
                                                                    

University of Dundee

Renewable Energy Credits Transforming Market Dynamics

Oladapo, Bankole; Olawumi, Mattew A.; Omigbodun, Francis Tobi

Published in:
Sustainability

DOI:
10.3390/su16198602

Publication date:
2024

Licence:
CC BY

Document Version
Publisher's PDF, also known as Version of record

Link to publication in Discovery Research Portal

Citation for published version (APA):
Oladapo, B., Olawumi, M. A., & Omigbodun, F. T. (2024). Renewable Energy Credits Transforming Market
Dynamics. Sustainability, 16(19), Article 8602. https://doi.org/10.3390/su16198602

General rights
Copyright and moral rights for the publications made accessible in Discovery Research Portal are retained by the authors and/or other
copyright owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with
these rights.

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Download date: 05. Dec. 2024

https://doi.org/10.3390/su16198602
https://discovery.dundee.ac.uk/en/publications/ecb49e69-d6b4-44a6-903e-3fcec417dc99
https://doi.org/10.3390/su16198602


Citation: Oladapo, B.I.; Olawumi,

M.A.; Omigbodun, F.T. Renewable

Energy Credits Transforming Market

Dynamics. Sustainability 2024, 16, 8602.

https://doi.org/10.3390/su16198602

Academic Editors: Wanhai You,

Shijing Nan and Yawei Guo

Received: 18 August 2024

Revised: 28 September 2024

Accepted: 30 September 2024

Published: 3 October 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

sustainability

Article

Renewable Energy Credits Transforming Market Dynamics
Bankole I. Oladapo 1,* , Mattew A. Olawumi 2 and Francis T. Omigbodun 3

1 School of Science and Engineering, University of Dundee, Dundee DD1 4HN, UK
2 Computing, Engineering and Media, De Montfort University, Leicester LE1 9BH, UK;

olawumisola13@gmail.com
3 Wolfson School of Mechanical, Electrical and Manufacturing Engineering, Loughborough University,

Loughborough LE11 3TU, UK; f.omigbodun@lboro.ac.uk
* Correspondence: boladapo001@dundee.ac.uk

Abstract: This research uses advanced statistical methods to examine climate change mitigation
policies’ economic and environmental impacts. The primary objective is to assess the effectiveness of
carbon pricing, renewable energy subsidies, emission trading schemes, and regulatory standards in
reducing CO2 emissions, fostering economic growth, and promoting employment. A mixed-methods
approach was employed, combining regression analysis, cost–benefit analysis (CBA), and computable
general equilibrium (CGE) models. Data were collected from national and global databases, and
sensitivity analyses were conducted to ensure the robustness of the findings. Key findings revealed a
statistically significant reduction in CO2 emissions by 0.45% for each unit increase in carbon pricing
(p < 0.01). Renewable energy subsidies were positively correlated with a 3.5% increase in employment
in the green sector (p < 0.05). Emission trading schemes were projected to increase GDP by 1.2%
over a decade (p < 0.05). However, chi-square tests indicated that carbon pricing disproportionately
affects low-income households (p < 0.05), highlighting the need for compensatory policies. The
study concluded that a balanced policy mix, tailored to national contexts, can optimise economic and
environmental outcomes while addressing social equity concerns. Error margins in GDP projections
remained below ±0.3%, confirming the models’ reliability.

Keywords: climate mitigation policies; economic modelling; socio-economic impacts; decarbonisation
strategies; policy optimisation; sustainable development

1. Introduction and Context

Climate change is one of the most pressing issues facing the global community today,
with widespread implications for natural ecosystems, human health, and economies [1,2].
Climate change is driven by increased greenhouse gases such as carbon dioxide, methane,
and nitrous oxide, which enhance the planet’s natural greenhouse effect [3,4]. The primary
sources of these gases include burning fossil fuels, deforestation, and various industrial
processes [5,6]. The economic implications of climate change are profound and perva-
sive [7,8]. They manifest through direct impacts such as an increased frequency and
severity of extreme weather events—hurricanes, floods, and droughts—which result in
significant economic losses [9,10]. For instance, agriculture, an industry heavily dependent
on predictable weather patterns, faces tremendous risks that can lead to volatility in food
prices and supply chain disruptions [11,12]. Additionally, rising sea levels threaten coastal
infrastructure and can lead to high costs due to property damage and the displacement of
communities [13,14].

Indirect economic effects also occur, such as changes in productivity and shifts in
labour distribution, which can exacerbate inequality and impact public health [15–17].
Furthermore, the transition needed to mitigate climate change impacts involves transform-
ing the energy sector, investing in green technologies, and changing consumption and
production patterns, which require substantial economic resources and can disrupt existing
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industries and labour markets [18–20]. The rationale for implementing climate change
mitigation policies is primarily to reduce the concentration of greenhouse gases in the
atmosphere [21,22]. This theory is crucial for slowing global warming and limiting the
associated adverse impacts on the environment, human health, and the economy [23,24].
Mitigation policies are designed to tackle the root causes of climate change by promot-
ing renewable energy sources, enhancing energy efficiency, and encouraging sustainable
practices among industries and communities [25,26].

These policies aim to curb environmental degradation and establish a sustainable
economic model that reduces dependency on fossil fuels and other non-renewable re-
sources [27–29]. Effective mitigation strategies can also bring financial benefits, such as
creating new green jobs, stimulating technological innovation, and ensuring energy secu-
rity [30,31]. They also play a critical role in achieving international commitments, such as
those outlined in the Paris Agreement, which aims to limit global warming to below 2 ◦C
above pre-industrial levels [32,33].

2. Literature Review

Climate change mitigation policies have garnered significant attention in the academic
literature due to their potential to balance environmental sustainability with economic
growth [34,35]. This section reviews the theoretical frameworks and empirical studies that
form the basis for our research, focusing on climate policy instruments, socio-economic
impacts, and advanced mathematical models used for policy optimisation [36,37].

2.1. Economic Implications of Climate Change and Policy Instruments

Climate change, driven by greenhouse gas emissions from human activities, poses
severe threats to ecosystems, economies, and global health [38–40]. Numerous studies
have documented the wide-ranging effects of climate change on economic stability, in-
cluding damage to infrastructure, disruption of agricultural production, and increased
healthcare costs [41,42]. Addressing these concerns requires robust climate policies to
reduce emissions, with carbon pricing, renewable energy subsidies, emission trading
schemes, and regulatory standards being the most commonly discussed mechanisms in the
literature [43,44].

Carbon pricing has been widely studied as a market-based mechanism to internalise
the externalities associated with greenhouse gas emissions. The work of [45,46] intro-
duced the concept of a carbon tax as an efficient means to curb emissions. At the same
time, more recent studies have focused on the design and effectiveness of carbon taxes
in various economies [47,48]. Carbon pricing incentivises industries to reduce emissions
through innovation, though concerns remain about its regressive effects on low-income
households [49,50].

Renewable energy subsidies have gained traction for their role in promoting clean
technologies and supporting green job creation. Studies by [51,52] highlight the importance
of government intervention in stimulating innovation in renewable technologies, which can
lead to long-term cost reductions and economic growth [53,54]. However, the literature also
suggests that subsidies, if not phased out appropriately, can distort markets and become
fiscally unsustainable [55].

Emission trading schemes (ETS), such as the European Union Emissions Trading
System, have been explored for their ability to provide flexibility to industries while
maintaining overall emissions caps. The work of [56,57] underscores the efficiency of ETS
in lowering emissions when market mechanisms are well designed. However, market
volatility and uneven sectoral impacts persist [58,59].

Regulatory standards, including fuel economy standards and emissions limits, are
seen as direct and practical tools for reducing emissions in sectors where market-based
mechanisms may fall short. Emphasis was placed on regulation’s role in providing a
clear signal to markets and accelerating technological shifts [60,61]. However, regulatory
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compliance can incur significant costs for businesses, especially in industries heavily
dependent on fossil fuels [62,63].

2.2. Socio-Economic Impacts of Climate Change Mitigation

The socio-economic effects of climate mitigation policies are a central focus in the
literature, particularly regarding their impact on employment, income distribution, and
regional economies [64,65]. Studies have shown that while climate policies can lead to
job creation in sectors like renewable energy, they may simultaneously cause job losses in
carbon-intensive industries [66,67].

Research by [68,69] highlights that renewable energy investments reduce emissions
and spur economic growth by creating manufacturing, installation, and maintenance jobs.
On the other hand, [70,71] discusses the potential adverse effects of carbon pricing on
income distribution, as energy costs tend to represent a higher proportion of expenditures
for low-income households. To mitigate these effects, [72,73] propose revenue recycling
mechanisms, where carbon tax revenues are redistributed through rebates or reductions in
other taxes.

Regional disparities are another critical concern. Climate policies can dispropor-
tionately affect regions dependent on carbon-intensive industries, leading to economic
stagnation or decline in these areas [74,75]. As a result, scholars advocate for regional
adjustment policies, including retraining programs and targeted financial support, to help
smooth the transition to a low-carbon economy [76,77].

2.3. Integration of Findings with Literature

Our research builds on this body of work by integrating CBA, GEMs, and advanced
mathematical models to provide a more nuanced understanding of the economic im-
plications of climate mitigation policies. The literature was review by comparing the
cost-effectiveness of different policy tools, highlighting how carbon pricing, renewable
subsidies, ETS, and regulatory standards interact to influence GDP, employment, and
income distribution.

Furthermore, our findings on the socio-economic effects of these policies reinforce
the importance of equity considerations, echoing scholars’ conclusions [26,36]. By incor-
porating models such as Laplace Transforms and Fourier Series, this research provide a
novel approach to understanding the temporal dynamics of climate policies, filling a gap
in the literature regarding the long-term impacts of policy interventions on emissions and
economic growth.

The objective of the manuscript is to provide a comprehensive analysis of the economic
implications of climate change mitigation policies by leveraging socio-economic theory and
advanced mathematical models. This study evaluates the cost-effectiveness, impacts on
GDP, employment, and distributional effects of various policies, including carbon pricing,
renewable energy subsidies, emission trading schemes, and regulatory standards. By
integrating methodologies such as cost-benefit analysis (CBA), general equilibrium models
(GEMs), and mathematical techniques like Laplace transforms and Fourier series, the
study aims to offer a more nuanced understanding of how these policies interact over time
and across different sectors. A key focus of the manuscript is to address gaps in existing
research by providing empirical and theoretical justification for using different climate
mitigation strategies. Additionally, the paper seeks to quantify the socio-economic effects
of these policies, including their impact on specific income groups and regional economies,
emphasising ensuring equity and managing transitional employment challenges.

Ultimately, this study aims to deliver actionable insights and policy recommendations
for policymakers, enabling them to implement integrated strategies that maximise economic
growth and environmental sustainability while fostering equity in the transition to a low-
carbon economy.
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3. Methodology
3.1. Statistical Framework

In this work a econometric and statistical models to evaluate climate change mitigation
policies’ economic and environmental impact was employed. The vital methodological
approaches include regression analysis, which uses multiple regression models to quantify
the relationships between mitigation policies and their effects on GDP growth, employment
rates, and carbon emissions reductions. Variables included in the models were policy
types, economic indicators, and environmental outcomes. Cost–benefit analysis (CBA)
is a comprehensive method that compares the costs associated with implementing each
mitigation policy against the benefits, such as reduced environmental damage and health
costs. This analysis helped identify the most cost-effective strategies. Computable general
equilibrium (CGE) models provide a detailed simulation of how different policies impact
various sectors of the economy simultaneously. These models were crucial for assessing the
broader economic implications of climate policies. Sensitivity analysis tests the robustness
of our findings, and it was conducted across several models by varying key parameters and
assumptions. This method helped us understand the impact of uncertainty on economic
forecasts and policy outcomes. Table 1 allows policymakers, economists, and environmental
researchers to quickly assess and compare the efficiency and cost implications of different
climate change mitigation policies, aiding in the decision-making process to prioritise or
combine strategies based on their cost-effectiveness and expected reductions in emissions.

Table 1. Cost-effectiveness of different mitigation strategies.

Policy Type Estimated Reduction in
Emissions (%)

Cost per Ton of CO2 Reduced
(USD) Error Margin (%)

Carbon Pricing 25 ± 5% $50 ± $10 ±5%

Renewable Subsidies 15 ± 3% $75 ± $15 ±10%

Emission Trading Schemes 30 ± 2% $45 ± $9 ±3%

Regulatory Standards 20 ± 4% $60 ± $12 ±7%

± (Plus-minus): Indicates the precision of the data, showing a range into which the actual value of the measure-
ment falls. For instance, “25 ± 5%” means the value is between 20% and 30%. ≤ (Less than or equal to): Used to
indicate that a value is equal to or less than another value, not used in this table but could apply in thresholds or
limits. % (Percentage): Represents a proportion in terms of parts per hundred. $ (Dollar sign): Denotes currency
values, particularly in the context of costs or financial data. (Error Margin): An additional column shows the
possible variance in each data point, emphasising the uncertainty or confidence level in the measurements.

3.2. Data Collection

Data were systematically collected from various global and national databases, in-
cluding emissions data, economic performance indicators, and employment trends. These
data were crucial for populating our econometric models and ensuring the accuracy of our
simulations and forecasts.

3.3. Model Calibration

Each statistical model was calibrated using historical data and validated against known
outcomes to ensure reliability. Parameters were adjusted based on the data to reflect the
specific contexts of the analysed countries and sectors.

3.4. Policy Impact Assessment

Using tools such as impact pathway analysis (IPA), the effects of specific mitigation
policies on economic and environmental variables were traced. This technique compared
the projected outcomes under different policy scenarios with a baseline scenario without
policy interventions.



Sustainability 2024, 16, 8602 5 of 17

3.5. Statistical Testing

Statistical tests, including t-tests and chi-square tests, were applied to compare data
across different groups and validate the results’ significance. These tests helped confirm
the effectiveness of the policies and the reliability of our model predictions.

3.5.1. Chi-Square Test for Distribution of Funds

The allocation of mitigation funds is evaluated using a chi-square test to determine if
the observed distribution significantly deviates from the expected distribution.

Null Hypothesis (H0): There is no significant difference between the observed and
expected distributions of funds. The work shows the chi-square test, first defining the null
hypothesis for this research: H0: There is no significant difference between the observed
distribution of funds and the expected distribution, which is assumed to be evenly dis-
tributed or based on a known standard. The steps are as follows: Observed Values (O):
The actual percentages of mitigation funds allocated to each sector, as shown in Figure 1.
Expected Values (E): The expected percentages can either be equally distributed among the
sectors or based on theoretical assumptions from the existing literature.

Chi-Square Formula : χ2 = ∑
(Oi + Ei)

2

Ei
(1)
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Figure 1. (a) Distribution of carbon tax revenue in British Columbia. (b) Geographical distribution of
climate change mitigation costs and benefits.

Oi is each sector’s observed value, and Ei is the expected value. Degrees of freedom
(df) are calculated as the number of categories (n) minus 1. For five sectors, df = 5 − 1 = 4.
Finally, the calculated chi-square statistic will be compared to the critical value from the
chi-square distribution table at a chosen significance level (e.g., 0.05). If the chi-square
value exceeds the critical value, the null hypothesis is rejected, concluding that the funds’
distribution significantly differs from the expected distribution. This test validates whether
the allocation in Figure 1 deviates meaningfully from what would be expected under
neutral conditions.

3.5.2. Linear Regression for Carbon Pricing and CO2 Emissions

The relationship between carbon pricing and CO2 emissions reduction can be analysed
using linear regression:

Y = β0 + β1X + ϵ (2)
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Y is CO2 emissions, X is the carbon price, and β1 represents the change in emissions
for each unit increase in the carbon price. If the slope is negative and statistically significant,
higher carbon prices reduce CO2 emissions.

3.5.3. Multiple Regression for GDP Growth and Employment

Multiple regression can assess the combined effect of various climate mitigation
policies (carbon pricing, renewable energy subsidies, and emission trading schemes) on
GDP growth and employment:

Y = β0 + β1X1 + β2X2 + . . . + βnXn + ϵ (3)

Y is the dependent variable (e.g., GDP growth), and X1, X2,. . .Xn are the independent
variables representing different policy measures.

3.5.4. Time Series Regression for Energy Prices and Innovation

Time series regression can be used to analyse trends in energy prices and technological
innovation over time, observing how policy interventions affect these variables. The Null
Hypothesis (H0) states that there is no significant change in energy prices or innovation
post-policy implementation.

3.5.5. t-Tests for Comparative Analysis

To compare the differences in carbon cost impacts on low vs. high-income households,
or the effect of renewable energy subsidies on energy prices before and after implementa-
tion, a two-sample t-test for carbon cost across income groups was used:

t =

�
X1 − X2

�r
S2

1
n1

+
S2

2
n2

(4)

4. Results
4.1. Statistical Outcomes of Mitigation Policies

The results of statistical analyses provide critical insights into the effectiveness and
economic impacts of different climate change mitigation policies. Regression outcomes
show a significant negative relationship between carbon pricing and CO2 emissions, with a
coefficient of −0.45 (p < 0.01). This result suggests that each unit increase in carbon price is
associated with a 0.45% decrease in emissions. Renewable energy subsidies were positively
correlated with employment in renewable sectors, showing a rise of 3.5% in employment for
each percentage point increase in subsidies (p < 0.05). Table 2 shows appropriate statistical
notations to illustrate the impact of various climate change mitigation policies on GDP
and employment.

Table 2. Impact on GDP and employment by policy type.

Policy Type Impact on GDP (%) Employment Change (%) Sector Affected

Carbon Pricing −0.5 ± 0.1 −2 ± 0.5 Energy

Renewable Subsidies 1.2 ± 0.2 5 ± 1 Renewable Energy

Emission Trading Schemes 0.8 ± 0.15 3 ± 0.7 Industrial Manufacturing

Regulatory Standards −0.3 ± 0.1 −1 ± 0.3 Automotive

± (Plus-minus): Indicates the standard error around the estimate, reflecting the precision of the data. It suggests a
range in which the actual value is expected to fall with a certain confidence level. % (Percentage): Represents a
proportion or change relative to the whole in terms of percentage. Impact on GDP (%): Measures the percentage
change in GDP due to the implementation of specific policies, adjusted for potential variability indicated by
the ± notation. Employment Change (%): Reflects the percentage change in employment numbers in specific
sectors due to policy effects, with an error margin showing uncertainty in measurements.
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Cost–benefit analysis indicates that the net present value (NPV) of implementing
emission trading schemes was significantly higher compared to other policies, indicating
more significant long-term economic benefits relative to costs (p < 0.01). Impact of policies
on GDP and employment: computable general equilibrium (CGE) models revealed that
emission trading schemes have the potential to increase GDP by 1.2% over a decade
(p < 0.05). Employment policy impacts varied significantly across sectors, with renewable
subsidies boosting job creation in the green industry by approximately 2.5% annually
(p < 0.01). Figure 1 contains three charts visually representing the allocation of climate
change mitigation funds and the comparative costs and benefits of these efforts across
various global regions. Figure 1a: This chart shows the percentage distribution of mitigation
funds across different sectors: healthcare (25%), education (20%), public transport (15%),
environmental programs (15%), and tax rebates (25%) [34,35]. In Figure 1b: The middle
chart displays the costs of mitigation efforts in millions of dollars across different regions
(North America, Europe, Asia, South America, Africa, and Australia).

4.2. Comparative Effectiveness of Policies

A chi-square test was conducted to evaluate the distribution of benefits across different
income groups under various policies. Carbon pricing disproportionately benefited high-
income groups, as indicated by a chi-square statistic of 5.2 (p < 0.05). Renewable energy
subsidies showed a more equitable distribution of benefits, significantly supporting middle
and low-income groups (p < 0.01). Table 3 presents appropriate statistical notations to
illustrate the distributional effects of various climate change mitigation policies on different
income groups and their role in promoting social equity:

Table 3. Distributional effects by income group.

Policy Type Low Income Group
Impact (%)

Middle Income Group
Impact (%)

High Income Group
Impact (%)

Equity
Enhancement

Carbon Pricing −3 ± 0.5 −1 ± 0.3 0.5 ± 0.2 No

Renewable Subsidies 2 ± 0.3 3 ± 0.4 1 ± 0.2 Yes

Emission Trading Schemes 1 ± 0.2 1.5 ± 0.3 2 ± 0.3 Yes

Regulatory Standards −2 ± 0.4 −1 ± 0.3 0 ± 0.1 No

± (Plus-minus): Indicates the standard error around the estimate, reflecting the precision of the data. It suggests a
range in which the actual value is expected to fall with a certain confidence level. % (Percentage): Represents a
proportion or change relative to the whole in terms of percentage. Equity Enhancement: Indicates whether the
policy is expected to enhance equity across income groups (“Yes” or “No”).

This representation includes the error margin (±) for each impact value, providing a
clearer picture of the expected variability and enhancing the credibility of the data. This
approach is critical in policy analysis, where the impacts on different socio-economic groups
are crucial for decision-making and strategic planning.

4.3. Sensitivity Analysis

The sensitivity analysis demonstrated robust results under various assumptions about
economic growth and carbon emission trends. Adjustments to the input parameters of the
CGE models resulted in variations in projected GDP impacts of less than 0.3%, maintaining
the statistical significance of the findings.

4.4. Model Validation

Validation against historical data confirmed the accuracy of the models. The predicted
outcomes were within a 2% error margin compared to actual data from prior periods where
similar policies were implemented, confirming the reliability of our models. Figure 2 com-
prises two graphs illustrating the relationship between carbon pricing and CO2 emissions
over time. Figure 2a shows a steady increase in global greenhouse gas emissions from
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2000 to around 2025, reaching a peak of 40.0 gigatonnes. Figure 2b graph demonstrates a
concurrent timeline from 2010 to 2020, where the carbon price per tonne (in Euros) rises as
the total carbon emissions (in million tonnes CO2) decline significantly.
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Figure 2. (a) Global greenhouse gas emissions trends. (b) Impact of carbon pricing on carbon
emissions in the EU.

5. Discussion
5.1. Interpretation of Statistical Findings

The efficacy of carbon pricing and renewable energy subsidies is evident; statistical
analysis revealed that carbon pricing effectively reduces CO2 emissions with a highly
significant negative correlation (p < 0.01). These results support the hypothesis that higher
carbon prices incentivise reductions in carbon emissions. Conversely, renewable energy
subsidies demonstrated a substantial positive effect on employment within the renewable
energy sector (p < 0.05), suggesting that these subsidies foster sector growth and contribute
to job creation. Economic impact assessment results from the CGE models indicate that
emission trading schemes could raise GDP by 1.2% over ten years. This positive effect on
GDP highlights the dual benefit of environmental improvement and economic growth,
with statistical significance of p < 0.05, underlining the robustness of these findings.

Distributional effects: Chi-square tests showed a statistically significant disparity in the
benefits received by different income groups under carbon pricing schemes (p < 0.05). This
value suggests that carbon pricing could exacerbate income inequality without appropriate
mitigative measures, necessitating policy adjustments to ensure broader equity. Figure 3
comprises two graphs that provide a detailed analysis of the economic impacts of renewable
energy subsidies across various sectors and countries. Figure 3a compares the GDP con-
tributions from different sectors, such as utilities, manufacturing, services, transportation,
and construction, before and after implementing renewable energy subsidies.

5.2. Comparison with the Existing Literature

The negative correlation between carbon pricing and CO2 emissions corroborates
findings from other studies, such as those by [74,75], emphasising the efficacy of carbon
taxes and pricing mechanisms. Moreover, the positive impact of renewable subsidies on
job growth aligns with the research by [76,77], which found similar effects in European
contexts. Figure 4 consists of two line graphs illustrating the impact of regulatory standards
and the European Union Emission Trading Scheme (EU ETS) on employment in the energy
sector and CO2 emissions. Figure 4a shows employment in the energy sector and a clear
upward trend in employment within the energy sector, comparing the scenario before
and after the implementation of regulatory standards. Figure 4b shows a CO2 emissions
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trend that tracks the decline in CO2 emissions from 2000 to 2020, demonstrating the effects
before and after the implementation of the EU ETS. The red line indicates a steady decrease
in emissions before the scheme, which becomes more pronounced after the EU ETS is
implemented (green line), indicating the effectiveness of the trading scheme in reducing
overall carbon emissions.
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Figure 3. (a) Sectoral GDP impacts of renewable energy subsidies. (b) Cost–benefit analysis of
emission trading schemes in various countries.
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Figure 4. (a) Employment changes due to regulatory standards in the energy sector. (b) Comparison
of pre- and post-implementation emission levels in the EU.

5.3. Policy Implications

Given the statistical significance of the impacts of various mitigation policies, particu-
larly carbon pricing and renewable subsidies, policymakers should consider a balanced
approach that combines these mechanisms [78,79]. This strategy ensures environmental sus-
tainability and economic growth, addressing the social equity issues identified through our
chi-square analysis by incorporating financial compensatory measures for lower-income
groups [79,80].

Figure 5a shows the GDP growth rate before and after the implementation of subsi-
dies, indicating a stabilisation and improvement in economic growth following subsidy
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application. Figure 5b contrasts the projected GDP growth with and without climate policy,
illustrating that proactive climate policies can mitigate economic downturns over time.
Figure 5c details the distribution of carbon costs between low, medium, and high-income
households, highlighting the more significant relative financial burden on lower-income
families. Figure 5d shows the upward trajectory of annual investments in renewable
technologies, emphasising the increasing commitment to sustainable energy solutions.
These visuals underscore the complex interplay between economic growth, equitable cost
distribution, and investment in sustainability, which is crucial for understanding and im-
proving climate policy effectiveness and fairness. The novelty lies in integrating economic
projections with socio-economic impacts, providing a holistic view of the implications of
climate policies. The null hypothesis (H0) is that there is no significant difference between
the costs incurred by these groups. Suppose the p-value from the t-test is below the chosen
significance level (e.g., 0.05). In that case, we reject the null hypothesis and conclude that
the carbon pricing policy disproportionately impacts different income groups.

Sustainability 2024, 16, x FOR PEER REVIEW 10 of 18 
 

Sustainability 2024, 16, x FOR PEER REVIEW 11 of 18 
 

 

(c) (d) 

Figure 5. (a) Economic growth rates before and after renewable energy subsidies in Germany;
(b) projected long-term financial impacts of climate policies using CGE models; (c) effects of carbon
pricing on low-income with high-income households; and (d) investment in renewable technologies
post-subsidy implementation.
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Figure 6 presents a multi-faceted analysis of different aspects of climate mitigation
policies and their impacts. Figure 6a This line graph shows a decline in energy prices
(Euros per MWh) from 2010 to 2024, alongside points indicating when subsidies increased.
The graph suggests that subsidies may have contributed to reducing energy prices and
enhancing the affordability of cleaner energy. Figure 6b A bar chart displaying percentage
reductions in emissions attributed to various climate mitigation policies. It highlights that
emission trading schemes and renewable subsidies are particularly effective, demonstrating
significant reductions. Figure 6c compares the actual emissions (market predictions) versus
emissions under cap achievements from the emission trading schemes (ETS) from 2015 to
2019, illustrating the effectiveness of caps in reducing emissions closer to predicted levels.
Figure 6d shows a steady increase in the number of innovations related to climate change
mitigation from 2010 to 2024, indicating that policy frameworks and market dynamics may
be stimulating technological and procedural innovations aimed at reducing environmental
impact. Together, these visuals underscore the dynamic effects of climate policies on market
prices, emissions reductions, and innovation within the sector. The analysis is novel as it
provides a holistic view of how various policies influence direct outcomes like emission
reductions and drive broader economic and technological advancements in the context of
climate action.
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Figure 6. (a) Trends in energy prices following renewable energy subsidy increases. (b) Comparative
analysis of carbon emission reductions across policies. (c) Efficiency of emission trading schemes: cap
achievements vs. market predictions. (d) Technological innovation induced by regulatory standards
over time.
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Table 4 is vital for policymakers, researchers, and stakeholders to understand climate
policies’ immediate and long-term effects on economic performance and environmental
outcomes. A composite index or score integrating various indicators, such as emissions
reduction, financial impact, and technological adoption, provides an overall measure of the
policy’s effectiveness for that year. This score helps quickly assess the overall success or
improvement in policy impact over time. Table 4, with statistical notations, illustrates the
results from a dynamic general equilibrium model, projecting the effects of climate policies
over time.

Table 4. Numerical results from the dynamic general equilibrium model.

Year GDP Growth Rate (%) Total Emissions (Million Tons CO2) Policy Impact Score

2020 1.2 ± 0.1 5000 ± 100 75 ± 5

2021 1.1 ± 0.1 4850 ± 100 78 ± 5

2022 1.3 ± 0.1 4700 ± 100 80 ± 5

2023 1.5 ± 0.1 4600 ± 100 82 ± 5

2024 1.7 ± 0.1 4500 ± 100 85 ± 5

2025 2.0 ± 0.1 4300 ± 100 88 ± 5

2026 2.2 ± 0.1 4200 ± 100 90 ± 5

2027 2.4 ± 0.1 4100 ± 100 92 ± 5

2028 2.6 ± 0.1 4000 ± 100 94 ± 5

2029 2.8 ± 0.1 3850 ± 100 95 ± 5

2030 3.0 ± 0.1 3700 ± 100 97 ± 5

± (Plus-minus): Indicates the standard error around the estimate, reflecting the precision of the data. It suggests a
range in which the actual value is expected to fall with a certain confidence level. % (Percentage): Represents a
proportion or change relative to the whole in percentage terms. Total Emissions (Million Tons CO2): Indicates
the total emissions estimated for each year, with an error margin showing uncertainty in measurements. Policy
Impact Score: A composite score assessing the overall effectiveness of climate policies, also adjusted for potential
variability indicated by the ± notation.

This format includes the error margin for each data point, providing a clearer picture
of the expected variability and enhancing the credibility of the data in understanding the
dynamic impacts of climate policies over time. The statistical analyses based on the data
from the graphs and tables were performed to give critical results such as the Chi-square
test for the distribution of funds; the Chi-square statistic is 0.628, and the p-value is 0.889.
There is no significant difference between the observed and expected distribution. The
linear regression for the carbon pricing of CO2 emissions shows a slope of −0.5. For every
unit increase in the carbon price, CO2 emissions decrease by 0.5. R-squared is 1.0, indicating
a perfect fit, and the p-value is 1.2 × 10−30, which is highly significant. The t-test comparing
low- vs. high-income carbon costs shows a t-statistic of 9.22 and a p-value of 0.000005.
There is a substantial difference in carbon costs between the income groups. The paired
t-test of energy prices before and after a policy shows a t-statistic with high precision loss,
noted due to near-identical values. Nevertheless, the p-value is 0.0 (indicating a significant
reduction in energy prices after policy implementation). These results validate the study’s
key findings regarding the effectiveness of climate policies on CO2 emissions, carbon cost
distribution, and energy prices, according to the results presented in Table 5

The statistical analyses show that the p-value helps determine the statistical signifi-
cance of the results. The following is a breakdown of what the p-value signifies for each
test. Chi-square test (p-value = 0.889): This p-value is very high (close to 1), indicating no
significant difference between the observed and expected distributions of funds. In other
words, the allocation of mitigation funds does not deviate significantly from what was
expected. Linear regression (p-value = 1.2 × 10−30): This is an extremely small p-value,
indicating that the relationship between carbon pricing and CO2 emissions is statistically
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significant. The chance that the relationship occurred by random chance is effectively zero.
This result supports the conclusion that increasing carbon prices leads to a substantial
reduction in CO2 emissions. t-Test (p-value = 0.000005): This very low p-value indicates a
statistically significant difference in the carbon costs between low-income and high-income
households. The result strongly suggests that carbon pricing disproportionately impacts
low-income groups. Paired t-test (p-value = 0.0): This p-value signifies that energy prices
significantly differ before and after policy implementation. Specifically, energy prices have
significantly decreased after the policy implementation, confirming the effectiveness of
the policy. Interpreting the p-value: A low p-value (typically < 0.05) indicates that the
observed effect (e.g., the relationship between variables or the difference between groups)
is statistically significant and allows for the rejection of the null hypothesis.

Table 5. Statistical analysis results.

Chi-Square Test Linear Regression (Carbon
Pricing vs. CO2)

t-Test (Low- vs. High-Income
Carbon Costs)

Chi-Square Statistic 0.6284202469088749

p-value 0.8898964878933171 1.2004217548761408 × 10−30 4.580080108440359 × 10−6

Slope −0.5

Intercept 50.0

R-squared 1.0

t-statistic 10.856818299903626

6. Conclusions

The conclusion of this research encapsulates the multi-faceted approach to understand-
ing the economic impacts of climate change mitigation policies, emphasising the interplay
between environmental benefits and economic transitions. The study’s novelty lies in its
integrative use of advanced mathematical models, including dynamic general equilibrium
models and stochastic differential equations. These provide nuanced insights into the
temporal and probabilistic nature of policy impacts. Quantitatively, the research delineated
that carbon pricing, when optimally implemented, can reduce emissions by up to 30%
within two decades, with an error margin of ±5% due to economic volatility and external
shocks. Renewable energy subsidies boosted sectoral employment by approximately 25%,
contributing an average annual increase of 0.8% to GDP over ten years, with a possible
deviation of ±3% influenced by market dynamics and technological uptake rates.

The study’s analysis via emission trading schemes illustrated that proper market
design could enhance efficiency by up to 40%, facilitating compliance in a cost-effective
manner, with a precision error of ±2% attributed to fluctuating market conditions and
regulatory changes. While less flexible, regulatory standards ensured a direct emission
reduction of 15%, albeit at higher compliance costs quantified at 20% above alternative
strategies, with a standard error estimate of ±4%. The research establishes a robust founda-
tion for policymakers, suggesting that a balanced mix of these policies, tailored to specific
economic and regional contexts, is crucial for fostering sustainable economic growth while
achieving ambitious climate goals. The numeric validations not only strengthen the cred-
ibility of the recommendations but also underscore the importance of accommodating
economic realities and uncertainties in policy design and implementation. The following is
a more concise summary of the most important outcomes of the study:

1. Economic Efficiency and Policy Impact: The study demonstrates that carbon pricing,
renewable energy subsidies, and emission trading schemes each contribute to reducing
emissions, with carbon pricing being the most cost-effective option, while renewable
energy subsidies drive economic growth through innovation and job creation.

2. Social Equity and Distributional Effects: The analysis highlights that climate policies
can unevenly impact different income groups and regions, with low-income house-
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holds disproportionately affected by carbon pricing. Policy mechanisms like revenue
recycling and targeted financial assistance are crucial for mitigating these effects.

3. Dynamic Policy Optimisation: By employing advanced mathematical models like
general equilibrium models (GEMs) and Laplace transforms, the study provides a
framework for optimising climate policies over time, ensuring that environmental
and economic goals are achieved.

Limitations and Future Research

While our models are statistically robust, they depend on the accuracy of the underly-
ing economic data and assumptions. Future research should explore more dynamic models
that can adapt to rapid changes in economic conditions and policy landscapes. Further, the
sensitivity analysis, while comprehensive, suggests that more extensive testing across a
broader range of scenarios could provide even greater insights into the long-term effects of
these policies.

The statistical evidence from this study provides a strong foundation for advocating
specific climate policies. By demonstrating significant correlations and the cost-effectiveness
of particular strategies, this research contributes to a nuanced understanding of how best
to balance policy tools to achieve optimal environmental and economic outcomes.
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