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As digital technologies expand and renewable energy becomes a priority in climate and
economic development policy, countries are pursuing strategies and approaches to
promote sustainability in their economic growth trajectories. This study explores the
dynamic relationship between biomass energy consumption, information and commu- KEYWORDS

nication technology (ICT), and economic growth within a global context. Motivated by ~ Biomass; digital )
the increasing role of digitalization and renewable energy in shaping sustainable technologies; economic
economic pathways, this research investigates whether these factors serve as catalysts ~ 9roWth ICT; sustainability
for economic expansion. Utilising panel data from 157 countries spanning 1990 to 2023,

we employ an ICT index incorporating internet users, fixed broadband subscriptions,

mobile cellular subscriptions, and fixed telephone subscriptions. To ensure robustness,

the empirical methodology integrates fixed and random effects models, and system

GMM estimation. We further employ panel quantile regression analysis to account for

potential slope heterogeneity. The findings underscore that biomass energy consump-

tion significantly fosters economic growth, though its impact diminishes in high-growth

economies. In contrast, ICT emerges as a strong and consistent driver of economic

growth across all levels of economic development. These insights offer critical policy

implications, highlighting the need for tailored strategies that leverage digital transfor-

mation and sustainable energy sources to optimize economic outcomes.

1. Introduction

The industrialization process, new technologies, economic and political developments, and population and
income growth are the primary drivers of global demand growth over the last two decades. On the other
hand, such an expanding energy demand is not always met due to constraints on energy resources and
their allocation, as well as on generation technology capacities (Mol and Spaargaren 2000). At the same
time, environmental challenges and energy security uncertainties are intensified by global reliance on coal
and other fossil fuels for electricity generation. Due to climate and other concerns, the world energy policy
is in on a path toward cleaner, more sustainable, and decarbonized energy systems (Maibach, Myers, and
Leiserowitz 2014; Dewan and Ramaprasad 2014). Studies such as Sharif, Afshan, and Nisha (2017), Baek
(2016), Sinaga et al. (2019), and Bilgili et al. (2017) have shown that fossil fuel-based production continues
to degrade environmental quality and threaten the stability and availability of natural resources. This
situation raises concerns about the future of energy resilience. In this regard, renewable energy sources
offer an alternative option to support long-term, sustainable development (Sbia, Shahbaz, and Hamdi
2014; Balsalobre-Lorente et al. 2021).

Energy price volatility, reliance on fossil fuels, escalating environmental concerns, the pressing chal-
lenges of climate change, and the imperative of energy security have compelled nations to accelerate their
transition to sustainable and renewable energy sources (Bilgili and Oztiirk 2015; Oztiirk and Bilgili 2015b).
Within this transition, biomass has become a key component of sustainable development internationally.
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According to Oztiirk and Bilgili (2015b) and IEA (2024), bioenergy is the fastest developing renewable
energy source: 55% of total renewable energy supply and 6% of total energy production globally, offering a
viable alternative to fossil fuels with important environmental benefits (Bildirici 2012; Bilgili and Oztiirk
2015). Biomass also has shown the potential to contribute to rural development and support agricultural
processes especially in developing countries (Bain and Selfa 2013; Rossi and Hinrichs 2011). Futhermore,
economic stability is enhanced by the use of biomass through improved trade balances (Bildirici 2013;
Bildirici and Ozaksoy 2013; Bilgili et al. 2017).

Biomass resources also can also play a vital role in nearly all economic activities across societies and
countries worldwide, including entertainment, commerce, education, weather forecasting, healthcare,
government services, and other endeavors (Ali et al. 2020; Tsachtsiris, Magoutas, and Papadogonas
2022). The economy is shifting towards knowledge-based industries, thanks to advancements in ICT,
information processing, and collaborative practices. By sharing information quickly and widely, decisions
can be well-informed and efficient. ICT has undoubtedly played a vital role in the expansion and progress
of multinational corporations by enabling effective control over their remote branches and facilitating
seamless information management (Brynjolfsson and Hitt 2000; Arvanitis and Loukis 2009). Strong
telecommunications infrastructure is vital to ICT and driving economic growth, creating a positive
feedback loop of increased demand and investment in the infrastructure. Improved telecommunications
infrastructure can boost economic growth by reducing transaction costs and expanding market reach.
Knowledge creates new opportunities for innovation. A strong telecommunications network significantly
contributes to economic growth by supporting vital sectors such as education, healthcare, social services,
and transportation. It significantly boosts economic growth, particularly in region-driven communication,
information access, education, research, and innovation, which are crucial in this process (Narayana 2011;
Jorgenson and Vu 2016; Majeed and Ayub 2018). ICT plays an important role in economic development
through improved productivity, reduced transaction costs, and greater access to information and financial
markets. Moreover, as economies become more knowledge- and services-dependent, ICT is an integral
part of economic growth through efficient resource allocation and overall economic performance
(Papaioannou and Dimelis 2007; Brynjolfsson, Hu, and Smith 2006; Levine 1997).

From a theoretical perspective, biomass energy can influence growth through reduced dependence on
imported fuels, lower production costs, rural job creation, and improved energy security. Concurrently,
ICT contributes through productivity gains, lower transaction costs, faster technological diffusion, and
more efficient resource allocation. Together, these channels indicate that both biomass energy and digital
technologies can enhance economic performance by strengthening efficiency and supporting broader
participation in economic activity. The purpose of this study is to examine the role of biomass energy and
ICT in promoting economic growth, with a specific focus on their combined impact on developing
economies. To achieve this, this analysis utilizes panel data from 157 countries over the period from 1990
to 2023, incorporating a composite ICT index comprising internet users, fixed broadband subscriptions,
mobile cellular subscriptions, and fixed telephone subscriptions. To ensure the robustness of the results, we
employ a combination of pooled ordinary least squares (POLS), fixed- and random-effects models, and
system GMM estimation, while accounting for potential slope heterogeneity by employing panel quantile
regression. The study contributes to the literature in several ways. First, it introduces a composite ICT
index combining fixed broadband, mobile cellular, and fixed telephone subscriptions to provide a more
robust measure of digital development. Second, it provides an assessment of how biomass energy and ICT
jointly influence economic development—an understudied topic, especially within the context of develop-
ing countries. By integrating biomass energy and digital technologies, this study offers new insights into
the economic benefits of their combined use.

The paper is structured as follows. The literature review section synthesizes existing research and
identifies the research gaps that motivate further this investigation. The data and methods section
describes the dataset, including data sources, key variables, and the analytical framework employed.
The results and discussion section presents a detailed analysis of the findings and situates them within
the broader academic and policy context. Finally, the conclusion provides a synthesis of the study’s main
insights, highlights their policy relevance, and outlines the study’s limitations, along with directions for
future research.
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2. Literature review
2.1. Biomass energy and economic growth

In the global transition to renewable energy, biomass energy plays a critical role by addressing on climate
change, energy security, and sustainable economic growth. Studies such as Apergis and Payne (2014), Al-
Mulali et al. (2015), and Ajmi and Inglesi-Lotz (2020) show a clear link between biomass energy use and
economic growth, especially in developing regions. Biomass energy strengthens local economies by
decreasing reliance on expensive fossil fuel imports and creating jobs, particularly in rural communities.
Furthermore, proponents argue that biomass energy augments not only traditional labor and capital
resources but also boosts industrial productivity, paving the way for nations to achieve their long-term
growth objectives. Adewuyi and Awodumi (2017) study explores the link between biomass energy,
economic growth, and carbon emissions in West Africa from 1980 to 2010. To investigate this relationship,
their model incorporates pollution-production and energy-demand functions into an augmented endo-
genous growth model to evaluate these factors. An analysis of both aggregate and panel data studies reveals
a correlation between economic growth in West Africa and rising biomass consumption, which has led to
significantly greater CO2 emissions.

While economic growth can lead to a reduction in energy intensity and carbon emissions from biomass,
this requires the discovery of alternative clean energy and the maintenance of energy-efficient technologies.
In countries using biomass for economic growth, energy efficiency improves regardless of CO, emissions
by either reducing energy use per unit of output or boosting output per unit of energy. To mitigate future
carbon emissions, adopting a strategy that could significantly reduce them is a viable long-term goal.
Bildirici & Ozaksoy (2018) identify the development of biomass energy infrastructure and consumption as
a key energy policy mechanism, mutually affecting and being influenced by economic growth in their
study’s countries. Economic expansion is affected both directly and indirectly by biomass energy con-
sumption. Reducing the dependence on fossil fuel imports by using biomass resources for energy will
strengthen energy security. Additionally, modern biomass energy can support economic development and
rural employment needs by reducing dependence on imported oil. Therefore, sustainable economic
growth and development in transition economies require promoting the use of biomass energy.
Environmental protection is not only a responsibility but also a strategic path to sustaining energy security
and alleviating poverty. Giiney and Kantar (2020) found that greater bioenergy use contributes to per
capita sustainable development. Reliance on non-renewable energy sources determines the level of
sustainable development per capita. Sustainable development in OECD countries is expected to increase
per capita biomass energy use while decreasing fossil fuel consumption. Investment in biomass energy
could be increased by removing the obstacles. Properly facilitating biomass energy conversion using the
appropriate methods and funding will accelerate sustainable development.

Hung (2022) explores the dynamic relationship between economic growth and biomass energy use in
the US, UK, and BRICS countries, focusing on timing and frequency. The analysis reveals that biomass
energy positively influences long-term GDP growth in BRICS nations. However, it suggests primarily
short-term gains for developed economies, such as the US and the UK. Furthermore, this research suggests
that financial support should be provided to develop technological advancements in biomass production
and conversion, thus encouraging economic growth in BRICS countries. Nosheen and Khan (2022)
applied a neoclassical growth model to analyze the correlation between biomass energy and economic
growth within the NEXT-11 economies. The neoclassical growth model provides a primary theoretical
framework for understanding economic growth patterns. It is expected that biomass energy consumption
will boost GDP growth over the long term. Shahzad et al. (2023) conducted an analysis of the relationship
between biomass and the G7 countries’ economic conditions, measured in economic complexity levels.

The research findings indicate that economies should adopt effective and viable technologies to reduce
environmental degradation and ensure a substantial reliance on renewable energy sources in their energy
systems. These economies should focus on well-structured economic strategies to develop the supply and
infrastructure for biomass energy, as its use contributes to higher income growth. The study by Asghar
et al. (2023) examines several Asian economies, focusing on significant emerging markets such as China,
India, and Indonesia. This research seeks to understand and examine the connections among biomass
energy, fossil fuels, economic expansion, and sustainable development. Promoting biomass energy is an
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effective way to support both energy security and sustainable development and growth worldwide,
particularly in Asia. The analysis results highlight the significant role of biomass energy in ensuring
sustainable development across Asia. This study recommends that Asian economies prioritize biomass
energy as a leading renewable energy source in their national strategies.

2.2. ICT and economic growth

Similarly, a strong digital infrastructure is vital for enhancing Saudi Arabia’s financial sector, as ICT
diffusion directly promotes economic growth and generates positive effects on the benefits on financial
development and the broader financial system (Gheraia et al. 2022). While ICT adoption positively
influences economic growth and development in Sub-Saharan Africa and Latin America, differences in
infrastructure and investment characteristics persist, leading to ongoing regional imbalances. In the EU,
returns on ICT investment are consistently correlated with GDP growth, highlighting its crucial role in
contributing both organizational and technological capital (Tsachtsiris, Magoutas, and Tsoulfas 2019). The
synergistic effect of ICT with other growth sectors, such as finance and trade, is highly potent. While
information and communications technology (ICT) has a modest effect on growth in emerging Asian
economies, its integration with comprehensive financial policies substantially augments long-term eco-
nomic growth (Aziz et al. 2023).

Furthermore, the link between ICT and international trade highlights how digital technologies have
strengthened the performance of cross-border trade, fostering more inclusive and resilient economic
growth, particularly in Africa (Adeleye, Adedoyin, and Nathaniel 2021). The findings underscore the
critical importance of focused policies that incorporate ICT into broader economic development strategies.
Investing in ICT infrastructure and addressing regional inequalities enables nations to fully leverage digital
technologies for sustainable, and stable global economic growth. The study by Aziz et al. (2023) explored
the impact of ICT diffusion on economic growth within Asian economies, expanding on endogenous
growth theory by considering how the spread of ICT influences economic recovery. It makes several
contributions to the existing body of knowledge on the nexus between ICT financial development, and the
economic growth. This study’s major results provide insights for policymakers to sustain strategies for
improving ICT infrastructure and economic development. The study significantly shows that the interac-
tion between ICT and financial development (FIND) positively drives economic expansion and develop-
ment. While an isolated focus on ICT may provide limited benefits for developing Asian economies, a
booming ICT sector alongside a well-developed financial system significantly boosts economic growth.

2.3. Ildentified gap: integration of biomass with ICT

In recent literature, ICT is considered a sector with significant environmental, energy and economic
implications. Globally, ICT systems globally generate substantial embodied emissions due to the use of
carbon- and energy-intensive inputs. Conversely, ICT can contribute to environmental improvements by
encouraging the adoption of renewable energy and promoting innovation. In the context of renewable
energy, such as biomass, integrating digital tools and AI can enhance production efficiency and long-term
sustainability. Together, the evidence suggests that while ICT has the potential to support biomass and
other renewable energy sources in driving sustainable growth, this potential depends on cleaner supply
chains, green innovation, and the alignment of digital expansion with renewable energy strategies (Haldar
and Sethi 2022; Rasheed et al. 2024; Zhou et al. 2019).

This study makes significant contributions to the ongoing discourse on sustainable economic develop-
ment by examining the interconnected roles of biomass energy and information and communication
technology (ICT) within a global economic framework. While previous research has primarily focused on
country- or region-specific analyzes, this study adopts a broader perspective, offering a comprehensive
assessment of the relationship among bioenergy, ICT, and economic growth at a global scale. Existing
literature on biomass energy and economic growth often neglects the simultaneous influence of digital
technologies, leading to fragmented and, at times, conflicting findings. Similarly, the empirical evidence on
the ICT-economic growth nexus remains inconclusive. This study underscores the importance of jointly
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modeling bioenergy and digital technologies to better understand their combined impact on economic
expansion.

A key contribution of this research lies in its approach to measuring ICT, incorporating four distinct
indicators—internet users, broadband subscriptions, mobile cellular subscriptions, and fixed telephone
subscriptions. By constructing a composite ICT index using Principal Component Analysis (PCA), this
study provides a more comprehensive representation of the relationship between ICT and economic
growth. Furthermore, by integrating biomass energy and ICT within a single analytical framework, this
study explores their combined effects on economic performance.

Methodologically, the analysis accounts for time-invariant characteristics using a fixed-effects model
and addresses potential endogeneity concerns through the system Generalized Method of Moments
(GMM) approach. To capture the heterogeneous effects of biomass energy and digital technologies across
economies at different stages of growth, the study employs panel quantile regression analysis. This
approach allows for a more granular examination of how these factors contribute to economic develop-
ment across varying economic contexts. The findings provide policymakers with valuable insights, high-
lighting the need to leverage both bioenergy and digital technologies to foster sustainable, inclusive
economic growth.

3. Data, model and methods
3.1. Data

This study investigates the impact of biomass energy consumption on economic growth using a global
dataset. The sample includes all countries for which data on biomass energy consumption and ICT
indicators are available, yielding a final panel of 157 economies spanning 1990 to 2023. The objective of
this study is to provide a global perspective by including all available countries worldwide. For this reason,
the data available for all countries is extracted from the World Bank online database. For many countries,
data on the focus variables, biomass and ICT, were unavailable, and the sample was reduced to 157
countries. Another challenge was missing data for ICT indicators. Without imputing these values, we
worked with an unbalanced panel. The primary data source is the World Bank's World Development
Indicators (2024). Economic growth, the dependent variable, is measured using real GDP per capita at
constant 2015 US dollars.

The second key variable is biomass energy consumption. Biomass energy is generated from renewable
resources such as wood, organic waste, and biofuels. This consumption data gets from the Global Material
Flow Database generated by the International Resource Panel (IRP), provides this per capita consumption
data in kilograms. The Global Material Flow Database utilizes the data from sources, including the UN
Food and Agriculture Organization (FAO) to track biomass used in agriculture, forestry, and fisheries.
This suggests collecting 1000 tons of organic material for fuel, feed, industry, or other energy generation,
including byproducts from biomass harvesting, animal grazing, forestry, fishing, and hunting. However,
we also took biomass data through the online material flow data (IRP, 2024).

Here, the study recognizes that a large share of biomass use occurs in informal contexts and therefore
cannot be measured or captured through formal statistical reporting systems. International databases often
rely on estimated or modeled values that highly depend on the quality of national energy balances. This, of
course, does not diminish the broad trends identified, but is a good reminder that more consistent tracking
of biomass use is needed, especially in developing regions.

It is important to recognize some limitations, especially in how biomass data are recorded across
emerging economies. In many of these contexts, a large share of biomass use—firewood, charcoal, crop
residues, and animal waste—is informal and not captured by formal energy reporting systems. As a result,
international databases often rely on estimated or modeled values, which can vary depending on the
quality of national surveys and energy balances. These differences may introduce some inconsistency in the
data and make cross-country comparisons less precise. Although this does not diminish the broad trends
identified in the analysis, it does remind us of the need for more consistent and transparent tracking of
biomass use, particularly in developing regions.
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The third key variable of interest, ICT, is measured using four distinct indicators: internet users,
broadband subscriptions, mobile cellular subscriptions, and fixed telephone subscriptions. Specifically,
internet users are defined as the percentage of individuals using the Internet (% of the population),
broadband subscriptions are measured as fixed broadband subscriptions per 100 people, mobile cellular
subscriptions are recorded as mobile cellular subscriptions per 100 people, and fixed telephone subscrip-
tions are measured as fixed telephone subscriptions per 100 people. Additionally, Principal Component
Analysis (PCA) is employed to construct a composite ICT index, allowing for a more comprehensive
assessment of ICT’s impact on economic growth and enhancing the robustness of the baseline findings.

The control variable labor force is measured as “labor force comprises people ages 15 and older who
supply labor for the production of goods and services during a specified period.” (World Bank 2024). The
control variable capital is measured as “gross fixed capital formation (constant 2015 US$)”. The variable
inflation is measured as consumer prices (annual %). The indicator of government consumption is
measured as “final consumption expenditure (% of GDP)”. The indicator trade is measured as the
“sum of export and imports of goods and services in the form of percentage share of GDP”.

Table 1 reports descriptive statistics for the unbalanced data used in the empirical analysis. The
outcome variable EG is measured by the log of GDP per capita, suggesting that the lowest value of EG
is for Burundi and the highest is for Luxembourg. The focused independent variable, biomass energy,
shows that Macao has the lowest biomass energy, while China has the highest. China also has the largest
labor force, and Tonga has the smallest labor force. The lowest negative minimum value occurs in Lesotho,
and the highest inflation is in Ukraine. Besides, the standard deviation of inflation is the highest among the
indicators. The ICT indicators’ minimum and maximum values range from 0 to 100. A simple descriptive
analysis suggests that selected indicators demonstrate variations across countries, and empirical analysis
will provide valuable insights. Table 2 presents a simple correlation matrix for the panel data used in the
empirical analysis. The selected variables are linearly correlated. The ICT measures are highly correlated
with the EG; there the index is used to capture the combined effect of ICT on EG. Besides, the effects of
individual measures are also estimated.

3.2. Model

The empirical model for this research relies on the Cobb-Douglas production function. The production
has three inputs, namely labor, physical capital, and energy.

Y, = AyK L Ef (1)
Table 1. Descriptive Statistics.
Variable Obs. Mean Std. Dev. Min Max
Per capita income 4,295 8.567236 1.442103 5.56905 (Burundi) 11.62998
(Luxembourg)
Biomass 4,295 17.15985 1.885875 11.76818 22.17536
(Macao) (China)
Labor 4,295 15.14506 1.756822 10.4184 20.47712
(Tonga) (China)
Capital 4,295 22.507 7.273393 734463 93.54746
(Iraq) (Mauritania)
Inflation 4,295 14.35304 120.3005 —16.85969 4734915
(Lesotho) (Ukraine)
Gov. Conn. 4,295 79.74109 15.77896 16.71296 190.4897
(Equ Guinea) (Timor-Leste)
Trade 4,295 85.35128 5497171 .0209992 442.62
(Iraq) (Hong Kong)
Internet 4,188 29.23745 31.64984 0 100
Broadband 2,863 10.74123 12.80373 0 49.54881
(Switzerland)
Mobile Phone 4,295 63.57002 55.3844 0 420.8531
(Macao)
Fixed Phone 4,286 18.66394 18.58537 0 74.51804

(Switzerland)




ENERGY SOURCES, PART B: ECONOMICS, PLANNING, AND POLICY e 7

Table 2. Correlation Matrix.

EG biomass labor Capital Inflation Gov. Trade Net FB MCS FT
EG 1.0000
Biomass —-0.1140 1.0000
Labor —-0.0729 0.9309 1.0000
Capital —0.0403 0.0021 0.0164 1.0000
Inflation —0.1498 0.0645 0.0597 —0.0496 1.0000
Gov. —0.4882 —0.0431 —0.1281 —0.2366 0.0649 1.0000
Trade 0.3485 —0.4485 —-0.3678 0.0684 —-0.0796 —-0.2575 1.0000
Net 0.7403 —0.0475 —0.0247 —0.0461 —-0.1153 —0.2861 0.2901 1.0000
FB 0.7144 —0.0106 0.0181 —0.0881 —-0.1187 —0.2457 0.3087 0.8564 1.0000
MCS 0.4895 —0.0991 —0.0339 0.0048 —0.0848 —0.2584 0.2960 0.6928 0.5735 1.0000
FT 0.7978 —0.0389 —0.0098 —0.0831 —-0.1138 —0.2296 0.2937 0.5382 0.5910 0.2982 1.0000

The subscription ‘i’ indicates the number of cross-sectional units, and ‘t’ reflects the number of years the
study covers.
By taking the natural log of Equation (1), we have Equation (1.1).1

log y, = log A;; + B, log ki + B, log Li; + B, log Ej; (1.1)

The letter A represents the given state of technology. The letter on the left side of the equation ‘y shows
real GDP per capita growth. Capital stock is represented with the letter k, labor force with L, and energy
with E, respectively. Cross-country per-capita GDP growth convergence relies on initial per capita and on
the diffusion of the technology. In this model, technological progress drives the economic growth of an
economy. We assume, following Czernich et al. (2011), that technology evolves exponentially over time.
Technological evolution over time can be expressed as follows:

Ai = A(0)€t )
After log transformation, Equation 2 can be written as Equation 2.1

log A;; = log Ay + 0 (2.1)

The superscript in Equation 2 0 indicates the technological performance of an economy. Now, assume

that ICT escalates technological growth in an economy by spilling over knowledge, supporting research

and development, and facilitating the development of new technologies. Now 0 can be rearranged in
Equation 3 as follows:

0 = oy + wICT (3)
Now, Equation 3 is substituted in Equation 2.1
log A, = ap + oy +,ICT; (3.1)
where ay + a; = Bl
logA;t = B, + BICT; (2.2)

After substituting Equation 2.2 in Equation 1.1, we get Equation 1.3

logy, = Bo +[SIICTit + B, log ki + B, log Li; + B, log Ej; + e (1.3)
Finally, Equation 1.3 is rewritten after including X, is a matrix of control variables. This study includes
inflation, government consumption, and trade openness as control variables.

logy, = B, +[311CTit + B, log ki + B, log Li; + B, log Ej; + B log Xj; + e (1.4)

The empirical model developed in this study seeks to explore the key drivers of economic growth,
drawing on established growth theories. It examines how various factors, such as biomass energy
consumption, labor, capital, inflation, government expenditure, and trade openness, influence economic
performance. The model also includes different aspects of information and communication technologies to
assess their specific impact on growth, offering a comprehensive approach to understanding the complex
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dynamics of economic development across countries. Equation 1.5 includes control variables and internet
users as a measure of ICT, while alternative measures of ICT and index are incorporated from
Equation 1.6-1.9, respectively. Equation 1.4 is rearranged as Equation 1.5.

EG;; = B, + B Bioi; + B,Labor ; +B, Capital, , +B,Inf,, + B;Gov,; + B Trade;, + B, Net;; + &;;

(1.5)
Equations from 1.6 to 1.9 are specified for alternative measures of ICT.

EG;; = B, + B,Bio;; + B,Labor;, +ﬁ3Capitali’t +[§4Inﬁ‘t + B, Gov;; + B, Trade;; + B,FB;; + &,
(1.6)

EG;; = 3, + B,Bio;; + B,Labor;, +[j’3Capitali’t +ﬁ4Inj;’t + B Gov; + B Trade;; + B,MCS;; + &;;
(1.7)

EG;; = B, + jB,Bio;; + 3, Labor;, +[33Capitali’t +[34In]§’t + B, Gov;; + By Trade;; + B,FTS;; + &,
(1.8)

EG;; = B, + B,Bio;; + f3,Labor; +B3Capitali)t +ﬁ41nﬁ’t + B Govy; + By Trade;; + B,ICT;; + &,
(1.9)

where EG indicates economic growth, ICT is measured with four alternative measures: “internet users
(Net), fixed broadband (FB) subscriptions, mobile cellular subscriptions (MCS), and fixed telephone
subscriptions (FTS)”. The abbreviation, bio, indicates biomass energy consumption, the term inf indicates
inflation, the abbreviation Gov indicates government spending, and Trade shows trade openness.
Moreover, the subscript “i” refers to panel units (N=167), and “t” indicates the time horizon (here
T = 34 years), ranging from 1990 to 2023. The notation ¢;; captures the error term in regression models,
while Bl,..7 shows slope coeflicients of the variables used in the model. The outcome variable, economic

growth, and the focused variables are normalized by taking their logarithms, while the remaining variables
are normalized using the percentage of their respective indicators

3.3. Methods

The present analysis employs a robust set of econometric techniques to examine the relationship among
ICT, biomass energy consumption, and economic growth across 157 nations from 1990 to 2023. We begin
with pooled OLS to extract an initial impression of the relationship between the variables. The simple
method gives a general idea of the overall direction, though presumably not to reveal the country-specific
heterogeneity very well. To account for improved individual country characteristics, we proceed with the
analysis using fixed- and random-effects specifications. The fixed-effects specification holds constant
unobserved, time-constant country-specific factors that influence the outcome variable, capturing
within-country differences. Instead, the random effects specification assumes that country-specific effects
are randomly distributed across nations and independent of the explanatory variables, thereby yielding
more generalized results for the entire sample.

Given the likelihood of reverse causality and endogeneity, particularly between ICT, energy consumption,
and economic growth, we employ the system Generalized Method of Moments (GMM) to address these issues.
System GMM is also ideal for dynamic panel data when lagged variables are used as instruments for the
endogenous regressors, yielding consistent and efficient estimators even in the presence of endogeneity. System
GMM also addresses heteroskedasticity and autocorrelation for more valid results.

To better capture the various impacts of ICT and biomass energy consumption on nations at different
levels of economic development, we also conduct panel quantile regression analysis. Quantile regression, in
contrast to most traditional techniques that target average effects, allows us to examine how the interac-
tions between the variables of interest vary across the entire distribution of economic growth, from low-
growth to high-growth economies. This approach provides more information about the extent to which
the effects of ICT and biomass energy consumption might be greater at certain stages of growth. It



ENERGY SOURCES, PART B: ECONOMICS, PLANNING, AND POLICY e 9

therefore could be of interest to policymakers as a source of differentiated strategies across diverse
economic contexts.

Figure 1 presents the time trend of ICT indicators. Comparatively, mobile cellular subscriptions are
growing more than the internet users. Overall, all ICT indicators are increasing over time. Figure 2 shows
the time trend for biomass energy. The biomass energy is increasing slowly over time. Figure 3 illustrates
internet distribution across the development stages of sampled economies. The internet users is increasing
across all development levels. Compared to high and low-income countries, it is expanding more in
middle-income countries. Figure 4 illustrates fixed broadband subscriptions across the development levels.
These subscriptions are growing rapidly in high-income countries, while growth is slow in low-income
countries. Figure 5 illustrates mobile cellular subscriptions across the development levels. The time
patterns are similar across development stages. Initially, the increase in subscriptions was slow, then
increased, and later slowed down. Finally, Figure 6 illustrates the number of fixed telephone subscriptions.
The use of fixed telephone subscriptions is declining in high-income countries. In other groups of
countries, the trend is also slowly declining. Figure 7 presents the flow chart of the estimation strategy.

4. Empirical results and discussion

Table 3 presents biomass energy consumption, ICT, and economic growth results based on the POLS
estimation approach. The parameter estimate on biomass energy indicates that biomass energy exerts a

ICT Indicators Time Trend
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Figure 4. Fixed Broadband Distribution Across Development Levels.

positive and significant influence on economic growth. In particular, the coefficient on biomass energy
consumption shows that a one per cent increase in biomass energy usage will lead to a 0.06 per cent
increase in economic growth. This finding indicates that biomass contributes to economic growth, mainly
by supporting rural energy access, stabilizing the energy supply portfolio, and reducing dependence on
imported fossil fuels. The relatively modest elasticity also indicates that biomass technologies are labor-
intensive. This finding has important implications, particularly for global economies striving for sustain-
able development. Biomass energy is derived from organic materials such as wood, animal waste, and
agricultural residues and is a potential renewable energy source. It helps transition from fossil fuels to
green alternatives.

As biomass energy helps reduce dependence on imported fuels, financial resources are freed up to be
redirected towards productive investment initiatives, enhancing economic growth. Biomass energy
increases economic growth by improving rural development. Its utilization and production involve
rural areas, generating jobs, improving livelihoods, and fostering economic activities in underdeveloped
areas. Its industrial applications, such as input, also help to enhance economic growth, especially in sectors
such as agriculture, forestry, and biomass manufacturing. Besides, it increases economic inclusion by
creating work opportunities in biomass collection, processing, and energy generation. This finding is
consistent with Ajmi & Inglesi-Lotz (2020), who found the positive role of biomass energy in the economic
growth of OECD economies from 1980 to 2013. Similarly, it aligns with Hung (2022), who demonstrated
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Figure 6. Fixed Telephone Subscriptions across Development Levels.

that increased biomass energy consumption positively influences long-term economic growth in the US,
UK, and BRICS economies.

The positive role of biomass in economic growth also faces certain trade-offs, such as biomass
production being hindered by land availability, food-energy competition, and biodiversity pressures,
especially when agricultural residues are diverted from soil regeneration or when dedicated energy
crops displace natural ecosystems.

This positive role of biomass in economic growth is not consistent with studies that highlight the
negative role of bioenergy in sustainable economic growth. The literature suggests that biomass energy
presents significant environmental and societal problems. Deforestation of raw materials harms the
environment by reducing biodiversity and negating potential benefits, making these practices
unsustainable (Liu et al., 2023). The reason for this inconsistency can be that prior studies do not consider
the role of digital technologies while analyzing the role of biomass energy in economic growth. The role of
digital technologies in economic growth has been established in the literature, and excluding its effect can
provide conflicting evidence. The present study has considered four measures of digital technologies,
unlike prior studies, which rely on a single measure or a broad index of digital technologies.
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Figure 7. Flow chart of estimation strategy.

The first measure of digital technologies is internet users. The coeflicient on internet users shows that an
increase in internet users significantly improves economic growth. The coefficient implies that a 1
percentage point increase in the share of internet users in the population is associated with a 0.2 percent
increase in per capita GDP, holding other variables in the model constant. This finding aligns with prior
theoretical expectations that the Internet as a general-purpose technology (GPT) improves productivity,
reduces transaction costs, and facilitates innovation (Bresnahan and Trajtenberg 1995). Growing internet
usage increases the efficiency of resource allocation, access to global markets, and communication among
economic agents. Besides, the statistical significance of the internet coefficient across countries suggests
that the influence of the internet on economic growth is robust to changes in country development level

and infrastructure development.
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Table 3. Biomass Energy, ICT and Economic Growth (POLS Results).
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(M (2) 3) 4 (5
Variables EG EG EG EG EG
Biomass 0.0667*** 0.00245 0.137%** 0.0140 0.120%**
(0.0229) (0.0233) (0.0256) (0.0159) (0.0299)
Labor —0.142%** —0.0940%*** —0.188*** —0.0862*** —0.165%**
(0.0240) (0.0250) (0.0270) (0.0167) (0.0320)
Capital —0.0139%** —0.0150%** —0.0179*** —0.00509%** —0.0312%**
(0.00223) (0.00243) (0.00246) (0.00154) (0.00307)
Inflation —5.14e-05 —0.00439*** —0.000166 —0.000223** —0.00896***
(0.000126) (0.00103) (0.000143) (8.86€-05) (0.00147)
Gov. Conn —0.0348*** —0.0306*** —0.0385*** —0.0284*** —0.0353***
(0.00110) (0.00109) (0.00121) (0.000766) (0.00138)
Trade 0.00245%** 0.000575* 0.00404*** 0.000871*** 0.00334%***
(0.000340) (0.000328) (0.000380) (0.000237) (0.000409)
Internet 0.0230%**
(0.000519)
Broadband 0.0671%**
(0.00135)
Mobile Phone 0.00859***
(0.000330)
Fixed Phone 0.0566***
(0.000615)
ICT 0.489%**
(0.0219)
Constant 11.79%** 12.19%** 11.76%** 10.89%** 12.48%**
(0.221) (0.222) (0.247) (0.154) (0.283)
Observations 4,188 2,863 4,295 4,286 2,760
R-squared 0.532 0.639 0.399 0.766 0.434

Standard errors in parentheses (***p < 0.01, **p < 0.05, *p < 0.1).

This finding is aligned with theoretical views and mechanisms. It aligns with the implications of
endogenous growth theory, which postulates that technological diffusion triggers knowledge spillovers and
innovation, supporting economic growth (Romer 1990). The theory of network effects also matters in the
case of the internet and economic growth nexus. The internet’s advantage increases as more people adopt
it, leading to increasing returns to scale in economic activities (Katz and Shapiro 1985). Economic
activities benefit from increased access to information and networks. Transaction costs pose a significant
barrier to economic growth.

Internet usage helps to lower transaction and coordination costs, increasing market efficiency and
economic activity (Coase 1937). This finding aligns with Choi and Yi (2009) and Majeed and Ayub (2018),
who demonstrated that internet diffusion accelerates economic performance by increasing trade and
productivity. From a policy perspective, this finding implies that governments need to prioritize invest-
ment in digital infrastructure to ensure equitable internet access, particularly in rural and underdeveloped
areas. Meanwhile, digital literacy initiatives and incentives for innovation can enhance the Internet's
economic impact.

The parameter estimate on broadband subscription is also positively significant. It is consistent with
Czernich et al. (2011), who examined the effect of broadband subscription on economic growth for OECD
economies from 1996 to 2007. They showed that a 10-percentage-point increase in broadband penetration
raised annual per capita growth by 0.9-1.5 percentage points. The broadband infrastructure, especially
high-speed networks, enhances economic growth by supporting the business environment, fostering
entrepreneurship, and reducing unemployment. The prior studies have mainly focused on ICT investment
as a whole. In this study, we considered the effects of ICT measures in isolation as well as their combined
effects.

The effect of mobile cellular subscription, another measure of ICT, is also positive and significant.
Mobile cellular subscriptions facilitate economic activities by providing individuals and businesses with
enhanced communication capabilities, access to information, and opportunities for innovation. An
increasing number of mobile cellular in an economy improves productivity by facilitating more efficient
resource allocation, lowering transaction costs, and enhancing access to markets. It is particularly evident
in developing countries where fixed telephone lines are not available nationwide, and mobile phones often
substitute for fixed lines and underdeveloped infrastructure, such as ICT infrastructure, banking services,
and transport networks (Jorgenson and Vu 2016). The effect of fixed telephone subscriptions, another
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measure of ICT, is also positive and significant. It can be inferred that individual ICT measures can
support economic growth by enhancing productivity and efficiency in economic activities.

Finally, the coefficient on the ICT index also suggests a positive and significant effect on economic
growth. This finding aligns with prior theoretical expectations that ICT adaptation in the economic system
improves the optimization of economic interactions by increasing efficiency and scalability in production
and distribution. The significant role of ICT in economic growth can be explained through different
factors. ICT increases the efficient utilization of resources by lowering transaction costs, reducing
information asymmetries, and improving labor productivity.

The positive role of ICT in economic growth also involves certain trade-offs, such as structural
inequalities and a persistent digital divide. Unequal digital access can create unequal growth gains, as
economies with limited digital infrastructure or unequal access to connectivity are likely to capture fewer
productivity improvements from ICT. Moreover, ICT adoption is highly skill-biased, and the resulting
economic growth benefits are uneven across economies. Similarly, ICT-related expenditures can crowd out
other growth-enhancing spending, such as education and health, in economies where fiscal space is
limited. Finally, greater digitalization increases exposure to cybersecurity risks and market concentration.
These trade-offs suggest that ICT expansion needs to be supported by complementary policies, such as
strengthening digital access, promoting inclusive digitalization, and investing in human capital.

The coefficient on government expenditures is negatively significant, suggesting the presence of a
crowding-out effect where an increase in public sector investment crowds out private sector investment
due to an increase in interest rates. The influence of inflation is also negatively significant. An increase in
inflation indicates a macroeconomic uncertainty that negatively affects economic growth. Barro (1996)
asserts that smaller government expenditures and lower inflation help to increase the growth rate of real
GDP per capita. Thus, empirical outcomes on control variables, government expenditures, and inflation
are consistent with Barro (1996). The role of labor force growth is negative, which is not consistent with
the theory. The likely reason could be that an expansion in labor force shows demographic pressure rather
than productivity-enhancing employment. Besides, in many developing countries, an increase in labor
force is linked to a youth bulge, where young labor force entrants lack skills, capital access, or job
opportunities. This finding can be linked with Barro (1996), who found that lower fertility rates, which are
related to population and labor force growth, increase the growth rate of real per capita GDP, suggesting a
negative association between population expansion (labor force) and per capita output growth. The
positive and significant effect of trade on economic growth suggests that trade facilitates technological
advancement in importing countries, as imports of high technological goods are a potential source of
diffusion of knowledge and technology (Baldwin et al., 2005).

Table 4a reports the results based on the fixed effects estimation approach. The estimation with POLS
provides a baseline analysis. In POLS, country-specific fixed and random effects are ignored which might
provide biased results. To address this issue, we employ random effects and fixed effects estimation
approaches as time-invariant heterogeneity can bias the results. To address potential unobserved hetero-
geneity, first, we employ a fixed effects estimation approach, which considers time-invariant factors specific
to each country in the dataset.

The results reported in Table 4a indicate that the coefficient on biomass energy turns out robustly
positive and significant across all regressions. This finding suggests that an incline in biomass energy
consumption triggers economic growth even after controlling for time-invariant unobserved country
heterogeneity. Nevertheless, the size of the coeflicient on biomass energy consumption increases (0.3 vs.
0.06) relative to the OLS estimate, suggesting that the presence of unobserved entity-specific effects created
a downward bias in the biomass energy parameter estimate. After controlling for these time-invariant
effects, the results are more accurate and stronger.

One likely reason for this increase in the coefficient size could be structural differences across countries,
such as historical growth policies or long-term infrastructure development— which are time-invariant but
differ across countries—and were negatively correlated with biomass energy, leading to an underestima-
tion of its impact in OLS. The Fixed Effects model eliminates these biases, revealing a more substantial
actual effect. The within R? value indicates that the Fixed Effects model explains approximately 60% of the
variation in economic growth within each cross-sectional unit over time, an improvement over the Pooled
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(M 2 (3) 4 5)
Variables EG EG EG EG EG
Biomass 0.336*** 0.305*** 0.237%** 0.273%** 0.152%**
(0.0176) (0.0197) (0.0166) (0.0213) (0.0184)
Labor —0.119%** 0.136*** —0.2171%** 0.385%** —0.0829***
(0.0210) (0.0261) (0.0204) (0.0216) (0.0261)
Capital 0.00542%*** 0.00386*** 0.00292*** 0.00243*** 0.000782
(0.000508) (0.000555) (0.000468) (0.000602) (0.000506)
Inflation —0.000146*** —0.000556*** —0.000115%** —0.000211*** —0.000620%**
(2.04e-05) (0.000169) (1.96e-05) (2.51e-05) (0.000170)
Gov. Conn —0.00654%** —0.00761%** —0.00666*** —0.00750%** —0.00668***
(0.000363) (0.000403) (0.000335) (0.000430) (0.000379)
Trade 0.00107*** —0.000125 0.00107*** 0.00299*** 0.000650%**
(0.000140) (0.000160) (0.000132) (0.000162) (0.000138)
Internet 0.00565***
(0.000125)
Broadband 0.00937%**
(0.000343)
Mobile Phone 0.00357%***
(6.78e-05)
Fixed Phone 0.00202***
(0.000502)
ICT 0.144*x*
(0.00381)
Constant 4.768%** 1.900%** 7.848%** -1.693*** 7.892%**
(0.283) (0.368) (0.292) (0.291) (0.416)
Observations 4,188 2,863 4,295 4,286 2,760
R-squared 0.604 0.490 0.639 0.408 0.580
Number of id 157 155 157 157 155
Standard errors in parentheses (***p < 0.01, **p < 0.05, *p < 0.1).
Table 4b. Biomass Energy, ICT, and Economic Growth (Two-way Fixed Effects Results).
M (2) 3) (4) (5
Variables EG EG EG EG EG
Biomass 0.255%** 0.179%** 0.224%** 0.194%** 0.139%**
(0.0165) (0.0178) (0.0155) (0.0158) (0.0167)
Labor —0.513%** —0.416%** —0.5271%*** —0.554%** —0.402%**
(0.0238) (0.0298) (0.0227) (0.0230) (0.0269)
Capital 0.00390*** 0.00327#*** 0.00344*** 0.00306*** 0.00272%**
(0.000469) (0.000495) (0.000441) (0.000447) (0.000468)
Inflation —6.63e-05%** —0.000645%*** —6.00e-05%** —4.31e-05%* —0.000655%***
(1.91e-05) (0.000150) (1.87e-05) (1.90e-05) (0.000155)
Gov. Conn —0.00632*** —0.00747*** —0.00654*** —0.00693*** —0.00642*%**
(0.000333) (0.000354) (0.000314) (0.000318) (0.000343)
Trade 0.000211 —0.000365** 0.000310** 0.000447*** —0.000218
(0.000134) (0.000145) (0.000129) (0.000131) (0.000135)
Internet 0.00157%***
(0.000198)
Broadband —0.00224***
(0.000515)
Mobile Phone 0.00188***
(0.000103)
Fixed Phone 0.00598%**
(0.000400)
ICT 0.0945%**
(0.00482)
Constant 11.19%** 11.46%** 11.82%** 12.76%** 12.05%**
(0.343) (0.445) (0.312) (0.316) (0.396)
Observations 4,188 2,863 4,295 4,286 2,760
R-squared 0.991 0.995 0.991 0.991 0.996

Standard errors in parentheses (***p < 0.01, **p < 0.05, *p < 0.1).

OLS model. Table 4b also provides fixed-effects results after including year effects. The results remain
robust after using a two-way fixed-effects estimation approach.

The fixed effect model does not estimate the influence of time-invariant variables, such as geographic
factors. To address this limitation, in the next step we assess the robustness of these findings using
random-effects and system GMM. To further assess the robustness of the baseline findings, we also use the
random-effects model estimation approach. Unlike the fixed-effects model, which eliminates time-
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Table 5. Biomass Energy, ICT and Economic Growth (Random Effects Results).

(M 2 (3) 4 5)
Variables EG EG EG EG EG
Biomass 0.289%** 0.225%** 0.225%** 0.138*** 0.136%**
(0.0180) (0.0211) (0.0165) (0.0223) (0.0183)
Labor —0.159%** —-0.0121 —0.216%** 0.292%** —0.107%**
(0.0209) (0.0260) (0.0200) (0.0229) (0.0246)
Capital 0.00581*** 0.00457%** 0.00294*** 0.00341*** 0.000766
(0.000535) (0.000620) (0.000474) (0.000669) (0.000517)
Inflation —0.000146*** —0.000534*** —0.000114*%** —0.000216*** —0.000633***
(2.16e-05) (0.000190) (1.99e-05) (2.81e-05) (0.000174)
Gov. Conn —0.00707%** —0.00811%** —0.00683*** —0.00855%** —0.00686***
(0.000383) (0.000450) (0.000339) (0.000477) (0.000386)
Trade 0.001171*** —0.000204 0.00109*** 0.00346*** 0.000671%***
(0.000147) (0.000178) (0.000133) (0.000179) (0.000141)
Internet 0.00598%***
(0.000127)
Broadband 0.0109%**
(0.000371)
Mobile Phone 0.00355%**
(6.66e-05)
Fixed Phone 0.00437%**
(0.000552)
ICT 0.149%**
(0.00366)
Constant 6.150%** 5.398*** 8.099%** 2.016%** 8.371%**
(0.262) (0.322) (0.283) (0.274) (0.371)
Observations 4,188 2,863 4,295 4,286 2,760
Number of id 157 155 157 157 155
Standard errors in parentheses (***p < 0.01, **p < 0.05, *p < 0.1).
Table 6. Biomass Energy, ICT and Economic Growth (SGMM Effects Results).
(M 2 @3) 4 (5
Variables EG EG EG EG EG
Biomass 1.677%%% 0690 0.749%* 0.258*** 0.815%%
(0.413) (0.311) (0.0767) (0.0175) (0.294)
Labor —1.681*** —0.818** —0.967*** —0.309*** —0.907***
(0.381) (0.351) (0.0829) (0.0203) (0.338)
Capital —0.0255* —0.0361** —0.0202*** —0.00506%** —0.0639%**
(0.0152) (0.0156) (0.00477) (0.00102) (0.0231)
Inflation —0.00136* -0.0172 0.000738* —0.000187*** -0.0170
(0.000817) (0.0144) (0.000376) (2.86e-05) (0.0131)
Gov. Conn —0.0416*** —0.0795%** —0.120%** —0.0264*** —0.0714***
(0.00924) (0.0158) (0.00482) (0.000908) (0.0151)
Trade 0.00859*** 0.00941** 0.0112%** 0.00258*** 0.0130%**
(0.00320) (0.00467) (0.00114) (0.000162) (0.00394)
Internet 0.0190%**
(0.00181)
Broadband 0.0285%**
(0.00765)
Mobile Phone 0.00195%**
(0.000329)
Fixed Phone 0.0534%**
(0.000801)
ICT 0.213%**
(0.0592)
Constant 7.927%** 15.44%** 19.36%** 9.808*** 14.60%**
(2.569) (2.830) (0.688) (0.222) (2.623)
Arellano-Bond test AR (1) P =0.005 P=0.175 P=0.033 P=0.141 P=0.111
Arellano-Bond test AR (2) P=0.144 P=0273 P=0.053 P=0.056 P=0.243
Sargan test overid P=0.000 P=0.000 P=0.000 P=0.000 P=0.000
Hansen test overid chi2=132.13 P=0.177 chi2 =99.48 P=0.189 chi2 =103.32 P=0.732 chi2 = 142.39 chi2 =113.85
P=0.99 P=0.053
Hansen test GMM chi2=42.09 P=0.94 chi2 =33.95 P=0.923 chi2 =46.92 P=0.742 chi2 =42.56 chi2 = 52.60
P=0.972 P=0.106
Hansen test IV chi2=129.16 P=0.142 chi2=9827 P=0.172 chi2=99.11 P=0.783 chi2 = 138.88 chi2 =106.71
P=0.082 P=0.065
Observations 4,136 2,693 4,281 4,286 2,577
Number of id 157 154 157 157 154

Standard errors in parentheses (***p < 0.01, **p < 0.05, *p < 0.1).
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Table 7. Biomass Energy, ICT and Economic Growth (Quantile Regression Results-Internet).
(1 ) 3) (4) (5) (6) 7) (8) 9)

Variables EG=0.1 EG=0.2 EG=03 EG=04 EG=05 EG=0.6 EG=07 EG=038 EG=09
Biomass -0.0143 0.0490* 0.0968*** 0.0797*** 0.0639** 0.0925*** 0.0434 0.0197 0.0615
(0.0246) (0.0255) (0.0277) (0.0296) (0.0271) (0.0326) (0.0343) (0.0404) (0.0380)
Labor —0.0514** —0.114%**  —0.185***  —0.174***  —0.164***  —0.198***  —0.133***  —0.0889** —0.0453
(0.0259) (0.0268) (0.0291) (0.0311) (0.0285) (0.0343) (0.0360) (0.0424) (0.0399)
Capital —0.00871***  —0.0109***  —0.0155***  —0.0175***  —0.0142***  —-0.0121***  -0.0213***  -0.00574 —0.000895
(0.00240) (0.00249) (0.00269) (0.00289) (0.00264) (0.00318) (0.00334) (0.00393) (0.00370)
Inflation 0.000181 0.000106 7.23e-05 4.95e-05 —4.75e-05  -2.02e-07 -0.000174  —0.000319  —0.000599***
(0.000136) (0.000141)  (0.000152)  (0.000163)  (0.000149)  (0.000180)  (0.000189)  (0.000222) (0.000209)
Gov. Conn —0.0308***  —0.0320***  —0.0328***  —0.0328***  -0.0322***  —0.0319***  —0.0351***  —0.0413***  —0.0419***
(0.00119) (0.00123) (0.00133) (0.00143) (0.00130) (0.00157) (0.00165) (0.00194) (0.00183)
Trade 0.00401***  0.00384***  0.00324***  0.00293***  0.00240***  0.00183***  0.00101** 0.000171 —0.000129
(0.000366) (0.000380)  (0.000411)  (0.000440)  (0.000403)  (0.000485)  (0.000510)  (0.000600) (0.000564)
Internet 0.0259%** 0.02671*** 0.0253*** 0.02571*** 0.0260*** 0.0265*** 0.0242%** 0.0200*** 0.0107***
(0.000559) (0.000580)  (0.000628)  (0.000673)  (0.000615)  (0.000741)  (0.000779)  (0.000916) (0.000862)
Constant 9.967*** 10.29%** 11.09%%* 11.52%%% 11.80%** 12.03%%* 12.79%%* 13.26*** 12.80%**
(0.238) (0.247) (0.267) (0.286) (0.262) (0.315) (0.332) (0.390) (0.367)
Pseudo R2 0.38 0.38 0.37 0.36 0.35 0.35 0.35 0.29 0.23
Observations 4,188 4,188 4,188 4,188 4,188 4,188 4,188 4,188 4,188

Standard errors in parentheses (***p < 0.01, **p < 0.05, *p < 0.1).

invariant factors, the random-effects model assumes that these country-specific effects are uncorrelated
with the independent variables. This allows us to estimate the effect of both time-varying and time-
invariant factors on economic growth.

Table 5 reports the results of the random effects model. The results are consistent with the fixed effects
results. That is, the effect of biomass energy conception on economic growth remains positive and
significant. The size of coeflicients slightly changes, but the level of significance and direction of effects
remain consistently robust. Similarly, the other focused variable, ICT, and its different forms remain
positive and significant, confirming that the role of ICT in harnessing growth within and across countries
is robust.

The issue of endogeneity caused by omitted variable bias, reverse causality and measurement error can
undermine the quality of results. To address this issue and to refine our results we use system GMM. The
results based on system GMM are presented in Table 6. Unlike fixed effects and random effects, system
GMM uses lagged values of independent variables as instruments to address endogeneity. In this way,
parameter estimates capture the causal effect of biomass energy consumption on economic growth while
controlling for dynamic panel bias.

To assess the strength of results obtained using System GMM estimation approach, we have followed
the standard diagnostic procedures emphasized in the literature (Arellano and Bond 1991; Blundell and
Bond 1998; Roodman 2009). The system GMM estimator (Arellano and Bond 1991; Blundell and Bond
1998) depends upon a set of moment conditions that need the exogenous and relevance of instruments.
This estimation approach introduces two main assumptions. First, the idiosyncratic errors should not
show serial correlation beyond first order, as it ensures that lagged levels are valid instruments for the
differenced equation. Second, this approach relies on the assumption of mean-stationarity (initial condi-
tions). That is, the changes in the variables are not correlated with the individual-specific effects. This
assumption justifies the use of lagged differences as instruments for the levels equation. In sum, these
assumptions suggest that the instrument set is valid, and the issue of endogeneity is addressed using
internal instruments.

To validate instrument consistency, Arellano and Bond (1991) introduced the AR (1) and AR (2) tests
to detect first-order and second-order serial correlation in the first-differenced residuals. Blundell and
Bond (1998) extended this framework to System GMM, emphasizing the importance of AR (2)
insignificance as a condition for reliable estimation. Likewise, Roodman (2009), we have reported both
AR (1) and AR (2) test statistics, alongside the Hansen J-test and Sargan test of overidentifying restrictions.
The results show that AR (1) expectedly significant in some cases due to differencing. The outcomes for
AR (2) test are insignificant in all models confirming the absence of problematic second-order correlation.

The Sargan test, introduced by Arellano and Bond (1991), examines instrument validity under the
assumption of homoskedastic errors. Whereas the Hansen test provides a more robust alternative that
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Figure 8. Biomass Energy, ICT and Economic Growth (Quantile Graph Results-Internet).

remains valid in the presence of heteroskedasticity (Blundell and Bond 1998; Roodman 2009). Roodman
(2009) emphasized in his study that “if nonsphericity is suspected in the errors, the Sargan statistic is
inconsistent.Then a theoretically superior overidentification test for the one-step estimator is that based on
the Hansen statistic from a two-step estimate.” Our results confirm that the p-values of the Henson tests of
over-identification restrictions (OIR) do not reject the null hypothesis that “instruments as a group are
exogenous”. We can conclude that our results robust and not sensitive to second-order correlation and

endogeneity problem.
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Figure 9. Biomass Energy, ICT and Economic Growth (Quantile Graph Results-Broadband).

The results reported in Table 6 indicate that the effect of biomass energy on economic growth is
robustly positive and significant across all models. The strength of the effect has improved with the system
GMM estimation approach. Moreover, the effects of ICT and its four measures remain positive and
significant, confirming that ICT is a strong predictor of variations in economic growth across countries.
The size of the coeflicient on biomass energy increases, suggesting that prior models underestimated its
effect on economic growth due to endogeneity. We have checked the validity of the system GMM
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Table 8. Biomass Energy, ICT and Economic Growth (Quantile Regression Results-Broadband).
M ) ?3) (4) (5) (6) 7 8) 9)

Variables EG=0.1 EG=0.2 EG=0.3 EG=04 EG=05 EG=0.6 EG=0.7 EG=038 EG=09
Biomass 0.0109 —0.000327 —-0.0430 —0.0597** -0.0406 -0.0489* —0.0466 -0.0108 0.0485
(0.0364) (0.0301) (0.0314) (0.0281) (0.0276) (0.0285) (0.0304) (0.0317) (0.0828)
Labor —0.110%** —0.110%** —0.0550 —-0.0315 —0.0629** —-0.0716** —0.0605* —0.0822** —0.0508
(0.0389) (0.0322) (0.0337) (0.0301) (0.0295) (0.0305) (0.0325) (0.0340) (0.0886)
Capital —0.0146***  —0.0165***  —0.0175***  —0.0148***  —0.0171***  -0.0174***  -0.0148***  -0.0162***  —0.000534
(0.00380) (0.00314) (0.00328) (0.00293) (0.00288) (0.00297) (0.00317) (0.00331) (0.00864)
Inflation —0.00446***  —0.00292**  -0.00164 —0.00361*** —0.00545***  —0.00465*** -0.00531*** -0.00646***  —0.00451
(0.00161) (0.00133) (0.00139) (0.00124) (0.00122) (0.00126) (0.00134) (0.00140) (0.00366)
Gov. Conn —0.0369***  —0.0339***  —0.0298***  —0.0293***  —0.0290***  —0.0288***  —0.0290***  —0.0294***  —0.0309***
(0.00169) (0.00140) (0.00146) (0.00131) (0.00128) (0.00133) (0.00141) (0.00148) (0.00386)
Trade 0.00107** 0.00104**  0.000829* 0.000480 0.000119 —0.000347  -0.000676  —0.000448  —0.000205

(0.000512)  (0.000423)  (0.000442)  (0.000395) (0.000388) (0.000401)  (0.000427)  (0.000446)  (0.00116)
Broadband 0.0765*** 0.0742***  0.0713*** 0.0705*** 0.0689*** 0.0675*** 0.0637*** 0.0577***  0.0384***
(0.00211) (0.00174) (0.00182) (0.00163) (0.00160) (0.00165) (0.00176) (0.00184) (0.00479)

Constant 11.61%%* 11.92%%* 11.83%%* 11.93%%* 12.38%** 12.90%** 12.93%%* 13.00%** 11.96%**
(0.346) (0.286) (0.299) (0.268) (0.262) (0.271) (0.289) (0.302) (0.788)

Pseudo R2 0.43 0.45 0.45 0.45 0.46 0.45 0.43 0.39 0.28

Observations 2,863 2,863 2,863 2,863 2,863 2,863 2,863 2,863 2,863

Standard errors in parentheses (***p < 0.01, **p < 0.05, *p < 0.1).

Table 9. Biomass Energy, ICT and Economic Growth (Quantile Regression Results-Mobile Phone).
m o) 3) @) () (6) @) (8) 9

Variables EG=0.1 EG=0.2 EG=0.3 EG=04 EG=05 EG=0.6 EG=07 EG=038 EG=09
Biomass —0.00848 0.0961%*** 0.125%** 0.0936%*** 0.0933%** 0.143%** 0.167*** 0.119** 0.156***
(0.0258) (0.0315) (0.0288) (0.0287) (0.0339) (0.0380) (0.0523) (0.0569) (0.0245)
Labor —0.0636**  —0.175***  —0.234***  —0.203***  —0.195***  —0.249***  —0.299***  —0.199*** —0.1471***
(0.0272) (0.0332) (0.0304) (0.0303) (0.0357) (0.0401) (0.0552) (0.0601) (0.0258)
Capital —0.0116***  —0.0160***  —0.0188***  —0.0194***  —-0.0174***  —-0.0231***  —-0.0230***  —0.00890 —-0.00147
(0.00248) (0.00303) (0.00277) (0.00276) (0.00326) (0.00365) (0.00502) (0.00547) (0.00235)
Inflation 0.000178 0.000100 6.23e-05 —1.73e-05 -7.72e-05 -0.000153  —0.000211  —0.000432  —0.000664***
(0.000144)  (0.000176)  (0.000161)  (0.000160)  (0.000189)  (0.000212)  (0.000292)  (0.000318) (0.000137)
Gov. Conn —0.0335***  —0.0349***  —0.0348***  —0.0353***  —0.0375***  —0.0405***  —0.0472***  —0.0532***  —0.0471***
(0.00122) (0.00149) (0.00137) (0.00136) (0.00161) (0.00180) (0.00248) (0.00270) (0.00116)
Trade 0.00594***  0.00645***  0.00547***  0.00483***  0.00398***  0.00319***  0.00202***  —0.00102 —0.000431

(0.000383)  (0.000468)  (0.000428)  (0.000426)  (0.000503)  (0.000564)  (0.000777)  (0.000846) (0.000364)
Mobile Ph 0.00843***  0.00876***  0.00952***  0.00922***  0.00911***  0.00800***  0.00759***  0.00923*** 0.00403***
(0.000333)  (0.000407)  (0.000372)  (0.000371)  (0.000437)  (0.000490)  (0.000675)  (0.000735) (0.000316)

Constant 10.27%** 10.58%** 11.40%** 11.86*** 12.24%%* 13.01%** 14.40%** 14.61%%* 13.25%**
(0.248) (0.304) (0.278) (0.277) (0.327) (0.366) (0.504) (0.549) (0.236)

Pseudo R2 0.30 0.30 0.28 0.27 0.25 0.24 0.23 0.20 0.18

Observations 4,295 4,295 4,295 4,295 4,295 4,295 4,295 4,295 4,295

Standard errors in parentheses (***p < 0.01, **p < 0.05, *p < 0.1).

estimator using the Hansen J-test. The p-values of the test are greater than 0.1, suggesting the instruments
are not overidentified. Furthermore, the Arellano-Bond test for 2nd-order autocorrelation does not reject
the null hypothesis of no 2nd-order correlation, as the p-value is > 0.05. It confirms that our model does
not suffer from serial correlation in the differenced residuals. These findings show that the system GMM
estimation system is robust and well-identified.

We have used PCA as a data reduction method to capture the shared variance among correlated ICT
indicators (Table A2). The selected ICT indicators, such as internet users, “fixed broadband subscriptions,
mobile cellular subscriptions, and fixed telephone subscriptions,” are highly correlated, and developing a
latent ICT construct is suitable. Empirical outcomes also support the ICT index. The first principal
component had an eigenvalue of 2.81, explaining 70.26% of the total variance, well above the Kaiser
criterion (>1). All ICT indicators loaded positively and firmly on the first component (0.43-0.56),
confirming that it represents a coherent and interpretable ICT dimension. Varimax rotation produced
consistent loadings across variables, confirming stability of the component structure. These outcomes
reflect that PCA provides a statistically sound and interpretable index of ICT development across the 3,670
observations.

Table 7 presents the results for baseline models that use internet users as the measure of ICT. The effect
of biomass energy consumption on economic growth remains positive across all quantiles; however, its
significance drops in the upper quantiles (0.7-0.9). This finding suggests that high-growth economies are



-0.10

Capital
-0.01 0.00 0.01

-0.02

-0.03 -0.03

-0.04

Gov. Con.

-0.05

-0.06

0.30

0.20

ENERGY SOURCES, PART B: ECONOMICS, PLANNING, AND POLICY e 21

Biomass
0.10
!

0.00

o
O_ -
o
S \\
_________________ _ 10N
S | A -y ]
= 5 ~ \ 7
s s = 58 | ==3 7
= S ; N —
e se==r |37 ___ N5 N7 oS /
~ /
/ ° N
/ & N/
/ ]
o
<
@
T T T T T T T T T T T T T T T T T
1 2 3 4 .5 d 7 8 9 1 2 3 4 5 6 7 8
Quantile Quantile
8 |
o
-~
-1 o|T N
Z 3 S
7/ = N
/ & ==
SO oot / _| g S
~ / = h
" / 8 _________________
== ~ / < N
_________________ > /i _ N
8]
T T T T T T T T T ST T T T T T T T
gl 2 3 4 d 7 8 9 A 2 3 4 5 6 ol .8
Quantile Quantile
S
o
\\
D -~ )
______________ S — S Pt
= o i \\
\\
_________________ = _ T T T R S
< s | ~
R wg =~
AN - =
i
N / S N
A / (=] \
N \
N7 = \
8
S \ ]
=
(=]
S |
T T T T T T T T T Sl T T T T T T T
1 2 3 4 5 -6 7 8 1 2 3 4 15, d 7 8
Quantile Quantile
S 4
o
S 4
S —
—
— — e —
- == > 27\
oo /| 0 N 7/ \ .
OIS -~ \
Q
o \
=
_ \
S \
o
\
\
8 \
S
T T T T T T T T T
1 2 3 & d 7 8 9
Quantile

Figure 10. Biomass Energy, ICT and Economic Growth (Quantile Graph Results-Mobile Phone).
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Table 10. Biomass Energy, ICT and Economic Growth (Quantile Regression Results-Fixed Phones).
M ) ?3) (4) (5) (6) 7) 8) 9)
Variables EG=0.1 EG=0.2 EG=03 EG=04 EG=05 EG=0.6 EG=0.7 EG=0.8 EG=0.9
Biomass 0.0461** 0.102%** 0.0858***  0.0711***  0.00420 -0.0254 -0.0281 —0.0529**  —0.0906***
(0.0222) (0.0248) (0.0224) (0.0224) (0.0192) (0.0175) (0.0192) (0.0209) (0.0274)
Labor —0.115%** —0.184*** —0.166*** —0.144***  —0,0818%**  —0.0466** —0.0419** —0.00311 0.0511*
(0.0233) (0.0261) (0.0235) (0.0235) (0.0202) (0.0183) (0.0202) (0.0220) (0.0287)
Capital 0.00163 —0.00151  —0.00896*** —0.0106*** —0.0112*** —0.0132***  —0.0127***  —0.00545***  —0.00452*
(0.00215) (0.00240) (0.00216) (0.00216)  (0.00186) (0.00169) (0.00186) (0.00202) (0.00265)
Inflation —0.000319*** -0.000318** —0.000223* —0.000241* —0.000207* —0.000241** —0.000274** —0.000315***  7.34e-05
(0.000124)  (0.000138)  (0.000125)  (0.000125) (0.000107)  (9.74e-05)  (0.000107)  (0.000117)  (0.000153)
Gov. Conn —0.0281***  _0,0327***  —0.0338*** —0.0311*** —0.0293*** —0.0291***  —0.0288***  —0.0268***  —0.0252%**
(0.00107) (0.00120) (0.00108) (0.00108)  (0.000926)  (0.000842)  (0.000926) (0.00101) (0.00132)
Trade 0.000827**  0.000873**  0.000723**  0.000856**  0.000488* 0.000393 0.000595** 0.000755**  0.00119***
(0.000331)  (0.000370)  (0.000333)  (0.000333)  (0.000287)  (0.000261)  (0.000286)  (0.000312)  (0.000408)
Fixed Ph 0.0588%** 0.0586***  0.0575***  0.0562***  0.0563***  (0.0558*** 0.0548%** 0.0541%**  0,0528%**
(0.000859)  (0.000960)  (0.000865)  (0.000865) (0.000744)  (0.000676)  (0.000743)  (0.000810)  (0.00106)
Constant 9.664*** 10.46%** 11.00%** 10.97%** 11.24%*+ 11.43%*+ 11.53%** 11.26%** 11.27%*+
(0.215) (0.241) (0.217) (0.217) (0.187) (0.170) (0.186) (0.203) (0.266)
Pseudo R2 0.51 0.52 0.53 0.54 0.55 0.55 0.56 0.53 0.46
Observations 4,286 4,286 4,286 4,286 4,286 4,286 4,286 4,286 4,286

Standard errors in parentheses (***p < 0.01, **p < 0.05, *p < 0.1).

not establishing a significant association between their economic growth trajectory and biomass energy
consumption. A possible reason is that biomass energy consumption may contribute little to their overall
economic growth, so it does not show a significant relationship. It is also possible that fast-growing
economies are relying more on technology than on biomass energy. It is also evident from the parameter
estimates on the internet as its effect remains robustly positive and significant. The coefficient size also
varies slightly across quantiles, from 0.01 at q=10 to 0.1 at q=30. The variations in coefficient sizes
indicate that relatively high biomass contributes more to economic growth in countries with neither high
nor low economic growth. Figure 8 shows the variations in the role of biomass energy consumption, ICT
and each control variable on economic growth across different quantiles.

However, our other measure appears to be a robust determinant of economic growth. Thus, the
influence of internet users on economic growth is not sensitive to the distributional profile of the
dependent variable or the heterogeneity of the dependent variable. Table 8 provides the results for the
second measure of ICT, namely fixed broadband. Like internet users, the effect of fixed broadband remains
positive and significant, confirming the robust positive contribution of ICT to economic growth. However,
the effects of biomass energy on consumption are not robust in the case of fixed broadbands. In effect, the
negative role is observed at quantiles 0.5 and 0.6. This finding does not confirm the baseline results. A
possible reason could be the sensitivity of biomass energy to broadband measures of ICT. Figure 9 shows
the variations in the role of biomass energy consumption, broadband and control variables on economic
growth across different quantiles.

Table 9 reports the results with the third measure of ICT, namely mobile cellular subscriptions.
Figure 10 shows the variations in the role of biomass energy consumption, mobile cellular subscriptions
and each control variable on economic growth across different quantiles. The results of biomass energy
remain positive and significant across all quantiles except the bottom quantile of 0.1 implying that
economies with lower economic growth are not observing the significant contribution of biomass energy
in their economic growth. The size of coeflicient on biomass increases from 0.09 at q =20 to 0.15 at q = 90.
The effect of mobile cellular subscriptions remains robustly positive and significant across all quantiles,
suggesting that communication technologies foster economic growth.

Table 10 reports the findings with fixed telephone subscriptions. The results support the baseline
findings as the effect of fixed telephones on economic growth is robustly positive and significant across all
quantiles. Figure 11 indicates the changes in the coefficients of biomass energy consumption, fixed phones
and control variables on economic growth across different quantiles. The effect of biomass energy on
economic growth remains positive and significant from quantiles 0.1 to 0.4, insignificant from quantiles 6
to 7, and negatively significant from quantiles 8 to 9. This is an interesting finding and provides useful
implications that fixed telephone lines as a measure of ICT is exhibiting mixed effects when modeled with
biomass energy. This finding implies that economies with low growth are taking the benefit of biomass
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Figure 11. Biomass Energy, ICT and Economic Growth (Quantile Graph Results-Fixed Phones).
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Table 11. Biomass Energy, ICT and Economic Growth (Quantile Regression Results-ICT).
(1 () ®3) (4) (5) (6) 7) 8) 9)
Variables EG=0.1 EG=0.2 EG=03 EG=04 EG=0.5 EG=0.6 EG=0.7 EG=0.8 EG=09
Biomass 0.0567* 0.0874** 0.0743** 0.0807** 0.120%** 0.164*** 0.184*** 0.197*** 0.154%**
(0.0319) (0.0367) (0.0289) (0.0353) (0.0427) (0.0411) (0.0614) (0.0612) (0.0303)
Labor —0.120%** —0.197*** —0.181*** —0.183*** —0.192%** —0.238*** —0.264%** —0.213%** —0.126%**
(0.0342) (0.0393) (0.0309) (0.0378) (0.0458) (0.0440) (0.0658) (0.0655) (0.0325)
Capital —0.0232%**  _0,0283***  —0.0325***  —0.0346*** —0.0309*** —0.0333*** —0.0416*** —0.0369***  —0.0182***
(0.00327) (0.00376) (0.00296) (0.00362)  (0.00438)  (0.00421)  (0.00630)  (0.00627) (0.00311)
Inflation —3.68e—05 —0.00580*** —0.00821*** —0.0100***  —0.0210***  —0.0232***  —0.0231***  —0.0225***  —0.00545%**
(0.00157) (0.00180) (0.00142) (0.00173)  (0.00210)  (0.00201)  (0.00301)  (0.00300) (0.00149)
Gov. Conn —0.0362***  —0.0357***  —0.0346***  —0.0355*** —0.0371*** —0.0392*** —0.0375%* —0.0399***  —0.0395%**
(0.00147) (0.00169) (0.00133) (0.00163)  (0.00197)  (0.00189)  (0.00283)  (0.00282) (0.00140)
Trade 0.00581***  0.00493*** 0.00437***  0.00385***  0.00340***  0.00236*** 0.00115 —0.000137  —0.000713*
(0.000437)  (0.000502)  (0.000395)  (0.000483)  (0.000585)  (0.000562)  (0.000840)  (0.000837)  (0.000415)
ICT 0.420%** 0.489*** 0.486*** 0.503*** 0.455%** 0.440%** 0.496*** 0.514%** 0.255%**
(0.0234) (0.0269) (0.0212) (0.0259) (0.0314) (0.0301) (0.0451) (0.0449) (0.0222)
Constant 11.18%** 12.42%%* 12.75%** 13.08%** 12.97%** 13.57%%* 14.12%%* 13.89%** 13.20%**
(0.302) (0.347) (0.273) (0.334) (0.404) (0.388) (0.580) (0.578) (0.287)
Pseudo R2 0.31 0.32 0.31 0.29 0.28 0.27 0.24 0.20 0.18
Observations 2,760 2,760 2,760 2,760 2,760 2,760 2,760 2,760 2,760

Standard errors in parentheses (***p < 0.01, **p < 0.05, *p < 0.1).

energy as a growth source while economies with moderate economic growth are not taking its benefits and
with high growth are experiencing its negative role.

Finally, when we use an overall measure of ICT the results become confirmatory with baseline
findings as the effect of ICT and biomass energy remain robustly positive and significant across all
quantiles (Table 11). Thus, biomass energy has the potential to contribute to economic growth and
sustainable development. Figure 12 presents the variations in coefficients of biomass energy consump-
tion, ICT and control variables on economic growth across different quantiles. The variation in
coefficient size suggests that the effect of biomass on economic growth diminishes at lower quantiles,
suggesting that the relative contribution in low-growing economies is less. The economies transitioning
from fossil fuels to renewable energy sources need to prioritize using and promoting biomass energy in
their national energy policies. Similarly, the role of digital technologies needs to be embedded in growth
policies to trigger economic growth and sustainable development.

Table 12 to 15 provides the results of two asses the robustness of results across Asia, Africa, Europe
and America. The results remain robust across these four continents. Comparatively, the coeflicient of
biomass energy is large in Asia suggesting that biomass energy contribute more in economic growth of
Asian economies.

5. Conclusion and policy insights

The purpose of this study was to investigate the relationships among digital technologies (ICT), biomass energy
consumption, and economic growth across various nations. The growing significance of transitioning to
renewable energy sources and of understanding how digital technologies support economic growth, especially
in developing nations, are the driving forces behind this study. Finding efficient sources of economic growth is
essential as nations strive for sustainable development.

The findings from several estimation methods, including system GMM, fixed effects, random effects, and
POLS, indicate a strong positive correlation between economic growth and biomass energy consumption. In
particular, the study found that rising biomass energy consumption boosts economic growth, with significant
benefits for job creation and rural development. The study also found that the growth of digital technologies—in
particular, internet usage, broadband subscriptions, and mobile cellular subscriptions—accelerates economic
growth. These results highlight the significance of digital infrastructure and renewable energy as essential
elements of economic development. This study does have certain limitations, however. Although the findings
hold up well across various estimation methods and ICT metrics, some discrepancies were noted in certain
quantiles, especially regarding the contribution of biomass energy to economies with faster growth rates.
Additionally, possible sectoral dynamics that might influence the connection between biomass energy and
growth were not considered in the analysis; further study could examine these aspects in more detail.
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Figure 12. Biomass Energy, ICT and Economic Growth (Quantile Graph Results-ICT).
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Table 12. Biomass Energy, ICT and Economic Growth (Asia).

M (2) (3) 4 (5)
Variables EG EG EG EG EG
Biomass 0.678*** 0.547%** 0.576%** 0.733%** 0.294%**
(0.0455) (0.0478) (0.0426) (0.0498) (0.0488)
Labor —0.371%** —0.288*** —0.371%** 0.194*** —0.252%**
(0.0537) (0.0638) (0.0486) (0.0494) (0.0585)
Capital 0.00532*** 0.00105 0.00304*** 0.00135 —0.00104
(0.00113) (0.00116) (0.00101) (0.00120) (0.00109)
Inflation —0.000199*** —0.000949 —0.000203*** —0.000245*** —0.00206***
(4.85e—05) (0.000758) (4.61e-05) (5.45e-05) (0.000734)
Gov. Conn —0.00855%** —0.00895*** —0.00722%** —0.00954%** —0.00502%**
(0.000793) (0.000803) (0.000725) (0.000851) (0.000792)
Trade 0.00261*** —0.000108 0.00176*** 0.00315*** 0.000301
(0.000304) (0.000328) (0.000286) (0.000330) (0.000307)
Internet 0.00648%***
(0.000379)
Broadband 0.0184***
(0.00106)
Mobile Phone 0.00356***
(0.000165)
Fixed Phone 0.00784***
(0.00156)
ICT 0.157%**
(0.00785)
Constant 2.777%** 4.323%*%* 4.472%%% —6.900%** 7.994%**
(0.816) (0.832) (0.750) (0.624) (0.893)
Observations 1,073 756 1,109 1,106 732
R-squared 0.626 0.549 0.667 0.533 0.588
Number of id 41 40 41 41 40
Standard errors in parentheses (***p < 0.01, **p < 0.05, *p < 0.1).
Table 13. Biomass Energy, ICT and Economic Growth (Africa).
(M (2 (3) 4 (5)
Variables EG EG EG EG EG
Biomass 0.141%%* 0.109%* 0.104%%* 0.128*** 00126
(0.0304) (0.0305) (0.0296) (0.0301) (0.0303)
Labor 0.0671* 0.277%** —0.0401 0.254*** —0.0331
(0.0366) (0.0363) (0.0402) (0.0315) (0.0520)
Capital 0.00175%* 0.00526*** 0.00160%* 0.00162** 0.00366***
(0.000748) (0.000795) (0.000731) (0.000742) (0.000838)
Inflation —0.000687*** —0.000498*** —0.000578*** —0.000473** —0.000431***
(0.000202) (0.000131) (0.000182) (0.000184) (0.000145)
Gov. Conn —0.00364*** —0.00667*** —0.00360%** —0.00345%** —0.00569%**
(0.000535) (0.000531) (0.000512) (0.000519) (0.000553)
Trade 0.00200%*** 0.000607* 0.00127*** 0.00168*** —0.000624*
(0.000325) (0.000319) (0.000322) (0.000324) (0.000335)
Internet 0.00486%***
(0.000361)
Broadband 0.0257%**
(0.00181)
Mobile Phone 0.00230%**
(0.000167)
Fixed Phone 0.0280%**
(0.00219)
ICT 0.114***
(0.00877)
Constant 3.899*** 1.697%** 6.146*** 1.308%** 8.152%**
(0.407) (0.446) (0.494) (0.319) (0.768)
Observations 1,082 687 1,131 1,125 637
R-squared 0.460 0.541 0.459 0.450 0.538
Number of id 43 43 43 43 43

Standard errors in parentheses (***p < 0.01, **p < 0.05, *p < 0.1).
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Table 14. Biomass Energy, ICT and Economic Growth (Europe).
(1 V) 3) 4) 5)
Variables EG EG EG EG EG
Biomass 0.125%** 0.253%** 0.174%** 0.335%** 0.243%**
(0.0371) (0.0365) (0.0343) (0.0555) (0.0317)
Labor —0.520%** —0.327%** —0.346%** —-0.0271 —0.172%**
(0.0480) (0.0612) (0.0440) (0.0703) (0.0505)
Capital 0.0117%** 0.00631*** 0.00514*** 0.00696*** 0.00298***
(0.00103) (0.00102) (0.000954) (0.00155) (0.000865)
Inflation —8.93e—05*** —-0.00112 —5.02e—05** —0.000187*** —0.000847
(2.15e-05) (0.000806) (2.02e-05) (3.25e-05) (0.000720)
Gov. Conn —0.0104*** —0.0156*** —0.0129%** —0.0147*** —0.0157***
(0.000761) (0.00103) (0.000701) (0.00114) (0.000915)
Trade 0.000822*** 0.000439* 0.00116*** 0.00495*** 0.00120%**
(0.000215) (0.000252) (0.000196) (0.000284) (0.000205)
Internet 0.00593***
(0.000160)
Broadband 0.00741%**
(0.000387)
Mobile Phone 0.00361***
(8.67e-05)
Fixed Phone 0.000550
(0.000650)
ICT 0.159%**
(0.00612)
Constant 15.60%** 11.30%** 12.42%** 4.766%** 9.194***
(1.010) (1.249) (0.926) (1.481) (1.044)
Observations 1,103 808 1,110 1,111 798
R-squared 0.777 0.639 0.807 0.490 0.716
Number of id 38 38 38 38 38
Standard errors in parentheses (***p < 0.01, **p < 0.05, *p < 0.1).
Table 15. Biomass Energy, ICT and Economic Growth (America).
M (2) (3) 4 5)
Variables EG EG EG EG EG
Biomass 0.113%** 0.135%** 0.0805%** 0.0454 0.0718**
(0.0287) (0.0389) (0.0260) (0.0307) (0.0326)
Labor 0.373%** 0.498%** 0.317%** 0.705%** 0.316***
(0.0374) (0.0586) (0.0325) (0.0270) (0.0509)
Capital 0.017171%** 0.0136%** 0.00877%*** 0.0126%** 0.00847***
(0.00124) (0.00152) (0.00116) (0.00135) (0.00137)
Inflation —2.27e-05 —0.00130 —2.29e-05 —2.36e-05 0.000607
(3.20e-05) (0.00106) (2.96e-05) (3.56e-05) (0.000934)
Gov. Conn —0.00512%** —0.00655%** —0.00574*** —0.00485*** —0.00662***
(0.000854) (0.00123) (0.000784) (0.000931) (0.00107)
Trade —0.000633* —0.00142%** —0.00122%** —0.00125*** —0.00242%**
(0.000325) (0.000465) (0.000297) (0.000355) (0.000409)
Internet 0.00280%**
(0.000232)
Broadband 0.00491***
(0.000806)
Mobile Phone 0.00190%***
(0.000111)
Fixed Phone 0.00198***
(0.000734)
ICT 0.0906%**
(0.00671)
Constant 1.359%** —0.748 2.889%** —2.436%** 3.386***
(0.494) (0.743) (0.467) (0.413) (0.748)
Observations 702 466 712 714 456
R-squared 0.764 0.683 0.800 0.717 0.764
Number of id 25 25 25 25 25

Standard errors in parentheses (***p < 0.01, **p < 0.05, *p < 0.1).
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The results of this study provide several important policy insights on how biomass energy and digital
technologies can jointly foster sustainable economic growth. The positive contribution of biomass
energy—especially in lower-income and rural contexts—highlights the need for policies that integrate
biomass into national energy strategies through financial incentives, targeted subsidies, and investment in
modern biomass infrastructure. Such measures can stimulate rural employment, support local industries,
and strengthen energy security. Equally, the strong and consistent impact of ICT across all levels of
development underscores the importance of expanding digital infrastructure, improving broadband and
mobile connectivity, and ensuring equitable access to ICT services. Policies that promote digital literacy,
strengthen ICT skills, and encourage innovation can further amplify these growth effects. Importantly, the
findings suggest that energy and digital strategies should not be pursued in isolation: combining invest-
ments in biomass energy with robust digital development can generate synergistic benefits, enabling
countries—particularly developing economies—to achieve more resilient, inclusive, and sustainable eco-
nomic growth.
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Appendix

Table A1. List of Countries.
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1 Albania 41 Dominican 81 Latvia 121 Saudi
2 Algeria 42 Ecuador 82 Lebanon 122 Senegal
3 Angola 43 Egypt, 83 Lesotho 123 Serbia
4 Armenia 44 El 84 Libya 124 Sierra
5 Australia 45 Equatorial 85 Lithuania 125 Singapore
6 Austria 46 Estonia 86 Luxembourg 126 Slovak
7 Azerbaijan 47 Ethiopia 87 Macao 127 Slovenia
8 Bahamas, 48 Fiji 88 Madagascar 128 Solomon
9 Bahrain 49 Finland 89 Malaysia 129 South
10 Bangladesh 50 France 90 Mali 130 South
1 Barbados 51 Gabon 91 Malta 131 Spain
12 Belarus 52 Gambia, 92 Mauritania 132 Sri
13 Belgium 53 Georgia 93 Mauritius 133 Sudan
14 Belize 54 Germany 94 Mexico 134 Suriname
15 Benin 55 Ghana 95 Moldova 135 Sweden
16 Bhutan 56 Greece 96 Mongolia 136 Switzerland
17 Bolivia 57 Guatemala 97 Montenegro 137 Syrian
18 Bosnia 58 Guinea 98 Morocco 138 Tajikistan
19 Botswana 59 Guinea-Bissau 99 Namibia 139 Tanzania
20 Brazil 60 Guyana 100 Nepal 140 Thailand
21 Brunei 61 Haiti 101 Netherlands 141 Timor-Leste
22 Bulgaria 62 Honduras 102 New 142 Togo
23 Burkina 63 Hong 103 New 143 Tonga
24 Burundi 64 Hungary 104 Nicaragua 144 Tunisia
25 Cambodia 65 Iceland 105 Niger 145 Turkiye
26 Cameroon 66 India 106 North 146 Uganda
27 Canada 67 Indonesia 107 Norway 147 Ukraine
28 Central 68 Iran, 108 Oman 148 United
29 Chad 69 Iraq 109 Pakistan 149 United
30 Chile 70 Ireland 110 Panama 150 United
31 China 71 Israel 1M Papua 151 Uruguay
32 Colombia 72 Italy 112 Paraguay 152 Uzbekistan
33 Comoros 73 Jamaica 13 Peru 153 Vanuatu
34 Costa 74 Japan 114 Philippines 154 Viet
35 Cote 75 Jordan 115 Poland 155 Yemen,
36 Croatia 76 Kazakhstan 116 Portugal 156 Zambia
37 Cyprus 77 Kenya 17 Romania 157 Zimbabwe
38 Czechia 78 Kuwait 118 Russian
39 Denmark 79 Kyrgyz 119 Rwanda
40 Djibouti 80 Lao 120 Samoa
Table A2a. Principal Component Analysis of ICT Indicators.
Component Eigenvalue Difference Proportion Cumulative
Comp1 2.81022 2.08191 0.7026 0.7026
Comp2 .728306 403502 0.1821 0.8846
Comp3 .324804 188133 0.0812 0.9658
Comp4 136671 0.0342 1.0000

Table A2b. Principal components (eigenvectors).

Variable Comp1 Comp2 Comp3 Comp4 Unexplained

net 0.5557 —-0.1630 —-0.3432 —-0.7395 0

fb 0.5471 0.1249 —0.5347 0.6317 0

mcs 0.4559 —0.6445 0.5737 0.2183 0

ft 0.4290 0.7365 0.5168 —0.0798 0
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Figure A1. Panel quantile regression plot.
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