfts    -0.181***  
    (0.063)  
lnict     -0.228*** 
     (0.070) 
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Constant 0.275 -1.104** -2.051*** -0.828* -1.720*** 
 (0.558) (0.469) (0.466) (0.480) (0.492) 

Observations 629 624 627 629 622 
R2 0.278 0.258 0.310 0.260 0.256 
RMSE 0.409 0.414 0.400 0.415 0.413 
F-statistics 46.759 43.093 52.791 47.143 42.387 
Hansen test 1.036 1.210 0.269 0.742 1.269 
P-value of Hansen test 0.309 0.271 0.604 0.389 0.260 

() is robust standard errors. * p < 0.1, ** p < 0.05, *** p < 0.01 

Table 8. ICT and carbon emissions (IV-GMM results for Moderate ICT quality countries) 
Variables Model 1 Model 2 Model 3 Model 4 Model 5 

lnpop 0.160*** 0.166*** 0.172*** 0.203*** 0.176*** 
 (0.016) (0.017) (0.017) (0.017) (0.017) 
lngdp 0.783*** 0.822*** 0.854*** 0.691*** 0.829*** 
 (0.033) (0.035) (0.032) (0.036) (0.035) 
lnto 0.707*** 0.709*** 0.724*** 0.726*** 0.716*** 
 (0.060) (0.060) (0.058) (0.060) (0.059) 
lnmob 0.018     
 (0.037)     
lnint  -0.035    
  (0.031)    
lnfbb   -0.028**   
   (0.014)   
lnfts    0.292***  
    (0.045)  
lnict     -0.012 
     (0.041) 
Constant -11.422*** -11.678*** -12.215*** -12.140*** -12.056*** 
 (0.621) (0.628) (0.628) (0.597) (0.643) 

Observations 626 613 602 624 590 
R2 0.524 0.530 0.543 0.556 0.541 
RMSE 0.599 0.596 0.588 0.577 0.589 
F-statistics 179.552 183.147 197.823 215.161 185.770 
Hansen test 0.275 0.566 0.358 0.820 0.165 
P-value of Hansen test 0.600 0.452 0.550 0.365 0.685 

() is robust standard errors. * p < 0.1, ** p < 0.05, *** p < 0.01 

Table 9. ICT and carbon emissions (IV-GMM results for Low ICT quality countries) 
Variables Model 1 Model 2 Model 3 Model 4 Model 5 

lnpop 0.096*** 0.092*** 0.081*** 0.153*** 0.086*** 
 (0.021) (0.021) (0.022) (0.017) (0.022) 
lngdp 1.485*** 1.409*** 1.388*** 1.111*** 1.408*** 
 (0.033) (0.040) (0.041) (0.035) (0.043) 
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lnto 0.470*** 0.406*** 0.466*** 0.472*** 0.418*** 
 (0.065) (0.065) (0.072) (0.058) (0.070) 
lnmob -0.047***     
 (0.017)     
lnint  0.040**    
  (0.018)    
lnfbb   0.028**   
   (0.012)   
lnfts    0.240***  
    (0.020)  
lnict     0.067*** 
     (0.026) 
Constant -14.835*** -14.171*** -13.973*** -13.432*** -13.981*** 
 (0.597) (0.629) (0.691) (0.483) (0.696) 

Observations 557 536 494 556 473 
R2 0.811 0.827 0.803 0.841 0.820 
RMSE 0.483 0.465 0.487 0.443 0.467 
F-statistics 843.690 863.509 749.516 1093.627 763.023 
Hansen test 0.090 0.000 0.192 0.467 0.271 
P-value of Hansen test 0.764 0.992 0.662 0.495 0.603 

() is robust standard errors. * p < 0.1, ** p < 0.05, *** p < 0.01 

4.1 Robustness analysis 

This section conducted several robustness checks to validate our previous findings. We 

first used the Lewbel 2SLS technique. The results as displayed in Tables A2, A3, and A4 are 

not significantly different from the IV-GMM results shown in Tables 7, 8, and 9. Thus, we 

conclude that our findings are robust to using an alternative model specification. We further 

used the FE-DK estimator, and the results reported in Table A5, A6, and A7 are also not 

significantly different from the IV-GMM and the Lewbel 2SLS findings. Finally, we 

employed CO2I as an alternative measure of environmental degradation. CO2I denotes the 

amount of CO2E emitted as a share of energy use. This proxy is essential since the need to 

mitigate climate change revolves around CO2I reduction 41. The results also do not show 

many differences compared to our previous findings, except for the statistically positive and 

significant effect of total ICT on CO2I in countries with moderate ICT quality by the FE-DK 

estimator (available upon request as supplementary material). Thus, we can conclude that 
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ICTs improve environmental quality in countries with high ICT quality while degrading the 

environmental quality in countries with moderate and low-ICT quality. The findings suggest 

that ICTs in moderate and low ICT quality countries are not energy efficient; thus, 

policymakers should promote green energy technologies, for instance, biomass, wind, 

hydropower, solar, and photovoltaic, since they have a favorable impact on the environment. 

Recently, Ref.77–80 have demonstrated how biomass and hydropower energy technologies can 

be promoted. Ref.40 has also shown how crowdfunding can be used as an alternative source of 

finance to fund renewable energy technologies. Ref.81–83 have also espoused how nanofluids 

can be applied in cooling jet engines, thus helping combat excessive energy consumption. 

4.2 Causality analysis 

This study further used the Dumitrescu and Hurlin 84 causality test to probe the reliability 

of our findings. The results are presented using the chord diagrams (see Figure 1, Figure 2, 

and Figure 3). In the chord diagram, a variable arc length is based on the F-statistics derived 

using the Dumitrescu and Hurlin causality test. The connection distinguishes causality 

between any two variables. Figure 1 shows the chord causality for high ICT quality countries. 

We found a two-way causality between ICT and CO2E. Thus, while ICT shapes 

environmental quality, the environment also reinforces technological innovation in these 

economies. There also exists a two-way causality between economic growth and ICT. 

Thus, while ICT usage affects economic growth, economic growth also affects ICT usage. 

Also, there exists a two-way causality between population size and CO2E. This also means 

that population size affects energy consumption and thus affects CO2E, while CO2E also 

affects population size. The study also identified a one-way causality stretching from 

economic growth to CO2E, economic growth to population, population to trade openness, 

population to ICT, and ICT to trade openness. Turning to moderate ICT quality countries 

(Figure 2), we also found a two-way causality between ICT and CO2E. A two-way causality 

exists between economic growth and population and economic growth and trade openness. A 

one-way causality also exists from population and economic growth to ICT. In countries with 
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low ICT quality (Figure 3), a one-way causality was found from CO2E to ICT, population, 

economic growth, and trade openness. There is also a one-way causality from ICT to 

population, population to economic growth, and trade openness to ICT. 

 
   Figure 1 High ICT quality countries                          Figure 2 Moderate ICT quality countries 

 
Figure 3 Low ICT quality countries 

5. Conclusion and policy implications 

This study, motivated by SDG 13, the conflicting findings on the ICT-emissions nexus, 

and the recent classifications of countries according to their digital quality of life as provided 
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by Surfshark, examines the impact of ICTs on environmental degradation for a panel of 110 

countries further classified into high (37), moderate (37) and low (36) ICT quality countries 

from 2000 to 2018. By using the IV-GMM, Lewbel 2SLS, and the FE-DK techniques and 

CO2E and CO2I to proxy environmental degradation, the study found that, in general, ICTs 

improve ES in countries with high ICT quality. At the same time, they degrade the 

environment in countries with moderate and low ICT quality. The causality analysis results 

showed bi-directional causality between ICT and CO2E in countries with high and moderate 

ICT quality, while a uni-directional causality runs from CO2E to ICT in countries with low 

ICT quality.  

These findings contribute significantly to the literature and policy by indicating that ICT 

improves environmental quality in countries with higher ICT quality. Conversely, ICT 

increase environmental degradation in countries with moderate and low ICT quality. Higher 

ICT quality promotes energy-efficient activities such as banking, studying, e-commerce, 

entertainment, and others, thus enhancing energy efficiency and improving ES. This study, 

therefore, calls for countries with moderate and low ICT quality to expand investment in ICT 

infrastructure. Policymakers can do this in these economies by incentivizing ICT investors 

with tax incentives and providing a conducive regulatory environment that will attract 

investment in ICT infrastructure. Also, enhancing ICT usage through low pricing is critical for 

mitigating environmental degradation in countries with moderate and low ICT quality. 

Furthermore, policymakers in moderate and low ICT quality countries should promote green 

ICT use in production, governance, transportation, buildings, and industrialization power 

systems to ensure environmental sustainability. That is, policymakers should enable 

intelligent transportation systems, sharing economy services, smart cities, e-government, 

e-commerce, online education and calls, cloud computing, and virtualization or 

dematerialization. Finally, to decouple CO2E growth from increased economic growth, we 

recommend policymakers adopt policies that will support; smart urbanization, carbon taxes, 

trading, innovation, awareness, and change in economic growth structure from dependence on 

heavy industries to services. 



22 
 

Future studies should use ecological footprint as an alternative measure of environmental 

degradation to re-assess these associations.   

Appendix  
 
Table A1. List of countries 
High ICT quality countries Moderate ICT quality countries Low ICT quality countries 

Australia Albania Algeria 

Austria Argentina Andorra 

Belgium Azerbaijan Armenia 

Canada Bahrain Bangladesh 

China Belarus Bolivia 

Croatia Brazil Bosnia and Herzegovina 

Cyprus Bulgaria Cambodia 

Czech Republic Chile Cameroon 

Denmark Colombia Cote d'Ivoire 

Estonia Costa Rica Ecuador 

Finland Dominican Republic Egypt, Arab Rep. 

France Georgia El Salvador 

Germany Greece Ethiopia 

Hungary India Ghana 

Ireland Indonesia Guatemala 

Israel Kazakhstan Honduras 

Italy Latvia Iran, Islamic Rep. 

Japan Malta Jamaica 

Korea, Rep. Mauritius Jordan 

Lithuania Mexico Kenya 

Luxembourg Moldova Lao PDR 

Malaysia North Macedonia Mali 

Netherlands Oman Mongolia 

New Zealand Panama Montenegro 

Norway Paraguay Morocco 

Poland Peru Namibia 

Portugal Philippines Nepal 

Qatar Russian Federation Nigeria 

Singapore Saudi Arabia Pakistan 

Slovak Republic Serbia Senegal 

Slovenia South Africa Sri Lanka 

Spain Thailand Tajikistan 

Sweden Turkey Tanzania 

Switzerland Ukraine Trinidad and Tobago 
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United Kingdom United Arab Emirates Tunisia 

United States Uruguay Zambia 

Romania Vietnam  

Table A2. ICT and carbon emissions (Lewbel’s 2SLS results for High ICT quality countries) 

Variables Model 1 Model 2 Model 3 Model 4 Model 5 

lnpop -0.009 0.001 0.022* 0.006 0.000 
 (0.014) (0.013) (0.013) (0.012) (0.013) 
lngdp 0.348*** 0.322*** 0.378*** 0.368*** 0.320*** 
 (0.026) (0.031) (0.028) (0.032) (0.031) 
lnto 0.040 0.038 0.059** 0.006 0.040 
 (0.028) (0.029) (0.027) (0.030) (0.029) 
lnmob -0.334***     
 (0.062)     
lnint  -0.081*    
  (0.047)    
lnfbb   -0.114***   
   (0.018)   
lnfts    -0.164***  
    (0.055)  
lnict     -0.099* 
     (0.056) 
Constant 0.048 -1.044** -2.084*** -1.214*** -1.297*** 
 (0.506) (0.456) (0.457) (0.441) (0.484) 

Observations 629 624 627 629 622 
R2 0.275 0.246 0.303 0.256 0.245 

() is standard errors. * p < 0.1, ** p < 0.05, *** p < 0.01 
Table A3. ICT and carbon emissions (Lewbel’s 2SLS results for Moderate ICT quality countries) 

Variables  Model 1 Model 2 Model 3 Model 4 Model 5 

lnpop 0.168*** 0.177*** 0.178*** 0.201*** 0.182*** 
 (0.016) (0.016) (0.016) (0.017) (0.017) 
lngdp 0.805*** 0.855*** 0.889*** 0.740*** 0.852*** 
 (0.032) (0.033) (0.031) (0.033) (0.034) 
lnto 0.788*** 0.786*** 0.786*** 0.824*** 0.779*** 
 (0.050) (0.049) (0.047) (0.050) (0.049) 
lnmob 0.020     
 (0.036)     
lnint  -0.033    
  (0.030)    
lnfbb   -0.033**   
   (0.013)   
lnfts    0.241***  
    (0.042)  
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lnict     -0.016 
     (0.040) 
Constant -12.087*** -12.472*** -12.882*** -12.790*** -12.629*** 
 (0.565) (0.564) (0.568) (0.536) (0.590) 

Observations 626 613 602 624 590 
R2 0.522 0.528 0.541 0.550 0.540 

() is standard errors. * p < 0.1, ** p < 0.05, *** p < 0.01 
Table A4. ICT and carbon emissions (Lewbel’s 2SLS results for Low ICT quality countries) 

Variables Model 1 Model 2 Model 3 Model 4 Model 5 

lnpop 0.128*** 0.113*** 0.105*** 0.190*** 0.105*** 
 (0.020) (0.019) (0.021) (0.016) (0.021) 
lngdp 1.512*** 1.417*** 1.417*** 1.125*** 1.425*** 
 (0.033) (0.040) (0.040) (0.034) (0.043) 
lnto 0.428*** 0.401*** 0.383*** 0.422*** 0.381*** 
 (0.064) (0.062) (0.067) (0.056) (0.068) 
lnmob -0.046***     
 (0.017)     
lnint  0.041**    
  (0.017)    
lnfbb   0.034***   
   (0.012)   
lnfts    0.251***  
    (0.019)  
lnict     0.074*** 
     (0.025) 
Constant -15.425*** -14.593*** -14.264*** -13.990*** -14.265*** 
 (0.578) (0.599) (0.645) (0.466) (0.683) 

Observations 557 536 494 556 473 
R2 0.808 0.826 0.800 0.838 0.819 

() is standard errors. * p < 0.1, ** p < 0.05, *** p < 0.01 
Table A5. ICT and carbon emissions (FE-DK results for High ICT quality countries) 

Variables Model 1 Model 2 Model 3 Model 4 Model 5 

lnpop -0.016 -0.005 0.003 -0.012 -0.004 
 (0.011) (0.009) (0.010) (0.014) (0.009) 
lngdp 0.378*** 0.388*** 0.382*** 0.379*** 0.370*** 
 (0.025) (0.017) (0.020) (0.040) (0.019) 
lnto -0.008 -0.007 -0.003 -0.058*** -0.005 
 (0.016) (0.012) (0.014) (0.018) (0.013) 
lnmob -0.230***     
 (0.047)     
lnint  -0.130***    
  (0.025)    
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lnfbb   -0.066**   
   (0.030)   
lnfts    -0.158*  
    (0.088)  
lnict     -0.135** 
     (0.051) 
Constant -0.417 -1.221*** -1.683*** -0.731** -1.510*** 
 (0.417) (0.220) (0.240) (0.292) (0.216) 

Observations 703 698 683 703 678 
R2 0.291 0.275 0.281 0.274 0.256 

() is standard errors. * p < 0.1, ** p < 0.05, *** p < 0.01 
Table A6. ICT and carbon emissions (FE-DK results for Moderate ICT quality countries) 

Variables Model 1 Model 2 Model 3 Model 4 Model 5 

lnpop 0.157*** 0.162*** 0.170*** 0.196*** 0.175*** 
 (0.004) (0.005) (0.005) (0.006) (0.004) 
lngdp 0.804*** 0.838*** 0.853*** 0.673*** 0.830*** 
 (0.018) (0.035) (0.044) (0.027) (0.048) 
lnto 0.706*** 0.706*** 0.713*** 0.709*** 0.706*** 
 (0.025) (0.023) (0.031) (0.031) (0.029) 
lnmob -0.036     
 (0.029)     
lnint  -0.065**    
  (0.025)    
lnfbb   -0.018   
   (0.015)   
lnfts    0.303***  
    (0.024)  
lnict     0.007 
     (0.043) 
Constant -11.297*** -11.625*** -12.145*** -11.808*** -12.006*** 
 (0.246) (0.298) (0.567) (0.392) (0.533) 

Observations 698 685 631 696 619 
R2 0.526 0.534 0.558 0.558 0.558 

() is standard errors. * p < 0.1, ** p < 0.05, *** p < 0.01 
 
Table A7. ICT and carbon emissions (FE-DK results for Low ICT quality countries) 

Variables Model 1 Model 2 Model 3 Model 4 Model 5 

lnpop 0.086*** 0.084*** 0.076*** 0.143*** 0.082*** 
 (0.017) (0.020) (0.021) (0.013) (0.021) 
lngdp 1.487*** 1.430*** 1.441*** 1.073*** 1.443*** 
 (0.021) (0.017) (0.072) (0.059) (0.051) 
lnto 0.457*** 0.412*** 0.461*** 0.446*** 0.416*** 
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 (0.056) (0.072) (0.065) (0.033) (0.080) 
lnmob -0.052***     
 (0.004)     
lnict  0.009    
  (0.024)    
lnfbb   0.006   
   (0.031)   
lnfts    0.257***  
    (0.035)  
lnict     0.034 
     (0.061) 
Constant -14.608*** -14.147*** -14.284*** -12.883*** -14.177*** 
 (0.502) (0.608) (0.665) (0.539) (0.698) 

Observations 624 602 509 623 488 
R2 0.810 0.821 0.797 0.841 0.814 

() is standard errors. * p < 0.1, ** p < 0.05, *** p < 0.01 
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