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Preface 

As climate impacts accelerate and development pressures persist, climate finance has 
transcended its role as a mere supporting instrument; it is now an essential element in 
policymaking, building institutional trust, and formulating economic strategies. 
Funding decisions influence the evolution of energy systems, determine risk coverage, 
prioritize infrastructure initiatives, and impact community adaptation efforts without 
interruptions. While investing in clean energy remains crucial for addressing climate 
change, its progress and stability are increasingly influenced by broader financial 
factors, including monetary policy, regulatory frameworks, risk assessments, and 
resource availability to sustain projects amid climate and economic uncertainties. 

Concurrently, sectors traditionally not classified as “energy,” such as urban planning, 
transportation, and agriculture, are gaining prominence in shaping climate outcomes. 
These sectors affect emission trajectories, influence vulnerability to climate-related 
risks, and determine resilience among households, enterprises, and public systems. 
Climate finance does not serve as a single tool or funding mechanism; rather, it 
functions as an interconnected system of decisions and incentives across multiple 
levels: central banks impacting capital costs, corporations reacting to financial and 
regulatory signals, development and nonprofit organizations managing climate and 
disaster risks, governments coordinating infrastructure development and land use, 
and households adapting within their resources, access, and available support. 

Despite growing attention from policymakers and researchers, significant implemen-
tation gaps persist. Practitioners often emphasize the need for more robust financing 
solutions, improved risk-mitigation tools, and more reliable data to guide investment 
decisions. These issues are becoming increasingly critical as climate variability coin-
cides with inflation, rising debt levels, and increased uncertainty, factors that raise 
capital costs and weaken the resilience of climate and clean energy initiatives. 

This volume, From Climate Finance to Carbon Management - Integrated Pathways for 
Energy, Resilience, and Planetary Systems, examines a crucial domain where climate 
finance wields considerable influence: the intersection of financial systems, risk 
mitigation, governance, and practical implementation. It consolidates insights into 
the operational mechanisms of climate finance within overarching financial frame-
works, its role in fostering resilience against risks, and its capacity to catalyze positive 
transformations across sectors, including infrastructure, planning, and food systems. 

The volume further expands this analysis to encompass emerging methodologies in 
carbon management, including interventions that directly involve Earth system 
processes. It examines large-scale strategies for regulating the global carbon cycle, 
particularly within oceanic systems, as supplementary avenues for mitigating 
atmospheric carbon disparities. 



The chapters embody these complementary perspectives. Chapter 2 (Ivașcu, Artene, 
and Pîslăru) carefully examines the relationship between central banking policies, 
financial strategies, and sustainability, demonstrating how macro-financial condi-
tions affect business decision-making and the implementation of circular-economy 
principles. Chapter 3 (Sinkula) underscores the significance of disaster risk financing 
in Sub-Saharan Africa, highlighting how financial protection mechanisms help sus-
tain clean energy initiatives despite climatic and institutional constraints. Chapter 4 
(Alexander and Zandiatashbar) provides insights into multi-level governance in 
transportation and land-use planning in California, illustrating how cross-
institutional collaboration can bolster the effectiveness of climate investments. 
Chapter 5 (Aroyehun, Henri-Ukoha, and Oladejo) presents climate-smart soybean 
agriculture in Nigeria, demonstrating how infrastructure, risk financing, and clean 
energy systems collaboratively enhance resilience and productivity. Lastly, 
Chapter 6 (Allen, Fitzgerald, and Franks) explores innovative ocean-based 
approaches to carbon management, acknowledging their promising potential while 
acknowledging the challenges of scalability, environmental integrity, and 
governance. 

Collectively, the chapters highlight several key insights. Climate outcomes are 
affected by decisions made within interconnected systems and institutions. Risk 
remains a critical factor in evaluating the resilience of investments under stress. 
Governance and coordination are vital to ensuring that financial resources are 
efficiently translated into actionable implementation. Measurement and data are 
essential for establishing credibility and fostering adoption. Equity and access con-
tinue to present significant challenges, particularly in environments characterized by 
high climate exposure and limited access to capital, insurance, and supportive 
infrastructure. 

This volume advocates for a cohesive perspective: climate finance, clean energy 
deployment, and carbon management are interconnected components within 
broader frameworks dedicated to mitigating climate change. By integrating financial 
systems, sector-specific strategies, and planetary processes, it facilitates a more 
comprehensive understanding of how climate solutions can be effectively developed, 
financed, and sustained in practice. 

It is our sincere aspiration that this volume offers both analytical clarity and practical 
insights to researchers, policymakers, and practitioners seeking to align financial 
systems with resilient, scalable climate outcomes in an increasingly complex global 
environment. 

Katundu Imasiku 
H. Milton Stewart School of Industrial and Systems Engineering, 

Georgia Institute of Technology, 
Atlanta, USA 
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Chapter 1

Introductory Chapter: Climate 
Finance, Clean Energy and the 
Evolving Landscape of Climate 
Solutions
Katundu Imasiku

1. Introduction

The term “climate finance” encompasses various functions that vary by 
institution and context. In public finance, it manifests in budget choices, managing 
fiscal risks, and debt patterns, all within the scope of climate exposure [1, 2]. In 
development finance, this includes concessional capital, blended financial structures, 
and project preparation mechanisms that aim to reduce investment barriers [3]. In 
private markets, climate finance is connected to bankability, reliable revenue 
streams, stable regulatory environments, and risk-adjusted returns, all of which 
support long-term capital commitments [4, 5]. Disaster risk management includes 
tools and strategies that ensure quick liquidity after shocks and transfer risks that 
could threaten public budgets and households [6, 7]. Increasingly, these functions 
are also being considered alongside emerging carbon management approaches, 
including interventions that engage directly with Earth system processes.

These differences are significant, reflecting the shift of climate finance toward 
a framework of rules, incentives, institutions, and risk-sharing mechanisms that 
shape development priorities, protection strategies, and the capacity to cope with 
disruptions [8]. As climate impacts become more severe and macro-financial 
conditions grow more unpredictable, this system is increasingly affecting the 
deployment of clean energy as well as the resilience of essential infrastructure and 
livelihoods [7-9]. Furthermore, mobilizing capital, allocating risks, coordinating 
institutions, and assessing the measurability and legitimacy of outcomes are other 
key components of climate finance [10, 11].

Increasingly, climate action also involves engagement with Earth system 
processes, including the global carbon cycle. In this context, approaches such as 
nature-based solutions, carbon dioxide removal, and large-scale interventions in 
ocean and terrestrial systems are gaining attention as complementary pathways.

Together, climate finance and clean energy deployment, along with broader 
system-level considerations, including risk, sectoral implementation, and emerging 
approaches to carbon management must be examined collectively. By doing so, we 
can highlight the need for integrated pathways that link financial systems, 
infrastructure, and planetary processes in addressing climate change. Understanding 
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these integrated pathways requires examining how climate finance has evolved 
across different institutional contexts and functions.

2. From environmental spending to climate finance systems

Climate finance has progressed through several stages: starting with basic 
environmental and development expenditures, then adopting market mechanisms 
for measurable mitigation, and more recently focusing on financial system 
governance, including risk management, transparency, and capital allocation 
[4, 5, 10]. Understanding this progression is crucial because current climate 
finance discussions often mirror the varied institutional backgrounds of 
participants.

2.1 Climate finance as public spending and development support

The initial climate-related investment is incorporated into broader development 
goals, such as electrification, water access, agricultural output, and pollution 
reduction [1, 12]. In many low- and middle-income countries, the main barrier is not 
a lack of climate ambition but practical constraints, including limited fiscal space, 
institutional capacity, and necessary infrastructure [2, 9]. When used, climate 
framing generally serves as an additional justification for investments already 
prioritized for development and public welfare.

The public spending aspect of climate finance remains crucial. Many adaptation 
and resilience investments depend heavily on public budgets and service systems, 
especially in areas with limited household insurance coverage and restricted access to 
private credit. Consequently, fiscal policy, debt sustainability, and productive 
allocation are key factors shaping climate outcomes and fundamental constraints on 
implementation [2].

2.2 Climate finance as a market mechanism and carbon value

This stage focuses on mechanisms that translate emissions reductions into 
credible value, with increasing emphasis on measurement, reporting, verification, 
and additionality [1, 13]. While this approach advanced technical disciplines, it also 
revealed ongoing challenges. Issues with measurement, contested rules, and uneven 
distribution of benefits can undermine credibility and political support [1, 13]. 
Moreover, mitigation strategies alone often do not overcome all obstacles to project 
implementation, especially those related to revenue certainty, system preparedness, 
and risk sharing [6, 14].

2.3 Climate finance as financial system governance

A third and increasingly important phase positions climate finance within 
financial system governance. This includes climate risk disclosure, taxonomy 
development, and the integration of transition and physical risks into investment 
decisions and regulatory frameworks [10, 15]. This shift expands climate finance 
beyond project-level funding toward broader questions of market structure, capital 
allocation, and long-term system transformation. These dynamics influence the cost 
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of capital, access to finance, and regional disparities in investment, ultimately 
shaping the pace and distribution of clean energy deployment [4, 15]

This reconsideration shifts the focus from the amount of financing to the 
conditions that make capital investable, sustainable, and scalable, such as access and 
cost considerations [4, 5]. These factors explain ongoing differences in capital costs 
across regions and sectors, influencing the speed and distribution of clean energy 
deployment [5, 14] These conditions become most visible when examining how 
clean energy projects are financed and delivered in practice.

3. Clean energy as a financing and delivery problem

While technological advances and learning curves are often associated with the 
shift to clean energy, the larger-scale deployment increasingly depends on financial 
and institutional factors that affect bankability and feasibility [4, 5]. These 
constraints are common across regions.

First, the cost of capital is crucial, particularly when country, currency, and 
regulatory risks raise financing costs [5, 14]. Second, revenue certainty usually 
influences bankability. Stable revenue streams can come from regulated tariffs, 
reliable procurement, long-term agreements, or policy backing. When these sources 
are uncertain, investment often declines, despite the availability of resources and 
technology [4, 16]. Third, system readiness, such as grid connection, transmission 
capacity, storage, and permitting, can restrict how effectively capital commitments 
are turned into operational capacity [14, 17]. Fourth, regulatory durability influences 
whether long-term assets remain financeable amid economic and political shifts; 
instability increases risk premiums and reduces investment horizons [4, 5, 10].

These constraints highlight a broader point: clean energy transitions are not just 
about technology. They also examine whether climate finance can effectively serve 
as a delivery system that moves projects from initial commitment and planning 
through construction and operations, while building resilience against shocks 
[14, 17]. This delivery challenge increasingly extends to carbon management 
approaches that interact directly with Earth system processes, including large-scale 
interventions in the carbon cycle, which raise additional demands for governance, 
measurement, reversibility, and long-term institutional credibility.

In addition, clean energy outcomes are shaped by developments in sectors that 
influence demand, exposure, and the feasibility of implementation. Transport 
systems and land-use planning affect energy demand and emissions patterns [8, 11]. 
Land governance determines sitting, permitting, and vulnerability to climate 
hazards [12]. Agriculture and food systems, especially in climate-vulnerable regions, 
rely on enabling infrastructure and risk management tools to support adoption under 
conditions of uncertainty [2, 9].

4. Volatility as the baseline: Why “finance that delivers” is distinct

The interplay of physical and macro-financial volatility shapes the modern 
financial environment. Physical risks, including floods, droughts, storms, and heat 
stress, increase the likelihood of disruptions and asset damage, while restrictive 
financial conditions raise hurdle rates and constrain public budgets [2, 9, 12]. Under 
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these circumstances, financeability assesses the entire lifecycle of an asset or 
program rather than only at financial close.

Continuity mechanisms are vital for maintaining delivery during periods of 
volatility. Instruments like insurance and catastrophe-linked tools help safeguard 
balance sheets and enable quicker recovery [6, 7]. Contingency financing, pre- 
arranged liquidity, and structured financial protection can reduce the fiscal and 
welfare impacts of shocks. Resilient design standards help minimize damage and 
service disruptions, improving infrastructure reliability during extreme events 
[9, 12]. The effectiveness of these mechanisms depends on institutional support 
capacity, procurement, claims management, disbursement systems, and inter- 
agency coordination [2, 7].

In environments with high exposure and limited budgets, the absence of financial 
safeguards can undermine progress, transforming long-term plans for clean energy 
and response measures into ongoing reconstruction efforts [6, 9]. Resilience and 
disaster-risk finance should be regarded as fundamental components of climate 
finance systems rather than optional tools.

5. Governance across scales as a multiplier of investment effectiveness

While climate finance can be assessed on a global scale, its implementation is 
influenced by institutions operating at multiple levels, including national 
frameworks, subnational planning, sector regulators, utilities, municipalities, 
companies, and households [2, 4, 9]. This multi-level structure introduces 
coordination challenges that can either help or hinder outcomes. Usually, national 
officials establish targets, incentives, and regulatory frameworks, and provide fiscal 
support or guarantees [1, 2, 4]. Subnational authorities influence land use, 
transportation systems, and permitting processes, often determining whether 
investments can proceed on schedule and at a reasonable cost [8, 11]. Utilities and 
regulators affect grid access, investment strategies, and system reliability, all of 
which are key to expanding clean energy [3, 14] Firms and financial institutions 
consider policy credibility, disclosure requirements, and risk pricing when allocating 
capital [5, 15]. Households and producers choose technologies and practices based 
on their affordability, access to credit or insurance, and perceived legitimacy [2, 9]

When roles and incentives are aligned, even limited financing can achieve 
significant results through prompt action and lower project risk. Conversely, 
conflicting mandates or divided responsibilities may cause delays and increase risk 
premiums, ultimately weakening well-funded initiatives [3, 11]. Effective 
governance coordination enhances financial efficiency and goes beyond just 
administrative issues. These dynamics also frame the broader scope, which includes 
emerging approaches to carbon management that interact directly with Earth system 
processes.

6. Measurement, legitimacy, and the politics of “what counts”

Measurement is essential in climate finance as it supports accountability, 
facilitates learning, allows for comparability, and helps reassure investors [4, 9, 10]. 
However, this can also lead to difficulties. Complex reporting might surpass local 
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capabilities, standards can be contested between jurisdictions and sectors, and 
incentives may prioritize easily measurable metrics over those that more accurately 
reflect delivery and welfare outcomes [1, 4, 10]. Data gaps and varying definitions 
can undermine trust and increase financing costs, particularly when standardized 
evidence is necessary [5, 15].

Legitimacy is essential when addressing these technical challenges. Policies and 
investments that distribute costs and benefits unevenly could provoke political 
resistance and jeopardize continuity [2]. Similarly, when markets perceive rules as 
unstable or disclosures as untrustworthy, the cost of capital rises and investment 
decreases [4, 5, 15]. These factors suggest that climate finance gaps are influenced 
not just by funding amounts but also by institutional trust, the accuracy of 
measurement, and equitable design, all of which support sustained long-term 
progress [12, 15]

7. A delivery-oriented framework for climate finance

A practical interface where climate finance either succeeds or fails, synthesizing 
diverse sectoral and geographic perspectives, emphasizes the intersection of 
financial rules, risk management capacity, governance coordination, and concrete 
delivery [3, 4, 6].

1. Financial rules and incentives: These determine eligibility, revenue 
consistency, and the policy credibility required for bankability [3, 4, 16].

2. Risk management capacity: This concerns how physical and financial risks 
are reduced, priced, shared, and transferred, including the design of financial 
protection and uncertainty management [3, 4, 16].

3. Governance coordination: This includes the alignment of authority, time
lines, and implementation responsibilities across institutional levels and 
sectors [2, 11].

4. Real-world delivery: This includes project preparation, construction, 
operational performance, system integration constraints, and credible 
monitoring that supports continuity and learning [1, 3, 14].

This framework supports uniform analysis across different sectors by pinpointing 
the factors that enhance intervention bankability, identifying and managing risks, 
determining the coordination needed among actors, and establishing methods for 
monitoring and sustaining outcomes [6]. It also emphasizes that the main reason for 
delivery failures is often misalignment among these components, rather than just 
a lack of capital.

8. Concluding perspective

Moving toward effective finance: Climate finance debates tend to emphasize 
scale, treating capital mobilization as the primary objective. While necessary, scale 
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only creates potential; effective delivery is what transforms that potential into 
durable mitigation, resilience, and welfare gains [1, 3, 11]. Delivery depends on rules 
that establish investability, risk frameworks that remain effective during volatility, 
governance arrangements that coordinate action across levels, and measurement 
systems that promote legitimacy and facilitate learning [6, 15, 16].

Climate finance now operates through various institutional modalities, including 
public expenditure, fiscal policy, market-based mechanisms, and financial system 
governance. It also highlights that achieving clean energy outcomes increasingly 
relies on how these modalities influence incentives and constraints within a specific 
context [1, 5, 15]. This work narrows the gap between commitment and 
construction, between planning and performance, and between finance mobilization 
and resilient outcomes [6, 11, 14]. With this framing in place, subsequent chapters 
apply these lenses to examine how alignment across rules, risk allocation, 
institutions, and measurement can strengthen finance that delivers. This analysis 
also encompasses emerging approaches to carbon management that interact directly 
with Earth system processes, including large-scale interventions in the global carbon 
cycle, which introduce new financing, risk, and governance considerations for their 
development and deployment.
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Green Finance Strategies: 
Integrating Circular Economy 
Principles and Central Bank 
Policies for Sustainable 
Development
Larisa Ivascu, Alin Artene and Marius Pislaru

Abstract

The principles of the circular economy are being adopted by more and more 
organizations. The transition to the circular economy involves regulations, 
strategies, and policies. Banking systems highlight concerns about sustainability 
in the context of the consolidation of financial strategies. This chapter examines 
the interplay between monetary policies set by central banks, business financial 
strategies, and the pursuit of sustainability, with a particular focus on integrating 
circular economic principles. It is directed in two directions using qualitative and 
quantitative evaluation. Qualitative evaluation is used to assess specialized 
literature. Quantitative evaluation analyzes the impact of monetary policies set by 
central banks on enterprise strategies and sustainability and is based on a 
structured survey applied to a representative sample. The hypotheses were tested 
on a sample of 530 responses. Qualitative evaluation is performed on an inventory 
of specialized literature. It begins by analyzing recent decisions of central 
banks and the monetary policy responses to post-pandemic inflation. Our chapter 
also explores opportunities for companies to align their financial strategies with 
sustainability goals, emphasizing the importance of integrating circular 
economic principles. Furthermore, it briefly touches on the challenges and 
opportunities in implementing sustainability initiatives, emphasizing the need 
for collaboration across sectors to drive sustainable finance and address 
climate-related risks effectively. The results of the quantitative research show 
that there is a positive correlation between central policies and companies. The 
level of information influences the knowledge. The chapter ends with conclusions 
and future research directions.

Keywords: monetary policy, financial policies, circular economy model, cost of 
money, sustainability, management, post-pandemic, EU Central Bank, Basel III
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1. Introduction

The growing importance of sustainability positions central bank policies as 
catalysts for change and underscores the transformative potential of green finance 
strategies to navigate the complexities of the post-pandemic era. Approaching the 17 
Sustainable Development Goals (SDGs) is becoming a concern for more 
organizations. Following the unprecedented challenges posed by the pandemic, the 
intersection of monetary policy, sustainability, and economic resilience has become a 
growing concern for governments and financial organizations around the world [1]. 
As Europe’s economies grapple with the disruptive impact of the pandemic, the 
resurgence of pandemic inflation provided central banks with a stress test of their 
ability to maintain price stability and protect long-term economic sustainability.

In the specialized literature, we have witnessed a remarkable shift in the 
perception of sustainability, and the paradigm has evolved from a niche concern to a 
mainstream imperative across sectors. The increased awareness from the G20 
summits and global events on climate change, resource depletion, and social 
inequities has underscored the urgency of transforming our current linear economic 
models to protect the planet and ensure intergenerational equity. In our pursuit of 
sustainable development, the intersection of central bank policies and green finance 
strategies emerges as a cornerstone of economic resilience and environmental 
stewardship. As European economies recover from the pandemic, the need for green 
finance integration in ECB policies grows stronger. Central banks have a vital role in 
this process. They embed sustainability into monetary policy and support green 
investment initiatives. They also conduct climate stress tests to assess financial risks. 
In addition, they promote sustainable finance standards and encourage cooperation 
and knowledge sharing among institutions (see Figure 1) [2]. Figure 1 illustrates 
the interconnectivity between central bank policies, sustainable investments, and 
circular economy principles, as conceptualized by the authors. The visual model 
positions the central bank at the core of a multidimensional framework that bridges 
monetary policy instruments with sustainability-driven economic mechanisms.

In the upper section, the figure presents the key monetary tools – such as interest 
rates, asset purchases, and cost-of-money frameworks – that define the operational 
scope of central bank policies. These instruments directly shape market liquidity, 
borrowing costs, and investment incentives.

The middle and lower sections link these policy mechanisms to sustainability and 
circular economy domains, illustrating how central banking decisions can encourage 
sustainable investments, renewable energy development, and green infrastructure 
financing. Similarly, policies aligned with circular economy principles – including 
waste reduction, resource efficiency, and lifecycle sustainability – contribute to 
broader financial and environmental resilience.

Overall, the figure emphasizes the systemic role of central banks in integrating 
economic stability with environmental sustainability, promoting a policy ecosystem 
that supports both financial soundness and long-term circular growth.

At the heart of the sustainable development European Union (EU) Parliament 
agenda should lie the concept of green finance strategies, which set out to mobilize 
financial resources toward environmentally sustainable and socially inclusive 
European investments [3]. By integrating the principles of a circular economy, 
resource efficiency, and climate resilience into financial decisions, green finance 
strategies offer a canvas and a pathway toward a more sustainable and resilient 
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economic capital market. Central banks play a pivotal role in catalyzing the 
transition toward a greener and more sustainable financial system. They have been 
proactive in integrating sustainability considerations into their monetary policy 
frameworks and have attempted to navigate rising inflation through various 
strategies tailored to their respective economic contexts and policy frameworks.

Although some economies have tightened monetary policy in response to 
inflationary pressures and volatile, fragile expectations, central banks in advanced 
economies have been cautious in adjusting policies, reflecting a delicate balance 
between price stability and the objectives of economic recovery by incorporating 
environmental factors into risk assessments, asset purchase programs, and collateral 
frameworks.

The growing importance of sustainability positions central bank policies as 
drivers of change, emphasizing the transformative potential of green finance 
strategies in navigating the post-pandemic complexities. Amid unprecedented 
challenges, the intersection of monetary policy, sustainability, and economic 
resilience should become a European focal point [4].

The resurgence of pandemic inflation stressed the commitment of central banks 
to maintain price stability during economic disruption. Developing from a marginal 
concern, sustainability has gained mainstream academic and economic recognition, 
driven by increased awareness of climate change and social inequities [5]. This 
shift underscores the urgency of transitioning from linear economic models to 
protect the planet and ensure intergenerational equity through circular economic 
models. The integration of green finance principles into European Central Bank 

Figure 1. 
Interconnectivity of central bank policies, sustainable investments, and circular economy principles (authors’ 
approach).
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(ECB) policies gains prominence in post-pandemic recovery, aligning with central 
banks’ roles in advancing sustainability through monetary policy, supporting green 
finance initiatives, and fostering collaboration.

At the core of the EU’s sustainable development agenda, green finance strategies 
and mobilizing resources toward sustainable investments should be the focus. These 
strategies, incorporating circular economy principles, will offer pathways to a more 
resilient economic capital market.

Central banks in Europe should catalyze the transition to greener financial 
systems, proactively integrating sustainability [6] into monetary policy frameworks. 
In addressing inflationary pressures, they should strike a balance between price 
stability and economic recovery objectives. This cautious approach can reflect 
contextual considerations and the evolving landscape of sustainable finance in our 
near future.

The innovative part of this article is underlined by the comprehensive review of 
specialized literature and the development of a survey that addressed experts in 
monetary policies at the international level. The respondents were people with 
leadership positions in the area of monetary policies. This research advances the 
specialized literature by defining a framework for the types of decisions that need to 
be made in the field of monetary policy and sustainability. It examines the interplay 
between monetary policies set by central banks, financial strategies of businesses, 
and the pursuit of sustainability, with a particular focus on integrating circular 
economic principles. This research also explores opportunities for companies to align 
their financial strategies with sustainability goals, emphasizing the importance of 
integrating circular economic principles. Furthermore, it briefly touches upon the 
challenges and opportunities in implementing sustainability initiatives, emphasizing 
the need for collaboration across sectors to drive sustainable finance and address 
climate-related risks effectively. The quantitative research results show that there is 
a positive correlation between central policies and enterprises.

The comprehensive analysis and innovative nature are supported by the design of 
the research concept, which includes addressing the impact of EU policies, circular 
economic principles, and sustainability on sustainable investments. At the Romanian 
level, there is no such approach, and the results help entrepreneurs make improved 
management decisions to increase organizational competitiveness.

This chapter examines the interplay between monetary policies set by central 
banks, business financial strategies, and the pursuit of sustainability, with a 
particular focus on integrating circular economic principles. The results obtained 
contribute as important factors in the decision-making process and address this gap 
that is not adequately covered in the specialized literature.

2. Evaluation of the theoretical implications of the concepts addressed

2.1 The role of central banks in influencing the availability and cost of money 
for sustainable investments

Central banks in Europe shape monetary policy by adjusting interest rates to 
influence borrowing, conducting open market activities to regulate the money 
supply, creating reserve requirements according to Basel III [7], providing forward 
guidance to shape expectations and behavior, implementing asset purchase 
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programs to stimulate investment, and acting as lenders of last resort to stabilize 
financial markets during crises.

These policies promote green finance initiatives by adjusting interest rates to 
incentivize green investments, conducting open market operations to lower 
borrowing costs for green projects, providing forward guidance to signal support for 
sustainability, including green assets in asset purchase programs to stimulate 
investment in environmentally friendly initiatives, and acting as lenders of last 
resort to ensure market stability and continued investment in green projects during 
crises [8]. Basel III focuses mainly on strengthening the resilience of banks and the 
banking sector.

Although Basel III did not directly address sustainable investments, its principles 
and regulations have the potential to influence banks’ engagement with sustainable 
finance. The finalized Basel III reforms, through its five-year full implementation 
timeframe, introduce several improvements and refinements to the regulatory 
framework established by Basel III, particularly in the standardized approach to 
credit risk and market risk [8]. The Basel Committee sets standards, while central 
banks and supervisors implement them.

Sustainable investments can be boosted by supporting SMEs engaged in green 
initiatives or investment-grade corporates with strong environmental 
performance, thereby promoting sustainability in the corporate sector, while lower 
risk weights for mortgages and commercial real estate projects with sustainable 
attributes may encourage banks to finance environmentally friendly buildings and 
developments.

Finalized Basel III reforms replace flat risk weights for subordinated debts and 
equity with risk-sensitive weights that reflect the underlying risk profiles of these 
exposures by aligning the risk weights with the riskiness of subordinated debts and 
equity investments, and encourage banks to finance green initiatives and 
environmentally responsible businesses. Lower risk weights for equity holdings 
made pursuant to nationally legislated programs or investments in sustainable 
projects may incentivize banks to support sustainability objectives [8]. The Basel 
framework provides a more consistent identification of material risk factors across 
banks and helps them assess and manage risks associated with investments in green 
initiatives and sustainable projects, enhancing their ability to support sustainability 
objectives while maintaining prudent risk management practices (see Figure 2).

Central banks can monitor improvements in credit risk assessment, market risk 
management, and regulatory frameworks, and contribute through monetary policy 
to boost incentives, develop tools to allocate capital prudently, and support 
sustainable finance initiatives.

By aligning risk weights, capital requirements, and risk management practices 
with sustainability objectives, future monetary policies may contribute to the 
promotion of green initiatives and sustainability within the banking sector [9]. Basel 
IV can influence the role of central banks in ensuring financial stability by 
strengthening capital adequacy, enhancing risk management practices, promoting 
market stability, and emphasizing macroprudential regulation.

Beyond regulatory frameworks, central banks wield significant influence over the 
availability and cost of money, playing a crucial role in shaping the financial 
landscape and directing capital flows toward sustainable investments. Through 
monetary policy tools such as interest rate adjustments, open market operations, and 
reserve requirements, central banks can incentivize or disincentivize lending for 
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specific purposes, including investments in environmentally friendly projects and 
sustainable initiatives.

TheECB’s response to inflationary pressures should be intertwined with its 
broader objectives of promoting sustainable growth and green finance initiatives. It 
is essential to maintain price stability while supporting economic resilience to 
geopolitical uncertainties by adjusting its policy stance to address inflationary 
pressures, while providing clarity and stability to financial markets, which will be 
essential for promoting investments in environmentally sustainable projects [10].

Central banks’ asset purchase programs will play a crucial role in supporting the 
transition to a circular economy by providing liquidity to financial markets and 
facilitating access to credit for companies engaged in sustainable practices, ensuring 
future green investments flourish and contribute to a more sustainable economic 
model.

This year, the ECB committed to ensuring financial stability while adapting to 
evolving economic conditions and promoting sustainable development, including 
the transition to a green economy. The ECB’s decision to adjust the deposit 
facility rate (DFR) and provide liquidity through a broad mix of instruments 
reflects its efforts to steer short-term money market rates in line with monetary 
policy decisions while supporting the transition to a more sustainable financial 
system. Figure 3 represents a circular model of the monetary policy framework, 
structured into four interdependent components: efficiency, effectiveness, 
robustness, and flexibility. These components outline the following details of the 
interdependence:

● Effectiveness – refers to the alignment of monetary policy with the provisions of 
the European Union treaties and to maintaining a close correlation between 
interest rates and economic policy.

Figure 2. 
Enhancements in the regulatory framework for banks, supporting green initiatives and sustainability (authors’ 
approach).
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● Robustness – emphasizes the need for a framework capable of withstanding 
diverse economic conditions, ensuring stable and flexible liquidity.

● Flexibility – aims to adapt bank reserves to the varied needs of the financial 
system, enhance the capacity to absorb economic shocks, and distribute 
liquidity efficiently.

● Efficiency involves implementing monetary policy without external interfer
ence, maintaining financial soundness, and protecting institutional 
independence.

The circular arrows suggest the interdependence and dynamic balance between 
these four dimensions, indicating that an effective monetary policy must combine 
effectiveness, robustness, flexibility, and operational efficiency in a balanced 
manner.

By reducing the spread between the rate on main refinancing operations 
(MROs) and the DFR, the ECB aims to incentivize market activity and provide 
incentives for banks to seek market-based funding solutions, thus promoting 
investments in green initiatives and sustainable development projects. 
Moreover, the ECB’s principles for guiding the implementation of monetary 
policy emphasize effectiveness, robustness, flexibility, efficiency, and openness 
to support the smooth functioning of markets and contribute to the transition 
to a green economy. By incorporating climate change-related considerations 
into its operational framework, the ECB recognizes the importance of 
addressing environmental challenges while pursuing its main objective of price 
stability.

Figure 3. 
Future principles for monetary policy assumed by the Governing Council of the European Central Bank [11].
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Following the inventory of the specialized literature, a first hypothesis can be 
structured. 
H1: Central monetary policies influence the strategies of enterprises and sustainable 
development.

2.2 The principles of circular economy and the financing of sustainable business 
development by promoting investments in renewable energy

The circular economy and sustainability are concepts addressed at the 
macroeconomic level. The circular economy involves a production and 
consumption model based on a series of functions that contribute to the 
maintenance of products or materials for as long as possible. The transition from a 
linear economy to a circular economy implies the efficiency of activity, the 
reduction of the use of natural resources, and the decrease of the impact on the 
environment [12].

The functions of the circular economy are presented in the following figure. The 
evolution of these functions occurs in accordance with economic dynamics and new 
technological trends. The application of these functions contributes to the transition 
from a linear economy to a circular economy (see Figure 4).

Figure 4. 
The 14 Rs of circular economy [13, 14].
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Reuse involves the elimination of materials that are not environmentally friendly 
and could pollute considerably. Rethinking processes involves strategic decisions 
regarding the improvement of production approaches in terms of the circular 
economy. Reducing the amount of raw materials is important in this theoretical 
framework. The concept of reimagine can be defined as the strategic process by 
which an organization rethinks and reconfigures its business models, operational 
processes, and value proposition to be aligned with the principles of circularity and 
sustainability. Reimagine involves a paradigm shift – not just linear optimization of 
resources, but reconceptualizing the entire value chain so that materials, energy, and 
products are used for as long as possible, minimizing waste and reintegrating 
resources into productive cycles. Reuse refers to extending the life of products, 
components, or materials by using them repeatedly in the same form and for the 
same function for which they were originally designed, without requiring a complex 
industrial transformation process. Reuse involves maintaining the original value and 
quality for as long as possible, thus reducing the need to extract new resources and 
the amount of waste generated. In the context of the circular economy, repair is 
the process by which a defective or damaged product is returned to its original 
operating condition by replacing or rebuilding defective components, thus extending 
its useful life. Repair focuses on maintaining the functional value of the product with 
minimal additional resource consumption, avoiding complete replacement and 
reducing waste. Refurbishment refers to the process of returning a used product to a 
condition close to its original, both functionally and esthetically, through a 
combination of cleaning, repair, component replacement, and possibly technological 
updating. Unlike repair, which strictly aims to remedy a specific defect, 
refurbishment involves a broader intervention, with the aim of improving the 
performance, appearance, and lifespan of the product. Remanufacturing is the 
process by which a used or end-of-life product is completely rebuilt, often to the 
same or higher standards as the original, using both recovered and new parts. Unlike 
refurbishment, which focuses on general reconditioning, remanufacturing involves 
the complete disassembly of the product, the inspection of each part, the 
replacement or remanufacture of defective components, and the reassembly of the 
product according to the manufacturer’s original (or even improved) specifications. 
Redesign is the process of designing or re-imagining products, services, or processes 
so that they are compatible with the principles of circularity throughout their entire 
life cycle. The main goal is to prevent waste and maximize the value of resources 
by integrating solutions that facilitate reuse, repair, upgrade, remanufacturing, or 
recycling. Reinvention refers to the process of fundamentally transforming a 
product, service, or business model so that it is fully realigned with the principles of 
circularity, not just partially optimized. Unlike redesign, which often adjusts the 
structure or functionality of an existing product, reinvention involves rethinking 
from scratch the purpose, mode of production, use, and value recovery, often 
leading to radically different solutions from traditional ones. Recycling refers to the 
process by which materials from products that have reached the end of their useful 
life are collected, processed, and transformed into secondary raw materials that can 
be used in the manufacture of new products. The recovery of resources or energy 
from waste that cannot be reused or recycled effectively includes processes such as 
incineration with energy recovery or other processes for partially obtaining the 
components of the initial product. Reduction involves reducing the volume of 
resources, materials, or energy consumed in production and use, as well as the 
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amount of waste generated. Reuse for another purpose, or repurposing, refers to the 
use of a used product or material for a function different from the original one, 
without transforming it through major industrial processes.

The strategies that should target these functions can be divided into three 
categories [12, 15, 16]:

● Smarter use and innovative approaches: refuse, rethink, reduce.

● Life cycle improvement: reimagine, reuse, repair, reduce, repurpose, refurbish, 
remanufacture, redesign, reinvention.

● Efficient use of materials: recycling, recovery.

The most important principles can be systematized:

● Reducing the amount of greenhouse gases and pollution.

● The circulation of products and the efficiency of the number of raw materials 
used.

● Improving the quality of nature and the optimization of economic, social, and 
technological values.

● Minimizing the extraction of natural resources.

Following the inventory of specialized literature, a second hypothesis can be 
structured.

H2: Investment policies in renewable energy should be based on the principles of 
the circular economy and investments for sustainable development.

2.3 Evaluation of strategies and initiatives implemented to support the 
promotion of sustainable investments in renewable energy

The principles of the circular economy are addressed by the G20 countries (the 
20-member group is the intergovernmental forum that includes 19 sovereign 
countries, the European Union, and the African Union) and the Conference of the 
Parties (COP) conference [17]. The G20 countries have an opportunity to propose 
ways to develop and implement strategies and initiatives that support the promotion 
of sustainable investments in renewable energy by proposing instruments that 
promote green energy. The international climate conference is organized annually, 
pursuing the established objective of ensuring global net zero by mid-century and 
keeping a maximum of 1.5°C degrees of warming within reach [16]. The promotion 
of green investments [15, 18–20] should address a series of imperatives that support 
these global concerns:

(1) Strategies: The development and clear communication of strategies that 
include concerns about renewable energy. The investment offer should 
expand internationally and align with the concerns of each entity.
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(2) Policies and practices: Investors should feel confident that all investments 
they make will be recovered and contribute to adding value. At the same 
time, circular economy and sustainability practices should be promoted. 
This category can include the replenishment of energy markets, risk 
management and investment recovery, financial policy support, access to 
financing programs, access to innovative technologies, and the impact of 
development.

(3) Promotion: The development of promotional frameworks that contribute to 
the establishment of links between actors and the consolidation of collabora
tive relationships. 

In 2017 and 2018, there were decreases in net capital flows in renewable 
energy projects of 1% and 3%, respectively, and a decrease in their efficiency 
was recorded. Investments may decrease, and in this way, there could be 
deficiencies in achieving the SDGs and the Paris Agreement for climate change. 
Investments in renewable energies do not only refer to sustainability and the 
circular economy but also to financing, because the costs of implementing 
complex projects are high. The future of renewable energies concerns the 
innovative technologies that will appear and the actors involved in 
implementation and financing approaches.

At the level of 2021, renewable energy represented 21.90% of the energy 
consumed, and in 2022, it increased very little, reaching a percentage of 22%. 
Greenhouse gases decreased by over 30% between 1990 and 2021.

Climate neutrality is an objective of the European Green Deal [19]. This approach 
aims to:

● Zero greenhouse gas emissions by 2050.

● Economic growth without increasing the use of resources.

● Without negative effects on people and workplaces. 

This transition involves new jobs, new business models, new target markets, 
and new technologies. Investments in green energy generate a series of benefits, 
both for the organization and for society. The benefits for the organization should 
be expressed in terms of profit so that these activities are attractive to them. 
Among the benefits of the transition, there are several, including reducing energy 
costs, the development of new jobs, the improvement of the level of technology, 
the enhancement of safety levels, the improvement of quality of life, the 
development of local communities, and economic growth (see Figure 5). Green 
investments generate a series of interconnected benefits that simultaneously 
contribute to sustainability and increased organizational competitiveness. 
Reducing energy costs by adopting efficient technologies and renewable sources 
not only optimizes economic performance but also strengthens the resilience of 
organizations in the face of volatility in energy markets. Creating new jobs 
stimulates the development of human capital and the diversification of skills, 
supporting the transition to a low-carbon economy. Improving the technological 
level facilitates innovation and increases productivity, while enhancing safety 
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levels reduces operational risks and protects the health of employees. On a social 
level, green investments contribute to improving the quality of life by reducing 
pollution and enhancing the environment, as well as fostering the development of 
local communities through infrastructure, economic opportunities, and civic 
engagement. All these effects converge toward a positive macroeconomic impact, 
stimulating sustainable economic development and providing organizations with 
a sustainable competitive advantage based on innovation, social responsibility, 
and strategic adaptability.

The share of energy from renewable sources, at the level of the European Union, 
shows an increasing evolution during the period 2013–2022. In recent years, it has 
registered higher growth, reaching a percentage of 23.047% in 2022 (see Figure 6; 
Eurostat, 2022).

Figure 7 shows the situations of some selected countries that, for the year 2022, 
registered more than 40% energy from renewable sources. Among these countries 
are Sweden, Finland, Latvia, Denmark, and Albania.

Investments in renewable energy also involve a series of risks and barriers. 
Among the most significant barriers are the lack of information, high costs of 
implementation, inadequate infrastructure, lack of technologies, and shortage of 
qualified personnel. Among the risks that can be identified, technological risks, 
regulatory uncertainty, market dynamics, and investment risks are particularly 
notable [13, 14, 17, 21–24].

Figure 5. 
The benefits of investments in green energies (authors’ approach).
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3. Research methodology

This research uses qualitative and quantitative research methods. The qualitative 
method is corroborated by the empirical experience of the authors and presents a review 

Figure 6. 
Share of energy from renewable sources (percentage) for the European Union – 27 countries (from 2020; 
Eurostat, 2023).

Figure 7. 
Share of energy from renewable sources (percentage) for selected countries that registered a considerable increase 
(Eurostat, 2023).

Green Finance Strategies: Integrating Circular Economy Principles… 
DOI: http://dx.doi.org/10.5772/intechopen.1013991

1325



of the specialized literature with an emphasis on the evaluation of data series. The 
quantitative evaluation uses a questionnaire as an investigation tool. The questionnaire 
was administered online, and a validated sample of 530 people was obtained. The 
responses obtained were quantitatively modeled using statistical analyses. The 
questionnaire was designed based on the research directions of the circular economy, 
monetary policies, and organizational sustainability. It was structured into three 
categories of items, with each category including 10 items built on the principles of the 
above-mentioned concepts. The questionnaire was administered online, and the 
responses of the respondents were statistically analyzed using SPSS. Variables were 
selected following an in-depth interview with experts in the field. The sampling frame 
was composed of monetary policy experts, mostly in leadership positions in financial 
and regulatory institutions. The questionnaire was distributed online using a random 
technique. The structure of the questionnaire is:

● Category A – Monetary policies
Items on knowledge and perception of monetary policy instruments (interest 

rates, minimum reserves, asset purchases, sustainability integration, etc.).

● Category B – Organizational strategies and sustainability.
Items on the existence of ESG objectives, circular economy integration, 

sustainability reporting, green investment initiatives, and more.

● Category C – Renewable energy and circular economy investment policies.

● Items on familiarity and application of the “14 R” principles, renewable invest
ments, climate risks, and barriers to green finance.

The reliability of the items was tested by Cronbach’s α coefficient for each of the 
three measured constructs (Monetary Policies, Organizational Strategies and 
Sustainability, Renewable & Circular Investments). All α values were above the 
threshold of 0.70, indicating good internal consistency of the scale (Monetary Policies: 
α = 0.82, Organizational Strategies and Sustainability: α = 0.85, Renewable & Circular 
Investments: α = 0.87, and Total Questionnaire: α = 0.89). Factor validity was verified 
by an exploratory factor analysis (EFA). The KMO test had a value greater than 0.80, 
and the Bartlett test was significant (p < 0.001), indicating the adequacy of the data for 
factor analysis. EFA analysis with Varimax rotation extracted three main factors, 
corresponding to the theorized constructs, which together explained approximately 
65% of the total variance. Then, a confirmatory factor analysis (CFA) was performed 
using the maximum likelihood estimation method. The three-factor model presented 
good fit indices: χ2/df < 3, Comparative Fit Index (CFI) and Tucker-Lewis Index (TLI)  
> 0.90, and root mean square error of approximation (RMSEA) < 0.08. These results 
support the convergent and discriminant validity of the measured constructs. It can be 
concluded that the questionnaire has solid psychometric properties.

4. Results and discussion

The first hypothesis was tested using the Spearman correlation test, measuring 
the strength and direction of the relationship between the variables. 
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Organizational strategies and sustainability were used as independent ordinal 
variables, and monetary policies were used as dependent ordinal variables, 
measured on a scale from 1 representing "not at all familiar" to 7 representing 
"very familiar" (see Table 1). Spearman’s ρ is appropriate. The choice of this 
method is justified by the fact that the variables are measured on ordinal Likert 
scales and may have non-normal distributions. Unlike Pearson’s r, Spearman’s ρ 
is based on ranks and evaluates monotonic association between variables without 
assuming linearity or normality. In addition, the coefficient does not require the 
designation of a “dependent” and an “independent” variable, treating both 
variables symmetrically. To test the robustness of the results, we estimated an 
ordered logit model (alternatively, OLS on composite indices) in which we 
included, as control variables, the role of the respondents, the level of education, 
the country, and the size of the firm. The results confirm that monetary policies 
influence organizational strategies, and the principles of the circular economy are 
positively associated with green investment policies, independent of the 
characteristics of the respondents.

Following the statistical analysis using the Spearman correlation coefficient, it 
can be observed that there is a strong and statistically significant positive 
relationship between “monetary policies,” “organizational strategies,” and 
“sustainability.” This result emphasizes that the more solid and stable the central 
monetary policies are, the more the strategies of the enterprises and their sustainable 
development position them as competitive organizations. A p-value < 0.001 was 
obtained. This means that the correlation is very significant, reducing the probability 
that this association is the result of random variation in the data (see Table 2).

In the same way, we tested the second hypothesis using the Spearman correlation 
test. The results are presented in Table 2 and validate the correlation between the 
two variables.

The 14 Rs are important for addressing the principles of the circular economy, 
and quantitative statistical analysis shows a strong link between investment policies 

Correlations

Investment 
policies in 
renewable 

energy

Principles of the circular 
economy and investments 
for sustainable development

Spearman’s 
rho

Investment policies in 
renewable energy

Correlation 
coefficient

1.000 0.876

Significance 
(two-tailed)

. 0.001

N 530 530

Principles of the circular 
economy and investments 
for sustainable development

Correlation 
coefficient

Significance 
(two-tailed)

0.001 .

N 530 530

Table 1. 
Spearman’s rank correlation between investment policies in renewable energy, principles of the circular economy, 
and investments for sustainable development. 
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in renewable energy, principles of the circular economy, and investments for 
sustainable development. This means that organizations need to address these 14 Rs 
to increase their involvement in sustainable development.

Following the statistical analysis using the Spearman correlation coefficient for 
this second hypothesis, a strong correlation was identified. Therefore, the more solid 
and competitive investments in green energy, the more investments in the circular 
economy and sustainability are consolidated and aligned with the global approach. 
During the survey, it was found that people who did not have management positions 
were still retained in green investments. The level of education and training of the 
respondents was an important aspect in the analysis carried out.

To consolidate the practical survey, we tested “Management level” and 
“Competitiveness at work” using the Chi-square test. This test was applied because it 
is a statistical test that analyzes the relationship between two categorical variables. If 
there is a significant relationship, then we can say that there is a significant 
association between the variables (see Table 3).

The analysis of the specialized literature highlights the importance of green 
investments and the benefits obtained through well-implemented strategies, while 
the quantitative analysis presents Spearman’s rank correlation between monetary 

Correlations

Organizational strategies 
and sustainability

Monetary 
policies

Spearman’s 
rho

Organizational strategies 
and sustainability

Correlation 
coefficient

1.000 0.789

Significance 
(two-tailed)

. 0.001

N 530 530

Monetary policies Correlation 
coefficient

Significance 
(two-tailed)

0.001 .

N 530 530

Table 2. 
Spearman’s rank correlation between monetary policies, organizational strategies, and sustainability. 

Chi-square test

Value df Asymptotic significance (two-sided)

Pearson chi-square 419.789 5 0.000

Likelihood ratio 567.890 5 0.000

Linear-by-linear association 3.675 1 0.053

N of valid cases 530

Table 3. 
Chi-square test results for the association between “management level” and “competitiveness at work”. 
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policies, organizational strategies, and sustainability. The strong relationship 
between the two variables reinforces the importance of organizations developing 
green strategies and improving their activities to reduce greenhouse gas emissions 
and promote practices that are beneficial for society.

The results obtained from the application of the Chi-square test are presented in 
Table 3. These results show a significant association between the “Management 
level” and the “Competitiveness at work,” with a Pearson Chi-square value of 
419.789, df = 5, and a significance level of p < 0.001. This fact tells us that the 
differences observed between occupational groups are not random. At the same 
time, it is confirmed that the management level contributes to increased 
competitiveness at work and to the development of sustainable decisions. A χ2 

analysis showed a significant association between management level and 
familiarity with monetary policies (Pearson χ2(4) = 18.42, p < 0.01; Likelihood 
Ratio χ2(4) = 17.95, p < 0.01). Expected frequencies were ≥ 5 in all cells. Analysis of 
standardized residuals showed that senior managers reported significantly higher 
levels of familiarity than expected (residual = + 2.6), while respondents at lower 
levels reported lower levels (residual = –2.1). Post hoc tests with Bonferroni 
correction confirmed the differences between management levels.

Finally, the level of competitiveness is closely linked to the level of organizational 
management. The approach of future principles for monetary policy and the 
implementation of green principles contribute to improved management by 
increasing the level of knowledge and alignment with the business environment.

Therefore, the two hypotheses have been validated, and it can be stated that 
monetary policies influence organizational strategies and sustainability. At the same 
time, circular economy policies and sustainability investments are directly 
proportional to the central investments proposed for green energy.

The ECB initiatives on the green transition and the integration of environmental, 
social, and governance criteria into monetary and financial supervision policies have 
the potential to significantly influence the strategic behavior of organizations. 
Through mechanisms such as targeting asset purchase programs toward green 
bonds, including climate risks in financial stability assessments, and incentivizing 
commercial banks to finance sustainable projects, the ECB can reduce the cost of 
capital for green investments and create a competitive framework favorable to firms 
with high sustainability performance. These financial incentives and public policy 
signals can accelerate the adoption of clean technologies, improve energy efficiency, 
and the integration of circular economy principles, which, in the medium and long 
term, can translate into competitive advantages: strengthened reputation, attraction 
of responsible investors, and preferential access to markets sensitive to circular 
economy criteria. Thus, the ECB’s initiatives not only support European climate 
goals but can also act as a catalyst for the strategic transformation of organizations, 
combining sustainability with increased economic performance.

5. Conclusions

The circular economy is a solution for the efficient use of resources. In the 
important concerns of sustainable development, the EU Parliament agenda should 
focus on the concept of green finance strategies, which aim to mobilize financial 
resources toward environmentally sustainable and socially inclusive European 
investments. Central banks in Europe shape monetary policy by adjusting interest 
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rates to influence borrowing, conducting open market operations to control the money 
supply, and creating reserve requirements [17, 23]. The results obtained show that 
there is a strong correlation between central policies and organizational strategies. The 
quality of decision-making is influenced by the competitiveness of the workplace.

Central banks are tasked with balancing, maintaining price stability, fostering 
economic growth, and supporting sustainability initiatives. Through a multifaceted 
approach, central banks can influence the availability and cost of money for 
sustainable investments, using tools such as monetary policy adjustments, forward 
guidance, and asset purchase programs. The recent adjustments to the ECB’s 
operational framework underscore the ongoing evolution in central bank strategies 
to adapt to changing economic conditions and achieve policy objectives effectively. 
Central banks should refine their approaches and integrate sustainability into 
monetary policy frameworks to reflect the growing recognition of the 
interconnectedness between financial stability, economic resilience, and 
environmental sustainability.

Monetary policies influence organizational strategies and sustainability. At the 
same time, circular economic policies and investments in sustainability are directly 
proportional to the central investments proposed for green energy. To strengthen 
organizational competitiveness, the principles of sustainability and the green 
economy should be considered and implemented. The most common activities are 
found in green investments and in optimizing production flows. The limitations of 
this study are that the market research was conducted between September and 
October 2024, and time may be a constraint. In future research, the open period for 
responses will be extended.

In using this data in questionnaire research, the authors received the consent of 
the respondents before they answered the questions asked.
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Chapter 3

Disaster Risk Financing and Clean 
Energy Management in 
Sub-Saharan Africa: A Systematic 
Review and Comparative Cases 
(Malawi, Zimbabwe, Zambia)
Daniel Jemiard Mmasomwayera Sinkula

Abstract

The study examines the integration of disaster risk financing (DRF), clean 
energy management (CEM), and climate financing (CF) in Sub-Saharan Africa 
(SSA), with a focus on enhancing financial resilience against climate-related 
disasters in Malawi, Zimbabwe, and Zambia. DRF prepares financially for 
emergencies to protect livelihoods and assets. CEM is crucial for transitioning to a 
sustainable and climate-resilient economy in SSA. CF supports mitigation and 
adaptation projects that address climate change challenges in vulnerable 
communities, providing funding for disaster preparedness, response, and recovery 
efforts. The study employs a  systematic review methodology to analyze literature 
on DRF, CEM, and CF in Malawi, Zimbabwe, and Zambia, focusing on trends, 
tools, and perceptions related to DRF and CEM. The synergic comparative analysis 
highlights the integrated strategies needed for DRF and CEM in Malawi, Zimbabwe, 
and Zambia. The study further examines the perceptions of non-profit 
organizations (NPOs) regarding DRF based on country-specific NPOs. In Malawi, 
NPOs report poor coordination between the government and international non- 
governmental organizations (INGOs), while in Zambia, NPOs emphasize the need 
for collaboration and innovative DRF strategies tailored to local conditions. 
Zimbabwean NPOs, on the contrary, struggle with limited funding and poor 
cooperation between sectors. The study recommends strengthening institutional 
capacities for successful DRF as well as the adoption of innovative financial 
instruments, such as green bonds, to optimize resource allocation in Malawi, 
Zimbabwe, Zambia, and the broader SSA region.

Keywords: DRF, risk layering, parametric insurance, ARC replica, Cat DDO, green 
bonds, mini-grids
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1. Introduction

Disaster risk financing (DRF) involves preparing financially for emergencies to 
reduce the need for disruptive actions and protect livelihoods and assets. Non-profit 
organizations (NPOs, used interchangeably with NGOs herein, non-governmental 
organizations) in Sub-Saharan Africa (SSA) frequently address the regional disaster 
challenges. However, their service and the sustainability of humanitarian 
interventions depend on ready access to adequate financing arrangements. The 
recent increase in disaster frequency and scale, among other factors, highlights the 
growing importance of effective DRF for these organizations. This study explores the 
integration of DRF, clean energy management (CEM), and climate financing (CF) 
within NPOs in the SSA countries of Malawi, Zimbabwe, and Zambia. It highlights 
the critical role of DRF in enhancing financial resilience against climate-related 
disasters, which disproportionately affect these nations. The research identifies key 
strategies for improving DRF mechanisms, including mobilizing private capital, 
fostering public–private partnerships (PPPs), and implementing innovative 
financial instrument tools. By employing a systematic review methodology, the 
study analyzes existing literature that uncovers perceptions of DRF among NGOs 
and the barriers they face in integrating DRF into clean energy projects. While there 
is a  recognition of the importance of integrating DRF into clean energy strategies, 
significant barriers exist, including insufficient funding, a  lack of awareness, and 
regulatory frameworks and policies. The findings show the need for tailored 
financial frameworks that address the region’s unique challenges, ultimately 
promoting sustainable development and resilience in the face of CEM and CF as they 
integrate with DRF for synergy. It also aligns DRF with CEM while emphasizing 
innovative financial instruments and collaborative approaches to effective disaster 
risk management (DRM) that align with equitable CF in the SSA region, mainly in 
Malawi, Zimbabwe, and Zambia.

2. Literature review

DRF is the intentional allocation of financial resources to allow for quick 
funding of disaster response and recovery operations, typically through different 
financial instruments, while CF attempts to raise funds to support mitigation and 
adaptation projects that address climate change challenges faced by 
underprivileged communities. On the contrary, CEM supports the transition to a 
sustainable and climate-resilient economy by promoting investment in clean 
energy (used interchangeably with renewable energy) and low-carbon technology. 
These financial management strategies have integrated procedures and objectives, 
making them relevant for disaster-prone countries in SSA, the region being one of 
the most susceptible to natural catastrophes in the world. The catastrophically 
induced impacts include infrastructure damage, power disruptions, environmental 
concerns, financial losses, lower agricultural productivity, food insecurity, and 
rising poverty. Because CEM helps to improve both disaster response and climate 
adaptation skills, DRF integrates with CEM and CF in assessing and minimizing the 
potential threats posed by disasters while managing and putting in place effective 
plans to lower potential risks and promote resilience and long-term strategies in 
response to disasters.
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2.1 DRF, CEM, and CF

DRF, CEM, and CF seek to establish systems that support funding for 
preparedness, response, and recovery efforts, as well as prevention, as noted in the 
study by Linnerooth-Bayer and Hochrainer-Stigler [1], which highlights that risk 
financing can be used to complement and stimulate risk reduction. The goal is to 
ensure that funds are utilized transparently and efficiently. Evaluating and managing 
risks is crucial to building financial resilience, which involves identifying, 
minimizing, and transferring potential risks, as well as managing financial risks. 
Financial losses from disasters are increasing globally in less developed countries, 
prompting efforts to improve financial risk analysis, create new financial tools, and 
enhance cooperation.

2.1.1 Disaster risk financing

DRF in anticipatory action (DRFAA) is shifting its focus toward introducing early 
warning systems and proactive approaches, which allocate funds based on 
predictions and risk assessments rather than solely reacting to needs after a disaster 
has occurred. This approach aims to prevent or minimize the most severe effects of 
disasters by enabling swift action before they worsen [2]. Consequently, financial 
vulnerability assessment is taking the lead in disaster management of climate-related 
natural hazards, which have disproportionately affected countries with lower 
economic status and low-income populations. As in the study by Mechler et al. [3], 
many highly exposed developing countries, struggling with drained tax revenues, 
substantial debt, and insufficient international aid, have been unable to secure 
sufficient and timely funding to replace or repair damaged infrastructure and revive 
livelihoods following major disasters. However, over time, their DRF strategies have 
incorporated risk identification, risk assessments, risk acceptance, risk transfer, 
and risk monitoring and evaluation into national and local DRF plans. For example, 
the Organisation for Economic Co-operation and Development (OECD) has 
formulated guidelines to fund disaster risks and has staged international events to 
disseminate best DRF practices [4–6]. Another regional integration is carried out by 
the World Conference on Disaster Risk Reduction in Sendai, Japan, and the Sendai 
Framework for Disaster Risk Reduction 2015–2030. The framework serves as the 
primary guiding instrument for DRM within the context of sustainable development 
and poverty eradication [7] globally.

Financial management tools for DRF, CEM, and CF are important, as they help 
governments, vulnerable groups, and people recover after a disaster, and one 
example is alternative risk transfer arrangements. These include items such as cat 
bonds, whereby, when transferring its insurable risk, the entity may employ a swap, 
which is then classified as an insurance derivative [8]. Another option available is 
regional risk pools, whereby countries collaborate across international borders and 
split the costs of recovery. The four notable tools are CCRIF SPC (Caribbean 
Catastrophe Risk Insurance Facility Segregated Portfolio Company), serving the 
Caribbean and Central America. The other one is the Caribbean and Central America 
Regional Risk Pool SPC, which offers financial aid to governments in the Caribbean 
and Central America in the event of catastrophic hurricanes and earthquakes [9]. 
Other pooling tools are African Risk Capacity (ARC); the Pacific Island Countries 
Regional Risk Pool (PCRIC); and the Southeast Asia Disaster Risk Insurance Facility 
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(SEADRIF), covering ASEAN Plus Three (APT) cooperation countries, whose 
cooperation started in 1997 and was incorporated in 1999.

The ARC Group consists of the African Union Specialized Agency, established in 
2012, and the Insurance Company Limited, a hybrid mutual insurer and the 
commercial affiliate of the group, founded in 2014. The ARC Group assists African 
governments in enhancing their capabilities, enabling them to craft more effective 
plans, prepare adequately, and respond efficiently to disasters caused by severe 
weather conditions, outbreaks, and epidemics. The ARC also establishes Pan-African 
climate response systems by employing innovative financial methods, including risk 
pooling and risk transfer, tailor-made for African nations susceptible to natural 
disasters [10, 11]. For example, the financial resources from ARC have strengthened 
Malawi’s proactive approach to financing disaster risks, reducing reliance on costly 
post-disaster financing and increasing resilience. The Government of Malawi joined 
the second phase of the Regional Emergency Preparedness and Access to Inclusive 
Recovery (REPAIR) program, phase 2, in July 2025 to access a broader range of tools 
for managing disaster risks, joining Angola, Burundi, Seychelles, and Zambia. In 
addition to Malawi, Zimbabwe’s participation in the ARC provides limited drought 
insurance coverage, with low cession rates. For example, Zimbabwe joined ARC in 
2015 and took the policy in 2019 with inadequate coverage. Drought insurance was 
triggered at a one-in-four-year loss, covering about US$130 million, leading to 
cession rates that increased from 2% in 2019 to 9% in 2021 but dropped to 1.7% in 
2022. Apart from country-based ARC [12], humanitarian partners also purchased 
ARC’s Replica policy, covering over 1.2 million people since 2019.

The PCRIC is a regional catastrophe risk insurance system designed to help 
Pacific Island nations mitigate the financial consequences of natural disasters and 
climate change. The system ensures financial safety by combining risks and 
delivering coverage via insurance payouts during disasters. The system helps 
vulnerable nations mitigate the harsh consequences of events such as cyclones, 
floods, and earthquakes [13]. Similarly, the SEADRIF is a regional initiative that 
creates and implements disaster risk finance (DRF) and insurance solutions for 
Southeast Asian countries. It prioritizes enhancing financial resilience against 
natural disasters by providing access to risk transfer instruments such as insurance 
and reinsurance. Disaster risk finance strategies in the region heavily rely on 
transferring disaster-related costs and risks to another responsible party, 
compensating policyholders for losses following a disaster through financial 
instruments such as catastrophe bonds and swaps [14–16].

In Malawi, the DRF strategy aims to strengthen the financial capacity plan for 
disasters. It has recently developed a Social Cash Transfer Program (SCTP), as it 
involves better risk assessment as a means of creating a set of financial tools that help 
in DRF. The SCTP focuses on stronger institutions that seek financial safety through 
risk transfer, whereby, as noted by Malawi [17], incentives from the program 
encourage people to get insurance that will help in times of emergencies while 
providing financial protection for boosting financial safety from climate risks, which 
is ideal for small farmers in Malawi using a generic risk-layering approach.

Zimbabwe’s DRF strategy aims to handle climate shocks and other disasters by 
assessing the existing systems and covering institutions, laws, and finances. Disasters 
include droughts, floods, and storms and are financed and managed by the national 
risk insurance through the African Development Bank via the Africa Disaster Risk 
Financing (ADRiFi) Capacity Building Project to enhance the country’s skills. The 
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DRF strategy is part of the national plans, and it includes the National Development 
Strategy 1, which aligns with the sustainable development goals (SDGs). While the 
ADRiFi program works to improve financial safety for African nations, Zimbabwe is 
one of those countries, as past support from ADRiFi included payouts during the 
2024/2025 El Niño drought in Zimbabwe [18].

Zambia’s DRF strategy uses prearranged DRF tools for effective disaster response 
and recovery, earmarking for risk retention through budget contingencies, reserve 
funds, and risk transfer through micro insurance and sovereign insurance. Zambia 
also uses the protection gap, which measures the difference between disaster costs 
and the prearranged financing available to address them. The protection gap 
highlights the need for adequate prearranged finance to manage disaster risks 
effectively, since different financing instruments are suited for different types of 
disaster events, with risk retention being more cost-effective for frequent, low- 
impact events [19]. In addition, Chitondo et al. [19] noted that the country’s disaster 
management framework and parties involved in disaster readiness, relief, and 
restoration efforts, while incorporating local expertise in minimizing the effects of 
disasters, created a set of funding tools. They also offer insurance and backup credit 
for disaster risk assessment, disaster response, and recovery costs. Zambia 
effectively managed disaster costs as a result of the World Bank’s Disaster Risk 
Financing and Insurance (DRFI) Program’s involvement. The program is consistent 
with Zambia’s National DRM Framework of 2017 to 2030 and the global Sendai 
Framework, which spans from 2015 to 2030 [20].

2.1.2 Clean energy management

Managing clean energy involves many strategies, and the goal is to use renewable 
energy (clean energy is used interchangeably with renewable energy) fully, as it also 
aims to reduce harm to the environment. SSA needs clean energy technologies, as 
the region’s energy demand is growing fast. SSA countries have many renewable 
energy resources, such as water, sun, and wind power. They can use these resources 
to meet their energy needs. However, one notable obstacle is getting enough 
funding, thus affecting renewable energy use. Investing in renewables depends on 
financial de-risking programs as a solution to make renewable energy technologies 
cheaper. For example, due to such technologies, solar power could provide 10% to 
15% of Africa’s electricity by 2050 [21]. Lower finance costs could significantly 
increase solar power’s contribution; yet NGOs that specialize in enhancing CF in SSA 
are hindered by donor fatigue. Furthermore, while clean energy technologies and CF 
are closely linked, removing climate financial barriers is now critical.

More studies have been conducted on the importance of clean energy. This is 
especially true for SSA and its countries. The study by Pawar [22] points out that 
notable advances have been achieved in solar and wind energy, showing significant 
efficiency improvements (5% for solar photovoltaic (PV) and 10% for wind 
turbines) and decreases in costs (67% and 64%, respectively) over the last decade. 
Furthermore, it is observed that hydropower is the most efficient energy source, 
with a conversion rate of 90% for available energy, despite being limited by 
geographical factors.

Amidst the pressing need for sustainable development during climate change, the 
shift to renewable energy is crucial for reinforcing energy security and promoting 
economic resilience. This can only be realized by setting up an initial support fund to 
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facilitate policy implementation, sustaining the current trajectory of rising 
innovation investment, and leveraging diversified market strategies, just like in 
China and beyond. This includes redefining the leadership role in the global energy 
transformation [23].

The study by Ang et al. [24] noted that renewable energy generates power that 
produces no greenhouse gas emissions from fossil fuel combustion and decreases 
certain types of air pollution. Thus, returning to sustainability is a suitable approach 
to address potential energy needs, combat rising temperatures, drive social and 
economic development, and reduce the impact of temperature change, 
environmental issues, and health concerns. However, their growth is limited by 
challenges to climate change mitigation, including market failures for clean energy, 
a lack of awareness, restricted access to raw materials required for future clean 
energy use, and daily carbon emissions [25]. Therefore, enhancing access to energy, 
energy usage, and consumption boosts energy liquidity, thereby minimizing the 
effects of climate change in less developed countries [26, 27].

In the SSA region, the deployment of clean energy projects is affected by various 
obstacles. These obstacles seriously hinder the advancement and growth of this 
industry. One of the main challenges is the lack of potential climate finances 
targeting renewable energy projects due to the reluctance of local banks to make 
investments in this high-risk sector [28]. These banks impose high lending interest 
rates on local NPOs, even though the government and other INGOs may show 
interest in subsidizing these renewable projects. In the quest for resilience, SSA’s 
climate DRF focuses on adapting to climate change strategies in climate-smart 
agriculture. Thus, the importance of strengthening the relationship between the 
private and public sectors to improve capital allocation in projects and reduce 
financing costs while adopting innovative DRF approaches [29].

2.1.3 Climate financing

Climate-related DRM and transfer are heavily reliant on CF instruments. For 
instance, in national risk financing instruments, governments set up disaster reserve 
funds for swift relief and recovery efforts. The Philippines’ Calamity Fund currently 
amounts to $390 million, established for pre-disaster operations and recovery as of 
2019. Before disasters strike, national risk financing instruments earmark budget 
reserves to cover losses. In response to flood alerts in 2019, Ethiopia’s Flood Task 
Force allocated financial reserves, impacting more than 2.8 million people. Ex-post 
sources, such as budget reallocation and tax increases, tend to mobilize more slowly 
and should be deployed after calamity funds have been depleted [30]. While ex-post 
sourcing is important, Zambia’s ability to access ex-post financing for disaster 
recovery is limited due to economic constraints.

International climate risk financing instruments receive vital backing from 
international sources, helping vulnerable countries with disaster recovery and 
enhancing their resilience. These comprise contingent credits and donor assistance; 
rapid financial access after a disaster is enabled by the World Bank’s contingent 
credit lines. For example, the Seychelles was the first African country to gain access 
to the Development Policy Loan with the “Catastrophic Draw Down Option” or 
“Catastrophe Deferred Drawdown Option” (Cat DDO) in 2014 [31]. The other 
source is through CDRF (Community Disaster Resilience Fund), the term “CDRF” 
describes the use of strategic financial strategies to aid nations in managing the 
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expenditures related to climate-related events and natural catastrophes. Malawi was 
among the first in the region to implement a national CDRF strategy and has made 
significant strides since the program started in 2019. These instruments involve 
mechanisms that help manage climate risks by shifting financial burdens to external 
parties. Examples of these arrangements include catastrophe bonds and contingent 
debt facilities. Catastrophe bonds are financial instruments that transfer specified 
risks to investors, with payments initiated by qualifying disasters. The Climate 
Vulnerable Forum (CVF) suggested implementing a Contingent Convertible Finance 
(CCF) initiative that would provide grant support, which would turn into 
concessional debt for successful projects, and conversely, debt could be converted 
into grants for failing initiatives [32].

Community-level climate risk transfer involves implementing vital community- 
based risk management strategies to address climate vulnerabilities nationwide. 
Climate risks can be better addressed when understood and assessed by the 
communities. For this reason, the communities need to be aware of the current and 
future climate risks to evaluate their ability to respond, which requires using 
scientific climate models and satellite data to make accurate predictions. It is no 
wonder that development practitioners play a key role in strengthening community 
resilience against climate risks. Similarly, development practitioners advocate for 
capacity development and risk-sharing initiatives by raising awareness about climate 
risks and available risk management options to support informed community 
decision-making.

3. Methodology

Recognizing the need for specialized approaches to data collection, the study 
methodology followed the PRISMA framework (Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses) [33–35]. This method guarantees 
transparency, reproducibility, and thoroughness in locating and examining 
literature. The data collection was related to DRF, CF, and CEM from various regions 
with a global comparison, while focusing on the SSA countries of Malawi, 
Zimbabwe, and Zambia. These countries were chosen purposefully due to their 
diverse geographical, ecological, socio-economic, and political settings. They were 
one country during the Federation of Rhodesia and Nyasaland, which was formed in 
1953 and ended in 1963 [36]. These countries were selected to reflect diverse levels of 
susceptibility to DRF and clean energy project implementations, disaster frequency 
and severity, and data availability for adaptation and CEM initiatives.

To ascertain the extent to which this literature explicitly addresses DRF in CEM: 
Perceptions of Sub-Saharan Region’s NPOs, the data search, selection, and 
evaluation were based on the availability of numerous articles and studies from 
literature and gray literature drawn from various internet-based platforms. These 
platforms include Google Scholar, Scopus, Web of Science (WoS), ResearchGate, 
and Search Engine Optimization (SEO). Keywords such as “climate energy,” “DRF,” 
“NGOs,” “perception in DRF,” “DRF,” and “climate financing” yielded numerous 
results from significant articles. The search was refined by combining these strings 
with “AND” and “OR” Boolean operators. For example, “DRF” AND “clean energy 
management” AND “Sub-Saharan Africa” OR “world” OR “Malawi” OR 
“Zimbabwe” OR “Zambia” OR “Caribbean” OR “Central America” OR “Seychelles” 
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OR “Southeast Asia” OR “Pacific Island nations” OR “China” AND “NGOs” “ 
perception” OR “Disaster Risk Reduction Frameworks.”

The literature review process from the searched and selected publications 
involved a methodical evaluation of the acquired data to determine its accuracy, 
completeness, and appropriateness for analysis, with an emphasis on its relevance. 
Sources of literature for review were obtained through the use of the PRISMA 
approach to reduce bias and increase its practical applicability across a wide range 
of DRF in clean energy, with relevant application to climate change in SSA nations. 
The author subsequently selected 304 published articles based on relevance to the 
study, from which 85 articles were removed before screening, as they were 
repetitive. The 186 publications (see Figure 1) were screened to select the primary 
studies directly related to the objective of this study, its regional focus, and Sub- 
Saharan countries. Subsequently, 57 publications were removed because a review 
of their abstracts showed they were not eligible for the systematic review, as they 
were duplicates. Furthermore, 23 publications were ineligible, and 106 publications 
were selected for analysis.

The systematic review procedures were based on trends in DRF, DRF tools, CEM 
overview, synergy among DRF, CEM, and CF; perceptions of the SSA region’s NPOs; 
and challenges in DRF in SSA. The publications used highlight and complement the 
literature on the impacts of climate change on the clean energy industry in SSA; some 
older papers and materials that were considered significant were also included.

Figure 1. 
PRISMA flowchart – source author’s own design. 
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To facilitate a comprehensive analysis, the extracted data were grouped into key 
themes for analytical purposes, focusing on DRF and CEM in three SSA countries. 
Examinations of studies were conducted to pinpoint patterns in the types, 
frequencies, and intensities of climate-related energy disasters, such as floods, 
droughts, and extreme temperatures. This was supplemented by presentations on 
trends in DRF, highlighting the increased focus on prearranged DRF, the importance 
of anticipatory action, growing awareness of disaster risk financial vulnerability, and 
the integration of DRF into climate energy and CF, all tailored to address each 
country’s distinctive challenges and best practices where applicable. A backward and 
forward citation tracking method, proposed by Hu et al. [37], was utilized to identify 
supplementary studies missed in the initial search for data.

The methodological process, as outlined in the PRISMA flowchart (see Figure 1), 
demonstrates the systematic selection and rejection of studies, thereby guaranteeing 
the reliability and thoroughness of the review. This approach enabled a detailed 
analysis of the current state of knowledge on major disaster financing instruments, 
clean energy vulnerability, the impacts of climate finance, and the strategies used for 
adaptation and DRF across the three selected SSA countries.

4. Synergy among DRF, CEM, and CF: A conceptual framework

DRF, CEM, and CF integrate opportunities for mutually beneficial outcomes. 
DRF seeks to enhance financial preparedness against natural disasters and the effects 
of climate change. It involves creating strategies to secure funding in advance for 
relief, recovery, and reconstruction efforts, potentially utilizing tools such as 
insurance and risk transfer mechanisms. Clean energy aims to decrease greenhouse 
gas emissions through the development and implementation of renewable energy 
sources and energy efficiency initiatives. CF includes financial resources from 
various providers to aid in efforts for climate change mitigation (such as clean energy 
projects) and adaptation strategies.

The synergy among DRF, CEM, and CF fosters cooperation between the public 
and private sectors, aids climate-vulnerable regions, and strengthens risk 
management by producing more accurate data. Strengthening the connection 
between climate change adaptation and disaster risk reduction is essential for 
effective risk management. The synergy promotes more effective policies and 
investments that address existing and future risks and enhances technical knowledge 
and expertise in managing both clean energy and non-clean energy systems. The 
increasing impacts of CEM necessitate a unified approach to adaptation and risk 
reduction, as both are crucial for building resilience in communities and economies, 
reducing risks, and enhancing adaptive capacity. Therefore, the opportunity to 
implement renewable energy (renewable energy used interchangeably with clean 
energy) projects while mitigating climate change and natural disaster risks in the 
sub-Saharan region is facilitated by combining DRF, CEM, and CF initiatives.

CEM requires investments in renewable energy, energy efficiency measures, and 
sustainable energy infrastructure, ultimately leading to lower exposure to climate 
change impacts, reduced greenhouse gas emissions, improved air quality, wider 
energy access for communities, and a decrease in vulnerability. Furthermore, CEM 
regulates and optimizes the production, distribution, and usage of clean energy 
resources. Well-managed clean energy resources boost economic well-being and 
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deliver vital services to their citizens via effective energy planning and management 
systems. To address escalating energy security requirements and bridge the disparity 
between energy consumption and production, a wide range of renewable energy 
technologies is developed and deployed in developed and developing countries [38]. 
The extent to which clean energy systems can withstand major catastrophes remains 
uncertain, despite combining insights from CEM and disaster risk reduction 
management presenting intriguing opportunities to tackle this challenge [39].

4.1 Interconnections among CF, CEM, and DRF

Figure 2 illustrates the interrelationship among DRF, CEM, and CF, which are 
interrelated foundations for fostering climate and disaster resilience. Arrows 
demonstrate how they support each other: CF provides funding for clean energy 
initiatives to mitigate climate threats; DRF addresses expenses from unavoidable 
disasters while encouraging risk reduction measures; and CEM decreases 
dependence on fossil fuels and bolsters community resilience, all aimed at achieving 
sustainable development objectives and alleviating poverty. The overarching 
objective that unifies all three pillars is to develop adaptive capacity in communities 
and systems to deal with the effects of climate change and natural disasters. This 
enables climate-resilient development by providing funding for CEM, early warning 
systems, disaster preparedness, and nature-based solution.

Figure 2. 
Conceptual framework on synergy among DRF, clean energy management, and climate financing. Source: 
author’s own design.
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In Figure 2, furthermore, the arrow from CF to CEM indicates that climate finance 
allocates funds to clean energy projects that mitigate climate risks. The arrows from 
CEM to DRF and to CF represent a diversified, sustainable energy system that reduces 
the vulnerability of communities to climate and disaster shocks, thus lowering the 
need for DRF and enhancing the effectiveness of CF. An arrow from DRF to CEM or 
CF indicates that financial protection mechanisms can establish a stable setting, 
allowing for long-term investments in CEM and CF through the creation of a safety net 
and the facilitation of risk transfer. Arrows from CF and DRF to risk reduction 
demonstrate that both climate and disaster financing support risk assessment, early 
warning systems, upgraded infrastructure, and capacity building, which, in turn, 
decrease future risk exposure. In summary, the arrows illustrate interactions with risk 
factors, including poverty, unsustainable land use, and governance issues, which 
affect the effectiveness of synergy in achieving successful integration.

4.2 Financial instruments

Various financial tools are now accessible to support climate energy, as the 
financing of CF, CEM, and DRF projects has undergone substantial changes. 
Particularly in the Sub-Saharan region, financial tools are essential for DRF in clean 
energy projects. Venture capital and private equity investments target financing 
high-risk, high-reward renewable energy projects. Investors who focus on impact 
investing, especially those in the renewable energy sector, offer equity funding to 
renewable energy projects that demonstrate potential in implementing cutting-edge 
energy solutions. These investments are usually long-term in nature, allowing clean 
energy projects to develop and expand clean energy technologies over time.

Several financial instruments can be employed to decrease risks and enhance the 
attractiveness of renewable energy projects. Such initiatives include green bonds, 
sustainability-linked loans, decentralized finance, and crowdfunding. Decentralized 
finance is defined in the study by Hysaj [40] as financial services provided on 
a public blockchain, accessible globally via the internet. Green bonds are financial 
instruments used to fund environmentally sustainable projects linked to climate 
change mitigation. Green bonds have also become a promising means to finance the 
shift toward a more flexible, lower-carbon economy [41]. In addition, green bonds 
are a crucial element of a holistic strategy employed by investors in renewable energy 
to align financial markets with climate goals and meet global greenhouse gas 
reduction targets [42]. The sustainability-linked loan is another financial instrument 
gaining popularity. Unlike traditional loans, which are based on a borrower’s 
strength, sustainability-linked loans are linked to the borrower’s performance in 
meeting environmental, social, or governance objectives. These loans for initiatives 
involving renewable energy or clean energy offer flexible terms and the opportunity 
for reduced interest rates if specific sustainability criteria are met.

Sub-Saharan nations can improve their capacity to implement renewable 
technologies by prioritizing the reduction of financial risks. In the study by Mirgen 
and Tepeli [43], it is noted that energy usage is increasing and becoming 
a significant concern to the environment as it determines living standards and 
drives economic growth. The shift toward sustainable energy depends on access to 
sustainable energy sources, the usage of advantageous energy carriers, the 
improvement of energy efficiency, and the reduction of the long-term 
environmental impacts of energy systems.
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5. Comparative case analyses

According to the case analysis in Table 1, the perceptions from Malawi, 
Zimbabwe, and Zambia show how climate resilience necessitates integrated 
strategies in DRF, CEM, and CF.

5.1 Comparative case analysis based on DRF

Table 1 discusses the challenges in DRF across Zimbabwe, Malawi, and Zambia, 
particularly in response to climate-induced disasters. In Zimbabwe, Cyclone Idai in 
2019 revealed significant shortcomings in institutional structures, prompting calls 
for improved disaster legislation and proactive risk management [44, 45]. Malawi’s 
strategy (2019–2024) incorporates risk-layering tools and a shock-responsive SCTP 
to mitigate reliance on external aid during droughts and floods [48]. Meanwhile, 
Zambia faces increasing climate vulnerability impacting agriculture and essential 
services, with initiatives from international organizations addressing the financial 
protection gap. These assessments are essential for developing comprehensive 
national strategies that connect climate change, energy volatility, and financial 
risks [51].

5.2 Comparative case analysis based on CEM

Table 1 shows that CEM in Zimbabwe, Malawi, and Zambia faces significant 
challenges, particularly in rural areas where access to consistent electricity is limited. 
In Zimbabwe, the Renewable Energy Fund has allocated $1 million for a solar power 
plant in Dairibord, aimed at reducing carbon emissions while supporting local dairy 
farmers and schools. The UN Capital Development Fund has contributed $810,000 
for a solar project at Mater Dei Hospital, with an additional $6 million for a solar 
facility in Guruve District to enhance local businesses and social services [46]. In 
Malawi, energy access remains constrained, particularly in rural communities. 
UNICEF has initiated programs using solar power to electrify clinics and boreholes, 
while community energy systems have introduced energy kiosks and mini-grids, 
improving access for low-income households and enhancing healthcare outcomes 
[49]. In Zambia, despite abundant renewable resources, many citizens lack 
electricity and clean cooking options, rendering the country vulnerable to climate- 
related droughts. The Zambia National Energy Compact aims for universal clean 
energy access by 2030 by promoting distributed renewable energy, particularly solar 
power, in rural regions to reduce dependence on hydroelectric sources and enhance 
resilience to climate change impacts [52].

5.3 Comparative case analysis based on CF

Table 1 shows that severe drought conditions in Zimbabwe have led to 
a significant 50% decrease in cereal yields compared to the previous five-year 
average. In response, the Gungano Fund has emerged as an effective climate finance 
model at the community level, integrating local savings with donor funds to foster 
sustainable livelihoods and improve living conditions in slums. This initiative has 
enhanced climate resilience through installations like dry toilets in flood-prone areas, 
solar energy systems, and damage repair following extreme weather events. The 
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fund has adapted to Zimbabwe’s fluctuating economy by shifting from cash 
repayments to repayments in building materials amid hyperinflation [47]. 
Meanwhile, Malawi’s CF landscape is hindered by low insurance coverage – only 5% 
of adults are insured – and a limited insurance market that complicates risk 
management for insurers [50]. Efforts are being made to develop carbon market 
frameworks and bolster institutional capacity, with backing from organizations such 
as the UNDP. However, the country’s constrained fiscal space necessitates further 
financing through grants and targeted private sector investments. Similarly, Zambia 
has recently experienced severe droughts, resulting in a 43% decline in cereal yields 
and high poverty levels, with 54% of the population living below the poverty line, 
restricting their capacity to invest in adaptation initiatives [54]. Drawing from prior 
experiences, Zambia has proposed an adaptation fund project aimed at establishing 
joint adaptation systems for smallholder farmers and communities near 
Transfrontier Conservation Areas (TFCA). Consequently, intensified climate change 
adaptation strategies should focus on supporting smallholder farmers and 
communities situated in these critical areas.

6. Perceptions of Sub-Saharan region’s NPOs on DRF

NPOs, used interchangeably with non-governmental organizations, dedicate 
more resources to disaster management than governmental and intergovernmental 
agencies, providing expertise and knowledge development on all facets of disaster. 
The distinction between governmental, intergovernmental, and non-governmental 
agencies implicitly influences the perspectives of various DRF in CEM in SSA. NPO 
perceptions in DRF derive from different ideas and views held by one side about the 
other. In SSA, NPOs frequently consider disaster relief funding to be essential; 
however, they face challenges such as inadequate DRF, insufficient funding 
opportunities, and a lack of capacity-building programs for their staff. These 
challenges influence how NPOs view DRF, given that nations in this area are 
especially vulnerable to various severe natural disasters like droughts and floods 
[54]. SSA’s NPOs perceive DRF as a means to enhance the effectiveness of 
humanitarian assistance; however, advancement is obstructed by insufficient 
support from national and local governments, along with the lack of comprehensive 
legal and policy frameworks that protect NPOs’ efforts to fulfill their mandate in 
obtaining reliable and disaster-specific funding. Consequently, NPOs perceive the 
need to intensify DRF during and after the occurrence of disasters in the SSA. 
Similarly, governments in SSA nations use a range of ex-ante (composed of risk 
transfer, risk retention, and external risk finance) and ex-post financing (composed 
of risk retention and external risk finance drawn from grants, loans, and other 
external finances) to deal with disasters, despite their heavy dependence on external 
help. In recent years, SSA countries have experienced a significant amount of 
innovation in new mechanisms for providing contingent coverage of disaster-related 
losses. For example, Kita [50] states that Malawi introduced disaster insurance, and 
it is increasingly recognized as a vital tool for addressing climate-induced loss and 
damage in Malawi; however, its adoption remains low due to various challenges.

Additionally, NPOs perceive DRF as a strategy for improving the efficiency and 
effectiveness of delivering humanitarian aid and disaster recovery initiatives. 
Moreover, NPOs acknowledge an increasing demand for more advanced, proactive 
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financing solutions that go beyond the reactive nature of DRF, which is frequently 
inadequate. Thus, Chikoto-Schultz et al. [55] note that NPOs make a big difference in 
the community. They also contribute significantly to the underrepresented, 
marginalized, and vulnerable populations by providing services, advocating for 
them, developing their leadership and expressive skills, fostering community and 
democracy, and driving innovation.

6.1 Perceptions cases of Malawi, Zambia, and Zimbabwe

NPOs are proactively preparing communities to face future challenges by 
combining insurance and financial support mechanisms, going beyond simply 
responding to crises. NPOs are, therefore, essential to promoting resilience and 
sustainability in the face of rising disaster risks in the area by expanding access to 
financial resources and promoting inclusive disaster funding. For example, in the 
study by Pauw et al. [56], climate-related disasters are resulting in increasingly 
severe economic losses; consequently, such disasters may lead to widespread poverty 
and hinder the development goals of numerous nations. The challenges in question 
imply that achieving the SDGs in SSA may heavily depend on how disaster 
management policies enhance hydrological resilience and climate change adaptation. 
For example, in Zimbabwe, following Cyclone Idai, assessments of the country’s 
fiscal preparedness were carried out, uncovering significant shortcomings in both 
institutions and policies (see Table 1). Meanwhile, opportunities exist for the Paris 
Agreement and Nationally Determined Contributions (NDCs), as noted in literature 
[57–59], to boost climate finance disbursements to Africa. In the end, NPOs’ 
influence on DRF systems will rely on their ability to innovate, work together, and 
effectively advocate for those in need as their role continues to change.

6.1.1 Perceptions of Malawi

Malawi faces significant humanitarian crises primarily due to extreme weather 
events, climate change, cyclones, and tropical storms. The Malawi government leads 
humanitarian responses through the Department of Disaster Management Affairs 
and DRM Committees. As such, Malawi receives support from international NGOs 
(INGOs) that play crucial roles in disaster management, particularly during flood 
emergencies, and these include, but are not limited to, UN Women, World Vision, 
Action Aid, and WFP. These INGOs are actively involved in disaster responses, 
focusing on resource provision and agenda setting. NPOs perceive weak 
collaboration and coordination among INGOs when dealing with DRF, climate 
change, and CEM management. In Malawi, disaster responses suffer from poor 
coordination between the government and INGOs, despite the United Nations Office 
for the Coordination of Humanitarian Affairs (UN OCHA) responding to disasters 
through the cluster system approach. However, local NPOs (LNPOs) and local non- 
governmental organizations (LNGOs) do not have enough adequately trained and 
experienced staff dedicated to the communication process with the clusters [60]. On 
the contrary, many NGOs prepare contingency plans without proper input from 
DoDMA, leading to poorly informed strategies. NGOs are concerned about the 
commitment to funding long-term disaster risk reduction initiatives. Additionally, 
the judiciary’s involvement in disaster management plans is regarded as vital, 
although it frequently feels detached from the actual circumstances [61].
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Many local NPO networks, such as civil society organizations, collaborate with 
INGOs in Malawi. Others include faith-based organizations (FBOs), such as 
Churches Action in Relief and Development, which provide humanitarian assistance 
but often operate in isolation and lack formal connections to climate change project 
initiatives. Despite support from INGOs, the Malawi government still suffers from 
the imposition by INGOs, as they dominate in the control of disaster financial 
resources. This dominance frequently ignores LNPOs’ distinct advantages and local 
expertise. Moreover, DRF-related projects fail to meet the actual needs of LNGOs 
and LNPOs in terms of capacity-building initiatives in DRF [62]. In this case, DRF in 
Malawi is perceived as the most significant challenge in the non-profit-making sector 
due to concerns about corruption, which negatively impact donor trust in LNGOs, 
while they perceive that DRF sources are limited.

NPO perceptions are crucial in deciding how to plan, prepare, mitigate, and 
respond to disasters at any time in DRM and CEM. General trends show that NGOs in 
Malawi contribute to DRM through initiatives in disaster prevention, preparedness, 
and recovery. For instance, although Malawi receives assistance from NPOs that are 
important in implementing community-focused flood risk management initiatives, 
a thematic analysis in the study by Smith [63] found that donors typically prefer 
established technological methods rather than local expertise. This restricts their 
integration into projects. However, organizations in Malawi think that the local 
community’s grasp of project planning and implementation does not align with their 
needs or priorities. On the contrary, there is continued NPO donor dependency in 
Malawi through a begging bowl pattern from donors. In the study by Sharma et al. 
[64], it is noted that in Malawi, donors contribute 55% of health spending, yet the aid 
system is fragmented with many funding sources and implementing partners, which 
causes poor coordination between government goals and donor efforts. To help them 
plan strategically and create successful financial protection programs, NPOs in 
Malawi perceive that having better access to and utilization of information on DRF 
leads to effective disaster preparedness. Thus, in the study by Dewa et al. [65], 
evidence from the flooding situation in Nsanje District in Malawi shows that Malawi 
has improved its DRM institutional structures. This has been possible due to shifting 
its policies from reactive to proactive in dealing with disasters.

6.1.2 Perceptions of Zambia

The larger problems of financial viability, transparency, and the national-level 
regulatory framework for DRM influence the perceptions of Zambian NPOs 
regarding DRF. Given Zambia’s rising vulnerability to climate-related disasters, it is 
critical to increase its involvement in DRM by strengthening cooperation with the 
government and foreign partners. For instance, Kachumi et al. [66] demonstrates 
that the Church Health Association (CHA), which receives support from 
international funders, has significantly impacted the lives of vulnerable 
communities, particularly in rural regions. Due to inadequate funding and economic 
challenges, NPOs in Zambia fail to maintain financial stability. Additional issues 
include domestic concerns related to dependence on donors and a dearth of long- 
term strategy. Using DRF techniques to enhance the sustainability of NPOs, on the 
contrary, is one of the best methods for managing disaster risk finance. Budgeting 
and cash flow management are just two examples of effective DRF strategies that are 
necessary for long-term stability.
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NPOs in Zambia are well aware that a key barrier is the scarcity of resources for 
DRR technologies and their implementation at the national and local government 
levels. The need for increased collaboration and coordination between NPOs, 
government agencies, and the commercial sector to create and implement integrated 
DRF programs is evident. According to NPOs, there is a scarcity of innovative, 
effective, and flexible DRF strategies that prioritize risk and are tailored to local 
conditions to transfer climate risk insurance and other mechanisms to protect 
vulnerable communities. Public perception highlights the shortcomings of local 
governments, as well as the inability of stakeholders, such as NPOs, to take 
advantage of and benefit from opportunities to incorporate climate change 
adaptation and DRR into development initiatives and to make efficient use of DRF 
tools. International partners and NPOs have discovered a significant gap in risk 
awareness that limits the effectiveness of current DRF methods. Data-driven 
methods are creating financial protection measures, and the evolution of climate 
change is providing solutions to mitigate these effects and safeguard communities at 
risk.

As demonstrated by the World Bank-supported projects, NPOs in Zambia are 
actively engaged in helping government initiatives to improve the national DRM 
framework through technical support and capacity development [67]. Organizations 
like the World Food Programme (WFP) promote inclusive risk financing that is 
integrated with larger social protection programs to increase community resilience in 
Zambia, while at the same time promoting a risk layering strategy to manage risks of 
different magnitudes. This strategy involves integrating risk transfer (such as 
insurance-linked securities, insurance, and reinsurance) with risk retention (such as 
contingency funds and anticipatory actions that include contingent credit and 
reserves) [68]. On the contrary, PPP in Zambia is seen by NPOs as essential for 
fostering favorable market conditions for sustainable insurance and for integrating 
DRF instruments with private sector investments. However, in the study by Clarke 
and Mahul [68], the PPP Act in Zambia had not made a considerable impact on the 
private sector’s choice to engage in PPP projects.

6.1.3 Perceptions of Zimbabwe

Zimbabwean NPOs respond to various disasters caused by changes in climate 
change that subsequently affect clean energy resource projects. However, these 
NPOs perceive that disaster risk finance is hindered by insufficient access to funding 
resources. Additionally, NPOs also perceive that there is a lack of coordination 
between the public and private sectors in disaster aid preparedness, response, and 
recovery initiatives. Similarly, in many cases, perceptions emphasize the poor 
cooperation between NPOs, government organizations, and the private sector, 
which hinders resource sharing and the development of all-inclusive financial 
solutions. The environment in which NPOs function during relocations caused by 
disasters at Chingwizi presents several obstacles. Some of these obstacles arise 
internally within the NPOs, while others are external factors. The government of 
Zimbabwe has been criticized for limiting the operational space for NPOs that aim to 
support individuals impacted by disaster-related relocations. NPOs are required to 
funnel all their aid through the office of the Provincial Affairs Minister instead of 
engaging directly with the people they intend to help [69].
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Because NPOs often have small budgets, they struggle to allocate financial 
resources toward DRF to address the rising frequency and severity of disasters. Risk 
transfer methods and insurance, which are necessary for mitigating the financial 
consequences of disasters, are difficult to obtain for NPOs due to their lack of 
competence in DRF and disaster risk finance. Many NPOs require extensive training 
to implement successful DRF projects. Alternatively, in the study by Bongo et al. 
[70], Zimbabwe’s framework for disaster risk reduction and its execution have not 
yet encompassed some of the most marginalized and vulnerable groups, especially 
the terminally ill, people with disabilities, and the extremely impoverished. A top- 
down method to disaster management is frequently criticized for hindering 
resilience and compromising preparedness among the parts of society most impacted 
by disasters. Furthermore, disaster risk reduction efforts have generally been 
tailored to address the needs and priorities of able-bodied individuals, largely 
neglecting those with different disabilities. The need for the development of low- 
cost, innovative financial tools like micro-insurance or community-based risk 
funding programs is a crucial insight.

7. Findings from the study

Obstacles that have previously prevented the efficient funding of climate change 
adaptation projects form the basis toward gaining a thorough understanding of these 
findings.

7.1 Lack of uniform policies

The lack of uniform policies that consider the diverse socioeconomic conditions 
of various nations in SSA is one of the main challenges [71]. Insufficient funding 
streams, resulting from fragmented approaches to climate finance, frequently fail to 
meet the pressing needs for adaptation. Prior errors have stemmed from poor local 
capacity, regulatory framework gaps, and the lack of uniform resource mobilization 
policies, which would make it easier to provide a unified voice in support of uniform 
policy changes at regional and national levels.

7.2 Lack of adaptable DRF strategies in climate change

DRF is now an important component of SSA’s climate adaptation plans. As in 
some studies [72, 73], firms are launching their climate change initiatives, presenting 
a pressing concern for corporate governance as the board monitors and evaluates 
these efforts within their organizations. Governments and development partners 
frequently operate independently, paying little attention to the interdependence of 
climate threats and possible mitigation measures. The insurance systems that may 
foster proactive planning and investment in climate resilience are undermined by 
this lack of comprehensive and systematic methodologies. Even when insurance may 
be required, a lack of robust stakeholder participation and communication limits its 
effectiveness as a tool for moving toward sustainable climate adaptation. In some 
cases, obstacles such as poor infrastructure and limited access to trustworthy climate 
data hinder investments in disaster risk reduction strategies. This issue has been 

Disaster Risk Financing and Clean Energy Management in Sub-Saharan Africa… 
DOI: http://dx.doi.org/10.5772/intechopen.1013608

1953



exacerbated by the ongoing repercussions of climate change, which have raised 
questions about the efficacy of current financial legislation and systems.

7.3 Lack of climate adaptation techniques

Finding best practices that meet local needs and empower vulnerable 
communities has become crucial in the context of climate energy in SSA when it 
comes to effective DRF. As climate change continues to shift at an unprecedented 
rate, it is best to develop and implement effective adaptation strategies that enable 
vulnerable communities to become more resilient and cope with the consequences. 
The most successful climate adaptation techniques used in vulnerable communities 
in SSA draw on the most current research on climate adaptation strategies [74, 75].

8. Recommendations

Several recommendations come to light in addressing the inconsistent policies 
surrounding DRF, clean energy, and CF in SSA. The initiatives involve promoting 
regional cooperation, boosting institutional capabilities, and refining policy and 
regulatory structures. Moreover, implementing innovative financial tools such as 
green bonds and risk-sharing mechanisms, leveraging private sector investments, 
and increasing transparency are crucial for establishing trust and optimizing fund 
deployment. It is, therefore, essential for stakeholders to address the funding 
shortfall and enhance the resilience of vulnerable groups more effectively.

Countries in SSA encounter substantial difficulties in creating adaptable 
strategies for DRF in response to climate change. The main reasons for this are 
limited financial resources, insufficient institutional capabilities, and a scarcity of 
conventional public funding. Combating this requires a comprehensive approach, 
including investments in climate adaptation to reduce disaster relief costs, an 
expansion of international grants and concessional loans, and the involvement of the 
private sector. It also requires the development of new financial tools designed to 
boost fiscal resilience in light of increasing climate-related disaster frequencies.

Among the most effective adaptation techniques to climate change are early 
warning systems and strategies that combine climate data, agricultural services, and 
healthcare services. Additionally, strategies are needed to improve coordination 
among government agencies, development partners, and financial institutions. An 
assessment of financial challenges, obstacles, and potential solutions should 
correspond with innovative funding methods tailored to the specific situation, rather 
than applying universal approaches both before and after disasters occur. In order to 
find lasting solutions for managing and funding the risk of disasters in SSA’s 
changing climate–energy environment, it is essential to involve all stakeholders at 
every level, from national governments to local communities.

9. Conclusion

In conclusion, the integration of DRF with CF and CEM in SSA, particularly in 
Malawi, Zimbabwe, and Zambia, enhances financial resilience in the face of 
escalating climate-related disasters. The systematic review of existing literature 
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reveals that while NGOs are increasingly recognizing the importance of 
incorporating DRF into CEM initiatives, significant barriers still hinder this process, 
including limited funding, insufficient public awareness, and inadequate regulatory 
frameworks. This study underscores the pressing need for innovative financial 
instruments and the promotion of PPPs to mobilize private capital more effectively. 
Furthermore, an emphasis on tailored financial systems in addressing the unique 
challenges of SSA region countries facilitates the long-term growth and resilience of 
communities against the adverse impacts of disasters. Furthermore, the necessity for 
a holistic approach that ensures the harmonious alignment of DRF with CEM and CF 
is paramount. This encompasses comprehensive financial management strategies 
aimed at overseeing prevention, preparedness, response, and recovery efforts. Thus, 
the facilitation of transparency and efficiency in DRM is contingent upon the 
establishment of effective financial mechanisms to direct financial resources toward 
sustainable development objectives. Vulnerable communities are better equipped to 
confront the obstacles presented by disasters and climate change. As such, the study 
lays the groundwork for further research in DRF to enhance synergy among DRM 
practices, CEM, and CF, and to address perceptions among NPOs in DRF.
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Chapter 4

Coordinating Transportation 
and Land Use Strategies Across 
Scales: Lessons from California’s 
Climate Action Planning 
Experience
Serena E. Alexander and Ahoura Zandiatashbar

Abstract

This chapter explores how regional and local governments can coordinate 
transportation and land use strategies to reduce greenhouse gas (GHG) emissions, 
drawing on lessons from California’s Senate Bill 375 and its multilevel climate 
planning framework. It asks: To what extent do regional sustainable communities 
strategies (SCSs) and local climate action plans (CAPs) align in their approaches to 
reducing vehicle travel, and what does this alignment – or lack thereof – mean for 
climate action? Using qualitative content analysis of 25 planning documents from five 
diverse California metropolitan regions, the study examines 24 strategies across four 
categories: transportation infrastructure, land-use policies, transportation demand 
management, and cross-cutting issues such as collaboration and equity. The findings 
reveal that regional plans tend to emphasize modeling and best practices, while local 
plans are often more tailored to community needs and, in some cases, more 
ambitious. Strategies requiring significant infrastructure investment, such as transit 
or active transportation networks, benefit most from vertical integration, whereas 
locally driven innovation fills gaps through policies such as parking reform, urban 
greening, and community-centered engagement. Key barriers to coordination 
include mismatched authority, uneven technical capacity, and differing timelines, 
though cities with long-standing climate commitments often act as leaders. 
California’s experience underscores that effective decarbonization requires both 
coordination across levels of government and room for local innovation. These 
lessons are transferable to other jurisdictions seeking to align transportation and land 
use planning in support of climate action.

Keywords: land use–transportation coordination, climate action planning, 
multilevel governance, greenhouse gas emissions mitigation, low-carbon 
development, vehicle miles traveled reduction, policy alignment, planning capacity, 
sustainable communities strategies
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1. Introduction

California is often seen as a pioneer in climate policy, but even in this ambitious 
state, the road to lowering greenhouse gas emissions – especially from cars and 
trucks – is not easy. One of the most significant attempts to tackle this challenge 
came in 2008 with the passage of Senate Bill 375 (SB 375), also known as the 
Sustainable Communities and Climate Protection Act. The bill aimed to reduce 
greenhouse gas emissions from cars and light trucks – the state’s largest single source 
– by reshaping how communities grow and how people move within them.

SB 375 was designed to bridge the gap between climate goals and urban 
development. It tasked each of California’s Metropolitan Planning Organizations 
(MPOs) – the regional bodies responsible for long-range transportation investments 
– with developing a sustainable communities strategy (SCS). These strategies were 
supposed to integrate land use, housing, and transportation planning in ways that 
support emissions reduction targets set by the California Air Resources Board 
(CARB). The hope was that if people lived closer to jobs, services, and transit, they 
would drive less – and emissions would fall. Figure 1 shows how climate planning 
strategies are linked between state, regional, and local governments in California.

From its inception, SB 375 was both visionary and challenging. As Brent Schoradt 
[1] noted shortly after the law passed, the success of the bill would depend heavily on 
the quality and ambition of these SCSs [1]. But as Elisa Barbour [2] later observed 
in her evaluation of early SCSs, translating high-level sustainability goals into 
effective plans and measurable outcomes proved more difficult than anticipated [2]. 
One issue was the potential disconnect between regional planning and local 
implementation.

While SCSs are mandatory under SB 375, Climate Action Plans (CAPs) – which 
many cities adopt to guide their local climate actions – are voluntary. This creates a 
potentially fragmented landscape in which local jurisdictions may or may not align 
their plans with regional strategies. Researchers like Frick et al. [3] have highlighted 
the tension between regional coordination and local autonomy, especially around 
issues like equity, housing, and growth [3]. Their work, along with that of Garde and 

LocalRegionalState

The Sustainable 
Communities and 

Climate 
Protection Act 

(SB 375)

Sustainable 
Communities 

Strategy (SCS) 

Climate Action Plans 
(CAPs)

General Plans (GPs)

Zoning & Development 
Codes

Other Relevant Local 
Plans 

(e.g. Sustainable Transportation Plans,
Complete Street Plans, etc.) 

Figure 1. 
Conceptual diagram linking climate planning at various levels of government in California.
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Kim [4] on zoning reform [4], underscores how essential it is for local governments 
to not only participate in but also adapt regional strategies in ways that reflect their 
own capacities and priorities.

Research to date offers limited and, at times, conflicting evidence on whether 
regional plans effectively spur local voluntary adoption of sustainable transportation 
and land-use practices. A longitudinal analysis of plans in the Denver metropolitan 
area suggests that, while local development continues to be strongly influenced by 
market dynamics and local preferences, MPOs have had some success in advancing 
mixed-use and higher-density development that supports reductions in VMT and 
GHG emissions [5]. By contrast, a study of the Sacramento region showed that 
neighborhoods planned under the regional “Blueprint” principles did not attract 
most new residential growth; in fact, the areas rated most favorably experienced 
less development after the plan’s adoption [6]. More recently, evidence from 
California indicates that local activist leadership – through initiatives such as 
parking policy reforms and community outreach – can outperform regional plan 
alignment in promoting nonauto commuting and advancing GHG reduction 
goals [7].

Moreover, there is a lack of evidence on how regional GHG reduction strategies 
are incorporated into local plans. A 2017 report from the National Institute for 
Transportation and Communities (NITC) analyzed MPO-developed regional 
transportation plans in California and Oregon and found that the establishment of 
regional GHG reduction targets led to greater attention to climate change in planning 
[8]. However, this report did not evaluate the influence of state mandates or regional 
plans on local planning documents. Another study highlighted the importance of 
systematically assessing how MPOs across California encourage local governments to 
pursue more compact, less car-dependent development to meet statewide GHG goals 
[9]. Specifically, the research suggests that MPOs typically conduct limited and 
inconsistent evaluations of how local land-use practices and built environment 
changes align with SB 375 and their corresponding regional SCS. This underscores 
the need for a comprehensive assessment of the alignment between regional SCS and 
local CAPs throughout California. Lessons learned would benefit other jurisdictions 
pursuing climate planning to address transportation emissions.

This chapter contributes to the literature by filling that gap. Using a comparative 
content analysis of 25 planning documents from five diverse California regions, we 
examine the alignment between regional SCSs and local CAPs. This cross- 
jurisdictional approach builds on prior case studies by offering a broader perspective, 
allowing us to identify patterns of strategy adoption, highlight areas of strong 
alignment and divergence, and explore how these patterns relate to decarbonization 
outcomes. In doing so, our work adds empirical depth to ongoing discussions in 
climate planning research.

This analysis focuses on 24 types of strategies, grouped into four categories:

1. Transportation infrastructure – investments and design choices that expand 
safe, low-carbon travel options, such as bike lanes, sidewalks, or EV charging 
stations.

2. Land-use policies – tools to shape where and how development occurs, 
including zoning changes that promote infill housing or mixed-use 
neighborhoods.
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3. Transportation demand management (TDM) – efforts to reduce the need to 
drive by changing travel behavior, such as flexible work programs, transit 
incentives, or outreach campaigns.

4. Cross-cutting strategies – approaches that integrate equity, public engage
ment, or intergovernmental collaboration into planning and implementation.

Together, these strategy types reflect a comprehensive framework for 
transportation decarbonization – but only if they are effectively coordinated. Through 
this analysis, we found that while some cities and regions are closely aligned, others 
take their own path. That’s not necessarily a bad thing – local innovation can thrive 
even without regional mandates – but a lack of coordination can also mean missed 
opportunities to reduce emissions more effectively.

Our research builds on earlier work and new resources from the CARB’s 
Sustainable Communities and Climate Protection Program [10], which continues 
to track implementation challenges and lessons from SB 375. What follows is a 
deeper look into these patterns, peppered with real-world examples that show the 
promise – and the complexity – of planning for climate action across levels of 
government.

While this chapter focuses on California, the insights are relevant far beyond the 
state’s borders. Around the world, cities and regions are grappling with how to align 
ambitious climate targets with on-the-ground decisions about land use and mobility. 
Whether it’s Paris rethinking car access, Bogotá expanding bus rapid transit, or 
Canadian provinces integrating land use into climate planning, the challenge is the 
same: how to get multiple levels of government working toward a shared vision. 
California’s experience offers both cautionary lessons and hopeful strategies. For any 
jurisdiction seeking to decarbonize its transportation sector while managing growth 
and equity, understanding what worked – and what didn’t – in California’s complex 
planning landscape can be an invaluable guide.

2. Methodological framework

This chapter draws on the qualitative portion of a broader study that examined 
the relationship between regional and local climate action planning in California 
[11]. The analysis focused on the transportation and land use strategies included in 
regional SCSs and local CAPs to understand the extent to which regional policy 
priorities are reflected in local plans.

2.1 Case selection

The study examined climate action planning across five major MPOs in 
California:

1. MTC/ABAG (Bay Area)

2. SCAG (Southern California)

3. SACOG (Sacramento area)
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4. SANDAG (San Diego)

5. SJCOG (San Joaquin Valley)

These MPOs were selected to capture the breadth of California’s geographic, 
demographic, and economic diversity, as well as the variety of institutional contexts in 
which Senate Bill 375 implementation occurs. Collectively, they encompass the majority 
of the state’s population and transportation-related greenhouse gas emissions, making 
them critical arenas for understanding climate action planning in practice.

Within each MPO region, five cities were selected to capture the diversity of local 
contexts, including large and small jurisdictions, urban cores and suburban 
municipalities, and varying levels of governance capacity and climate planning 
experience. Selection criteria considered both population size and geographic 
distribution, ensuring inclusion of the largest cities as well as mid-sized and smaller 
municipalities, with locations dispersed across each region. Four cities in each region 
had adopted a CAP at the time of data collection, while one city had not, providing a 
point of comparison to assess the absence of formal climate action planning. This 
sampling approach allowed the analysis to encompass both high-capacity cities with 
established climate programs and those at earlier or preliminary stages of climate action.

2.2 Strategy framework

The strategies assessed in this study were identified through a systematic content 
analysis of the selected SCSs and CAPs. Drawing from the climate planning 
literature, iterative review of the plans, and targeted keyword searches, we 
developed a list of 24 strategies grouped into the aforementioned four categories.

These strategies were selected because they are widely recognized as policy levers 
for reducing transportation-related greenhouse gas emissions. For each plan, the 
presence or absence of each strategy was recorded, with a value of “1” assigned if the 
strategy was explicitly included and “0” if it was not. Strategies were counted as 
present if they appeared as a long-range public policy or program in the plan, 
regardless of whether they were legislative, incentive-based, or voluntary in nature.

To ensure clarity and consistency, two researchers pilot-tested the framework by 
independently coding one CAP from each metro region, as well as its relevant SCS. 
This process allowed them to refine definitions, resolve ambiguities, and establish 
coding rules. Results of the pilot test were compared to assess intercoder reliability, 
and discrepancies were discussed until consensus was reached. Once consistency was 
confirmed, the refined framework was applied to the full set of 25 cities and 5 MPOs. 
This two-step approach – framework development followed by pilot testing – 
ensured the reliability and validity of the qualitative content analysis.

2.3 Analytical approach

The qualitative analysis focused on identifying patterns, similarities, and 
differences between regional and local plans. This included examining:

● Which strategies appeared consistently across both levels of planning?

● Where local plans diverged from regional priorities.
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● Which strategies were unique to local contexts or to regional frameworks?

● How the absence of a CAP influenced the scope of transportation and land-use 
strategies at the local level.

While this chapter predominantly presents the qualitative results of the plan 
analysis, descriptive comparisons across the sample are used to highlight notable 
trends. In some instances, examples from individual MPOs or cities are provided to 
illustrate broader findings, such as the vertical “flow down” of strategies from 
regional to local plans or the emergence of strategies that originate locally and are 
later reflected in regional planning.

3. Findings

3.1 Transportation strategies: Where plans align and why it matters

Let’s start with the basics: how people move. Table 1 summarizes the adoption of 
key transportation infrastructure and built environment strategies across regional 
SCSs and local CAPs, showing both the number and share of plans incorporating 
each strategy.

As depicted in Table 1, almost every region and city included strategies to make 
walking and biking safer and more attractive. “Active transportation,” as planners 
call it, has become a widely accepted part of climate planning. Long Beach, for 
example, adopted a comprehensive Complete Streets Master Plan that doesn’t just 
mention bike lanes – it weaves them into the city’s identity. The plan ties together 
pedestrian safety, greenery, stormwater management, and access for people with 
disabilities, shaping capital projects across the city.

Strategy SCSs adopting  
(n = 5)

% of SCSs CAPs adopting  
(n = 20)

% of CAPs

Bicycle infrastructure 5 100% 19 95%

Pedestrian infrastructure 5 100% 19 95%

Complete streets 5 100% 12 60%

Mass transit expansion 5 100% 16 80%

Electric vehicle infrastructure 4 80% 18 90%

Ride-sharing/carpool programs 4 80% 15 75%

Low-carbon/alternative fuel vehicles 3 60% 18 90%

Autonomous vehicle infrastructure 2 40% 2 10%

Climate-friendly infrastructure 1 20% 14 70%

Vehicle idling reduction 2 40% 7 35%

Goods movement/freight policies 3 60% 10 50%

Table 1. 
Adoption of transportation infrastructure/built environment strategies across MPOs and cities in California. 
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This reflects broader trends: all analyzed SCSs include active transportation 
strategies, and nearly all CAPs (19 of 20 cities) incorporate pedestrian and bicycle 
infrastructure. Complete streets policies are explicitly referenced in 10 CAPs, while 
several others defer to General Plans or specialized Active Transportation Plans. 
These strategies are reinforced by decades of state policy, including Caltrans 
Deputy Directives dating back to 2001 and culminating in the 2021 “Complete 
Streets” DP-37, which requires all Caltrans-funded projects to accommodate safe 
and comfortable conditions for all modes.

Mass transit is another central strategy. Every regional plan and 15 CAPs discuss 
transit improvements, though the level of specificity varies. Oakland’s CAP, for 
instance, emphasizes equity by targeting underserved neighborhoods with faster 
buses, better stops, and shelters designed for extreme heat. Major urban hubs – Los 
Angeles, San Francisco–Oakland, and San Jose – plan to enhance system efficiency, 
reduce travel time, and improve inclusiveness, while midsize and smaller cities often 
supplement regional transit agency efforts with local infrastructure, technological 
tools like GPS tracking, and incentives for riders. Across plans, the alignment of local 
and regional transit strategies helps increase transit ridership, reduce car trips, and 
improve overall system efficiency.

Electric vehicles (EVs) and other low-carbon fuels represent a third area of 
coordinated strategy. State policies and funding have pushed cities and regions to 
prioritize EV readiness. Fremont, for example, incorporated EV charger requirements 
into its zoning code and coordinated across departments to ensure new multifamily 
buildings are prepared for a zero-emissions future. Across the analyzed CAPs, 18 of 20 
cities include EV strategies ranging from charging station networks to infrastructural 
readiness, while regional plans emphasize financing, public chargers, and 
electrification of transit fleets and goods movement. Low-carbon fuels complement 
these strategies, often intersecting with vehicle electrification, fleet management, and 
goods movement to further reduce GHG emissions.

Emerging technologies, such as autonomous vehicles (AVs), are beginning to 
shape transportation planning. SCAG and MTC/ABAG embed AV forecasts and data 
modeling into their SCSs, while SJCOG and SACOG reference AVs in long-term 
planning. Local CAPs in San Jose and Los Angeles also consider AVs as part of a 
strategy to position themselves as leaders in new transportation technologies, 
demonstrating how local innovation can complement regional visioning.

Goods movement is another critical focus. Regional plans in SCAG, SANDAG, 
and other MPOs aim to reduce GHG emissions across freight networks – from 
highways and railroads to last-mile delivery – through infrastructure improvements, 
electrification, and technology adoption. At the local level, half of the analyzed cities 
incorporate goods movement strategies in CAPs, optimizing energy use and 
addressing emissions from delivery trucks, including idling near schools, childcare 
facilities, or commercial hubs.

Finally, climate-friendly infrastructure often intersects with active 
transportation and adaptation strategies. Green streets, reflective pavements, shade 
vegetation, and energy-efficient lighting improve the walking and biking experience 
while capturing carbon and mitigating urban heat. Fourteen of 20 cities include such 
strategies, with cities like San Diego, Fremont, and Escondido embedding these 
interventions in climate adaptation plans. These efforts show that environmental 
co-benefits – safety, comfort, and resilience – can be achieved when transportation 
and infrastructure strategies are coordinated across scales.
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Together, these strategies demonstrate that alignment between regional and local 
plans matters – but so does local autonomy. When cities have the tools, vision, and 
support to lead, they can push the envelope in ways that regional plans alone cannot. 
The result is a transportation system that is safer, cleaner, and more equitable, 
advancing climate goals while meeting the needs of diverse communities.

3.2 Land use: The foundation beneath it all

Land use is the backbone of any transportation strategy. If people cannot live near 
where they work, shop, or access daily services, it is difficult to reduce driving and 
achieve meaningful GHG reductions. Table 2 summarizes the adoption of key land 
use strategies. Across California, regional and local plans consistently emphasize 
strategies like transit-oriented development (TOD), infill housing, and improving 
the jobs-housing balance. How cities implement these strategies, however, can vary 
widely.

Take San Diego. Its “City of Villages” approach doesn’t simply call for density – it 
paints a vision of walkable, mixed-use neighborhoods anchored by transit. The city’s 
CAP explicitly links this strategy to climate goals, guiding zoning updates, 
infrastructure investments, and community development. Fremont, by contrast, 
focuses on housing within walking distance of “basic services,” while Oakland 
emphasizes proximity to “essential destinations of everyday life,” and Sacramento 
plans new residential neighborhood centers. While the language and specific focus 
differ, all three approaches aim to shorten distances between housing and key 
destinations, reducing the need for car travel.

Santa Monica offers a complementary example of local innovation. Rather than 
focusing solely on where development occurs, the city examines how parking 
policies shape car use. By eliminating minimum parking requirements and adjusting 
rates based on demand, Santa Monica has begun to reshape how residents and 
developers think about driving, demonstrating that relatively small land-use 
adjustments can have outsized effects on transportation behavior.

Strategy SCSs adopting  
(n = 5)

% of SCSs CAPs adopting  
(n = 20)

% of CAPs

Transit-oriented development (TOD) 5 100% 17 85%

Infill development 5 100% 16 80%

Accessory dwelling unit (ADU) programs 2 40% 2 10%

Housing near activity centers 5 100% 14 70%

Affordable/jobs-housing balance 5 100% 12 60%

Preserve open space 5 100% 10 50%

Urban growth boundary (UGB) 1 20% 0 0%

Parking requirements 2 40% 16 80%

Urban forest 1 20% 16 80%

Port policies 1 20% 4 20%

Table 2. 
Adoption of land use strategies across MPOs and cities in California. 
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These narratives reflect broader patterns in the data. Table 2 shows that TOD is 
adopted in 17 of 20 analyzed cities, infill development in 16, housing near 
development centers in 14, and housing affordability and jobs-housing balance in 12. 
The prevalence of these strategies across SCSs and CAPs suggests a degree of vertical 
integration from state to municipal planning, though local implementation details 
differ based on city size, geography, and local priorities. Midsize and smaller cities, 
like Fremont and Escondido, often integrate these strategies into economic 
development efforts, while larger cities, such as San José, Oakland, and San 
Francisco, consider commuting patterns, housing affordability, and equity in linking 
residents to local jobs.

Preservation of open space, farmland, and critical environmental areas is another 
recurring theme. All five MPOs address this strategy, and roughly half of the 
analyzed cities incorporate it into CAPs. Approaches vary: Sacramento frames 
preservation as part of sustainable growth and project design, while San Francisco 
and Los Angeles pursue “healthy ecosystems” that integrate urban and natural 
environments. Oakland emphasizes equity, reflecting how land-use strategies can be 
tailored to community priorities.

Parking reform is emerging as a distinct climate strategy. Sixteen of 20 CAPs 
include measures to reduce or eliminate minimum parking requirements, often 
paired with innovations like shared parking, curb-space optimization, or EV- 
preferred parking. Regional efforts, notably in SCAG and MTC/ABAG, include 
legislative and planning initiatives that complement these local actions, such as 
dynamic parking fees designed to discourage solo driving.

Urban greening, while less common at the regional scale, is widely implemented 
locally, with 16 cities adopting strategies that enhance active transportation 
infrastructure, traffic calming, street surface cooling, and trail connectivity. Urban 
growth boundaries are even rarer; only MTC/ABAG at the regional level and San 
Jose, via its General Plan, address this approach.

Finally, land use intersects with goods movement infrastructure. Ports can be 
major sources of GHG emissions, yet most regional and municipal climate plans 
provide limited coverage. SANDAG’s SCS integrates port electrification policies, and 
cities like Oakland and Long Beach mirror this approach in their CAPs, emphasizing 
drayage truck electrification or hydrogen fuel. Los Angeles focuses on both ship fuel 
and drayage emissions, while San Francisco and San Diego’s ports, as separate 
planning agencies, have developed their own CAPs.

The broader takeaway is clear: while some strategies, like TOD, infill, and housing 
near activity centers, are widely adopted and often coordinated across scales, local 
governments are frequently more nimble, experimental, and ambitious. Cities can 
tailor approaches to local conditions, push forward innovative solutions like parking 
reform or urban greening, and advance equity in ways that regional plans alone 
cannot. In this sense, effective land-use planning forms the essential foundation 
beneath all transportation strategies.

3.3 Changing behavior: Demand management and public engagement

TDM refers to strategies that reduce driving, not by banning cars, but by making 
alternatives more attractive and accessible. These strategies often combine education, 
incentives, employer engagement, and infrastructure improvements to influence 
travel behavior. Table 3 shows the adoption of TDM strategies across California.
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In Roseville, for example, the city created a “Green Commute” program offering 
cash incentives for carpooling, biking, and taking transit. The effort went beyond 
financial motivation: the city launched a comprehensive public campaign to make 
green commuting part of its identity, using billboards, social media, and school 
outreach. Participation and emissions reductions were tracked annually, tying 
behavior-change initiatives directly to climate goals. Lodi takes a different, 
complementary approach by promoting telecommuting and flexible work schedules, 
such as four-day workweeks, to reduce congestion and vehicle trips.

These local initiatives reflect broader patterns across California. All MPOs and 
nearly all cities (18 of 20) incorporate TDM strategies, as shown in Table 3. Regional 
plans often include transportation system improvement policies embedded in their 
forecasts or visions, emphasizing technological solutions to monitor and manage 
traffic flow in real time across all modes. These improvements work synergistically 
with TDM actions, making commutes more efficient and amplifying the impact of 
behavioral interventions.

Education and outreach are also common elements. Twelve of the 20 analyzed 
cities include strategies to teach residents about sustainable travel options, ranging 
from bike and walk encouragement programs to alternative transportation pilots and 
collaborative partnerships. Medium and smaller-sized MPOs, such as SACOG and 
SANDAG, incorporate regional education and outreach efforts as well, with 
SANDAG explicitly recommending that local governments expand the policy 
spectrum “beyond traditional TDM strategies” to include shared streets, shared 
mobility pilots, micromobility incentives, and technology-based solutions.

Our analysis shows that TDM strategies are most effective when combined with 
supportive transit and land-use planning [7, 11]. When CAPs and SCSs coordinate 
TDM with infrastructure investments and strategic zoning, cities see measurable 
reductions in single-occupancy vehicle trips and gains in active transportation. The 
takeaway is clear: coordinated, locally informed behavior-change programs can 
multiply the benefits of transportation and land-use policies, helping cities achieve 
both mobility and climate goals.

3.4 Cross-cutting issues: Collaboration, community, and equity

Behind every policy is a process – and the best plans don’t just look good on paper; 
they reflect real voices. Regional collaboration, community engagement, and 
attention to equity are critical cross-cutting elements that shape the effectiveness of 
climate action planning. Table 4 shows the adoption of cross-cutting strategies.

Strategy SCSs adopting  
(n = 5)

% of SCSs CAPs adopting  
(n = 20)

% of CAPs

TDM programs 5 100% 18 90%

Other programs or incentives to lessen  
driving

2 40% 5 25%

Education and outreach 2 40% 12 60%

Table 3. 
Adoption of TDM strategies across MPOs and cities in California. 
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San Francisco’s CAP exemplifies equity-focused engagement. The city created a 
separate outreach appendix documenting efforts to work with non-English-speaking 
communities, neighborhood groups, and advocacy coalitions. Feedback was not 
simply collected; it actively shaped the plan. Oakland provides another model. Its 
Equitable Climate Action Plan (ECAP) recentered the planning process around 
frontline communities – those facing intersecting racial, environmental, and 
socioeconomic vulnerabilities – and traced ECAP actions across all local planning 
documents. These examples show that equity requires intentionality, dedicated 
resources, and accountability.

Regional agencies often provide the infrastructure and technical support that 
enable local action. All five MPOs include strategies for collaboration with 
municipalities and state entities. SANDAG, for example, has offered climate action 
planning support to member jurisdictions since 2016, including GHG inventories 
and no-cost planning staff assistance. As a result, 19 of 20 SANDAG member 
agencies have developed a CAP. SANDAG also publishes the Regional Framework 
for Climate Action Planning (ReCAP), which provides templates, best practices, and 
monitoring guidance. Across California, 18 of 20 local CAPs include strategies for 
regional collaboration, reflecting the importance of shared frameworks and 
coordinated planning.

Community involvement and outreach (CIO) is equally widespread. Four SCSs 
include CIO explicitly, while MTC/ABAG maintains a separate participation plan. 
Federal law, including the FAST Act (2015), requires MPOs to engage all 
stakeholders in regional planning and coordinate with member jurisdictions. 
Consequently, all five regional agencies maintain Public Participation or Public 
Involvement Plans. Strategies frequently emphasize tribal participation, enhanced 
online engagement, and on-site outreach in disadvantaged communities to bridge 
the digital divide. At the municipal level, 15 of 20 cities incorporate CIO strategies in 
their CAPs, extending efforts to partner with community actors in various GHG 
reduction programs, campaigns, and initiatives.

Equity remains the area with the least alignment between regional and local 
plans. While all MPOs reference equity in SCSs, only 7 of 20 cities make it a core 
component of their CAPs. Larger cities are more likely to include equity strategies, 
reflecting the resources and capacity needed for meaningful engagement. Oakland’s 
ECAP illustrates the potential: it defines frontline communities, integrates equity 
into all planning strategies, and explicitly connects equity goals to other local 
planning documents. These examples highlight that, while regional guidance can 
provide frameworks and technical support, local governments must intentionally 
design processes to ensure equitable outcomes.

Strategy SCSs adopting  
(n = 5)

% of SCSs CAPs adopting  
(n = 20)

% of CAPs

Regional collaboration 5 100% 18 90%

Other 0 0% 3 15%

Community involvement and outreach (CIO) 4 80% 15 75%

Equity 5 100% 7 35%

Table 4. 
Adoption of cross-cutting strategies across MPOs and cities in California. 
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Together, collaboration, community engagement, and equity form the 
connective tissue of climate action planning. They ensure that policies are not only 
technically sound but also socially grounded, reflecting the voices of those most 
affected while leveraging regional coordination to amplify local impact.

4. Discussion: What this all means

The findings from California’s climate and transportation planning efforts reveal 
several important lessons about how regional and local strategies interact – and 
where the real impact comes from.

First, alignment matters, but it’s not everything. When regional and local plans 
coordinate on strategies such as transit investment, active transportation, or EV 
readiness, the outcomes are amplified. Yet, some of the most innovative, 
community-driven approaches emerge from the local level, independent of strong 
regional mandates. Santa Monica’s parking reforms, Oakland’s equity-centered 
ECAP, and Fremont’s proactive EV policies illustrate how cities can lead boldly, 
tailoring strategies to local needs and opportunities.

This tension between coordination and autonomy mirrors long-standing debates 
in governance theory. Multilevel governance emphasizes shared authority across 
tiers; polycentric governance highlights overlapping centers of decision-making; 
and subsidiarity suggests that decisions should be taken at the lowest feasible level 
[12, 13]. California’s experience demonstrates that effective climate governance 
requires balancing these logics – leveraging regional frameworks for coherence while 
preserving local autonomy for innovation.

The policy implication is that governance frameworks must translate into 
actionable guidance: MPOs should standardize monitoring templates to ensure 
consistency across regions; state legislation should incentivize the inclusion of equity 
components in CAPs; and local governments should prioritize reforms, such as 
parking management, that are often politically difficult but highly impactful.

Second, coordination multiplies impact for certain strategies. TOD, infill 
housing, and bicycle infrastructure deliver outsized benefits when implemented 
consistently across scales. When these strategies are paired with TDM programs – 
like Roseville’s Green Commute – they become even more effective, reducing vehicle 
trips while increasing equitable access to mobility options.

Third, cities need support. Planning capacity is uneven; smaller cities often lack 
dedicated staff, funding, or data resources to implement ambitious plans. Regional 
agencies can help level the playing field through technical assistance, shared 
templates, and guidance – as SANDAG’s ReCAP framework demonstrates. At the 
state level, funding streams and directives could be tied to measurable outcomes, 
with equity requirements embedded as a condition for support.

Finally, measurement and accountability are essential. Tracking which 
strategies appear in which plans – and linking them to real-world outcomes – 
transforms good intentions into tangible results. Cities and regions that monitor 
participation, emissions reductions, and travel behavior, like Roseville and San 
Francisco, can refine programs over time, ensuring that climate and transportation 
goals are met efficiently and equitably. A clear policy takeaway is that MPOs and 
state agencies should develop standardized reporting templates and shared metrics 
to improve comparability, reduce administrative burdens for smaller cities, and 
ensure accountability across scales.
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Together, these lessons underscore a simple truth: achieving sustainable, low- 
carbon transportation requires both top-down guidance and bottom-up innovation. 
Coordination accelerates change, but local creativity, capacity, and engagement 
ultimately determine whether strategies succeed in practice.

5. Conclusions

California’s experiment in coordinated climate planning offers lessons not just for 
other US states but for any place working to decarbonize transportation. SB 375 
created a bold framework – but the real test lies in what happens after the legislation 
passes.

This chapter shows that alignment between regional and local plans matters – but 
so does autonomy. When cities have the tools, vision, and support to lead, they 
can advance strategies that large regional plans cannot easily specify. At the same 
time, shared goals and clear frameworks ensure that local innovations feed into a 
coherent statewide trajectory toward reduced greenhouse gas emissions.

Reducing emissions from transportation is ultimately about people – how they 
move, how they live, and how governments at every level collaborate to make 
communities more connected, equitable, and resilient. From this integrated analysis, 
four key takeaways emerge:

1. Alignment matters most for infrastructure-heavy strategies. Investments 
in transit, bike and pedestrian networks, and EV infrastructure tend to be 
better aligned across scales because they are concrete, fundable, and highly 
visible. State agencies and MPOs should expand funding programs and coor
dination mechanisms that prioritize cross-jurisdictional infrastructure 
investments, ensuring that local projects contribute to regional networks and 
statewide emission-reduction goals.

2. Local innovation fills policy gaps. Cities such as Fremont, Santa Monica, and 
Roseville adopt detailed, implementable policies not explicitly mandated in 
SCSs. State and regional frameworks should explicitly create space for 
experimentation and diffusion of local best practices – for example, by 
developing clearinghouses of local innovations or offering grants that reward 
replicable, community-driven initiatives such as parking reform or TDM 
pilots.

3. Capacity shapes adoption. Smaller jurisdictions rely heavily on regional tools 
and resources – SANDAG’s ReCAP program is a leading example of how MPO 
support can accelerate local planning. Regional agencies should standardize 
monitoring templates, provide shared technical resources, and bundle data 
services to reduce burdens on smaller cities. At the state level, funding could 
be tied to capacity-building, ensuring that less-resourced jurisdictions are not 
left behind.

4. Equity requires intentionality. While all regional plans mentioned equity, 
only a minority of CAPs embedded it as a core strategy, underscoring the need 
for stronger mandates, funding, and accountability. Smaller municipalities, in 

Coordinating Transportation and Land Use Strategies Across Scales… 
DOI: http://dx.doi.org/10.5772/intechopen.1013591

1377



particular, face challenges integrating equity, likely due to limited resources 
and technical capacity at the time these plans were developed. In recent years, 
state and regional efforts have begun to address these gaps through targeted 
supports. Expanding and sustaining these measures would help smaller 
cities integrate equity systematically into climate and transportation plan
ning, ensuring benefits reach all communities. Moving forward, building on 
existing state efforts to embed equity requirements into climate and trans
portation mandates, MPOs should provide standardized tools such as detailed 
and context-sensitive equity mapping frameworks and indicators. Local gov
ernments should institutionalize equity offices or advisory bodies to ensure 
sustained community engagement and accountability.

Ultimately, SB 375 set the stage for the vertical integration of transportation and 
land use planning, but the depth of that integration depends on local capacity, 
political will, and sustained regional and state support. The California experience 
suggests that meaningful decarbonization will always be a dual project: collective in 
vision, local in execution.
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Chapter 5

Climate-Smart Soybean 
Production in Nigeria: Integrating 
Agronomy, Risk Financing, 
Infrastructure and Clean Energy 
for Food System Resilience
Adeyinka Richard Aroyehun, Adanna Henri-Ukoha and  
Elizabeth Ekaette Oladejo

Abstract

Climate variability poses substantial challenges to agricultural production, 
particularly in developing countries, including Nigeria, where small-scale 
farming predominates. This study examines the influence of climate change on 
soybean production in Nigeria from 1961 to 2022 using autoregressive 
distributed lag, error correction, and vector autoregressive models. The findings 
indicate that climate change and land use exert positive short-run and long-run 
effects on soybean yields. Diagnostic tests confirmed the stability of the model, 
with no evidence of heteroscedasticity or autocorrelation, and normally 
distributed residuals. The CUSUM and CUSUM of Squares tests further validated 
parameter stability. Irrigation, employed as a proxy for agronomic practices, 
revealed limited coverage and modest infrastructure development, while 
transportation infrastructure remained relatively stable. Crop insurance was 
found to be insufficient, reflecting restricted access to climate finance. Although 
soybean production was not a direct contributor to clean energy supply, it 
indirectly supported emission stabilization. Soybean is a vital legume for food 
security, animal feed, and soil fertility enhancement. The study recommends 
a comprehensive strategy that integrates climate-resilient practices, improved 
agronomic techniques, sustainable water management, expanded crop 
insurance, and promotion of clean energy. Embedding these measures into 
agricultural policy will strengthen food security, resilience, and sustainable 
development in Nigeria.

Keywords: ARDL, climate change, environmental sustainability, food security, 
insurance, soybean yield
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1. Introduction

Ensuring food security and sustainability for impoverished farmers and 
consumers in Sub-Saharan Africa, who live on or below $2 per day, remains a crucial 
challenge, exacerbated by nutritional deficiencies [1] and climate change. In addition 
to the pressure faced by impoverished rural inhabitants, the emerging needs of 
urban Sub-Saharan African (SSA) middle-income consumers, who strive for higher 
dietary quality, food consumption, and higher-quality animal proteins, must also 
be addressed. These nutritional needs may be influenced by factors such as value, 
cost, source (plant or animal origin), consumer perception, and other socioeconomic 
or psychographic characteristics. However, the agricultural sector is responsible for 
meeting the demands of the rapidly rising population, which has an increased 
need for protein-rich diets. Small-scale farmers are the primary group, managing 
around 80% of farmland and producing approximately 70% of the food consumed in 
Africa [2].

The agriculture sector is responsible for meeting the needs of a fast-expanding 
population with a rising hunger for protein. Smallholder farmers constitute the 
foundation of African agriculture, accounting for 80% of cropland and 70% of food 
production [2]. African producers continue to face low economic returns and 
compromises between subsistence and commercial crop cultivation due to resource 
constraints and insufficient technology [3]. The availability and accessibility of 
agricultural inputs and resources impede much-needed increases in productivity and 
crop and farm animal choice. More effective training, easier access to funding, 
and, most importantly, high-quality factors of production (which comprise the 
quality of seeds and other inputs) are needed to eliminate the causes of the generally 
known yield gap – that is, the difference between the maximum attainable harvest 
rates and actual yields [4] – which is experienced by producers across much of 
Africa [5]. Many African nations have relatively low agricultural production and 
substantial yield disparities, which are due in part to environmental restrictions such 
as poor soil quality and limited water availability. Furthermore, a lack of technology, 
inadequate institutions and/or weak governance, land tenure, deteriorating 
infrastructure, and inadequate marketing or market structures force producers to 
undertake risk-reducing cropping decisions. The continuance of production 
disparity and cycles of agrarian poverty in Africa remains obvious [3].

Climatic variability refers to variations in climatic patterns over a specific time 
frame, which can have a considerable influence on agricultural production. In 
Nigeria, where the agricultural sector is a core component of the national economy 
and employs a large proportion of the population, understanding the impacts of 
climatic variability on crop output is critical for ensuring food security and 
sustainable development [6]. Soybean (Glycine max) has emerged as an important 
crop in Nigeria due to its substantial protein content and adaptability in a variety of 
culinary and animal feed applications. However, rising temperatures, variable 
precipitation patterns, and severe weather, including extreme events such as 
flooding and drought, pose major challenges to soybean agriculture. Climate 
variability affects not only crop yields but also the health of the soil, disease and pest 
patterns, and access to water, posing a challenge to the sustainability of food 
production systems. Crop management and other strategies that can mitigate the 
negative effects of climate change on Nigeria’s key food crops are necessary for the 
agricultural industry to produce food sustainably. As a result, research on climatic 
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factors and their influence on important crops such as soybeans, which is currently 
lacking in Nigeria, has the potential to increase food production and contribute to 
SDG 2’s Zero Hunger. The purpose of this study is to examine how climatic 
variability affects soybean output in Nigeria, with a focus on the consequences for 
food supply sustainability. By analyzing historical climate data, we can identify 
soybean yield patterns and opportunities created by climate change. Finally, this 
study contributes to the discussion on sustainable agricultural practices by providing 
insights for policymakers and various stakeholders, including farmers, in their 
efforts to achieve food security amid changing climate factors.

Figure 1 illustrates the conceptual structure for climate-smart soybean farming. 
It identifies five critical components or pillars that work together to enhance 
resilient, sustainable soybean production in the face of climate change. Agronomy 
techniques, financial risk management, infrastructure development, clean energy 
solutions, and food system resilience are the five essential elements that will promote 
sustainable and climate-resilient soybean production. Each aspect makes a distinct 

Agronomy Practices
Irrigation
Minimum tillage
Planting early maturing
Soil and water conservation
Planting drought-resistant
ISFM
IPM
Crop rotation
Intercropping 

Financial Risk
Agricultural insurance
Market volatility 
Access to climate finance
VSLAs
Diversification
Green finance institutions (e.g., NIRSAL)

Infrastructures
Transportation
Storage
Road networks 
ICT
Access to weather forecasts

Clean Energy
Solar mini-grids
Biogas systems
Solar dryers
Solar power oil expellers

Food System Resilience
Yield stability
Value chain efficiency
Increase exports
Food security

Climate-Smart 
Soybean 

Production

Figure 1. 
Conceptual framework of the interactions between climate-smart soybean production with linkages in Nigeria. 
Source: authors’ illustration based on data from [10–12].
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contribution to climate change adaptation and mitigation. Agronomic processes are 
essential for climate-smart agriculture (CSA). Irrigation, limited tillage, and 
conservation of water and soil all contribute to mitigating drought and degradation 
risks [2]. Early-maturing and drought-tolerant cultivars improve adaptation to 
shortened harvest times [3]. Integrated soil fertility management (ISFM) and 
integrated pest management (IPM) increase production while lowering input costs 
and reducing the impact on the environment. Crop rotation and intercropping 
improve soil quality while reducing the prevalence of pests and the threat of crop 
failure [7]. CSA necessitates lowering farmers’ vulnerability to financial shocks. 
Agricultural risk insurance and climate financing accessibility are critical tools for 
controlling weather and market risks. Market instability and insufficient financial 
access impede productivity; Village Savings and Loan Associations (VSLAs) serve as 
community-level alternatives. Institutions such as NIRSAL encourage green 
financing and reduce the risk of investments in agriculture. Diversification of 
revenue streams also helps to stabilize livelihoods during periods of climate 
instability [8]. Adequate distribution, storage, and transportation routes improve 
accessibility to inputs and markets, lowering postharvest losses [6]. Information and 
communication technologies and early warning mechanisms, such as weather 
predictions, facilitate informed decision-making and adaptable farming methods [9]. 
Thus, dependable infrastructure is a major facilitator of climate-resilient ecosystems. 
The use of clean energy sources may greatly reduce emissions and increase 
profitability in soybean production. Solar microgrids and biogas generation provide 
dependable, independent energy to rural areas. Solar dryers improve product quality 
and prevent spoilage, while solar-powered oil expellers provide environmentally 
friendly processing solutions. These technologies are critical for the energy shift in 
agriculture. The core goal of climate-smart soybean production is to enhance food 
system resilience, as measured by output stability, value chain efficiency, increased 
exports, and improved food security [7]. Hence, when soybean farming is well- 
integrated, it helps to diversify diets, boost rural incomes, and ensure national food 
security. This paradigm is for sustainable soybean farming. It emphasizes the 
linkages between agronomic, financial, infrastructural, energy, and systemic 
elements for sustainable development in the midst of changing climates.

2. Literature review

Nigeria, like many other SSA nations, is facing increasing challenges in maintaining 
agricultural output as a result of climate change. Soybeans, a leguminous crop 
recognized for its nutritional content and economic value, are identified as a critical 
crop for improving food security and livelihood sustainability in Nigeria [7]. CSA 
provides a strategy to alter soybean production systems by combining sustainable 
agronomic techniques, resilient financial mechanisms, infrastructure development 
programs, and clean energy solutions. As a result, integrating these components has 
the potential to establish resilient food systems in Nigeria.

2.1 Agronomic techniques in climate-smart soybean production

Agronomy is a critical component of CSA, especially in soybean production, 
where effective resource utilization and tolerance to climatic variations are required. 
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In Nigeria, CSA-compliant agronomic treatments prioritize strengthening seed 
systems, conserving soil and water, optimizing nutrient usage, and incorporating 
ecological management methods [8]. These measures increase production, 
strengthen resistance to climatic shocks, and ensure the long-term viability of 
soybean agricultural systems. The use of climate-resilient soybean cultivars is an 
important agronomic adaptation method. The IITA has created improved cultivars, 
which include TGx 1448-2E, TGx 1951-3 F, and TGx 1835-10E, that are resilient 
to drought, resistant to disease, and mature early [8]. These types are particularly 
well-suited to Nigeria’s Sudan and Guinea savannah zones, where rainfall 
unpredictability threatens traditional soybean cultivation. Conservation agriculture, 
which includes no or little tillage, permanent soil cover through mulching or 
cultivation of cover crops, and crop rotation, improves soil structure, retains 
moisture, and increases organic material content [9]. These advantages improve 
soybean plant tolerance to drought conditions and increase total yields. ISFM 
involves the strategic use of organic resources (such as compost or manure), 
synthetic fertilizers, and biological inputs such as rhizobium inoculants. Soybeans 
require phosphorus and molybdenum to facilitate nodulation and the fixation of 
nitrogen. ISFM methods have been shown in studies to increase soybean production 
by more than 30% in low-input farming systems in Nigeria [13, 14].

Planting time is a major determinant in soybean farming, especially under rainfed 
circumstances. Integrating seasonal climatic forecasting and decision-support 
methods (such as rainfall onset prediction apps) could assist farmers in aligning 
sowing with optimum moisture conditions, reducing the risk of crop loss [15]. 
Agronomic calendar integration with local meteorological information via mobile 
technologies is an emerging technique in Nigerian CSA programs aimed at 
smallholder farmers [16]. Crop rotation, particularly with cereals such as maize and 
sorghum, aids in interrupting pest and disease sequences, increases nutrient 
movement, and enhances production. Soybean-maize rotation is a common practice 
in Nigeria’s Central Region and has been shown to increase maize production in the 
following years because of the retained nitrogen [17]. Intercropping soybeans with 
mixed cassava or sorghum increases production stability, particularly under land 
restrictions, and can improve household food security and income. Climate change 
has altered the spread and intensity of pests, including soybean rust, aphids, and leaf 
miners. A climate-smart IPM strategy combines resistant cultivars, cultural 
techniques such as crop rotation, the prudent use of biopesticides like neem extracts, 
and biological control agents. These strategies minimize chemical consumption and 
improve the sustainability of ecosystems [18].

2.2 Financial risk and climate resilience in soybean production

Climate unpredictability and severe weather present significant risks to Nigerian 
soybean production, reducing the stability of yield and farmer income. Risk finance 
systems, which include agricultural insurance, microfinance, and savings plans, 
are critical components of CSA because they enable farmers to mitigate effects, 
facilitate rapid recovery, and engage in adaptive techniques [19]. Soybean farmers in 
Nigeria confront several risks, including irregular rainfall and drought, particularly 
in the Sudan and Sahel zones; floods in the south and central regions during 
extreme rainfall periods; and outbreaks of diseases and pests caused by climate 
change. These climate-induced occurrences cause production and income 
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fluctuation, making soybean cultivation a high-risk activity for smallholders with 
low coping capability [20].

Index-based climate insurance is increasingly implemented as a feasible means of 
controlling climate risk. Instead of indemnity-based evaluations, rewards are 
triggered by predetermined meteorological factors, such as rainfall shortage or 
excess. This lowers costs associated with transactions and accelerates prompt 
reimbursement [21]. In Nigeria, organizations such as the Nigeria Incentive-Based 
Risk Sharing System for Agricultural Lending (NIRSAL) have examined crop 
insurance for soybeans and other commodities. NIRSAL’s area production index 
insurance has covered several thousand small-scale farmers, increasing the ability of 
farmers to embrace new technology and climate-resilient techniques [22]. 
Nevertheless, acceptance remains poor because of limited understanding and 
confidence in insurance plans, affordability constraints, and a poor interface 
involving farmers and insurance providers.

Accessibility to climate-sensitive finance is crucial for building resilience. It allows 
farmers to invest in better seed types and fertilizers, implement water-saving 
irrigation methods, and increase the processing and storage infrastructure. However, 
financial availability is hampered by collateral restrictions, high interest rates, and 
gender inequities. Women farmers, who occupy a vital part in soybean production, 
may not have ownership rights or financial documents, restricting their ability to 
borrow [23]. Community-driven financial risk-management mechanisms, especially 
VSLAs and rotational savings clubs, can also offer protection against shocks. These 
informal structures are common in rural Nigeria and can be incorporated into formal 
CSA initiatives to boost resilience [24]. Furthermore, digital financial systems (such 
as mobile money) have created new avenues for distributing microfinance and 
insurance payments rapidly and securely, especially in rural areas [25]. Thus, risk 
finance is a critical component of climate-resilient soybean production. By expanding 
accessibility to insurance, financing, and financial education, Nigeria could assist 
smallholder farmers in adopting and scaling CSA practices. Providing accessible, 
inexpensive, and scalable financial solutions will be critical to developing sustainable 
resilience in the soybean value system.

2.3 Infrastructure for climate-smart soybean production

Infrastructure is critical to supporting CSA, especially in soybean production. 
Climate-smart infrastructure promotes sustainable agriculture, lowers postharvest 
losses, increases market access, and strengthens resilience to extreme weather events 
[26]. Soybean farming in Nigeria is primarily rainfed, leaving it susceptible to 
rainfall unpredictability and droughts. Funding in climate-resilient irrigation 
technologies, such as solar-powered drip irrigation, linked ridges, and gravity- 
supplied microirrigation, is critical for increasing water efficiency and mitigating the 
consequences of changes in climatic factors [27]. Supplemental irrigation throughout 
the blooming and pod-filling stages of soybean growth has been proven to 
significantly increase yields [26]. Postharvest losses in Nigeria’s soybean industry are 
estimated to surpass 25%, owing to insufficient drying processes, storage facilities, 
and processing facilities [28]. These economic losses are worsened by excessive 
humidity, insect infestation, and aflatoxin exposure. Climate-smart postharvest 
options include hermetic storage bags (such as Purdue Improved Crop Storage 
[PICS] bags), solar-powered drying systems that rapidly reduce moisture levels, and 
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community-centered silos for storage with both humidity and temperature 
management. Adoption of enhanced storage not only decreases spoilage but also 
stabilizes farmer revenue by allowing farmers to sell at higher prices [29].

Inadequate rural transportation networks impede soybean transit from fields to 
marketplaces and processing facilities, resulting in increased postharvest losses and 
lower farmer profitability. In accordance with the Nigeria Infrastructure Report 
[30], more than 60% of rural roads are in poor condition, restricting access to input 
and product markets. Investing in climate-resilient transport systems, like raised 
and weatherproof road networks, is crucial for providing year-round access to 
markets, particularly in areas susceptible to flooding. Improved connectivity also 
reduces transportation costs and allows for the timely distribution of seeds and 
fertilizers. Access to climatic and market data is critical to CSA. The advancement in 
electronic infrastructure, like mobile-based consulting services, weather forecasting 
apps, and e-extension systems, enhances the diffusion of weather predictions, 
agronomic recommendations, and decision-making on the timing of planting, pest 
incidents, and market dynamics [31]. Smallholders and cooperatives are unable to 
increase the value of soybeans due to a lack of processing equipment and adequate 
electricity infrastructure. In many rural regions, diesel-powered milling is inefficient 
and financially demanding, and grid energy is intermittent or inaccessible [32]. 
The use of solar-powered processing machinery, including grinders and oil 
extractors, is considered a viable option. These methods minimize emissions, reduce 
operating costs, and strengthen women’s organizations involved in small- to 
medium-scale soybean milling [33]. Technology is a key facilitator of climate-smart 
soybean frameworks. Improving irrigation systems, storage, transportation, energy, 
and digital systems may improve resilience, minimize postharvest losses, and 
increase production throughout the entire soybean value chain. Bridging these 
infrastructural gaps, particularly in underserved rural regions, is critical to Nigeria’s 
agricultural industry being economically viable, inclusive, and environmentally 
friendly.

2.4 Integration of clean energy into soybean value addition

The use of renewable energy within soybean production processes is an 
important technique for developing CSA in Nigeria. Since climate change continues 
to impact agricultural output via unpredictable precipitation patterns, warmer 
temperatures, and increased postharvest losses, renewable energy methods provide 
long-term solutions for increasing efficiency, lowering GHG emissions, reducing 
postharvest losses, and strengthening food supply resilience [26, 34]. At the 
production stage, energy is necessary for the preparation of the land, irrigation 
systems, and management of crops. Conventional methods that rely on energy from 
petroleum are not only environmentally unsustainable but also financially costly for 
smallholder farmers. Clean energy technology, such as solar-powered irrigation 
devices, seeders, and sprayer systems, has been found to reduce fuel costs, enhance 
off-grid power availability, and increase production [34]. In areas like the northern 
part of Nigeria, where rainfall uncertainty affects crop output, solar-powered drip 
and spray irrigation has demonstrated efficiency in reducing water stress during 
critical crop growth phases [27]. These devices increase water efficiency and can 
sustain dry-season soybean planting, extending production time. Postharvest losses 
in the growing of soybeans are considerably high due to insufficient drying, storage 
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facilities, and other processing amenities, most of which are energy-intensive. The 
use of solar drying for moisture management, as well as sunlight-powered threshers 
and oil extraction devices for processing and value enhancement, has the potential to 
significantly minimize spoilage and improve the quality of the product [33]. 
Furthermore, the utilization of solar-powered cold storage systems promotes seed 
preservation and oil longevity, which retain soybean high-quality over prolonged 
storage periods, particularly in areas with inadequate energy availability. Such 
solutions minimize reliance on diesel generators, which are expensive and 
ecologically damaging [28].

Integration of clean energy throughout the soybean production process promotes 
local economic growth and green employment generation. Women’s organizations 
and youth-led firms involved in the soybean process benefit from decentralized 
solar milling and the extraction of oil components, which increase revenue while 
reducing environmental impacts [35]. The replacement of diesel-based technologies 
with solar and bioenergy systems significantly reduces GHG emissions, aligning with 
Nigeria’s Nationally Determined Contributions (NDCs) under the Paris Climate 
Agreement [36]. Switching to sustainable energy in soybean processing plants 
decreases air pollution, enhances workplace ergonomics, and increases national 
agripreneur sustainability credibility. Despite the established benefits, multiple 
barriers prevent clean energy inclusion in soybean value chains, including significant 
upfront capital expenditure, restricted access to finance, low knowledge and 
technical competence, and inadequate collaboration between the agricultural and 
energy industry sectors. Addressing these challenges requires a multistakeholder 
strategy combining the government, business sector, and development organizations 
to provide subsidies, loan accessibility, and capacity-building initiatives designed to 
expedite agro-energy incorporation [37]. As a result, including renewable energy 
throughout soybean value chains is critical to attaining sustainable, climate-resilient, 
and inclusive growth in agriculture in Nigeria. Clean energy, such as solar-powered 
generation, postharvest handling, and processing, increases productivity and 
decreases environmental impacts, while supporting rural development and 
economic empowerment. Sustainable financial investments, regulatory synergy, and 
collaboration among institutions are critical for expanding these advancements 
throughout Nigeria’s soybean belt. Despite increased interest in CSA, information 
gaps persist regarding the economic viability of integrating CSA packages, their 
long-term impacts on ecological services, and successful scaling tactics. As a result, 
climate-smart soybean farming in Nigeria offers significant potential for increased 
resiliency, efficiency, and environmental sustainability. Nigeria can establish 
a strong soybean value chain, which contributes significantly to national food system 
sustainability by combining enhanced agronomic techniques, climate risk finance, 
climate-resilient structures, and clean energy technology. Figure 1 depicts 
a conceptual framework – a comprehensive strategy integrating agronomic practices, 
risk finance, infrastructures, and clean energy – that promotes resilient, climate- 
smart soybean production, benefiting the farming community and advancing 
national food security targets.

2.5 Theoretical framework

The climate variability theory contends that fluctuations in climatic parameters 
such as temperature, rainfall patterns, and extreme weather events have a substantial 
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impact on agricultural output, specifically soybean yield [38]. Variations in rainfall 
and temperature, according to this idea, can cause soil moisture deficits, pest 
outbreaks, and reduced yields, particularly in Nigeria, where rain-fed agriculture is 
prevalent [39]. The theory emphasizes the essentiality of adaptation techniques, 
which account for both short-term adverse weather conditions and long-term 
climate change trends, in improving food system resilience [40].

Food system resilience theory provides an additional perspective. This theory 
incorporates the notion of climate change impacts into the larger food system, which 
includes production, processing, distribution, and consumption components [41]. 
The sustainability of soybean production in Nigeria is determined by the food 
system’s ability to withstand climate shocks while ensuring food security. This 
viewpoint holds that interventions such as legislative changes, increased market 
access, and sustainable farming practices are essential for enhancing the resilience of 
food systems during climate variability [42].

The agro-ecological theory focuses on the connection between ecological 
processes and agricultural activities. Climate variability changes the ecological 
dynamics of farming systems, affecting pest population dynamics, soil nutrient 
availability, and water supplies, all of which significantly affect soybean productivity 
[43]. This approach promotes agroecological concepts, including intercropping, 
organic soil management, and conservation agriculture as adaptive strategies to 
mitigate climatic shocks [44, 45].

According to Cai et al. [46], crop insurance helps farmers implement 
sustainable clean-energy methods by lowering the financial risks associated with 
innovation and climatic uncertainty. According to the Ecological Modernization 
Theory [47], technical innovation, such as soybean-based bioenergy, can help 
match environmental and economic aims. Soybeans serve as a bioenergy 
feedstock (e.g., biodiesel production), providing a renewable alternative to 
fossil fuels [48].

3. Methodology

3.1 Data gathering and sources

The data for this study were derived from Nigeria’s yearly time series data, 
covering the period 1961–2022. The Food and Agriculture Organization (FAO) 
provided data on soybean output and area harvested [10], whereas the World 
Development Indicators (WDI) supplied data on domestic credit and carbon dioxide 
(CO2) emissions [11]. Furthermore, the World Bank (Climate Knowledge Portal) 
provided data on temperature and precipitation [12]. To ensure robust results and to 
represent the estimates as elasticities, all variables used in the study were log- 
transformed. Table 1 presents variables, codes, definitions, unit measurements, and 
data sources.

3.2 Model specification

The auto-regressive distributed lag (ARDL) bounds test model [49, 50] was 
applied to investigate the cointegration relationship among the variables. The ARDL 
bounds testing model is specified as follows:
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ΔLsoyprodt = α0 +
Xn

i=1
α1iΔLsoypodt−i +

Xn

i=1
α2iΔLareaharvt−i +

Xn

i=1
α3iΔLdomcredt−i

+
Xn

i=1
α4iΔLtempt−i +

Xn

i=1
α5iΔLprecipt−i +

Xn

i=1
α6iΔLCO2t−i

+β0Lsoyprodt−1 + β1Lareaharvt−1 + β2Ldomcredt−1

+β3Ltempt−1 + β4Lprecipt−1 + β5Lprecipt−1

+β6Lco2t−1 + μt

(1)

where;
∆ is the first difference
Lsoyprod is the soybean production
Lareaharv is the area harvested
Ldmcred is the domestic credit
Ltemp is the temperature
Lprecip is the precipitation
Lco2 is the carbon dioxide emissions
μ is the error term.
The bounds analysis approach was conducted using the Wald test (F- and 

t-statistics). The null hypothesis (no cointegration) and the alternative hypothesis 
(cointegration) are specified as follows:

H0 : β1 = β2 = β3 = β4 = β5 = β6 = 0 

H1 : β1 ≠ β2 ≠ β3≠ β4≠ β5≠ β6 ≠ 0 

Variables Code Definition Measurement Sources

Soybean LSoyprod Soybean production. Tonnes [10]

Area 
harvested

LAreaharv Area of soybeans harvested. Hectares [10]

Domestic 
credit

LDomcred Financial firms provide financial resources to the 
private sector in the form of loans. Financial insti
tutions include monetary authorities, commercial 
banks, leasing businesses, moneylenders, insurance 
companies, pension funds, and foreign exchange 
firms.

% of GDP [11]

Temperature LTemp Observed annual average temperature. oC [12]

Precipitation LPrecip Observed annual average precipitation. Mm [12]

Carbon 
dioxide 
emissions

LCO2 Carbon dioxide emissions from liquid fuel use are 
mostly due to the usage of gasoline as a source of 
power.

Kt [11]

Source: Authors’ computation using data from [10–12].

Table 1. 
Variable details. 
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If the F-statistic value exceeds I(1), it can be inferred that the variables exhibit 
long-run cointegration. Furthermore, if the F-statistic value falls below I(0), 
cointegration is not present between the variables. Finally, if the F-statistic value is 
between I(0) and I(1), the conclusions are inconclusive. Similarly, if the t-statistic 
value is less than I(1), we conclude that the variables exhibit long-term 
cointegration. Furthermore, if the t-statistic value exceeds I(0), there is no 
cointegration between the variables. Finally, if the t-statistic value is between I(0) 
and I(1), the results are indeterminate. The ARDL error correction models (ECM) 
underlying this work are specified as follows:

ΔLsoyprodt = α0 +
Xn

i=1
α1iΔLsoypodt−i +

Xn

i=1
α2iΔLareaharvt−i +

Xn

i=1
α3iΔLdomcredt−i+

Xn

i=1
α4iΔLtempt−i +

Xn

i=1
α5iΔLprecipt−i +

Xn

i=1
α6iΔLCO2t−i + λectt−1 + μt 

where;
λ denotes the speed of adjustment
ect is the error correction term, which ranges from − 1 to 0.
The variables’ lag form was calculated using the final prediction error (FPE), 

Akaike Information Criterion (AIC), Schwarz Information Criterion (SC), and 
Hannan-Quinn Information Criterion (HQ) [49, 50]. The FPE, SC, and HQ 
identified lag order 1 as the optimal length for the variables (Table 5); therefore, lag 
order 1 was applied to all variables.

4. Results and discussion

4.1 Trend analysis of soybean production and area harvested

Figure 2, and 3 illustrate the trend charts of soybean production (tons), area 
harvested (ha), and CO2 (kt).

Figure 2 presents the trend of soybean production and area harvested in Nigeria. 
Both soybean output (blue line) and the area harvested (orange line) have shown 
a steady increase over time. The area harvested indicates greater growth than output, 
demonstrating that while additional land is allotted for soybean growing, 
productivity has not always grown accordingly. From 1961 to 1980, soybean 
production and area harvested remained relatively stable, indicating that soybean 
agricultural operations were limited throughout this period. In the early 1980s, 
a significant increase, notably in the harvested area, suggested a policy shift, 
agricultural expansion initiative, or market force that resulted in more soybean 
planting. There were considerable variations from the mid-1980s to the 1990s, with 
both output and area harvested experiencing sharp declines in certain years (around 
1987 and 1991), likely attributable to climatic shocks, policy modifications, or market 
constraints. From 2000 to 2021, there was a sustained and significant increase in 
both output and area harvested, with fluctuations in specific years, namely 2014, 
2017, and 2020.

The harvested area was typically greater than the production area, indicating 
that production efficiency (yield per hectare) may suggest production 
inefficiencies. This shows that, despite increased acreage for soybean farming, 
yields were relatively low. In certain years, notably between 1988 and 2016–2018, 
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the gap widened significantly, indicating constraints such as pest and disease 
outbreaks, climate change, suboptimal agronomic practices, or input-limited 
accessibility. There was a significant increase in both harvested area and output, 
reflecting an expansion of soybean farming, which is potentially driven by 
demand for soy-based products (e.g., soy milk, animal feed), regulatory 
incentives, or global market trends, as well as indicating causal instability within 
soybean production systems.
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Trend of soybean production and area harvested. Source: authors’ computation using data from [10].
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4.2 Trend analysis of soybean production and CO2 emissions

Figure 3 depicts the historical link between soybean output (SoyProd) and 
carbon dioxide emissions (CO2). Both soybean output and CO2 emissions exhibited 
a sustained upward trajectory. Both measures increased significantly and steadily 
beginning approximately in 1985. The two lines are strongly correlated, indicating 
a positive correlation, which means that as soybean output grows, so do CO2 
emissions. A phase of relative stability was observed from 1961 to 1980, when 
soybean output and CO2 emissions were relatively low and stable, indicating limited 
expansion of agricultural activity or soybean-related industrial activity. The initial 
phase of rapid increase lasted from 1980 to 1990, with a pronounced increase in both 
CO2 emissions and soybean output occurring between 1985 and 1987. This is likely 
attributable to a policy shift or agricultural growth (which is potentially associated 
with mechanization, land clearance, or fertilizer usage) and industrialization 
impacts from soybean processing or related infrastructure.

The period of steady and progressive increase lasted from 1990 to 2010. Soybean 
output and CO2 emissions are closely aligned, implying that higher soybean 
production activities contribute directly to CO2 emissions. Fertilizer usage, land 
clearing/deforestation, and mechanical activities (fuel combustion) are also likely 
contributing factors. A period of rapid growth followed by fluctuations lasted from 
2010 until 2022. Soybean output increased significantly, as did CO2 emissions. The 
link remains strong, with both indices peaking in comparable years (2014, 2017, 
and 2020). The slight declines (2020–2021) might be attributed to global factors such 
as market volatility, climatic shocks, or policy interventions (e.g., climate legislation 
and trade restrictions). As a result, the strong correlation between soybean output 
and CO2 demonstrates that soybean growth contributes to CO2 emissions. Increased 
farming activities (including land use change, input consumption, and 
mechanization) are expected to contribute to agricultural emissions. This trend 
reflects a carbon-intensive agriculture model in which increased output is associated 
with adverse environmental impacts. Increased farming activities (including land 
use change, input consumption, and mechanization) are anticipated to add to 
agricultural emissions. This trend shows a carbon-intensive agriculture paradigm in 
which increased output may come at the expense of environmental harm.

4.3 Summary of descriptive statistics of the variables

Table 2 summarizes the descriptive data for the factors involved in soybean 
production. Soyprod represents total soybean production, Areaharv represents 
soybean harvest area, Domcred represents domestic credit related to agricultural 
financial support, Temp represents an average or mean temperature affecting 
crop yield, Precip represents precipitation measured as average annual rainfall, and 
CO2 represents the concentration of carbon dioxide, which may affect plant growth. 
The average Soyprod output was 324,274.1 tonnes, the average Areaharv was 
466,540.3 ha, the average Domcred was 8.72% of GDP, the average temperature was 
27.06°C, the average precipitation was 1174.55 mm, and the average CO2 
concentration was 10,579.05 ppm. Soyprod’s standard deviation (313,578.7 tonnes) 
indicates substantial variability in production levels.

Soyprod (1.1719), Areaharv (0.8582), Domcred (1.1549), and CO2 (0.8831) were 
positively skewed, indicating that the tail on the right side is longer or fatter than the 
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left, while temperature (−0.1702) and precipitation (−0.4432) were negatively 
skewed to a moderate degree. The kurtosis, which assesses the tailedness of 
a distribution, indicates that Soyprod (3.7049) and Domcred (4.1495) were 
leptokurtic. Areaharv (3.1871) and precipitation (3.4180) were mildly leptokurtic. 
CO2 (3.0636) was mildly platykurtic, whereas Temp (2.3061) was platykurtic. 
Higher kurtosis (>3) suggests a distribution with thicker tails and a sharper peak than 
a normal distribution.

Jarque-Bera (JB) determines if sample data exhibits the skewness and kurtosis of 
a normal distribution. A higher statistic indicates a greater deviation from normality. 
The Soyprod JB statistic of 15.47705, with a p-value of 0.000436, shows a substantial 
departure from normality, necessitating a test of stationarity. The Areaharv JB 
statistic of 7.7004, with a p-value of 0.021275, shows that the data deviates 
considerably from a normal distribution, necessitating a stationarity test. The 
Domcred JB statistic of 17.19754, with a p-value of 0.000184, indicates that the data 
deviates considerably from normalcy, necessitating a stationarity test. The Temp JB 
statistic of 1.5434, with a p-value of 0.462238, does not deviate substantially from 
normality, indicating that the data is normally distributed since the p-values exceed 
the 0.05 significance level. The Precip JB statistic of 2.4815, with a p-value of 
0.289172, does not deviate substantially from normality, indicating that the data is 
normally distributed since the p-values exceed the 0.05 significance level. The CO2 
JB statistic of 8.0694, with a p-value of 0.017691, departs significantly from 
normality, necessitating a test of stationarity.

Soyprod and Areaharv exhibit strong skewness and kurtosis, indicating 
a positively skewed distribution, with high values exerting an upward influence on 
the mean. Domcred likewise shows positive skewness and significant kurtosis, 
suggesting a concentration of lower values. Temperature and precipitation are both 
reasonably regularly distributed, with temperature exhibiting a slight negative skew. 
CO2 has a positive skew and substantial kurtosis, indicating that extreme 

Variables Soyprod Areaharv Domcred Temp Precip CO2

Mean 324,274.10 466,540.30 8.72 27.06419 1174.545 10,579.05

Median 170,500.00 507,250.00 7.84 27.10000 1184.070 10,141.09

Maximum 1,262,280.00 1,207,740.00 19.63 27.86000 1356.450 32,702.31

Minimum 42,000.00 160,000.00 3.70 26.27000 888.0600 58.67200

Std. Dev. 313,578.70 276,323.70 3.34 0.395746 90.56450 9053.086

Skewness 1.17 0.86 1.15 −0.170204 −0.443241 0.883119

Kurtosis 3.70 3.19 4.15 2.306063 3.417994 3.063574

Jarque-Bera 15.48 7.70 17.20 1.543352 2.481468 8.069401

Probability 0.0004 0.0213 0.0002 0.462238 0.289172 0.017691

Sum 20,104,992 28,925,497 540.49 1677.980 72,821.76 655,900.8

Sum Sq. Dev. 6.00E + 12 4.66E + 12 680.9227 9.553510 500,317.7 5.00E + 09

Observations 62 62 62 62 62 62

Source: Authors’ computation using data from [10–12].

Table 2. 
Descriptive statistics. 
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observations exert influence on the mean. As a result, a stationarity test employing 
both the Augmented Dickey-Fuller (ADF) and Phillips-Perron (PP) tests was 
utilized to assess whether a time series variable is stationary or has a unit root [51].

4.4 Unit root analysis

To examine the variables’ stationarity properties, this study employed the ADF 
[52] and PP [50] unit root tests.

Table 3 presents the results of unit root tests for the variables using two 
alternative approaches, namely the ADF test and the PP test. The PP test is similar to 
the ADF but varies in how it handles serial correlation and heteroskedasticity. 
A stationary time series maintains a consistent mean, variance, and autocorrelation 
across time. It is critical in this modeling because nonstationary series may lead to 
spurious regression results.

The level ADF test of LSoyprod (log of soybean production) statistic was − 0.4168 
with a p-value of 0.8992, suggesting nonstationarity (the series has a unit root). The 
first difference ADF test of the LSoyprod statistic yielded − 6.9546, with a p-value 
of 0.0000, indicating stationarity after differencing. The PP test yielded results 
similar to the ADF test, being nonstationary at the level but stationary after initial 
differencing. The ADF test of LAreaharv (log of harvested area) was nonstationary 
at the level (p = 0.6058) but stationary at the first difference (p = 0.000). The PP test 
yielded the same results: nonstationary at the level, stationary after differencing. 
The ADF test of LDomcred (log of domestic credit) was approximately significant at 
the 10% level (p = 0.0780), indicating weak evidence of stationarity, and stationary 
at the first difference. The PP test yielded results consistent with the ADF. Both the 
ADF and PP tests of LTemp (log of temperature) demonstrate stationarity at the 
level and first difference (p-values <0.05). Both the ADF and PP tests of LPrecip (log 
of precipitation) indicate stationarity at the first difference (p-values = 0.0000), 

Variables Unit root test for ADF Unit root test for PP

Level First difference Level First difference

LSoyprod −0.4168 
[0.8992]

−6.9546*** 
[0.0000]

−0.2285 
[0.9285]

−7.0762*** 
[0.0000]

LAreaharv −1.3394 
[0.6058]

−8.7071*** 
[0.0000]

−0.8822 
[0.7874]

−11.4320*** 
[0.0000]

LDomcred −2.7107* 
[0.0780]

−8.0399*** 
[0.0000]

−2.7198* 
[0.0765]

−10.7916*** 
[0.0000]

LTemp −3.7768*** 
[0.0051]

−11.7394*** 
[0.0000]

−3.7411*** 
[0.0057]

−15.9523*** 
[0.0000]

LPrecip −5.7822*** 
[0.0000]

−12.7775*** 
[0.0000]

−5.8410*** 
[0.0000]

−21.3036*** 
[0.0001]

LCO2 −1.8811 
[0.3389]

−12.8370*** 
[0.0000]

−18,026 
[0.3759]

−8.0451*** 
[0.0000]

ADF stands for Augmented Dickey-Fuller; PP stands for Phillips-Perron; significant levels are indicated by ***, **, and *, 
at the 1%, 5%, and 10% levels, respectively. 
Source: Authors’ computation using data from [10–12].

Table 3. 
Stationarity of unit root test. 
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indicating that this variable is stationary in levels. Both ADF and PP tests on LCO2 
(log of CO2 levels) indicate nonstationary behavior at the level but become 
stationary after initial differencing.

4.5 Correlation analysis

Spearman’s rho is a nonparametric measure of rank correlation that determines 
the strength of the monotonic relationship between two variables. Table 4 presents 
Spearman’s rho correlation as well as the variance inflation factor (VIF), which 
quantifies the multicollinearity of independent variables. Table 4 indicates that 
lsoyprod and lareaharv (0.930) exhibit a strong and statistically significant positive 
correlation with soybean output and harvested area. This indicates that an increase 
in harvested area is associated with an increase in soybean output. lsoyprod and 
ldomcred (0.717) indicate a moderately strong and statistically significant positive 
correlation between soybean output and domestic credit. Higher levels of domestic 
credit are associated with higher soybean production. lsoyprod and ltemp (0.697) 
show a moderate positive correlation between soybean production and temperature. 
lsoyprod and lprecip (0.136) show a weak and statistically insignificant positive 
correlation between soybean production and precipitation. lsoyprod and lCO2 
(0.841) exhibit a strong positive correlation between soybean output and CO2 levels, 
suggesting that higher CO2 levels are positively associated with soybean production.

In standard econometric practice, a VIF greater than 5 implies severe 
multicollinearity, while a VIF larger than 10 is considered problematic. Table 3
shows that lareaharv (2.863) indicates moderate multicollinearity, ldomcred (1.822) 
indicates low multicollinearity, ltemp (1.968) indicates low multicollinearity, lprecip 
(1.165) indicates low multicollinearity, and lCO2 (2.501) indicates moderate 
multicollinearity. The VIF scores indicate that multicollinearity does not pose 
a serious issue in the data.

4.6 Model specification using the ARDL framework

Table 5 presents the vector autoregression (VAR) lag order selection criteria, 
which facilitate the determination of the appropriate number of lags to include in 
a VAR model. Several criteria are reported to guide this selection. “Lag” denotes the 

Variables Lsoyprod Lareaharv ldomcred ltemp lprecip lCO2 VIF

lsoyprod 1

lareaharv 0.930** 1 2.863

ldomcred 0.717** 0.587** 1 1.822

Ltemp 0.697** 0.635** 0.580** 1 1.968

Lprecip 0.136 −0.023 0.170 −0.058 1 1.165

lCO2 0.841** 0.766** 0.627** 0.683** −0.035 1 2.501
**means correlation is significant at the 0.01 level (2-tailed). 
Source: Authors’ computation using data from [10–12].

Table 4. 
Spearman’s rho correlation. 
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number of lagged terms included in the model. The likelihood ratio (LR) statistic 
sequentially compares the model fit across different lag lengths; a statistically 
significant LR value indicates the inclusion of an additional lag. The FPE evaluates 
the predictive accuracy of the model, while the AIC balances model fit against 
complexity, with lower values indicating superior model specification. The SC, also 
known as the Bayesian information criterion (BIC), applies a stricter penalty for 
model complexity. The HQ provides an intermediate penalty structure between the 
AIC and SC. Lag 0 serves as the baseline model without lagged terms. According to 
multiple criteria (FPE, SC, and HQ), Lag 1 constitutes the optimal lag order, as it 
yields the lowest values among the alternatives. Although the LR test favors lag 4, the 
convergence of FPE, AIC, SC, and HQ on lag 1 supports its selection as the most 
appropriate order for this study.

4.7 ARDL bounds test for cointegration

Table 6 presents the results of the bounds test, which is frequently utilized in the 
ARDL model to evaluate the existence of long-run relationships (cointegration) 
among variables. The F-statistic and t-statistic are evaluated against critical values at 
different significance levels to test the null hypothesis of no cointegration (long-run 
association). The F-statistic measures the joint significance of the lagged level 
variables, while the t-statistic evaluates the statistical significance of the error 
correction component in ECM. For each significance level, two bounds are specified: 
the lower bound (I(0)) assumes the absence of a long-run relationship, whereas the 
upper bound (I(1)) assumes its presence. At the 5% significance level, if the 

Bounds test Values 10% (0) 10% (1) 5% (0) 5% (1) 2.5% (0) 2.5% (1) 1% (0) 1% (1)

F-statistic 8.79 2.45 3.52 2.86 4.01 3.25 4.49 3.74 5.06

t-statistic −5.67 −2.57 −3.57 −2.86 −3.99 −3.13 −4.26 −3.43 −4.60

Source: Authors’ computation using data from [10–12].

Table 6. 
Bounds test results. 

Lag LogL LR FPE AIC SC HQ

0 106.753 NA 1.17e-09 −3.535 −3.320 −3.452

1 305.472 348.631 3.92e-12* −9.245 −7.739* −8,660*

2 328.457 35.485 6.45e-012 −8.788 −5.992 −7.701

3 367.612 52.206 6.45e-12 −8.899 −4.813 −7.311

4 414.821 53.007* 5.44e-12 −9.292* −3.916 −7.203

5 445.265 27.773 9.93e-12 −9.097 −2.430 −6.506

* indicates lag order selected by the criterion, LogL: Log-likelihood value, LR: Likelihood ratio (each test at the 5% level), 
FPE: Final prediction error, AIC: Akaike information criterion, SC: Schwarz information criterion, HQ: Hannan- 
Quinn information criterion. 
Source: Authors’ computation using data from [10–12].

Table 5. 
VAR lag-order selection criteria. 
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F-statistic exceeds the upper bound, the null hypothesis is rejected, indicating 
a statistically significant long-run relationship. Similarly, if the t-statistic falls below 
the lower bound, it also confirms the presence of a long-run association. In this 
study, the F-statistic (8.79) is significantly higher than the upper bounds at all 
significance levels (10%, 5%, 2.5%, and 1%), providing statistically significant 
evidence of a long-run relationship. Moreover, the t-statistic (–5.67) is lower than 
the corresponding critical values across all significance levels, further confirming the 
existence of a long-run association.

4.8 Dynamic ARDL estimation results

Table 7 presents the dynamic ARDL model results. The ARDL model was applied 
to estimate the relationship between variables in both the short and long runs, 
particularly when the variables are integrated at mixed levels (I(0) or I(1), but not I 
(2)). Figure 4 presents the ARDL model with the lowest AIC value, which 
corresponds to the most parsimonious model specification. The dynamic ARDL 

Variable Coefficient Std. Error t-statistic Prob.

Lsoyprod 0.854*** 0.069 12.322 0.000

Short-run results

Lareaharv 0.749*** 0.089 8.456 0.000

Ldomcred −0.048 0.075 −0.644 0.522

Ltemp 1.188 1.963 0.605 0.548

Lprecip 0.818*** 0.244 3.358 0.002

lco2 0.034* 0.018 1.871 0.067

Long-run results

Δlareaharv 0.923** 0.416 2.216 0.031

∆ldomcred −0.331 0.598 −0.552 0.583

∆ltemp 26.256* 14.229 1.845 0.071

∆lprecip 5.598** 2.820 1.985 0.052

∆lco2 0.229 0.175 1.308 0.197

Constant −18.563** 8.125 −2.285 0.026

ECT(−1) −0.146*** 0.032 −4.528 0.000

R-squared 0.676 Mean dependent var 0.048

Adjusted R-squared 0.665 S.D. dependent var 0.222

S.E. of regression 0.128 Akaike info criterion −1.221

Sum squared resid 0.955 Schwarz criterion −1.117

Log likelihood 40.239 Hannan–Quinn criterion. −1.180

F-statistic 457.565 Durbin-Watson stat 2.202

Prob(F-statistic) 0.000

Source: Authors’ computation using data from [10–12].

Table 7. 
Dynamic ARDL results. 
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model results for soybean report the AIC values for the top 20 models in the ARDL 
model selection process. The AIC is a criterion used to evaluate the goodness of fit of 
competing statistical models, with lower values (1, 1, 0, 1, 0, 0) corresponding to 
improved model fit while balancing model complexity and fit.

In the short run, the model evaluates the effects of independent variables on 
soybean output (lsoyprod). The log of harvested area (lareaharv) has a positive 
(0.749) and statistically significant effect on soybean output in the short run, such 
that a 1% increase in harvested area results in a 0.749% increase in soybean 
production. The log of domestic credit (ldomcred) is negative (−0.048) but 
statistically insignificant with respect to soybean output in the short run. The log of 
temperature (ltemp) exhibits a positive coefficient (1.188), although it is statistically 
insignificant for soybean yield. The log of precipitation (lprecip) has a positive 
(0.818) and statistically significant effect on soybean output in the short run, 
suggesting that increased precipitation is positively associated with soybean yield. 
The log of CO₂ (lco2) is positive (0.034) and approaches marginal significance, 
though it is not statistically significant. These findings align with prior studies 
[53, 54], which reported that a warmer environment can contribute to maintaining 
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Figure 4. 
Model selection. Source: authors’ computations using data from [10–12]. 
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higher soybean yields. The results are also consistent with [55–58], who reported that 
carbon dioxide emissions exert a significant positive effect on crop output. 
Conversely, other studies [59–61] found that carbon dioxide emissions negatively 
affect agricultural productivity.

In the long run, the model represents the relationship between the variables and 
soybean output after accounting for time adjustments. According to Δlareaharv 
(0.923), a 1% increase in harvested area is associated with a 0.923% increase in 
soybean yield, and this effect is statistically significant at the 5% level. The coefficient 
for ∆ldomcred (−0.331) was negative but statistically insignificant, indicating no long- 
run relationship between domestic credit and soybean output. The coefficient for 
∆ltemp (26.256) indicates that temperature exerts a significant positive effect on 
soybean output at the 10% level, suggesting that rising temperatures may contribute to 
higher soybean yields in the long run. Similarly, ∆lprecip (5.598) exerts a positive and 
statistically significant effect on soybean yield in the long run. These results are 
consistent with prior findings [50, 62, 63]. The coefficient for ∆CO₂ (0.229) indicates 
a positive but statistically insignificant effect of CO₂ levels on soybean output in the 
long run. The ordinary least squares (OLS) results in Table 10 further confirmed the 
long-run effects of area harvested (lareaharv), domestic credit (ldomcred), 
temperature (ltemp), and precipitation (lprecip) on soybean output.

The error correction term (ECT) (−0.146, p = 0.000) indicates the speed at which 
the model returns to equilibrium following a short-run shock. The coefficient is 
negative (−0.146), highly significant (p = 0.000), and less than one. This indicates that 
14.6% of the deviation from the long-run equilibrium is corrected each period, 
suggesting that the system gradually adjusts toward the long-run relationship. Model fit 
and diagnostic statistics show that the R-squared (0.676) explains approximately 67.6% 
of the variation in soybean output. The adjusted R-squared (0.665) indicates that, after 
adjusting for the number of predictors, 66.5% of the variation is explained. The 
regression standard error (0.128) measures the extent to which the predicted values 
deviate from the actual values. The F-statistic (457.565) tests the overall significance 
of the model, and its magnitude, along with the associated p-value (0.000), 
demonstrates that the model is statistically significant. The Durbin–Watson statistic 
(2.202) assesses the presence of autocorrelation in the residuals. A value close to 2 
indicates the absence of autocorrelation, suggesting that the model is well-specified.

In summary, in the short run, harvested area (lareaharv) and precipitation 
(lprecip) exerted significant positive effects on soybean output, whereas domestic 
credit and temperature exhibited negligible influence. In the long run, harvested 
area, temperature, and precipitation exerted substantial positive effects, while 
domestic credit and CO₂ showed no statistically significant effect. Furthermore, the 
ECT indicates an intermediate speed of adjustment toward the long-run equilibrium 
following short-term shocks. The model exhibited a satisfactory fit and was 
statistically significant, with no evidence of substantial autocorrelation in the 
residuals. Therefore, the ARDL model demonstrates that climatic factors 
(precipitation and temperature) and land use (harvested area) were significant 
determinants of soybean output in Nigeria over time. The ECT representation 
equation specifying the long-term relationship between soybean production and its 
determinants is presented as follows:

ECT = LSOYPROD − 0:923*LAREAHARV − 0:331*LDOMCRED+(

26:256*LTEMP + 5:598*LPRECIP + 0:229*LCO2 − 126:962)
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4.9 Diagnostic tests

Diagnostic tests are statistical procedures used to evaluate the validity of 
regression models. They are employed to verify that the underlying assumptions of 
the model are satisfied, which is essential for drawing reliable inferences. Table 8
reports the Breusch-Pagan-Godfrey test for heteroscedasticity, which examines 
whether the error variance is constant. The null hypothesis of homoscedasticity was 
not rejected since the p-value (0.120) exceeds the conventional significance level of 
0.05, indicating that the error variance was constant across observations, as required 
for valid regression analysis. The Breusch-Godfrey LM test for autocorrelation was 
also conducted to assess whether regression residuals were serially correlated. The 
null hypothesis of no autocorrelation was not rejected, as the p-value (0.306) was 
greater than 0.05, indicating that the residuals were independent across time. The 
Ramsey RESET test was employed to detect specification errors. The null hypothesis 
that the model was correctly specified was not rejected, with a p-value of 0.995, 
suggesting no evidence of omitted variables or functional misspecification. Finally, 
the JB test was applied to assess the normality of residuals. The null hypothesis of 
normally distributed residuals was not rejected since the p-value (0.933) was above 
0.05, confirming that the residuals did not deviate significantly from normality. 
Taken together, the results provide no evidence of heteroscedasticity, 
autocorrelation, or model misspecification, and confirm that the residuals were 
normally distributed. Overall, the diagnostic results indicate that the regression 
model was well-specified and met the core assumptions required for valid statistical 
inference.

Figures 5 and 6 present the results of the CUSUM (cumulative sum) and CUSUM 
of Squares tests for parameter stability. Figure 5 illustrates the CUSUM test, which 
evaluates the stability of model parameters over time – a crucial requirement for 
the reliability of regression and time-series models in econometric analysis. The blue 
line represents the cumulative sum of recursive residuals, which increases or 
decreases in response to parameter estimation changes as additional data points are 
incorporated. The red dashed lines denote the 5% significance level confidence 
bounds, within which the parameters are expected to remain if stability holds. Since 
the CUSUM line remains within these bounds, the results indicate that the model 
parameters did not exhibit significant instability and were stable at the 5% 
significance level. Similarly, Figure 6 shows the CUSUM of Squares test, which 
assesses parameter stability in terms of variance. The CUSUM of Squares line also 
remains within the 5% confidence bounds, confirming that no evidence of parameter 
instability was detected and that the model was stable throughout the study period.

Test Value (Chi-square) Probability

Breusch-Pagan-Godfrey test 1.703 0.120

Breusch-Godfrey LM test 1.214 0.306

Ramsey RESET test 0.006 0.995

Jarque-Bera test 0.139 0.933

Source: Authors’ computation using data from [10–12].

Table 8. 
Diagnostic test. 
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4.10 Granger causality test results

Table 9 presents the results of the paired Granger causality tests at lag 2. These 
tests evaluate whether lagged values of one time series provide predictive 
information for another. The null hypothesis of no Granger causality was assessed 
using the F-statistic, with associated p-values reported. A larger F-statistic 

S/N Null Hypothesis (Ho) F-Stat Prob. Remarks

1 LAREAHARV does not Granger-cause LSOYPROD. 0.665 0.518 Accepted

LSOYPROD does not Granger-cause LAREAHARV. 5.453 0.007 Rejected

2 LDOMCRED does not Granger-cause LSOYPROD. 0.325 0.724 Accepted

LSOYPROD does not Granger-cause LDOMCRED. 4.190 0.020 Rejected

3 LTEMP does not Granger-cause LSOYPROD. 3.066 0.055 Accepted

LSOYPROD does not Granger-cause LTEMP. 6.988 0.002 Rejected

4 LPRECIP does not Granger-cause LSOYPROD. 1.576 0.216 Accepted

LSOYPROD does not Granger-cause LPRECIP. 0.681 0.510 Accepted

5 LCO2 does not Granger-cause LSOYPROD. 1.548 0.222 Accepted

LSOYPROD does not Granger-cause LCO2 2.624 0.082 Accepted

6 LDOMCRED does not Granger-cause LAREAHARV. 1.145 0.326 Accepted

LAREAHARV does not Granger-cause LDOMCRED. 2.187 0.122 Accepted

7 LTEMP does not Granger-cause LAREAHARV. 5.038 0.010 Rejected

LAREAHARV does not Granger-cause LTEMP. 4.077 0.022 Rejected

8 LPRECIP does not Granger-cause LAREAHARV. 0.534 0.589 Accepted

LAREAHARV does not Granger-cause LPRECIP. 0.246 0.783 Accepted

9 LCO2 does not Granger-cause LAREAHARV. 2.029 0.141 Accepted

LAREAHARV does not Granger-cause LCO2 4.002 0.024 Rejected

10 LTEMP does not Granger-cause LDOMCRED. 1.736 0.186 Accepted

LDOMCRED does not Granger-cause LTEMP. 5.655 0.006 Rejected

11 LPRECIP does not Granger-cause LDOMCRED. 0.014 0.986 Accepted

LDOMCRED does not Granger-cause LPRECIP. 0.215 0.8073 Accepted

12 LCO2 does not Granger-cause LDOMCRED. 2.407 0.0995 Accepted

LDOMCRED does not Granger-cause LCO2 3.889 0.0263 Rejected

13 LPRECIP does not Granger-cause LTEMP. 0.354 0.7036 Accepted

LTEMP does not Granger-cause LPRECIP. 0.552 0.5788 Accepted

14 LCO2 does not Granger-cause LTEMP. 6.957 0.0020 Rejected

LTEMP does not Granger-cause LCO2 3.376 0.0414 Rejected

15 LCO2 does not Granger-cause LPRECIP. 0.117 0.8895 Accepted

LPRECIP does not Granger-cause LCO2 2.391 0.1010 Accepted

***, **, and * mean significant at the 1%, 5%, and 10% levels, respectively; dynamic ARDL (1, 1, 0, 1, 0, 0) of soybean. 
Source: Authors’ computation using data from [10–12].

Table 9. 
Pairwise Granger causality tests at lag 2. 
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corresponds to a greater likelihood of rejecting the null hypothesis at the specified 
significance level. The probability (Prob.) values indicate the statistical significance 
of each relationship. For instance, the null hypothesis that LAREAHARV (log of 
harvested area) does not Granger-cause LSOYPROD (log of soybean production) 
could not be rejected (p = 0.518). Conversely, the null hypothesis that LSOYPROD 
does not Granger-cause LAREAHARV was rejected (p = 0.007), indicating 
a unidirectional predictive relationship from soybean production to harvested 
area. Similarly, LDOMCRED (domestic credit) did not Granger-cause LSOYPROD 
(p = 0.724), while LSOYPROD Granger-caused LDOMCRED (p = 0.020). For 
LTEMP (temperature), the null hypothesis of no causality from temperature to 
soybean production could not be rejected at the 5% level (p = 0.055), whereas the 
reverse relationship was significant (p = 0.002). No significant Granger causality 
was detected between LPRECIP (precipitation) and soybean production (p = 0.216 
and 0.510). Likewise, no significant causal relationship was observed between LCO2 
(carbon dioxide) and LSOYPROD (p = 0.222 and 0.082). Finally, the relationship 
between LDOMCRED and LAREAHARV was also insignificant (p = 0.326 and 
0.122).

Temperature was found to Granger-cause harvested area (p = 0.010), while 
harvested area also Granger-caused temperature (p = 0.022), indicating bidirectional 
predictive causality. No evidence of Granger causality was detected between 
precipitation (LPRECIP) and harvested area (LAREAHARV), with p-values of 0.589 
and 0.783, respectively. Carbon dioxide (LCO2) did not Granger-cause harvested 
area (p = 0.141), although harvested area Granger-caused carbon dioxide levels (p =  
0.024). Temperature (LTEMP) did not Granger-cause domestic credit 
(LDOMCRED) (p = 0.186), whereas domestic credit Granger-caused temperature 
(p = 0.006). The null hypotheses of no causality between precipitation and domestic 
credit could not be rejected (p = 0.986 and 0.807, respectively). Similarly, LCO2 did 
not Granger-cause domestic credit (p = 0.0995), while the reverse relationship was 

Variable Coefficient Std. Error t-Statistic Prob.

Lareaharv 1.278*** 0.105 12.145 0.000

Ldomcred 0.333** 0.144 2.323 0.024

Ltemp 12.269*** 3.626 3.383 0.001

Lprecip 1.516*** 0.516 2.936 0.005

lco2 0.035 0.036 0.961 0.341

Constant −56.455*** 12.565 −4.493 0.000

R-squared 0.930 Mean dependent var 12.172

Adjusted R-squared 0.923 S.D. dependent var 1.069

S.E. of regression 0.296 Akaike info criterion 0.492

Sum squared resid 4.895 Schwarz criterion 0.698

Log likelihood −9.266 Hannan–Quinn criterion. 0.573

F-statistic 148.232 Prob(F-statistic) 0.000

Source: Authors’ computation using data from [10–12].

Table 10. 
Linear regression for the impact of climate change on soybean production. 
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significant (p = 0.0263). The null hypotheses of no causality between precipitation 
and temperature could not be rejected (p = 0.7036 and 0.5788, respectively). In 
contrast, both null hypotheses for LCO2 and LTEMP were rejected (p = 0.0020 and 
0.0414, respectively), providing evidence of bidirectional Granger causality. Finally, 
no evidence of Granger causality was detected between LCO2 and precipitation (p =  
0.8895 and 0.1010).

In summary, soybean production (LSOYPROD) was found to Granger-cause 
several variables, including harvested area, temperature, and domestic credit. 
Harvested area (LAREAHARV) exhibited Granger causality with temperature and 
CO₂. Temperature (LTEMP) Granger-caused both harvested area and CO₂. Domestic 
credit (LDOMCRED) Granger-caused temperature and CO₂, while no statistically 
significant predictive relationship was detected with the other variables.

4.11 Soybean production and agricultural insurance coverage

Subsidized crop policy is defined as crop insurance protection for food crops, in 
which farmers pay 50% of the premium, and the remaining 50% is covered by the 
Federal and State governments of the geographical location of the farm, in a 3:1 ratio, 
respectively. Perils covered include loss or damage caused by fire, lightning, 
explosion, aircraft damage, windstorm, flood, and drought. Figure 7 illustrates the 
relationship between soybean output (SoyProd) and insurance support (ISU) from 
1991 to 2021. Soybean output increased steadily from 1991 to 2007, reaching around 
600,000 tonnes. Between 2008 and 2011, a marked decline was observed, 
potentially attributable to economic, meteorological, or policy changes. An 
increasing trend in soybean output reemerged in 2012 and peaked in 2019 at more 
than 1.2 million tons. Following 2019, a modest reduction in production occurred, 
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with production reaching roughly 1 million tons in 2021. Crop insurance values were 
negligible in previous years, indicating low insurance coverage. Modest increases 
were observed in the 2010s, although the size remains minor when compared to 
soybean output. This shows that ISU remains limited and insufficiently adopted, 
even in years of strong soybean yields. Following [64–66], the absence of awareness, 
insufficient risk evaluation systems, educational level, income, farm size, and limited 
government subsidies all contribute to the low adoption of agricultural insurance in 
Nigeria. Additionally, National Agricultural Insurance Commission (NAIC) data 
[67] show that only a negligible share of crop producers in Nigeria, fewer than 5%, 
are registered in official crop insurance plans. This is supported by research such as 
[68], which found that farmers in southern Nigeria perceive crop insurance as 
inaccessible or unreliable, resulting in underutilization despite increased agricultural 
hazards. Soybean output has increased substantially over the last three decades, but 
insurance coverage has not kept up. This disparity between output and insurance 
coverage indicates that farmers possess limited risk protection, are vulnerable to 
climatic shocks or market volatility, and there may be a policy gap or insufficient 
farmer awareness and access to insurance schemes.

As a result, Nigeria could leverage the European Central Bank’s (ECB) [69] 
positioned institutional bond assets offered through the corporate sector purchase 
program to issuers that demonstrate greater climate performance. This comprises 
businesses engaged in reuse and recycling, environmentally sustainable design, 
energy conservation, and resource recovery, all of which are consistent with circular 
economy principles. The ECB’s climate score methodology accounts for CO₂ 
emissions, carbon reduction targets, and environmental disclosures. The ECB 
intends to systematically reduce emissions from its institutional bond assets by 
reallocating purchases toward issuers with enhanced climate performance [69]. The 
Bank of England [70] integrates circular economy and resource efficiency into its 
climate monitoring frameworks and advances transparency under the Task Force on 
Climate-related Financial Disclosures. The People’s Bank of China [71] operates an 
emissions reduction center, a green finance mechanism that provides concessional 
financing to commercial banking institutions for ecological credit.

4.12 GHG emissions from soybean production and clean energy alternatives

Figure 8 illustrates the relationship between soybean greenhouse gas (GHG) 
emissions and access to renewable energy from 2000 to 2022. During this period, 
soybean-related GHG emissions remained consistently low, below 1 kiloton (kt) 
per year, with only marginal variations. In contrast, access to renewable energy, 
comparably constrained in the early 2000s, began to increase gradually in 2009 and 
rose significantly after 2014, reaching 10 kt by 2022. Despite advances in energy 
infrastructure, there has been no substantial increase in soybean GHG emissions, 
indicating a decoupling effect between emission growth and energy development. 
This trend is consistent with the ecological modernization theory [47], which posits 
that technological advancements, such as renewable energy adoption, can enhance 
environmental performance without compromising production.

While soybean production does not constitute a primary driver of increased 
renewable energy availability, it may have contributed indirectly to emissions 
stabilization. Energy-efficient processing and storage methods utilizing renewable 
energy, such as solar dryers and biogas, can reduce the soybean value chain's 
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dependence on fossil fuels [72]. This is consistent with the sustainable development 
theory, which underscores the importance of clean technology in mitigating the 
environmental impacts of economic activity. The consistently low GHG emissions 
from soybean farming can be attributed to its relatively lower energy intensity 
compared with other crops [48]. Furthermore, soybeans contribute to nitrogen 
fixation in soils, thereby reducing the need for synthetic nitrogen fertilizers, a major 
source of GHG emissions in alternative crops. This finding illustrates a fundamental 
CSA principle [73]: sustained productivity, enhanced resilience through reduced 
emission intensity, and greater mitigation through the adoption of clean energy 
technologies. The soybean industry, while not a significant contributor to GHG 
emissions, derives advantages from the broader renewable energy transition, which 
contributes to a sustainable low-carbon profile.

4.13 Transportation and soybean trade (export and import)

Transport services (INFRST), used as a proxy for infrastructure, encompass the 
movement of soybeans across regions, together with ancillary services that facilitate 
and support logistics and trade efficiency. Transport is measured as the proportion of 
services, whereas SBEXP represents the soybean export quantity index, and SBIMP 
denotes the soybean import quantity index.

Figure 9 illustrates the relationship between transportation infrastructure 
and the soybean system. Transport infrastructure investment has remained 
moderate and relatively stable over the years, with modest increases in 2005–2007 
and after 2015. This indicates that transportation infrastructure was unable to 
significantly improve despite variations in the soybean trade. A notable feature is 
the substantial increase in soybean exports in 2017, exceeding 1,600 tonnes. This is 
likely attributable to a temporary trade liberalization or policy shift, possibly 
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driven by increased foreign demand or favorable trade agreements. Imports began 
to increase gradually between 2010 and 2015 and peaked just before 2017. A sharp 
decline occurred in 2018, possibly due to higher domestic production or export 
restrictions. According to [74, 75], export increases in SSA countries, including 
Nigeria, are often associated with global soybean demand, particularly from China 
and India, as well as short-term trade liberalization or currency devaluation, which 
enhances competitiveness. Nigerian oilseed exports were partly driven by 
temporary fluctuations in demand and exchange rate effects [75]. According to the 
World Bank [76], Nigeria’s transportation system constitutes one of the weakest 
components in the agricultural value chain, with inadequate rural road 
connectivity raising farm-gate costs by 25–50% on average, thereby reducing 
soybean export competitiveness. This partly explains why exports did not continue 
beyond 2017.

Low yields (arising from low-quality seed varieties, suboptimal agronomic 
practices, and climatic stress) and inadequate irrigation systems continue to 
undermine Nigeria’s goal of soybean self-reliance, resulting in substantial reliance 
on imports. For instance, in 2016, Nigeria imported approximately 31% of its total 
soybean demand, highlighting the gap between domestic production and 
consumption [77]. The soybean processing industry requires the strengthening of 
domestic demand, thereby reducing reliance on costly imports [78]. Achieving this 
requires institutional partnerships among governments, the private sector, and 
development banks to invest in soybean crushing infrastructure and bio-refineries, 
as well as the reallocation of underutilized land from traditional agriculture to 
alternative cash crops [79]. Since soybean crushing produces only 18% oil and 78% 
meal, oil-only processing is economically unviable in the absence of a local 
market for soybean cake. Due to limited crushing facilities, Ethiopia exported 
53.94 thousand MT of soybeans and imported 4.52 thousand MT of soy oil in 
2017 [80]. The 2017 increase may also be attributed to global price fluctuations or 
domestic responses to food security issues. UNCTAD [78] documented price 
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increases in global soy markets, which often led to trade surges in low-income 
countries. Moreover, the stagnant trend in INFRST (transport) suggests that 
without additional investment in transport, storage, and rural roads, 
soybean export growth may be unsustainable. This aligns with [81], which 
emphasizes that global market accessibility for developing-country exports is 
constrained not only by trade barriers but also by domestic structural constraints 
such as insufficient storage, transportation, and logistics infrastructure. In 
commodity sectors such as soybeans, these barriers limit both export volumes and 
quality standards.

4.14 Irrigation practices in relation to soybean production

Figure 10 illustrates the relationship between irrigation (ldirrig), an indicator of 
agronomic integration, and soybean output. Soybean production generally 
increased, with minor fluctuations. Production rose steadily from 2000 to 2007, 
peaking in 2007, before declining sharply between 2008 and 2010. From 2011 to 
2014, a rising trend began, leading to a major increase between 2015 and 2020, 
reaching its peak in 2020, followed by a slight decline in 2021–2022, although 
maintaining levels above prior years. Land under irrigation was comparatively lower 
in scale and largely stable over time, with only marginal increases, indicating slow 
expansion of irrigation infrastructure. Despite continuous or slightly increasing 
irrigation, substantial productivity gains (such as those recorded between 2015 and 
2020) suggest that other factors, including government support, mechanization, 
improved seed varieties, or climatic conditions, may have played a more significant 
role. This aligns with FAOSTAT [82], which notes that insufficient irrigation 
coverage constrains stable soybean yields, particularly in Nigeria’s rain-fed zones. 
The limited investment in irrigation does not correspond with growing demand or 
production objectives. This is consistent with UNCTAD’s [81] findings that 
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agricultural productivity improvements are unsustainable without complementary 
infrastructure such as irrigation and storage. The declines in 2009–2010 and again in 
2021–2022 may be attributed to severe weather events or economic recessions (such 
as monetary crises and COVID-19), indicating vulnerability due to limited resilience 
within the production system.

According to FAO [83], irrigation accounts for only 1% of Nigeria’s cultivated 
land, severely constraining year-round agricultural productivity, particularly for 
crops such as soybean that benefit from off-season planting. To enhance the climate 
resilience of soybean production systems, agronomic risk mitigation strategies 
involving irrigation infrastructure, agricultural insurance, and the adoption of more 
efficient inputs (such as drought-resistant cultivars and fertilizers) must be 
integrated, particularly in areas vulnerable to unpredictable rainfall and resource 
limitations [21, 22, 84]. If production increased without significant irrigation 
expansion, it suggests that yield per hectare improved, possibly due to CSA practices, 
improved seed varieties, soil management, optimized input use, or the cultivation of 
additional land, as highlighted by FAO [26, 75]. Consequently, irrigation 
development has lagged behind soybean production growth, thereby rendering the 
sector vulnerable to climatic variability. Expanding irrigation, alongside storage and 
transport infrastructure, is essential to sustaining and stabilizing gains in soybean 
productivity.

5. Conclusion and policy recommendations

Climate variability and change pose a significant risk to Nigerian soybean 
production, with variations in rainfall patterns, temperature extremes, and the 
increased frequency of extreme weather events adversely affecting yield stability 
and farmer incomes, as demonstrated through ARDL, correlation, and Granger 
causality tests. The trend analysis reveals that soybean output and CO₂ emissions 
exhibit synchronized movements, indicating that higher production activities 
contribute directly to increased CO₂ emissions. The ARDL results further show that 
CO₂ levels exert a modest but positive and marginally significant short-run effect 
on soybean output. Granger causality tests revealed that soybean production 
influences harvested area, temperature, and domestic credit. Soybeans, a crucial 
commodity in Nigeria’s agricultural sector and an important protein source, are 
particularly vulnerable to climatic stresses, with direct implications for food 
security, nutrition, and economic sustainability. Ultimately, developing a resilient 
soybean sector through effective adaptation measures not only safeguards Nigeria’s 
food system against climate-related risks but also advances broader development 
objectives, including sustainability, rural development, and national food self- 
sufficiency. A coordinated, multistakeholder effort is therefore essential to 
transform structural vulnerabilities into adaptive capacity and ensure the long-term 
viability of soybean production in a changing climate. The research recommends 
that:

i. Strengthen the adoption of CSA practices for soybean farming, including 
conservation agriculture, crop rotation, soil moisture management, and 
agroforestry systems, to improve resilience to climatic variability. 
Additionally, increase investment in research and development (R&D) to 
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produce soybean varieties that are drought-resistant and heat-resistant. 
Enhance the capacity of agricultural organizations and seed distribution 
networks to ensure that farmers have access to, and effectively utilize, 
improved seed varieties.

ii. Improve local weather forecasting and climate information systems to pro
vide farmers with timely and reliable data that supports informed decision- 
making regarding planting and harvesting schedules under variable climatic 
conditions. Develop affordable, decentralized irrigation systems, and pro
mote rainwater harvesting as strategies to reduce reliance on variable rainfall. 
Implement measures to enhance the accessibility of such technologies, par
ticularly for smallholder farmers.

iii. Expand access to climate risk insurance, microcredit, and subsidies to safe
guard farmers against crop losses and encourage the adoption of resilient 
agricultural practices. Enhanced insurance coverage could contribute to 
income stabilization, stimulate agricultural production investment, and 
strengthen resilience to climate-related risks. Furthermore, promote the 
adoption of land conservation practices, reforestation, and soil fertility 
enhancement to sustain agricultural ecosystems and mitigate environmental 
degradation associated with climatic variability.

iv. Increased soybean production has contributed to improved food supply and 
economic gains; however, it is associated with significant environmental 
consequences, particularly in CO₂ emissions. Sustainable farming practices 
(e.g., precision agriculture, conservation tillage) require strong policy sup
port, the adoption of climate-smart technologies to reduce emissions inten
sity, and monitoring and reporting systems to track and mitigate agricultural 
emissions. Furthermore, strengthening national and regional policies that 
integrate climate adaptation into agricultural planning, alongside fostering 
public–private partnerships to facilitate innovation, mobilize funding, and 
enhance infrastructure development, is essential for sustainable soybean 
production.

v. Establish climate-smart financing mechanisms and green finance instru
ments to support the scaling up of clean energy adoption. Introduce sub
sidies, tax incentives, and targeted grants for renewable energy technologies 
tailored to farmer organizations and agro-processors, particularly in rural 
areas.

vi. To promote the integration of clean energy in soybean production systems, 
the government should expand subsidies and tax incentives for solar- 
powered agricultural equipment, establish and strengthen solar-powered 
agro-processing cooperatives in major soybean-producing areas, and enhance 
partnerships with clean energy service providers to design accessible and 
inclusive financing schemes for farmers. Incorporating clean energy mea
sures into Nigeria’s National Agricultural Technology and Innovation Plan 
(NATIP), alongside optimizing irrigation, improving postharvest storage, 
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and strengthening climate resilience, could be critical to reducing import 
dependence while sustaining export performance.
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Chapter 6

Tele-illumination to Re-balance the 
Earth’s Natural Carbon Cycle? 
A Review of the Large-scale Ocean 
Carbon Cycle
John Allen, Calum Fitzgerald and Lonnie Franks

Abstract

A new Nature Based Carbon Cycle Management Solution (NBCCMS) for 
capturing the entire man-made emission of carbon dioxide per year and locking it 
away in the deep ocean, called ECOPIA™ (Earth Climate Optimization Productivity 
Island Array), has been devised by a marine think tank, MyOcean Resources Ltd. 
Empowering the natural primary production capacity of the oceans solely through 
the provision of light at depth, tele-illumination, the proposed solution removes the 
excess atmospheric CO2, de-acidifies the ocean’s waters, creates new sustainable 
fisheries, and allows all world economies to continue to grow and prosper. The 
solution will affect the natural capture and storage of carbon, enabling the control 
and regulation of CO2 levels in the atmosphere via natural mechanisms. It is 
a modular, scalable solution located in the oligotrophic sub-tropical gyres of the 
world’s oceans. These otherwise minimally productive gyres are growing at a rate of 
800,000 km2 per year, at the cost of productive ocean areas. Simply providing light 
below the surface layers of these gyres, and nothing more, the solution provides no 
mechanism for preferential pressure on naturally determined biodiversity. Taking 
the, perhaps pessimistic, view that the world as a whole can only achieve static 
anthropogenic fossil fuels usage by the year 2030, then tele-illuminating <0.002% 
of the world’s oceans will be required to return atmospheric CO2 levels to 350 ppm. 
In this paper, we review the proposed solution within the framework of what is 
known about large-scale oceanic net primary production, more specifically export 
production.

Keywords: nature based solutions, climate change, ocean productivity, climate 
control, climostat, blue carbon, natural carbon sequestration

1. Introduction

We have become so accustomed to being instructed that there is no “silver 
bullet” to the anthropogenic climate crisis that most of us have begun to accept it as 
an irrefutable fact. However, there are no published papers demonstrating this, if 
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indeed it is something that could be demonstrated. MyOcean Resources Ltd. 
believes this conviction results simply from a limit in our ability to comprehend the 
scale and capacity of our planet. For many, the ocean is still just the shallow coastal 
and shelf-edge waters lapping against the fringe of the Earth’s continents and 
islands. Yet the global oceans cover more than 2/3 of our planet’s surface, over 
350,000,000 km2, most of which is greater than 1 km deep, and much is greater 
than 4 km deep.

The characteristics and solar position of the Earth provide it with some 
important chemical cycles for life, not least among which is the water cycle, 
where evaporation at the Earth’s surface is a source of water vapor for the 
atmosphere, and precipitation returns this back to the Earth’s surface. A second 
critical cycle is the carbon cycle, where carbohydrate and hydrocarbon 
structures produce carbon dioxide (CO2) through respiration and combustion 
just below or at the Earth’s surface, which is released into the atmosphere and 
then taken up by biological primary production through photosynthesis and 
converted back into carbohydrates and hydrocarbons. We mention both of 
these natural cycles because it is highly likely that the latter would not exist 
without the former; indeed, they may both be co-dependent. However, it is the 
latter, or rather the anthropogenic exploitation of it, which is the subject of this 
review manuscript.

Considerably less than 0.5% of the Earth’s combined carbon storage is naturally 
and actively cycling through respiration, combustion, and photosynthesis 
(Figure 1). There is a growing consensus that this carbon cycle has a natural 
balance in carbon mass of around 210 × 109 tonnes (billion tonnes, or Giga-tonnes 
[Gt], or peta-grammes [Pg]) annually (Figure 1). This cycle is relatively evenly 
divided between the oceans (~70% of the Earth’s surface area) and the land, 
at ≥90–100 Gt each; although most estimates would put the land component up to 
30% greater than the ocean [1, 2, 3] (to cite a few examples). One difficulty in 
estimating the size of this “natural” carbon cycle is that there is a very long history 
of anthropogenic deforestation, and fossil fuel burning may only have overtaken 
deforestation as an anthropogenic impact on this cycle in the latter half of the 20th 
century [2]. A second difficulty lies in the fact that nature has already begun to 
adjust for the anthropogenic imbalance; this will be discussed later. We note here 
that throughout this paper, we refer to carbon mass so that we have continuity 
regardless of whether we are referring to CO2 or to more complex carbohydrate or 
hydrocarbon structures.

As a result of, and possibly partly a cause of, both a once exponentially 
growing global population [3] and an unprecedented rate of innovation, the 
burning of fossil fuels has been increasing at an exponentially growing rate over 
the last 150–250 years. The result is an imbalance favoring the combustion side 
of the carbon cycle (Figure 2). This anthropogenic imbalance in the Earth’s 
carbon cycle, ~ 9 Gt, only represents an approximately 5% increase in the 
combustion side of the Earth’s carbon cycle, but the Earth is having difficulty 
re-balancing the system. All the effects of this imbalance, on global 
temperature, on ocean acidification, on the cryosphere, and on ocean 
circulation, have been shown to have positive feedback consequences [4, 5]. 
The result of solely positive feedback is that these cumulative effects are getting 
more extreme with time and follow the exponential relationship in 
anthropogenic carbon emissions.
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2. The ECOPIA™ proposal

2.1 A nature-based approach

As we have described above, anthropogenic activity has disrupted the Earth’s 
current carbon cycle. Now, in principle, “all” we have to do is build the natural 
booster for the uptake side of the cycle to rebalance the system. The uptake of 
atmospheric CO2 on the Earth’s carbon cycle occurs because photosynthesis by 
healthy, growing plant life exceeds respiration, thereby taking up CO2 and releasing 
oxygen as they build their cellulose hydro-carbon structures. This biological process 
has been happening and adapting over geological timescales since the evolution of 
marine algae [6–8].

The Earth’s carbon cycle has already made some natural adjustments in 
response to the currently rising atmospheric CO2 concentrations. According to the 
latest IPCC report, the Earth’s natural adjustment is as high as 5 Gt [9]; however, 
this figure is in the purest terms of the meaning of adjustment. The IPCC report 
expresses the magnitude to which the Earth’s CO2 uptake processes have adapted 
to the ~ 9 Gt loading that humankind has placed on the combustion side of the 
natural carbon cycle. Unfortunately, 50% or more of this 5 Gt adaptation has 
nothing to do with the natural biological carbon cycle. There are two ways in which 

Figure 2. 
Simplified cartoon of the Earth's carbon cycle: the background (~210 Gt) natural photosynthesis (blue) and 
respiration/combustion (orange), anthropogenic activity (~9 Gt in red), the natural adjustment (2–3 Gt) to 
anthropogenic rising atmospheric CO2 (light blue), and the proposed re-balancing of ECOPIA™ (green).
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atmospheric CO2 can be taken up by the Earth. The first is known as the biological 
pump and is driven by photosynthesis; this is the process of synthesizing CO2 
molecules into carbohydrates and hydrocarbons and is the return side of the Earth’s 
natural carbon cycle discussed above. The second is the solubility pump, which 
simply sets the background partitioning of CO2. Increased atmospheric CO2 
concentration increases its solubility in rainwater, freshwater systems, and 
seawater, creating, in simple terms, increased carbonic acid in these aqueous 
reservoirs and hence a lower pH, i.e., acidified oceans and rainfall [10]. This is not 
a good thing and feeds back positively on atmospheric CO2 levels through further 
damage to the Earth’s capacity for primary productivity.

For terrestrial plant life, the atmosphere is carbon-limiting, and interestingly, one 
consequence of anthropogenically increased atmospheric CO2 concentrations is 
increased agricultural productivity [11, 12]. A return to pre-Industrial Revolution 
atmospheric CO2 concentrations of ~ 270–290 ppm [13, 14] would not be welcome 
from a food production point of view. Currently, the scientific community is 
recommending a return to 350 ppm [15, 16], from the current levels of approaching 
420 ppm [17], and still rising rapidly [13, 18].

To some extent, it is reassuring that the Earth’s carbon cycle has naturally 
compensated for some of our anthropogenic supercharging of the combustion side of 
the cycle, possibly at the level of 2–3 Gt increased photosynthetic productivity, i.e., 
around 20% of the anthropogenic imbalance, but it needs our help (Figure 2). By 
building ECOPIA™, we believe we can save the Earth as we want it, and not as we 
don’t want it [19].

2.2 A calculated approach

It is common to think of the sub-polar open oceans with their “boom and bust” 
annual cycle when characterizing oceanic primary production at the large scale 
[20, 21]. Cooling and stirring in the winter lead to the replenishment of the surface 
ocean with essential nutrients as the upper water column is mixed with deeper, 
nutrient-replete waters. Longer spring sunlight hours re-stratify the upper ocean’s 
thermal structure, making it suitable for photosynthetic phytoplankton growth [22], 
and the spring phytoplankton bloom begins. Over a period of typically a few days, in 
any one place, the upper layer nutrients become exhausted, and apart from the 
mesoscale patchiness [23, 24] created by storm events, frontal boundaries, and 
eddies, the major primary productivity will await the following winter overturning 
and a new spring season.

In contrast, however, the large sub-tropical open oceans are dominated by the 
anticyclonic wind-driven gyres of the low to mid-latitudes [25]. These circulations 
are convergent in the upper ocean and drive permanent deep mixed layers 
(Figure 3). The permanent mixed layers are so deep (150–300 m) that only rare 
extreme storm events can penetrate to the high nutrient concentrations of the deep 
ocean waters; therefore, the surface ocean remains an oligotrophic (nutrient- 
exhausted) “desert” all year round [20, 26], albeit still supporting diverse microbial 
communities of comparatively small cell size and abundance [27, 28]. Furthermore, 
these enormous deserts, one-seventh (~50 million km2) of the whole of the Earth’s 
ocean area (~362 million km2), are getting bigger, with high-chlorophyll surface 
waters being replaced by the increase in the surface areas of the oligotrophic gyres at 
a rate of 0.8 million km2 per year [29, 30].
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The ECOPIA™ program in total, only requires ~0.2 million km2 of these sub- 
tropical oligotrophic gyres, just one quarter of their current annual increase in area, 
to account for an extra ~10 Gigatonnes of carbon per year through photosynthesis: 
but what is this program? How do we arrive at this number?

ECOPIA™ is made up of Earth Climate Optimization Productivity Island Nodes, 
henceforth “ecopins”, which are modular floating geostationary structures 
(Figure 4). These buoyant structures support light-harvesting mechanisms at the 
surface, long fiber optic light guides, and a light-distributing mechanism at depth. 
Each complete ecopin is designed to provide light at depth sufficient to support an 
annual phytoplankton growth of ~1 million tonnes of chlorophyll, equivalent to  
a CO2 uptake of ~100 million tonnes of carbon mass per annum. It is expected that 
global population growth should level off sometime around 2050, perhaps at 1– 
2 billion greater than now [3]. Therefore, if we take the, perhaps pessimistic, view 
that all that can be achieved by the world’s population is a static anthropogenic fossil 

Figure 3. 
Global maps of 9 km MODIS a OCI chl-a mission composite (A) and the depth of the 0.2 μm (ZNO3) nitrate 
concentration (B) derived from the World Ocean Atlas monthly climatology. Reproduced from Frontiers [30].
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fuels usage by the year 2030, then we will require around 100 ecopins in total. Of 
course it is a scalable system, such that if greater reductions in fossil fuels usage can 
be achieved, then the size of ECOPIA™ reduces approximately linearly.

The detailed engineering design of the ecopins will be determined by marine and 
civil architects; the light-collecting, transmitting, and diffusing apparatus will be 
determined by leading glass manufacturing companies working with the architects; 
and the construction materials will be determined ultimately by expert companies in 
the field of novel low-carbon-footprint materials science, in collaboration with ship 
design and marine engineers. Nevertheless, we present our current generic 
expectations below as a guide.

We propose that each ecopin will be made up of 19 component hexagons 
(Figure 4). Remembering that a regular hexagon is made up of six equilateral 
triangles, whose base is each a side of the hexagon; then we propose that the central 
light-collecting “moonpool” will have a hexagonal side dimension of 6,367 m. This 
will be surrounded by a 500 m wide peripheral platform, such that each component 
hexagon has a surface area of ~124,400,000 m2. The component light-collecting area 
will be ~85% of this, or 105,325,000 m2, allowing for a slim intra-lens and light 
accumulator framework. On this basis, each total ecopin (19 component hexagons) 
will have a surface area of 2,363,600,000 m2, or 236,360 km2 for the program (100 
ecopins) as a whole, with a light collection area of 200,118 km2.

It is envisaged that Fresnel lenses will be used in both light collection at the 
surface and diffusion at depth. These will be focused on sheathed fiber optic 
bundles. The glass in the lenses, optical coupling, and fiber optic light guides will be 
a high OH silica glass so that we obtain minimum attenuation in the 350–700 nm 
visible light spectrum; an example of the commercial availability can be found at 
[33], but this is just one of many. The fiber optic light guides will need to be 150– 
300 m long, or more, depending on geographical location. These lengths are such as 
getting well below the euphotic zone (sunlight-illuminated) and both the 
biologically active layers of the upper water column [28] (Figure 5) and into the 
high nutrient concentrations of the deeper ocean across the nutricline and 
permanent thermocline.

Figure 4. 
An artist’s impression of a modular ECOPIN.
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Although ecopins are large structures for our engineers to design and build, they 
will appear as no more than pinpricks in ocean-color satellite images (Figure 6), and 
they can be built with sustainable materials, drawing down significant further 
atmospheric CO2 during construction. It is currently envisaged that the floating 
peripheral structure supporting and surrounding the light-collecting ‘moonpool’s 
will be made of an “eco” friendly material known as “hemp-crete” [34]. Derived 
from growing hemp on an industrial scale, the construction of ecopins can be made 
to be a net CO2 sink procedure [35–37]. Following our paragraphs above, the 
peripheral structural area in ECOPIA™ is around 36,242 km2, or 362,420,000 m2 per 
ecopin. Assuming 30 m thickness and a 20% “hemp-crete” to air-space ratio, for 
access, services, storage, etc., this requires a volume of over 2 billion m3 of “hemp- 
crete” per ecopin. Even a fairly dense “hemp-crete,” say 125 kg m−3, will result in 
a very buoyant structure.

A full life-cycle assessment (LCA) of hempcrete at the ecopin scale will be 
essential, although this is beyond the subject of this current manuscript. 
However, existing data allow us to outline the likely magnitude of the carbon 
benefit. Hempcrete stores carbon through two mechanisms: biogenic 
sequestration (0.44–0.55 t C as CO₂ per tonne of dry biomass) in the hemp hurd 
and mineral carbonation of the lime binder (30–45 kg C as CO₂ per m3 over the 
curing period, although it continues to carbonate slowly over decades). This 
corresponds to a gross biogenic and mineral storage in the order of 60– 
90 million tonnes C as CO₂ per ecopin, before accounting for transportation, 
processing, and waterproofing. Indeed, even protecting the hempcrete from the 
aqueous marine environment could be carried out using a coating of hempseed 
oil, a plant-derived drying oil which polymerizes on exposure to air and forms 
a hydrophobic barrier that reduces water ingress without introducing fossil- 
based polymers.

Figure 5. 
Reproduced from [28]. Depth of the surface mixed layer (SML), nutrient-depleted layer (NDL), deep chlor
ophyll maximum, nutrient-replete layer (NRL), and euphotic zone (EZ) at Station ALOHA in the North 
Pacific Subtropical Gyre. The depth of the NDL is defined as where the nitrate/nitrite (NOx) concentration 
equals 0.1 μmol L−1 and the depth of the EZ is calculated using 1% of the surface usable solar radiation. The 
background shows the monthly climatology of NOx concentrations. Density, chlorophyll-a, and nutrient data are 
from the Hawaii Ocean Time Series [31]. EZ data are from [32].
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More general information about the ECOPIA™ program is available online 
[38, 39], where both a PDF presentation link and an explainer video are provided, as 
well as in both published UK patents (GB2601135 and GB2634415) and a published 
USA patent (No. 18/253574). But how do we get to our large-scale carbon budget and 
the necessary scale of the program?

Ocean Color data from Earth Observation satellites, for example [40] and 
Figure 3, are useful for assessing the relative contrast and comparison between high 
and low overall productivity regions of the world’s oceans. They clearly show the 
sub-polar regions as highly productive, with chlorophyll concentrations of around 1  
mg m−3 as a seasonal or annual mean. However, the temporal and spatial averaging 
belies the true level of productivity at any one point or time. This can only be reliably 
measured in-situ. The reason for this is that even in the sub-polar regions, the 
supplies of nutrients to the surface ocean, either through winter mixing or mesoscale 
(eddy or frontal) upwelling, are exhausted by photosynthetic growth in very short 
timescales (days) and at a biological patchiness spatial scale (≪1–10 km) [41–44].

The low-productivity regions of the subtropical gyres are defined by their upper 
ocean oligotrophic nature and typically have an annual average chlorophyll(a) 
concentration ≤0.1 mg m−3 [28, 45]. The euphotic zone of the subtropical gyres is 
considered to be divided into two layers [46]: a nutrient-depleted layer (NDL), 
extending from the surface to the top of the nutricline (Figure 5), and a nutrient- 
replete layer (NRL), extending into the upper regions of the nutricline to the base of 
the EZ [28]. The photosynthetic phytoplankton communities in both these layers 
tend to be dominated by picoeukaryotic species [47], with growth rates of 0.3– 
0.9 day−1 and ratios of export to primary production (e-ratio) typically <10% 
compared to >30% in high-latitude oceans [28, 48]. However, in the lower NRL, 
sporadic phytoplankton blooms of other larger phytoplankton groups, such as 
diatoms, may enhance these e-ratios [49].

The ECOPIA™ program will take light down below both these surface layers, 
across the nutricline, to create a new “euphotic” zone in the deep ocean, of, in 
practice, limitless nutrient supply, that is slowly moving past geostationary light 
sources, ecopins; thus, providing an ideal and consistent diurnal growth 
environment. Here, we expect very high e-ratios, as the new primary production is 
capped below the permanent thermocline and out of the range of mixing processes 
with the surface ocean. Of course, these e-ratios must be monitored under 
a comprehensive Measurement, Reporting, and Verification (MRV) protocol [50], in 
this case, ECOPIA’s MRV protocol [51].

In-situ measurements of sub-polar latitude blooms, whether following over- 
winter mixing [52] or mesoscale eddy stirring processes [53], typically result in 
blooms of 5–12 mg m−3 chlorophyll concentration, as the nutrient supply is still only 
sufficient rather than plentiful [54]. A deep chlorophyll maximum may frequently be 
observed just above the thermocline if it is still within the light-penetrating photic 
zone, and chlorophyll concentrations of typically up to 1 mg m−3 may be maintained 
here for some time, again due to sufficient vertical mixing across the thermocline, 
but also low-light adaptation processes within the phytoplankton cellular photo 
mechanisms [55].

Mesocosm experiments, where artificial water columns are seeded with 
phytoplankton and the necessary nutrients for growth, have been shown to produce 
phytoplankton bloom chlorophyll concentrations of 60 mg m−3 or more [56] when 
a plentiful supply of nutrients is provided. Furthermore, a day−1 doubling rate can be 
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achieved under these conditions even with modest light supplies of 200 µmole 
photons s−1 m−2, which corresponds to the typical maximum irradiance 
phytoplankton are acclimatized to accept in the turbulent surface mixed layer before 
becoming photo-saturated [57].

Daylight surface light levels available for capture at subtropical latitudes are 
typically 1,500–3,000 µmole photons s−1 m−2 [58]. Allowing for an expected 50% 
propagation loss over the (150–300 m) light fiber bundles, Ecopins will supply 750– 
1500 µmole photons s−1 m−2 and even greater losses would still provide significantly 
more than the photo-saturation level of 200 µmole photons s−1 m−2, discussed above. 
This light will be delivered by a photo-diffuser over a depth range of ~20 m or greater 
and an assumed worst-case photo propagation distance, euphotic depth [59, 60], of 
30 m. If we conservatively assume just half of the bloom chlorophyll concentrations 
from mesocosm experiments discussed above, i.e., 30 mg m−3, then, over a 50 m 
“photic” depth at a day−1 doubling rate, this equates to 1.5 g m−2 day−1 chlorophyll 
growth, or >500 g m−2 year−1. Demonstrator programs discussed in section 4 will be 
used to test the sensitivity of light supply and biological response.

Nutrients remain plentiful as a result of the geostationary design of the ecopins 
and the natural currents flowing past at depth, thus preventing any noticeable 
decrease in nutrient concentrations over time. Ocean currents, even 100–300 m 
below the surface of the ocean, are typically around 5–20 cm s−1 and, therefore, move 
water distances of anywhere from 5 to 20 km per day: over a 50 km diameter ecopin, 
even the slowest of these currents would only provide light for a 10-day bloom 
period.

In any location, carbon to chlorophyll (C:Chl) ratios in marine phytoplankton are 
widely variable, depending on species, light levels, nutrient availability, seasonality, 
and combinations of these and other factors [61, 62]. Published ratios of >10 to <300 
have been carefully calculated through a combination of observation and modeling. 
Assuming the provision of light by ecopins initiates transient bloom phases of 
dominantly small-cell plankton species [47] in the waters below the traditional 
photic zone of the oligotrophic gyres, a modest C:Chl ratio of 100, typically 80–150 
reported for these species [61], gives us a carbon uptake of 50 kg C m−2 year−1. This 
equates to 98 megatonnes of carbon per ecopin per year, or 9.8 Gigatonnes per year 
by the ECOPIA™ program in total (100 ecopins). However, the C:Chl ratio is clearly 
a very sensitive part of this calculation, and monitoring this through sampling and 
active fluorescence observations will be an important component of the ECOPIA™ 
MRV protocol [51]. We have not yet considered low-light adaptation of the 
phytoplankton photo mechanisms, mentioned earlier [55], which may act to 
significantly increase the volume of the effective photic zone created by each ecopin, 
precisely because this additional productivity may come at a cost of a lower C:Chl 
ratio [62].

Approaching our calculation from the other direction, it is generally 
considered that approximately 10% of surface ocean primary production is 
exported below the thermocline [63] as detritus and fecal pellets. The ECOPIA™ 
program transports light below the thermocline to allow new production to take 
place below the thermocline, where the resulting particulate organic carbon 
(POC), consisting of detritus and fecal pellets, is by traditional definition already 
exported. That way, it initially makes sense to consider that the ecopins might 
only require 10% of the area they would require at the surface if nutrients were 
available. Furthermore, the productive surface ocean is generally only 
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nutrient-sufficient, and only for the typically short duration of a bloom, as 
discussed earlier. Whereas below the thermocline, nutrients are plentiful, and 
water is continuously flowing past, so the ECOPIA™ program provides 
a continuous growth season. Thus, it is not unreasonable to conclude that less 
than 0.06% of the total ocean surface (~0.40% of the surface area of the 
oligotrophic gyres) is required to create the 10% increase in oceanic carbon 
export that is needed to re-balance the Earth's carbon cycle, as estimated in the 
forward argument above.

2.3 A diligent approach

The Earth’s large-scale carbon cycle is well known; however, many of the 
nature-based solutions historically considered reside in the details of the cycle, and 
these are not always so well known. For just two examples, the concept of pumping 
deep ocean waters to the surface looked promising; however, it carried the problem 
that the process can’t help but pump the sinking sequestered export carbon 
(organic carbon) back up to the surface at the same time [64, 65]. Fertilizing the 
circumpolar Southern Ocean with the micronutrient, iron, was considered for 
several years, until it generally became recognized that this might not support 
biodiversity in planktonic species [66–68]. These uncertainties largely arose from 
the “farming”-like practice of changing the composition of the “soil,” or in this 
case, the ocean waters. The ECOPIA™ program takes a different approach, 
bringing light down to the depths where there are plenty of naturally determined 
nutrients. This program simply provides light, and nothing else, to a naturally 
diverse seed population.

There are still uncertainties, of course; how effectively will the program 
support secondary production and the creation of new fisheries? Is there 
a significant lag timescale in drawing atmospheric CO2 out of the atmosphere? 
And what happens to the complex processes of export production, i.e., particle 
transformation, remineralization, microbial respiration, etc., now these are 
moved below the thermocline? Critically, the scale of the ecopin components 
makes it possible to monitor and to model these uncertainties. As discussed 
earlier, ocean currents, even 100–300 m below the surface of the ocean, move 
water distances of anywhere from 5 to perhaps as much as 20 km per day; the 
individual geostationary ecopins are chosen to be the size described earlier, so 
that measurements of photosynthetic growth, biodiversity, and CO2 uptake can 
be made over a growth time scale of at least 24–48 hours and up to perhaps as 
much as 10 days.

Three-dimensional advective processes and turbulence are ubiquitous in the 
oceans; these are the equivalent of stirring in a cup of coffee and speed up the 
effective mixing timescale by as much as two orders of magnitude compared to that 
of pure diffusivity. Recent quantification estimates of coherent three-dimensional 
advection processes [69, 70] indicate that they could account for a significant 
proportion of the export of organic carbon to the deep ocean, alongside gravitational 
sinking and turbulent mixing.

As early as the mid-1980s, we knew that anthropogenic CO2 had made its way 
throughout the entire depth of the North Atlantic Ocean oligotrophic subtropical 
gyre [71]. From mid-1990s data [72], anthropogenic CO2 had quite clearly reached 
a depth of over 1500 m in the Indian Ocean oligotrophic subtropical gyre (Figure 7). 
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Assuming an exponential growth in anthropogenic CO2 production since the mid- 
1880s [73], these studies provide evidence for an equivalent vertical diffusion 
timescale of at least on the order of 100 m year−1. Even in the most conservative of 
the oligotrophic ocean gyres, those in the Pacific, where the anthropogenic input is 
perhaps at the greatest distance from its source, the difference between the 1990s 
WOCE experiment data and the 2000s CLIVAR experiment data for delta13 
(13C/12C) CO2 concentrations [74] indicated an anthropogenic CO2 uptake rate of 
almost a billion tonnes per year in total, with the largest proportion of this at the 
subtropical oligotrophic latitudes. The ECOPIA™ program will work alongside and 
assist this natural biological restoring pump, which is clearly capable of handling the 
scale of the challenge.

Early unpublished modeling of light guide tele-illumination used an existing 
medium-resolution physical ocean model, NEMO [75], at 1-degree resolution. An 
existing biogeochemical model with a carbon cycle, MEDUSA-2.0 [76], coupled to 
this, showed significant increases in CO2 fluxes across the surface ocean from the 
atmosphere with small quantities of downwelling light (10%) from the ocean’s 
surface to the base of the euphotic layer (Figure 8). This modeled tele-illumination 
enhanced ocean primary production, export production, and the uptake of 
anthropogenic CO2; it also decreased ocean acidification. However, whilst total 
primary production was enhanced, near-surface production was commensurately 
reduced (not shown) by the transfer of light to depth, which is why the oligotrophic 
gyres, where surface production is limited by a lack of nutrients, are the ideal place to 
position ecopins. Naturally, initial and operational modeling programs are essential 
components of ECOPIA™ as discussed in Section 4 and the MRV protocol [51].

Figure 7. 
Contoured sections of preindustrial CO2 (colors) and anthropogenic CO2 (contours) – reproduced from [72].
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3. Economic case

A report by [77] stated that capital spending on physical assets for energy and 
land-use systems in the net-zero transition between 2021 and 2050 would amount to 
about $187 trillion to decarbonize 100% of the global economy. In addition, only the 
Global North can afford to decarbonize their economies. Data from “Our World in 
Data” [78] shows that those “developing” nations that invest the most heavily in 
energy production show the greatest increase in GDP per capita. A standout example 
is China, which added an additional 19,000 kWh per capita in terms of energy 
consumption between 1995 and 2020 and saw an increase of $15,211 per capita (US 
Dollar at 2017 value) over the same period, a relative increase of 636%. This creates 
a large amount of pressure against net-zero decarbonization efforts, as the cheapest 
and quickest ways to create additional energy baseload production are often via 
“dirty” means, such as fossil fuels [79, 80]. Clearly, the levels of projected capital 
spending required, and the need for “developing” nations to improve the lives of 

Figure 8. 
Early modeling results (globally averaged) for total primary production, export production through 200 m, air-sea  
CO2 flux into the ocean, and surface ocean pH, where the control is given by the black line, and 10% light transferred 
to the base of the euphotic zone is given by the green line (Andrew Yool, 2022, personal communication).
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their citizens, make attempts to achieve net-zero globally through decarbonization 
alone seem unrealistic and unachievable at present. The situation makes the case that 
we need to learn to live with and manage our carbon output as a global society, 
thereby mitigating the climate crisis.

It is critical to stop the externalization of the costs of CO2 emissions by industry 
and society as a whole. As an example of “offshoring,” as it has been termed by 
some, the UK’s territorial emissions carbon footprint decreased from 218.16 Mt of 
carbon in 1990 to 115.90 Mt in 2021; however, conversely, the UK’s consumption-based 
carbon footprint increased from 231.80 Mt in 1990 to 291.79 Mt of carbon in a similar 
period [81–83], and this is just a single, not the worst, example. This will necessitate 
the implementation of regulation requiring that companies (and, in the end, 
consumers) pay the costs of CO2 emissions through the internalization of these costs 
back onto the company balance sheets, most likely via a form of carbon tax and/or 
carbon tariff. Given the cost and complexities of complete decarbonization there will 
need to be some mechanism that allows companies to obtain carbon offset credits to 
offset their remaining carbon footprint and thereby mitigate the costs of the carbon tax 
or tariffs. Carbon emissions of companies will need to be monitored, and enforcement 
put in place, for companies to ensure they have purchased the required amount of 
credits and that the credits they have purchased are from truly additive nature-based 
solutions. A coordinated international effort will ensure that multinationals cannot 
dodge their obligations and that there is a global response to a global crisis.

A hybrid public-private financing model is critical to solve the global climate 
crisis. We believe this should be built around a regulated carbon offset credit market. 
In particular, governments should create demand for carbon offset credits via 
mechanisms such as carbon taxes and tariffs, and should assist in infrastructure 
financing (to help build effective nature-based solutions) through mechanisms such 
as bonds backed by the funds raised through these carbon taxes and tariffs. The cost 
of a carbon offset credit is projected to be between £290 and £550 (GBP) per tonne of 
carbon by 2050, according to the UK Government [84]. In February 2023, the 
market for carbon permits in the European Union rose above €385 ($415) per tonne 
of carbon for the first time [85]. Calculations of the cost of constructing a full-scale 
implementation of the ECOPIA™ program put the figure at circa $10 trillion, much 
of which would be covered by carbon offset credits. The model will work even at 
a price of just $50 per tonne. A large sum of money but small compared to the 
projected cost of a real net-zero transition discussed earlier [77]. Once constructed, 
this program and other private enterprises should be self-financing from operations 
trading through carbon offset credits via regulated exchanges.

Marine Carbon Dioxide Removal (mCDR) has alternatives, including Ocean 
Enhanced Alkalinity (OAE) and Direct Ocean Capture (DOC), alongside the nature- 
based pathway of ECOPIA™. OAE sequesters bicarbonate and carbonate ions deeper 
in the ocean, either through adding alkaline chemicals or electrolysis. Initial cost 
estimates range from ~$990 to $1,290 per tonne C as CO2 with projections of at-scale 
costs of ~$185–$590 per tonne C as CO2. DOC strips dissolved CO2 from seawater and 
sequesters it in some form of storage. Initial cost estimates range from ~$1,600 to 
$6,750 per tonne C as CO2 with projections of at-scale costs of ~$370 to $740 per 
tonne C as CO2 before storage costs. In comparison, ECOPIA™ initial cost estimates 
are similar to those of DOC's current costs, ~$1500 to $5,000 per tonne C as CO2, 
with projections of at-scale costs of $50–$150 per tonne C as CO2, below those of 
OAE at-scale costs.
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Finally, perhaps it is instructive to recall the 80:20 rule, or Pareto’s principle, which 
observes that, generically, around 80% of consequences come from typically around 
20% of the potential causes [86, 87]; often also thought of as a component of the 
principle of diminishing returns [88]. Under this concept, we expect that most of net 
zero can be achieved for circa $20 trillion [77], and incorporating ECOPIA™ at the 
required scale would bring this to approximately one-seventh of the cost of global net 
zero. ECOPIA™ is designed to solve the anthropogenic climate change problem even if 
the best the global community can achieve regarding emissions reductions is a static 
fossil fuels usage by the year 2030, as stated in section (2.2). If, on the other hand, 
a high percentage of net zero can really be achieved, then the required number of 
the component ecopins will be reduced and/or the legacy atmospheric CO2 
concentration can be reduced more quickly.

4. Conclusion

The ECOPIA™ program is a major engineering program, but not a geo- 
engineering program; it is a Nature-Based Carbon Cycle Management Solution 
(NBCCMS). It makes no attempt to change the chemistry of the ocean so that it 
can sustainably support a faster solubility pump; quite the reverse, the program 
naturally supports the biological pump to return the solubility pump back to 
carbon cycle balance. Indeed, when completed, the final engineering product will 
be an adjustable Earth “climostat” to maintain the atmospheric CO2 
concentration where the global society requires it to be. The program is an 
NBCCMS for dealing with the atmospheric anthropogenic CO2 overload, the 
primary waste product of our industrial creativity. It does not, in itself, capture  
CO2 neither does it stockpile CO2 in high-pressure reservoirs or complex chemical 
equilibria. The program simply provides light at the right depth, in a small, 
scattered proportion of the world’s oceans’ largest deserts, to allow natural 
biodiverse community uptake of dissolved CO2 through photosynthesis, the 
natural process that completes the carbon cycle. By thus allowing the ocean to 
naturally increase its photosynthetic capacity by 10%, using less than 0.002% of 
its volume, the distributed ecopins will enable the oceans to restore the Earth’s 
carbon cycle balance themselves.

The final export (sequestration) of the carbon will be to the deep sea, and 
eventually, for some, the deep seabed from whence it came, as a natural deposition 
with a lifetime of hundreds to millions of years. The capacity of the deep sea is large, 
with a current store of approximately 37,000 billion tonnes of carbon [1]. There have 
been three important recent papers [89–91], which, in different ways, show how 
important the ECOPIA™ program is to actively support the re-balancing of the 
Earth’s carbon cycle. The first shows that, left alone, the ocean will carry on its slow 
adjustment until around 2100, but then it will stop and could even become a source 
of carbon, as the combination of temperatures, acidification, and climate change- 
driven diversity limitation has a significantly negative effect. The details lie in the 
changes to the twilight zone, 100–1,000 m depth, which is still currently relatively 
poorly understood and modeled. The second and third papers show that the export of 
synthesized carbon (organic carbon resulting from photosynthesis) below 1000 m is 
critical for long-term storage over 100 years, and hence the depth of enhanced 
photosynthesis achieved by the distributed ecopins is so critical. Hence, the 
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importance of ECOPIA’s Measurement, Reporting, and Verification (MRV) protocol 
[51], as mentioned earlier.

Continued and accelerated research into how the ocean will continue to 
naturally absorb carbon dioxide through photosynthesis is essential. Demonstrator 
and modeling programs will begin in 2026 and 2027 and will continue to run in 
parallel with the initial construction of the ECOPIA™ program. The modeling 
program incorporates at least two different model structures to differentiate 
between inherent model biases and the transport and mixing processes being 
modeled. The demonstrator program involves the construction of scaled-down 
ecopins, testing light level provision, induced primary productivity, biodiversity, 
and export.

The ECOPIA™ program has identified five research programs that will run in 
parallel with the construction of the Climostat. These are:

1) Multi-disciplinary (biogeochemistry and physics) coupled ocean/atmo
sphere system modeling, involving digital triplets of the forecast results of 
inaction, action of building ecopins, and assimilated reality.

2) Researching the optimization of optical collectors, transmitters, and dif
fusers for light in the visible spectrum.

3) Investigating hempcrete and other sustainable plant-based alternatives for 
maritime construction materials science.

4) Updating the inventory of marine Delta 13 Carbon measurements to 
support hindcast and forecast modeling of the spread of anthropogenic  
CO2 through the deep ocean.

5) Investigating export processes through the mesopelagic ocean. This 
study is designed to contribute to the scientific understanding of the 
complex processes of export production, including particle transfor
mation, remineralization and microbial respiration. 

Calculations around the cost to construct a full-scale implementation of 
ECOPIA™ put the figure for construction at circa $10 trillion, a fraction of the cost to 
implement Net-Zero as laid out by [77]. Given that the projected cost of a Climostat 
such as ECOPIA™, which would allow us to live with and manage our carbon output 
for an implementation that would cater for the projected global emissions at 2030 
levels, is so comparatively “reasonable”, it would seem to make economic sense to 
look to provision such a system.

Ecopins will allow the Earth’s oceans to breathe just a little more clearly, reducing 
the light restriction deep beneath just 236,360 km2 of some of the otherwise most un- 
productive regions. This program maintains and encourages natural biodiversity to 
achieve this, and furthermore, natural nutrient balances are left untouched. The 
ECOPIA™ program simply provides light. MyOcean Resources Ltd. is convinced that 
since society worked out how to boost the combustion side of the Earth’s carbon 
cycle, it doesn’t seem too farfetched to imagine that society can implement 
NBCCMSs for boosting the photosynthetic side of this natural cycle and rebalancing 
the system.
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Edited by Katundu Imasiku
From Climate Finance to Carbon Management - Integrated Pathways for Energy, Resilience, and 

Planetary Systems explores how financial systems, infrastructure, and emerging climate 
strategies interact to shape tangible climate outcomes. As the impacts of climate change intensify 

and macro-financial conditions grow increasingly unpredictable, the primary challenge has 
shifted from mobilizing capital to ensuring that financial solutions are scalable, resilient, and 

effective in practice. The volume consolidates interdisciplinary perspectives that view climate 
finance as an overarching system that influences investment decisions, risk distribution, and 
implementation across sectors. It examines the impact of macro-financial policy, central bank 
frameworks, and enterprise strategies on the cost and orientation of capital; how disaster risk 
financing sustains continuity amidst climate shocks; and how governance and coordination 
at multiple levels affect the efficacy of investments in transportation, land-use planning, and 
agriculture. Extending beyond traditional sector-specific strategies, this publication further 
explores emerging avenues in carbon management that engage directly with Earth’s systems. 
Specifically, it examines large-scale dynamics within the global carbon cycle, including ocean-

based methodologies, as components of a comprehensive climate response portfolio. These 
perspectives emphasize the opportunities and challenges of integrating financial systems, 

technological innovations, and natural processes. Throughout the chapters, a recurring insight 
emerges: climate outcomes depend on the alignment of financial regulations, risk management 

capacity, institutional coordination, and implementation conditions. By integrating these 
dimensions, the volume offers a structured framework for comprehending how climate finance 
can facilitate not only the deployment of clean energy but also resilience and long-term climate 

stabilization. This publication is intended for researchers, policymakers, and practitioners 
seeking to develop and assess climate strategies that are economically sustainable, institutionally 

sound, and operationally effective in an increasingly complex global environment.
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