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Abstract
In an economy that supports clean sectors, investment freedom is pivotal in ensuring eco-
logical sustainability, while information and communication technologies (ICT) facilitate 
the rapid spread of this positive impact. This study investigates the influence of renewable 
energy supply, investment freedom, and information and communication technologies pen-
etration on the load capacity factor in Denmark from 1996 to 2021. The findings reveal that 
renewable energy supply and investment freedom positively contribute to ecological sus-
tainability, while ICT exhibits a negative effect. The research underscores the significance 
of transferring technology and investment tools to the renewable energy sector to enhance 
ecological sustainability. Moreover, it highlights the potential of investment freedom in 
promoting green technologies and reducing environmental impacts. By minimizing losses 
in renewable energy through the development of ICT and ensuring economic freedom, pro-
gress towards a sustainable future can be accelerated.

Keywords  ICT · Renewable energy · Economic freedom · Load capacity factor · 
Ecological sustainability

1  Introduction

Nowadays, tools and information communication technologies (ICTs) are crucial to a 
nation’s economic growth. Governments now understand how ICT penetration can boost 
the economy and convert resources into information sharing (Vu, 2011). Thus, society’s 
extensive use of ICT tools has increased economic activity (Farhadi et al., 2012). ICT pen-
etration is now a crucial component in the shift to a knowledge-based economy and society 
in the digital era. ICT is acknowledged as a change agent for a culture and economy that are 
more competitive, sustainable, inclusive, and egalitarian (Gouvea et al., 2018). ICT pen-
etration affects the political, cultural, social, technological, economic, and environmental 
domains in both good and harmful ways (Maiti et al., 2020). ICT reduces carbon footprint 
by supporting ecological sustainability (ES) through energy efficiency, resource manage-
ment, and digitalization. While enabling the protection of ecosystems through environmen-
tal monitoring systems, it can also increase digital consumption habits, leading to rapid 
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resource depletion. However, the high energy demand of data centers and the short lifes-
pan of electronic devices magnify e-waste problems and accelerate the depletion of natural 
resources (International Telecommunication Union, 2023a). As these technologies have the 
potential to both protect and destroy the environment, the right policies and practices need 
to be adopted to balance their impact. When tackling the problems posed by global climate 
change in the modern digital age, it is crucial to comprehend how ICTs affect the environ-
ment (Usman & Ali, 2024). ICT penetration and the environment might interact directly, 
indirectly, or rebound. Rebound is the result of using ICTs directly or indirectly, particu-
larly when energy-efficient transportation is used extensively. Energy use and electronic 
waste are among the direct effects; ICT applications are among the indirect effects (Charf-
eddine et al., 2023; Plepys, 2002).

A significant shift in the ICT design paradigm is required to combat the CO2 emissions 
that the ICT sector causes. One set of resources that can facilitate this change is renew-
able energy (REN). REN has emerged as a viable substitute for conventional fossil fuels in 
the wake of environmental concerns raised by the usage of fossil fuels. However, climate 
change has different regional impacts on REN, with some regions gaining and others fac-
ing losses (Osman et  al., 2023). The resilience of REN systems under changing climate 
conditions depends on technological advances, regional planning, and adaptive policies. 
The focus should be optimizing renewable energy systems for changing climate conditions, 
increasing resilience, and ensuring sustainable integration with local environments. First, a 
renewable society and, later, a fully decarbonized society are the goals set forward by the 
Danish government. In this regard, the Climate Act 2020 was passed by the Danish govern-
ment as a signatory to the climate agreement. Denmark hopes to attain a fully decarbon-
ized society by 2050 and a 70% reduction in GHGs by 2030 with the help of this climate 
legislation. According to the legislation, a new national climate objective with a 10-year 
perspective must be determined every five years (The Danish Climate, 2020).

Several proposals and tactics on the most effective ways to carry out these political 
goals were made and deliberated as part of the political process. The effects of economic 
freedom (EF) on the ecology are multifaceted. Investment freedom (IF), a sub-index of EF, 
is employed in this study. The environment, ICT penetration, and REN variables are con-
nected to the IF index. Governments find investing in ICT and REN transformation simpler 
when there are no obstacles to investment in the nation. In this regard, nations that value 
ICT adopt laws that encourage the integration of these technologies across sectors and fos-
ter investment.

Denmark’s use of internet connections is as follows: 97% of the population aged 15–89 
have access to the internet at home. In the 75–84 age group, this is 91%. 92% go online 
daily or almost every day (5–7 times a week). This rate is 69% among those aged 75–84. 
86% use a mobile phone or smartphone to access the internet, 63% use a laptop, and 40% 
access the internet via a tablet (Danish Agency for Digital Government, 2024). In Fig. 1, 
Denmark has the most excellent internet penetration score (98.2 out of 100) out of 169 
economies, according to the ICT Development Index 2023 (International Telecommunica-
tion Union, 2023b).

The EKC hypothesis (EKCH), proposed by Grossman and Krueger (1991), explains 
the inverted U-shaped link between economic expansion and ecological development. 
Only the ecological degradation brought on by human demand for natural resources is 
examined by Wackernagel and Rees’ (1998) ecological footprint (ECOF). A comprehen-
sive indicator that considers soil and water contamination is necessary to develop envi-
ronmental pollution regulations that work and produce more precise data. Numerous 
studies have examined how environmental factors affect ECOF. The load capacity curve 
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(LCC) hypothesis and the EKCH have gained favor as an environmental quality (EQ) 
variable in recent years. Siche et al. (2010) proposed the load capacity factor (LCF) as a 
proxy for EQ. In this instance, the link between LCF and national income is U-shaped. 
First, rising incomes cause the quality of the ecology to decline. Both the supply and 
demand sides of the ecology are covered by the LCF—biological capacity divided by 
ECOF yields LCF, a crucial and highly effective metric for evaluating ES. The state of 
the environment is unsustainable if this factor is less than one. A number higher than 
one indicates that biological capacity is higher than ECOF. Exceeding this capacity dis-
rupts the balance of ecosystems, leading to severe problems such as environmental deg-
radation, loss of biodiversity, and depletion of natural resources. The principle of sus-
tainability aims to prevent such negative impacts and requires action within the limits of 
load capacity. In this context, staying within the load capacity regarding sustainability 
is essential. This is vital for safeguarding natural resources and ensuring the needs of 
future generations are met. An environmental indicator approach that is more comple-
menting is using ECOF and LCF for carbon emissions (Pata & Isik, 2021). This study 
uses the EQ indicator LCF rather than ECOF.

Considering the previous literature, this study adds various insights to current knowl-
edge. The study’s time frame runs from 1996 to 2021. The study examines the impact 
of Denmark’s internet penetration (IP), REN generation, and investment freedom (IF) 
on the LCF. The following points are expected to contribute to the literature: (i) Den-
mark’s success in renewable energy patents and incentives, strategic government actions 
to encourage private sector participation in sustainability initiatives, and the balance 
between sustainable development and environmental responsibility is a model for other 
countries. In addition, ICT creates the infrastructure for a sustainable environment by 
enabling efficient use of resource consumption. To the authors’ knowledge, this is the 
first study to examine the impact of IP, REN generation, and IF on LCF in Denmark. 
While the studies in the literature have considered REN consumption, this study exam-
ines the relationship between REN generation and LCF. Another rationale for exploring 
the relationship between these variables and EQ is that ICT facilitates the integration 
of REN sources by increasing energy efficiency; REN is a critical element in the tran-
sition to a low-carbon economy and supports ES; freedom to invest encourages more 
resources to be allocated to sustainable projects, enabling the private sector to offer 
innovative solutions. All these constitute the novelty of this study. Moreover, given the 
model used, the study is expected to fill an essential gap in the literature. The rest of 
the paper is structured as follows: (ii) Section two introduces the literature. (iii) Section 

Fig. 1   Number of Internet Users in Denmark as a Percentage of the Population. Source: International Tel-
ecommunication Union (2023b)
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three describes the data, econometric models, and methodological structure used in the 
study. (iv) Section four provides the econometric test results. (v) Sections 5 and 6 dis-
cuss the results, offer solutions to the problems identified, and provide a scientific path-
way for future studies.

2 � Literature review

In the literature, ICT, REN, and IF are considered among the indicators that have an impact 
on ecological quality. For this reason, we divided the literature review into three sections. 
In the first section, we examined the connection between information communication 
technology and EQ. In the second section, we discussed the literature on the relationship 
between REN and EQ. In the third section, to the best of the authors’ knowledge, no direct 
study on investment freedom has been found in order to better understand its work; stud-
ies addressing the relationship between the EF indicator, including the investment freedom 
index, and environmental quality are included (Table 1).

When empirical research is examined, it has been observed that different results emerge 
between ICT and EQ. Khan et al. (2020a), Anser et al. (2021), Huang et al. (2022), and 
Saqib et al. (2024) concluded that ICT has positive effects on EQ. Alataş (2021), Kahouli 
et  al. (2022), and Shobande et  al. (2024) concluded that ICT was negative on EQ. Sho-
bande and Asongu (2023), Appiah et al. (2023), and Jahanger and Usman (2023) obtained 
mixed results depending on the country groups they considered (Table 2).

In most empirical studies on the effect of REN on EQ, positive results about this rela-
tionship have been discovered. Thus, Khan et al. (2020b), Zafar et al. (2020), Ansari et al. 
(2021), Shan et  al. (2021), Usman and Balsalobre-Lorente (2022), Ahmed et  al. (2022), 
Kırıkkaleli et al. (2023), Apergis et al. (2023) and Adams and Fotio (2024) concluded that 
REN has positive effects on EQ. Contrary to these results, Radulescu et  al. (2024) con-
cluded that green energy has an insufficient effect on EQ in the long term. Pata et al. (2024) 
discovered in their study that there was a bidirectional causality between REN and EQ 
(Table 3).

While there are no studies on IF and EQ, there are limited studies on the relationship 
between EF and EQ. When the literature on freedom and EQ is examined, almost all 
researchers have studied certain groups of countries rather than a single country. For the 
country groups examined, both positive and negative results have been identified between 
economic independence and EQ. In conclusion, Agboola and Alola (2023), Babaki and 
Elyaspour (2021), Shahnazi and Shabani (2021), Sakariyahu et al. (2023), and Alola et al. 
(2023) concluded that the economic freedom  index has negative effects on EQ. Karimi 
et al. (2022), Mamkhezri et al. (2022), and Nwani et al. (2023) discovered a negative effect 
between EF and EQ.

2.1 � Evaluations

When the literature is examined comprehensively, the absence of any study on the rela-
tionship between ICTs, REN, and investment freedom with ecological quality shows the 
deficiencies in this field. Previous research on freedom and the environment has shown that 
consequences on EQ have been investigated using the general economic freedom index 
indicator. In addition, studies examining the effects of the variables used generally consid-
ered the effects on ECOF and CO2. In our study, the results regarding LCF, which better 
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represents EQ, were considered. ICT is an indicator that impacts environmental pollution 
depending on energy consumption. There is also a complex connection between REN and 
investments. Studies have mostly focused on using renewable energy and the resulting 
impact. The focus of our study is to reveal the effect of the relationship between ICT, REN, 
and investment freedom on ecological quality, along with the change in renewable energy 
supply resulting from investment freedom.

3 � Data and model

This study’s empirical tests are applied to Denmark’s data from 1996 to 2021. The descrip-
tions of data used in this study are presented in Table  4. The logarithmic values of all 
variables are used in the study. All data used in the study were obtained from international 
databases whose reliability has been proven by many studies in the literature.

We used three independent variables to determine the factors of environmental sustain-
ability in Denmark. Model 1 was used to investigate these relationships.

where ut is the error term. �0 indicates the constant term coefficient. �i, i = 1, 2, 3 show 
the slope coefficients of the relevant variables. The theoretical expectations for Model 1, 
which are reported in the last column of Table 1, are that the coefficients of all variables 
are significant and positive.

4 � Methodology and empirical findings

A three-stage strategy was determined for the empirical analysis. The first of these is the 
tests, also referred to as a priori tests. These are descriptive statistics, VIF values, and unit 
root tests. The variables’ integration degrees were investigated using unit root tests at this 
stage. In the second stage, a cointegration test was applied for Model 1 to explore the main 
motivation of the study. In the last stage, the long-term coefficients of the detected coin-
tegration were estimated with the help of different estimators. This three-stage strategy is 
presented in Fig. 2. This study’s econometric methods are extended with Fourier functions 
to resist structural breaks. In this way, the results obtained are robust.

(1)lnLCF
t
= �

0
+ �

1
lnICT

t
+ �

2
lnREN

t
+ �

3
lnIF

t
+ u

t

Table 4   Sources and Descriptions of the Variables

Dependent Variable Unit Source Expected Sign

Load Capacity Factor Biocapacity/Ecological Footprint (Global 
hectares per person)

Global Footprint 
Network 
(2024)

Independent Variables
Information and 

Communication 
Technology

Individuals using the Internet (% of population) WDI (2024) −/ + 

Renewable Energy Total, % of primary energy supply OECD (2024a)  + 
Investment Freedom Index Heritage (2024)  + 
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Descriptive statistics and Variance Inflation Factor (VIF)  values are preliminary esti-
mates of the empirical analysis and are reported in Table 5. Accordingly, the average LCF 
is 0.51; ICT is 74.72; IF is 80.96; REN is 20.16. When the standard deviations are exam-
ined, the lowest standard deviation belongs to LCF, and the highest belongs to ICT. Finally, 
VIF values were calculated, and it was determined that there was no multicollinearity prob-
lem for Model 1.

The degree of integration of the variables was examined with the help of unit root tests. 
In this study, the FADF unit root test, which allows for smooth structural breaks and was 
introduced to the literature by Enders and Lee (2012), was used. In addition, the ADF test 
introduced to the literature by Dickey and Fuller (1981) was also used. The results are 
reported in Table 6. Accordingly, all variables except lnICT are stationary at the first differ-
ences but lnICT is stationary at the level. In other words, lnICT is I(0) while all other vari-
ables are I(1). Given all this information, the appropriate method to be used in the second 
stage was determined.

Pesaran et al. (2001) proposed a bound test based on the ARDL with a general F-test 
approach to investigate the long-run relationship. The most basic assumption of this 
approach is that the dependent variable must be I(1). For independent variables, it allows 
a mixed degree of integration provided that there is no I(2). The decision rule is based 
on lower and upper limit values. If the resulting test statistic is below this lower limit, 
there is no cointegration; if it is above the upper limit, there is cointegration. The weak 

Fig. 2   Empirical Strategy

Table 5   Descriptive Statistics 
and VIF Values

Statistics LCF ICT IF REN

Mean 0.516262 74.72291 80.96154 20.16962
Median 0.507088 86.74500 87.50000 17.38000
Std. Dev 0.047678 29.37777 9.799922 10.44552
VIF – 2.816252 3.586500 4.180309

Table 6   Unit Root Test Results

* p < 0.01 and **p < 0.05. p and k are lag and frequency numbers, respectively

Variables Fourier-ADF ADF

Level p/k First Difference p/k Level p First Difference p

lnLCF −1.782 1/1 −2.679 2/4 0.237 2 −5.026* 1
lnICT −4.120* 3/5 – – −14.667* 0 – –
lnIF −1.147 1/2 −3.420 0/3 −0.902 0 −3.532** 0
lnREN −2.830 2/3 −7.001 0/2 −1.834 1 −6.824* 0
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point of the test is the test statistics that appear between these two values. This situation 
is considered unstable, and the test cannot be concluded. Sam et al. (2019) added new 
test statistics to the model to overcome these problems. With these three test statistics, 
the condition for the dependent variable to be I(1) is no longer present. Accordingly, 
the test statistics are as follows: overall (F − stat.) , t-test (t − dep.) , and (F − indep.) 
that considers lagged explanatory variables. The null hypotheses for the three test sta-
tistics are as follows: F − stat.|H0 ∶ �1 = �2 = �3 = �4 = 0 , t − dep.|H0 ∶ �1 = 0 , and 
F − indep.|H0 ∶ �2 = �3 = �4 = 0 . This approach does not consider structural breaks, 
which are especially important for time series. Syed et al. (2023) overcame this problem 
with the help of Fourier terms. With the Fourier terms added to the A-ARDL method, 
the method also considers smooth structural breaks.

where k indicates the Fourier terms’ frequency. The existence of cointegration is only pos-
sible if all three test statistics are simultaneously significant. Table  7 shows the results, 
and they show that there is cointegration. Moreover, there are no diagnostic problems, 
namely serial correlation, heteroscedasticity, and normality. Figure 3 shows the cusum and 
cusumsq graphs, and they show that there is no problem in the ARDL model. 
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Table 7   Fourier-based A-ARDL 
Cointegration Test and Long-run 
Estimation Results

* p < 0.01 and **p < 0.05

Diagnostic Tests

Tests Values Tests Values

ARDL(1,0,1,1) Serial correlation 4.242 (0.057)
F-stat 14.556* Heteroscedasticity 0.655 (0.705)
t-dep −7.218* Normality 0.113 (0.944)
F-indep 13.423*
Long-run Coefficients Values Prob.
lnICT −0.075** 0.036
lnREN 0.218* 0.000
lnIF 0.372* 0.006
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Fig. 3   Stability Diagnostics
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The long-run coefficients are also reported in Table  7, and lnREN and lnIF increase 
lnLCF, while lnICT decreases. We used two additional estimators for the robust results: 
FMOLS and CCR with Fourier functions  in Table  8. The results are robust with the 
A-ARDL estimator.

5 � Conclusion and policy recommendations

In today’s increasingly globalized world, the use of ICT and investment freedom have 
become essential factors that significantly affect global economic and environmental 
dynamics. Transferring technology and investment tools to the REN sector is seen as a 
critical step in terms of ecological sustainability (Aydin et al., 2023). Environmental sus-
tainability is a multifaceted concept that encompasses economic, social, and ecological 
dimensions. The role of ICT penetration, renewable energy, and investment freedom in fos-
tering sustainability is increasingly recognized in both academic and policy discussions. 
While renewable energy sources mitigate environmental degradation, the effectiveness of 
their deployment is contingent on technological infrastructure and investment mechanisms 
that facilitate their large-scale integration. Investment freedom, in particular, is critical 
by enabling capital allocation towards sustainable projects, fostering innovation in green 
technologies, and accelerating the transition to low-carbon economies. Despite these ben-
efits, ICT penetration can cause some negative externalities. While it increases efficiency 
and supports green energy management, it can also endanger ecological sustainability by 
increasing electronic waste and energy consumption. To achieve sustainability, integrating 
ICT with renewable energy systems to minimize energy loss in distribution and storage 
processes is challenging. Denmark exemplifies how a well-structured policy framework 
can align technological development with environmental goals. The Danish government’s 
commitment to renewable energy and its investment-friendly regulatory environment have 
led to a higher share of renewables in the national energy mix, reducing dependence on 
fossil fuels. However, sustaining these advances requires further research into the long-
term impact of ICT-driven energy efficiency on environmental quality.

ICT refers to using and developing communication and information technologies 
(Yan et al., 2018). The positive effects of these technologies on ecological sustainability 
can emerge through the opportunities provided by energy efficiency, energy saving, and 
digitalization (Lange et  al., 2020). The opportunities provided by ICT penetration can 
reduce the use of physical resources and the carbon footprint. Investment freedom is a 
concept based on free market principles that encourage economic development and inno-
vation. In this context, investments made under free market conditions may have positive 
effects on environmental sustainability (Alola et  al., 2023). For example, investments in 
green technologies can reduce environmental impacts and promote sustainable economic 

Table 8   Robustness

* p < 0.01 and **p < 0.05

Variables Fourier-based FMOLS Fourier-based CCR​

Coefficient Prob. Coefficient Prob.

lnICT −0.100* 0.007 −0.099* 0.000
lnREN 0.203* 0.000 0.211* 0.000
lnIF 0.297** 0.014 0.335* 0.004
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growth. Therefore, investment freedom can be expected to increase ecological quality in 
an economy where there are incentives for green technologies and instruments are used 
to deter activities that cause polluting emissions. It is thought that in an economy where 
ICT penetration is developed and investment freedom is ensured, the transition to REN 
sources will be much more efficient and effective. As a clean energy source for environ-
mental sustainability and a way to cut polluting emissions, this transformation can be very 
helpful in the fight against climate change (Apergis et al., 2023). Today, there is a big gap 
between the supply and consumption of REN. The most important reason for this is not 
having technologies that will ensure energy efficiency. Renewable energy suffers losses at 
many stages up to the consumption stage (distribution, storage, etc.) (Aydin & Degirmenci, 
2023). Minimizing these losses is possible by developing ICT and ensuring economic free-
dom in an economy where there are incentives for clean technologies (Nwani et al., 2023). 
Using ICT penetration to optimize renewable energy sources or directing investment free-
dom towards green technologies can improve environmental quality and accelerate pro-
gress towards a sustainable future. Therefore, ICT, investment freedom, and renewable 
energy can come together to impact ecological sustainability positively. In light of this, this 
research examines the impact of REN supply, investment freedom, and ICTs penetration on 
the LCF for the 1996–2021 period in Denmark. According to the study results, while REN 
supply and IF positively affect ecological sustainability, ICT penetration affects it nega-
tively. Theoretically, this study aligns with the EKC and LCF frameworks, which show the 
dynamic interplay between economic development and environmental sustainability. The 
findings reinforce the argument that investment freedom fosters a market-driven approach 
to sustainability by enabling capital flow towards renewable energy projects. The positive 
relationship between investment freedom and renewable energy aligns with neoclassical 
growth theory, which emphasizes the role of market liberalization in fostering technologi-
cal advancement. Additionally, the study contributes to institutional economics by dem-
onstrating how regulatory environments shape the effectiveness of sustainability policies. 
When investment freedom is supported by strong institutional frameworks, it enhances 
green innovation and accelerates the clean energy transition. On a policy level, the results 
suggest that countries aiming to enhance environmental sustainability should prioritize 
policies that facilitate both investment freedom and renewable energy integration. Govern-
ments can implement incentives such as tax credits, subsidies, and green bonds to attract 
private sector investment in renewable energy infrastructure. Furthermore, policy frame-
works should focus on minimizing bureaucratic barriers to clean energy investments, 
ensuring stable regulatory environments that encourage long-term commitments to sustain-
ability. Denmark’s success highlights the importance of aligning investment policies with 
environmental objectives through feed-in tariffs and premium guarantees for renewable 
energy projects. Policymakers should also consider integrating digital tools to optimize 
renewable energy deployment and minimize inefficiencies in energy markets.

Compared to other economies, Denmark has a very high supply of REN and use of 
low-carbon energy. Low-carbon energy consumption for Denmark and some regions is 
presented in Fig.  4. In 2021, approximately 17% of Europe’s total energy supply came 
from renewable sources, while OECD economies sourced around 11% and G7 economies 
approximately 10%, with Denmark meeting about 40% of its total energy supply from 
renewable sources. This high percentage underscores Denmark’s strategic approach to 
energy sustainability and positions the country as a leader in green energy adoption. Addi-
tionally, Denmark prioritizes the development of clean technologies. In 2020, while the 
share of patents related to environmental technologies was 10% globally, 13% in Europe, 
and 11% in OECD economies, it stood at 22% in Denmark (OECD 2024). This suggests 
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that Denmark’s innovation ecosystem is heavily geared toward addressing environmental 
challenges, further contributing to its REN success.

Additionally, the Danish government significantly encourages renewable energy invest-
ments. Electrical energy obtained from renewable sources is encouraged through premium 
tariffs and net metering. It supports the installation of pilot power plants through the state 
fund to produce wind and solar energy. Moreover, tax exemption is applied to producing, 
supplying, and consuming renewable energy for heating purposes. It is seen that Denmark 
seriously supports investment in this field with many other incentive practices regarding 
renewable energy power plants. These policy mechanisms have not only accelerated the 
renewable energy transition but also provided a robust framework for long-term energy 
security and ecological sustainability. Our empirical findings confirm the effectiveness 
of these measures, showing that investment freedom and green energy policies have been 
instrumental in Denmark’s environmental success. Policymakers in other economies could 
adopt similar measures, such as tax incentives, research funding, and premium tariffs, to 
replicate Denmark’s achievements. While Denmark’s success offers a valuable model for 
other countries, the scalability of these findings may face challenges in economies with 
lower ICT penetration or limited renewable energy infrastructure. For example, coun-
tries with lower levels of internet access may struggle to integrate ICT solutions into their 
energy systems efficiently. Likewise, the absence of established renewable energy policies, 
technological expertise, or financial resources could hinder the replication of Denmark’s 
outcomes. Such countries’ policymakers may need to prioritize investments in basic digi-
tal infrastructure and renewable energy technologies before fully leveraging the benefits of 
ICT and investment freedom.

The negative impact of ICT on ecological quality can be attributed to several factors. 
With the widespread use of ICT, electricity consumption is increasing. Denmark currently 
meets approximately 60% of its energy needs from conventional sources (World Bank, 
2023). Therefore, ICT may negatively impact ecological sustainability as it increases fossil 
fuel use. Also, ICT equipment has a short lifespan. Waste management after the use of this 
equipment may be difficult, and this may have negative ecological effects. Data centres, 
in particular, generate large amounts of heat and require cooling systems to manage this 
heat. Cooling systems also consume energy and increase environmental impact. Low use 

Fig. 4   Low-carbon energy consumption.  Source: Our World in Data (2024)
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of energy efficient products and lack of implementation of ICT friendly policies harm the 
environment. (Sun, et al., 2023). Finally, the extraction and processing of materials used in 
the production of ICT equipment can lead to the depletion of natural resources and, thus, 
increased pressure on the environment.

While these challenges are significant, Denmark’s environmental policies provide a 
pathway for mitigating these impacts. By prioritizing renewable energy and promoting 
ICT-friendly measures, Denmark offers a model for addressing the ecological challenges of 
ICT penetration. For instance, increasing the share of REN in the national energy mix can 
directly reduce the ecological footprint of ICT activities, such as data centers and electronic 
manufacturing. Furthermore, encouraging the adoption of energy-efficient ICT devices and 
implementing stricter regulations for e-waste management can alleviate resource depletion 
and waste-related environmental pressure.

Denmark’s successful environmental policies, particularly regarding investment free-
dom and green energy, serve as a model for promoting sustainability. To further enhance 
ecological quality, policymakers should prioritize measures such as incentivizing the 
development and adoption of energy-efficient ICTs, promoting circular economy practices 
to manage electronic waste effectively, and investing R&D for sustainable materials used 
in ICT production. Additionally, the focus should be on increasing the transition to REN 
and implementing policies that encourage the use of clean technologies. It must keep ICT 
under control unless it meets most of its energy needs from clean energy. By integrating 
these steps into environmental strategies, policymakers can accelerate progress toward 
achieving SDGs and mitigating the negative impacts of ICT on ecological sustainability.

5.1 � Limitations

Limitations of this study include the focus on Denmark only, potentially limiting gener-
alizability to other contexts. Moreover, the analysis covers the period up to 2021. First 
of all, it is assumed in the study that investment freedom and ICT will affect the supply 
side of the energy sector rather than the demand side. REN generation does not mean that 
the clean energy transition in an economy has been achieved to a large extent. Renewable 
energy supply may not fully reflect the development of this sector. Therefore, the increase 
in renewable energy supply cannot be attributed entirely to technological developments. 
Although energy production increases, without innovative technologies, there may be sig-
nificant amounts of energy losses in the distribution and storage stages. Therefore, these 
results for Denmark may not generalize to the green energy transition. On the other hand, 
although investment freedom positively affects ecological quality, this indicator does not 
only include investments in clean sectors. Denmark is an economy that largely supports 
clean sectors. In other economies, investment freedom may reduce ecological quality. 
Future research could explore the adaptability and limitations of Denmark’s sustainability 
model in countries with varying levels of ICT penetration, renewable energy capabilities, 
and technological advancement. By investigating diverse settings, particularly less devel-
oped or resource-constrained economies, clearer conclusions can be drawn regarding the 
influence of these factors on ES.
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