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In contributing to reducing the cost of Renewable Energy solutions, this research
explores the potential of Blockchain Technology for cost e¥ciency based on
Transaction Cost Theory. The study employed a Systematic Literature Review
(SLR) and Bibliometric Analysis using Rayyan and R-programmed Biblioshiny
software to collate data from the Scopus and Web of Science databases.
The analysis identifed the most globally cited documents, trending topics,
keyword co-occurrence, and countries of collaboration. The fndings revealed
blockchain techniques for Renewable Energy cost optimization, including
Blockchain-based Auctioning Systems for Renewable Energy Microgrids,
Blockchain Levelised Cost of Energy (BLCOE), Smart Contract-oriented
Distributed Energy Systems (DES), and the Internet of Energy (I0E) in Renewable
Energy Infrastructure and Demand-Side Management. Moreover, the study
highlighted factors infuencing the cost of renewable energy solutions, such
as feed-in tarifs, institutional policy, unfair competitiveness, investment risk,
uncertainty, intermittency, and variability. The research concludes that the
responsibility for applying blockchain technology lies with the government and
Renewable Energy business organizations. Policy recommendations include
integrating blockchain in feed-in tarifs, net metering, power purchase
agreements, and carbon pricing. Additionally, the study recommends a Smart
Contract-oriented International Auctioneering platform for Renewable Energy
components and materials.

auctioneering, blockchain technology, cost, cost efciency, renewable energy, smart
contract

Highlights

« Blockchain technology can eliminate and reduce transaction costs of Renewable Energy

« Integrating Blockchain technology with Renewable Energy auctioning platforms will aid
cost efciency

« Smart contract oriented Distributed Energy Systems (DES) will contribute to efciency
and less transaction costs in Renewable Energy systems

 Blockchain Levelized Cost of Energy (BLCOE) will revolutionize the cost build-up of
Renewable Energy systems
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1 Introduction

Given the environmental hazards and carbon emissions
resulting from fossil fuels, there is an evolving consensus on
adopting renewable energy as a sustainable energy pathway for
the future. Tis transition also aligns with the United Nations
Sustainable Development Goals (SDG), the Paris Agreement, and
various international commitments and initiatives. According
to Sustainable Energy for All (2022) and David L. et al. (2025),
Renewable energy is poised to take the central stage in Africas
energy demand as its capacity is set to increase to 180 GW by
2030 and 1.2 TW by 2050. According to the report and research,
renewable energy will signifcantly cut the global energy mix, like
other parts of the world. However, the acceleration of the adoption
of renewable energy has a cost perspective. Tere is a need to
clarify and answer the cost dynamics of adopting renewable energy.
According to the Research of Verbruggen et al. (2009), the cost and
price of renewable energy solutions are a signifcant challenge in
adopting renewable energy. According to the authors, energy goods
and services prices greatly impact Renewable energy supplies and
subsequent utilization.

Te issue of cost perspectives and discussion afecting the
adoption of renewable energy against fossil fuels is a recurring
issue, given the 1995 report by the National Renewable Energy
Laboratory (NREL) titled “"T e true cost of Renewables: An analytic
response to the coal industry’s attack on renewable energy” to
the report by the Center for Energy and Economic Development
(Swezey and Wan, 1995). Te disagreement between these two
entities stems from the cost associated with Renewable Energy in
terms of technological costs, with Renewable energy in terms of
technological costs, subsidies, and incentives from the government.
T is shows that the cost associated with renewable energy has been
a recurring issue for more than 2 decades, which this paper seeks to
address. Furthermore, the research of Gioutsos et al. (2018) shows
that discussion and research around the cost of renewable energy is
the bedrock of renewable energy optimization and hybrid renewable
electricity systems, using models such as Levelized Cost of Energy
(LCOE), Net Present Value (NPV), Loss of Load Probability (LOLP),
Loss of Power Supply Probability (LPSP), Loss of Power Probability
(LOPP), and Load Coverage Rate (LCR). Rahman et al. (2019)
opined that Renewable Energy Costs are generally higher because of
their initial capital investments. T e authors stated that these costs
are sometimes referred to as emission reduction costs or avoidance
costs. T e authors further gave a comparative cost for electric energy
across diferent sources in United States cents Per Kilowatt-hour:
Coal (3.97-5.39); Wind (5.79-34.57), and Solar PV (41.57-61.59),
showing the high cost of renewables.

Moreover, the acceleration of Renewable Energy is confronted
by decades of investment and proftability expectations in the fossil
fuel, which has led to what the Guardian in February 2022 called
“Monster Profts” (IMilman, 2023). According to the News Platform,
fve Oil and Gas companies in 2022 made 195 billion USD, the
most proftable in their history. T e companies include Exxon, Shell,
Total, Chevron, and BP. T e Guardian observed that the combined
proft of 195 billion USD was twenty (20) times greater than the
US Environmental Protection Agency (EPA) budget of 9.6 billion
USD. Te former US President, Joe Biden in the Milman (2023)
called the proft “Outrageous” and the United Nation’s Secretary
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General, Antonio Guterres, frowning at the Monster Profts, stated
that “00]0000000000100000000000000100C00000000 000000010 C00oio0an oo
000010001 00007 0000000 000000000 00 00001 0000000000 6001 0000007 000
000000 00000000 00000 00001 0000000 100 000 0000 00000000 O o oood:
(000DCO0000 000000000000 D00 00 0000000000000 000001 0000 000000000000
Tese profts indicate that attaining an optimal cost for renewable
energy, accessible even to those afected by energy poverty, largely
depends on how investments in fossil fuel technologies are managed,
as such investments exert a competitive infuence on the pricing and
overall cost of renewable energy solutions.

Bogdanov et al. (2021) classifed these technologies into
six: Electricity Generation (Condensing coal power plants, oil-
based internal combustion engine open cycle, combined cycle
gas turbines, and Gas and oil-based combined heat and power
plants); Heating technologies (Fossil fuel boilers); Transport
(Light duty vehicles, LDV, 2-3 Wheelers, Medium—duty vehicles,
MDV, Heavy duty Vehicles, HDV, Internal combustion engine
vehicles, ICE trains, and Liquid fuel ICE propelled vessels);
Sector Coupling Technologies (Fuel synthesis technologies, H2-
toX synthesis technologies, steam turbines, seawater desalination,
pumping technologies, water storage technologies; and direct
electrical heaters); and Electricity transmission technologies (high
voltage AC and DC Power line, and AC/DC Converters).

According to Synwoldt and Reis (2011), the electricity
production cost is made up of investment and operating costs,
which is favorable to fossil fuel as against renewable energy,
as shown in Figure 1, whereby most of the electricity production
costs of renewable energy sources are higher than those of Fossil fuel.

According to the 2023 Global Overview of Renewable Energy,
as of 2021, there are 395 billion USD loans and underwritings for
fossil fuels against a paltry 53 billion USD for renewable energy, as
shown in Figure 2 (REN 21, 2023). Given these large amounts of
investment in fossil fuels, the question remains: CO00000000000007
0I01007100000000000I 000000000000 T e huge investment in this fossil
fuel greatly afects the cost of renewable energy, given the economic
yields of these investments and the possible tax revenue from the
investments.

Moreover, the price increase of renewable energy raw materials
and uncertainty afect their cost (Mackenzie, 2022). According to the
author, the increasing price for raw materials such as Manganese,
Lithium, Nickel, Copper, and Cobalt used for Renewable Energy, is
having a huge cost on Renewable Energy solutions, given their high
demand. According to the author, the price of Lithium carbonate-
oriented battery in China jumped to 41060 USD per tonne in 2022,
which is more than fve times in 2021, while Cobalt doubled to
70208 USD per tonne and nickel increased by 15% in 2022—-20045
USD. T e author also noted that copper is now at an all-time high
at 510000 per tonne, and given its irreplaceable trait in renewables,
its impact on the overall cost is inevitable. Compared to coal, it costs
2—3 times more to produce 1 MW of copper onshore wind or solar
than coal. Also, ofshore wind requires 5-8 times more copper per
1 MW than coal (Mackenzie, 2022).

Eckstein et al. (2020) opined that Levelized Cost of Electricity
(LCOE) of renewable energy is highly sensitive to fnancing cost,
which is infuenced by regulatory and policy frameworks. In world
bank policy research working paper, Timilsina (2020) calculated
the LCOE of various technologies of renewable and non—renewable
energy technologies. Te LCOE expressed in energy ($/Mwh)
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FIGURE 1
Electricity Production cost trends (Synwoldt and Reis, 2011).

FIGURE 2

Loans and underwriting comparison for Fossil fuels and renewables (REN 21, 2023).

included annualized capital cost, fxed operating and maintenance
cost, variable operating and maintenance cost, fuel cost, overnight
construction cost, capacity recovery factor, capacity availability
factor, heat rate, and economic life. T e author utilized data from
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IRENA, Lazard, IEA, EIA, and NREL, encompassing both minimum
and maximum values, thereby leading to a median value of LCOE
as shown in Figure 3: Solar PV ($51/Mwh), Concentrated Solar
($129/Mwh), Wind Onshore ($52/Mwh), Wind Ofshore ($130
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FIGURE 3
LCOE values for Energy Technologies (Timilsina, 2020).

Mwh), Gas combined cycle ($67/Mwh), Gas turbine ($94/Mwh),
Geothermal ($56/Mwh), and Biomass ($81/Mwh). Tese fndings
show that the cheapest technologies are hydro, solar PV, wind
onshore, and geothermal. However, considering the billions of
people lacking access to energy and epileptic power supply, there is a
need to address the uncertainty and perceived high cost of renewable
energy solutions. T e cheapest LCOE in Timilsina (2020) is hydro
at $48/Mwh, and the energy poverty threshold is spending greater
than or equal to 10% of household income and of which poverty
line by the United Nations is earning less than or equal to $2.15 per
day as income (UN, 2024), shows that there is a need for a cost-
efective approach in the production, supply chain and utilization
of renewable energy solutions.

Te environmental importance and benefts of Renewable
Energy for humanity are not in contention. However, the question
centers on the rate of accelerating the adoption. T e research of
Swezey and Wan (1995), Verbruggen et al. (2009), Gioutsos et al.
(2018), Rahman et al. (2019), and Milman (2023) shows that
renewable energy initial capital and installation costs, and
previous investments in Fossil fuel energy are the Pendulum
in the global energy transition. Hence, Blockchain Technology
has become a pivotal counterbalancing pendulum. Te research
of Zhipping (2024) shows that Blockchain technology aids in
reducing transaction fees, streamlining operations, and enhancing
transparency along the critical enterprise value chain. T is is because
Blockchain has the capacity and feature to digitalize and improve
the end-to-end value chain, leading to tamper-proof exchange of
asset histories, authentication of transactions, enhanced supply
chain security and transparency, and smart contracting (\WWust
and Gervais, 2018; Janssen et al., 2020). T e research of Zhipping
(2024) outlined value chain areas and possible cost improvement
through Blockchain technology. Tese are procurement (lower
transaction fees and settlement times; sourcing automation; and
contract enforcement savings); Manufacturing (improved quality,
dynamic capacity balancing, and reduced scraps and delays);
inventory management (predictive analytics, centralized oversights,
and lower holding and expiry); logistics and Distribution (cold chain
integrity, sensor—driving rerouting, and lower disputes and recalls);
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and Retail and Afersales (Grey market, reduced counterfeiting and
faster warranty claims). Furthermore, the research of Hofmeister
and Stossbherger (2018) averred that Blockchain technology could
reduce the following transaction costs: Search and information
costs, contracting costs, monitoring costs, and enforcement costs.

Te research of \Wei (2023) posited that challenges occurring
within the fnancial management space can be addressed by
blockchain technology. Tese include asymmetric information
between investors and enterprise managers, leading to high
transaction costs (including execution, intermediary, decision,
negotiation, and information search costs). As stated by the authors,
other challenges include costs involving border payments, leading
to trust costs and cross—border clearing payments, which can be
addressed by Blockchain technology, leading to borderless payments
and transactions. Te research of Panuparb (2019) confrms
the potential blockchain technology using smart contracts in
accelerating invoice processing efciency for transparent and secure
transactions within supply chain fnance. Furthermore, \Wang et al.
(2020) opined that Blockchain technology can prevent cost waste in
the lifecycle cost management of weapon equipment, which includes
the cost of usage, maintenance cost, support cost, development cost,
project demonstration cost, and production cost.

Te insights from various scholarly research in the preceding
paragraphs have confrmed that Blockchain can reduce the cost of
renewable energy. Te integration of Blockchain technology with
renewable energy is an evolving area with a lot of applications.
Te research of Nassiry (2018) of the Asian Development Bank
Institute established the utilization of Blockchain in revamping
the energy sector business model towards a decentralized energy
system, leading to Peer—to—Peer energy transactions and increasing
the effciency of carbon credits trade. Onete et al. (2023)
called the integration of Blockchain technology in Renewable
Energy a sustainable technology tool, which is benefcial across
diferent renewable energy sources such as Biomass, geothermal,
hydroelectricity, wind, and solar energy in application areas such
as Grid transactions, peer—to—peer transactions, sustainability
attribution, and energy fnancing, among others. In addition,
Reichmuth et al. (2018) research outlines how blockchain
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technology is disrupting the renewable energy landscape through
the transparency of energy assets, ensuring trust in asset trading,
standardization of processes, and tokenization of renewable
energy plants, among other uses. Tis is also confrmed in the
Special Report of the Global Blockchain Business Council (2021).
Te research of Juszczyk and Shahzad (2022) emphasized that
blockchain technology in renewable energy has led to energy
democratization, energy token incentives for low-carbon energy
generation, automated mechanisms for metering and billing, and
automation of green energy certifcates.

Terefore, given the substantial applications of Blockchain
technology in renewable energy and the capacity of blockchain
technology in reducing renewable energy costs, there is a dearth
of research on utilizing blockchain technology for cost efciency,
thereby reducing the cost of renewable energy solutions. Hence, this
paper aims to leverage Blockchain Technology to increase the cost
efFciency of renewable energy solutions. In achieving this aim, this
paper will address two cogent research questions, which are:

1. a. What are the Blockchain cost Efciency techniques for
Renewable Energy solutions?

2. b. What are the infuencing factors shaping the cost of
renewable energy solutions?

Given the production mechanism, LCOE of renewable
energy, and international dimensions, there is a need to
understand the various factors infuencing the cost of
renewable energy solutions and products. Tis will aid in
formulating necessary policy frameworks and identifying areas
of applying blockchain technology, thereby reducing the costs
of renewable energy, accelerating the adoption of renewable
energy penetration, and contributing to the ongoing global energy
transition.

2 Transaction cost theory

Transaction cost theory (TCT) focuses on how much work,
money, or resources are required for two parties to execute
an exchange, using the transaction as the fundamental unit of
measurement. Te transaction cost theory, proposed by Coase
(1937), explains the existence of frms by focusing on the
costs associated with transactions via market mechanisms. Tis
idea has become one of the most signifcant subfelds of New
International Economics (NIE), a theory that prioritizes process
efFciency above resource allocation efciency and places a greater
emphasis on transactions than pricing. Knowledge of the nature
of transactions is diversifed by transaction cost theory since they
are not uniform and involve varying degrees of interdependency,
risk, and uncertainty. Williamson's theory of transaction
costs (transaction costs associated with the management,
governance, and enforcement of transactions/contracts) focuses
on designing ex-post contract governance structures to
mitigate specifc types of expected ex-post contractual hazards
(Chen and Webster, 2012).

Furthermore, transaction costs refer to the expenditures
incurred to trade a good or service between two entities, above
and beyond the cost of the good or service itself (Fiorini et al.,
2018). Understanding costs is crucial for businesses to make
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informed decisions about operations. Bounded rationality, which
suggests decision-makers have limited cognitive abilities, can lead
to incomplete contracts. Tis suggests that people base their
decisions on assumptions, hopes, and beliefs, rather than logical
calculations, highlighting the importance of understanding these
costs in business decision-making (Lu et al., 2023). Hence, the
objectives of the TCT are to minimize expenses and maximize
transaction performance.

Consequently, based on opportunism, linked to bounded
rationality, involves businesses acting in their best interests to
increase fnancial returns at the expense of weaker parties. T is
behavior can involve lying, hiding facts, or dishonest bargaining.
Research in transaction cost economics shows that opportunistic
behavior is most common in environments with high uncertainty,
complexity, and signifcant asset-specifc investments, which
is very visible within the Renewable Energy paradigm. Tis
highlights the importance of choosing appropriate governance
structures to manage relationships and mitigate risks during
transactions (Galvin et al., 2021). Also, businesses ofen decide
to outsource tasks based on transaction costs, which can lead to
internalization rather than outsourcing. T e decision is infuenced
by cost-beneft analysis, balancing potential savings against risks of
increased opportunism and bounded rationality. Hence, this paper
introduces Blockchain Technology as a viable digital technology to
navigate the complex decision-making process involved in the cost
of transactions that build up the cost of renewable energy solutions.

Vlasov and Okhlopkov (2022) examined the impact of digital
technology on business transaction costs, focusing on marketing,
contract negotiation, and the role of information technology. Te
study employed theoretical generalization, synthesis, and logical
analytic techniques. T ey surveyed Russian business owners and
directors to assess the use of digital technologies in marketing,
vetting potential counterparties, negotiating contract terms, and
ensuring counterparties fulfll their commitments. Additionally,
the study explored the priorities and challenges businesses face
when adopting new technologies. Te fndings support the theory
that companies are increasingly leveraging digital technology to
reduce transaction costs. Also, Casati et al. (2024) explored the
use of blockchain technology for secure contractual agreements,
arguing that it eliminates intermediaries and creates faster, more
transparent supply chains. T ey argue that blockchain eliminates
trust through crypto-enforced agreements based on transparency
and consensus. Te technology enhances monitoring, openness,
data immutability, and improved information fow. As a distributed,
immutable database, blockchain facilitates more efective and
transparent transactions, making it an innovative technology
because consensus-based record validation eliminates the need for a
reliable middleman.

Hence, based on transaction cost theory and the works of \Vlasov
and Okhlopkov (2022) as well as Casati et al. (2024), and David et al.
(2024), Blockchain technology emerges as a transformative tool
for improving the efciency of renewable energy supply chains.
Blockchain signifcantly reduces transaction costs associated
with energy installation, raw material procurement, investment
fows, and microgrid operations by decentralizing and automating
verifcation processes. It further enhances governance choices
by embedding trust in the system, minimizing the reliance
on costly intermediaries, and enabling seamless peer-to-peer
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TABLE 1 Inclusion and exclusion criteria.

Criteria Inclusion

Literature type Articles, Conference papers, review, book chapters, and Books

10.3389/fenrg.2025.1640117

Exclusion

Conference Reviews, Magazine

Language English

Non-English

Publication stage Final Publication

Articles in press, Early access articles, Retracted publications and editorial materials

Subject Areas Blockchain Technology, Renewable Energy and Cost

Other than Blockchain technology, Renewable energy and cost

transactions. Blockchain technology mitigates opportunistic
behavior, environmental ambiguity, and behavioral uncertainty,
ensuring all parties operate within a transparent, auditable, and
tamper-proof framework. T is transparency fosters legitimacy in
contractual agreements, investment opportunities, and pricing
structures, thereby accelerating renewable energy adoption
and strengthening distributed energy markets and microgrid
environments. In this way, Blockchain streamlines operational
efFciency, reduces cost, and ensures equitable participation in the
renewable energy ecosystem.

3 Methodology

Tis research employed two statistical qualitative mechanisms
to answer the research questions. Te frst qualitative method
utilized was the Systematic Literature Review (SLR). According to
Lame (2019), the SLR is a systematic mechanism of synthesizing
research output in the form of scientifc evidence to answer a
particular research question so that the output is reproducible
and transparent. According to the author, the essence of the
SLR is risk reduction of biases and ensuring transparency at
every stage of the review process, thereby appraising the quality
of the research for objective output. Terefore, in achieving
the objectives of the SLR, this research utilized the Preferred
Reporting Items for Systematic Reviews and Meta-Analysis
(PRISMA) of Page etal., (2021), which entails a step-by-step
process of screening research papers used in answering the research
questions.

Furthermore, the paper utilized a Bibliometric analysis,
which, according to Donthu et al. (2021) and David et al.
(2023), a Bibliometric analysis is a quantitative technique that
explores the intellectual structure of research fndings and
the derivation of novel ideas for investigation. In addition,
the research employed the scientifc mapping of Bibliometric
analysis, focusing on Bibliographic coupling and co-word analysis
proposed by Donthu et al. (2021).

3.1 Inclusion and exclusion criteria
Given the dynamics of research output on Blockchain
Technology and the cost efciency of renewable energy, inclusion

and exclusion criteria were set as shown in Table 1 while generating
data from databases.
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3.2 Research database

Tis study utilized the two databases focusing on renewable
energy and blockchain technology (Junaidi et al., 2023), with the
search query shown in Table 2. Also, the Boolean Operator “AND”
choice ensures that all papers include the three major keywords:
Blockchain, Renewable Energy, and Cost.

3.3 Software

T eanalysis of the research documents in achieving the research
objectives was done using two sofware, which are the Rayyan
(http://www.rayyan.ai/) for Systematic Literature Review and R-
Studio oriented Biblioshiny Analysis (https://www.bibliometrix.org/
home/index.php/layout/biblioshiny). According to Valizadeh et al.
(2022), the Rayyan is a web based automated screening tool used
for Systematic Literature Review, as it helps the reviewers in
screening research outputs. T is study utilized the Rayyan sofware
in screening research articles and abstracts, leading to exclusion
of duplicated documents and research publications outside the
inclusion criteria stated in Table 1. Moreover, the Bibliometric
analysis was done using the Biblioshiny web application, which is
built on R—programming language. According to Burkut (2023),
Biblioshiny is a web application that provides an interface for
Bibliometrix, which performs the logical and statistical science
mapping of publications. Hence, this study follows the bibliometric
analysis outlined in Farooq (2021) and David et al. (2023).

3.4 PRISMA

Figure4 shows the PRISMA output, showing the
systematic process of review of research output from the two
databases in Table 2.

4 Results and fndings

As shown in the PRISMA outline of Figure 4, this study utilized
two globally cited and indexed databases: Scopus and Web of
Science, given the nature of this study. Hence, the analysis was
subjected to the two databases, using the R-Programming language-
oriented Biblioshiny for the Bibliometric analysis. Te analysis
included the Most Globally cited documents, the trending topics,

frontiersin.org
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TABLE 2 Research databases.

Databases Search code Search query

Scopus Article Title, Abstract, Keywords | (TITLE-ABS-KEY (“Blockchain”) AND TITLE-ABS-KEY (“Renewable Energy”) AND TITLE-ABS-KEY
(“Cost”)) AND (EXCLUDE (DOCTYPE, “cr”)) AND (EXCLUDE (LANGUAGE, “Chinese”)) AND
(EXCLUDE (PUBSTAGE, “aip”))

Web of Science (WoS) | Topic Refne results for ((TS=(Blockchain)) AND TS=(Renewable Energy)) AND TS=(Cost) and Retracted
Publication or Editorial Material (Exclude — Document Types)

FIGURE 4
PRISMA output.

the Keyword co-occurrence, and the Country with collaborationto  auction for blockchain-based Microgrids Energy Trading) and the

address the research questions. T ese various categories of analysis ~ research of \Wang et al. (2017) in their research paper (A Novel

were done to unearth answers to the research questions. Electricity Transaction Mode of Microgrids Based on Blockchain
and Continuous Double Auction).

4.1 Most globally cited documents
4.2 Trending topics
According to Figures5, 6, the two most globally cited
document on optimizing blockchain for renewable energy cost Figure 7 shows that the most trending topics on the subject
are Hassan et al. (2020) in their paper (DEAL: Diferentially private  matter within the Scopus databases include Electric power
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FIGURE 5
Globally cited document (Scopus).

FIGURE 6
Globally cited document (Web of Science).

transmission  network, commerce, microgrids, blockchain,
renewable energy sources, power markets, block-chain, energy
trading, energy efciency, and renewable energy. Figure 8 of the
Web of science databases shows that the most trending topics are
generation, management, system, internet, blockchain, model, and
framework.
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4.3 Keyword co-occurrence

Figure 9 shows that there are two clusters for the intellectual
interactions of keywords. Te frst cluster in red colour includes
the following keywords: blockchain, block-chain, renewable energy
resources, power markets, smart power grids, renewable energies,
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FIGURE 7
Trending topics (scopus).

FIGURE 8
Trending topics (web of science).

costs, energy trading, renewable energy source, electric power
transmission networks, energy policy, energy, energy efciency,
smart contract, commerce, smart grid, energy utilization, microgrid,
peer to peer, peer to peer networks, decentralized, renewable
energy, alternative energy, energy markets, cost reduction, demand
response, distributed ledger, decision making, cost efectiveness,
investments, carbon, cost beneft analysis, game theory, security,
decentralized energy, distributed energy resources, prosumer,
sustainable development, electric vehicles, and natural resources.

Frontiers in Energy Research

09

Te second cluster in blue color includes the following keywords:
energy management, Internet of things, microgrids, digital storage,
information management, energy management systems, energy
storage, optimisations and optimization.

Furthermore, Figure 10 shows there are four major clusters
and other keywords. Te frst cluster in red color entails Internet,
challenges, frameworks, energy, security, scheme, future, markets,
sector, secure, and innovation. T e second blue cluster encompasses
the keywords of management, system, blockchain, technology,
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FIGURE 9
Keyword co-occurrence (scopus).

FIGURE 10
Keyword co-occurrence (web of science).

model, systems, microgrids, power, demand, design, generation,
market, energy management, operation, and demand response. Te
third cluster in green color includes keywords such as optimization,
networks, electric vehicles, peer, smart, and networked microgrids.
Te fourth cluster includes keywords in orange: renewable energy,
storage, strategy, and solar. T e remaining keywords are economic
dispatch, barriers, bitcoin, ef¥cient, technologies, wind, and
demand-side management.

4.4 Country of collaboration

Te countries of collaboration illustrate the cooperative
relationships among authors from diferent countries and, in
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many cases, from diverse institutions. Such collaborations advance
research in a particular feld and bring multiple perspectives to the
same subject, leading to a richer and more nuanced understanding.
Also, beyond co-authorship, international collaborations open
avenues for knowledge exchange, technology transfer, policy
learning and adaptation, and strengthening research scholarship.
Tey also foster academic mobility and global networks, vital
for addressing complex challenges that transcend national
boundaries. Terefore, when leveraging blockchain technology
for cost efciency, it is essential to recognize how networks
can harness the benefts of collaboration to maximize value
and impact. Consequently, the countries of collaboration from
Figures 11, 12 of Scopus and Web of Science databases are
somewhat the same.
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FIGURE 11
Country of collaboration (scopus).

FIGURE 12
Country of collaboration (web of science).

According to the statistics of collaboration, the top countries of
collaboration with other countries in the Scopus database are shown
in Table 3and in Figure 11:

In the web of science of collaborations, the following countries
of collaborations are shown in Table 4 and their interconnected is
depicted in Figure 12.

5 Discussion

5.1 Blockchain cost eFciency techniques
for renewable energy solutions

Te two most globally cited papers were reviewed to address
objective one of this research. Also, the insights from the
trending topics were reviewed, which show the application areas
of Blockchain technology within the Renewable Energy sector.
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Moreover, the keyword co-occurrence in diferent clusters also
points to the intellectual interaction of using blockchain for
renewable energy cost EFciency.

Te research of Hassan et al. (2020) developed a Diferentially
Private Auction for Blockchain-based microgrid energy trading,
using the proof-of-work (PoW) consensus of consortium blockchain
to make the microgrid auction more secure and private. Te
developed model led to the maximization of revenue to sellers,
provision of moderate cost for the auction mechanism, preservation
of the bids of individual participants, ensuring fair shares
for all participants, and protection of the outcome of auction
results from adversaries and inference attacks. Moreover, the
research of Wang et al. (2017) integrated the UTXO Blockchain
model with the Continuous Double Auction (CDA) mechanism
in optimizing the distributed generation (DG) based renewable
energy system, leading to an adaptive aggressiveness (AA) strategy
in the microgrid electricity market. According to the authors, this
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TABLE 3 Scopus database countries of collaboration.
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TABLE 3 (O0O0OOO0) Scopus database countries of collaboration.

Country Collaborations Country Collaborations ‘
Australia 10 Tailand 1
Austria 3 Turkey 4
Belgium 2 United Arab Emirates 7
Canada 4 United Kingdom 10
China 25 USA 19
Cyprus 1
Egypt 3
proposed initiative ensures a dynamic and seamless microgrid
Finland 2 electricity transaction between trading parties, ensures adaptive
France 1 tracing of market information and quotes in accordance with
transaction prices and price fuctuations, and there is a direct
Germany 3 settlement of transactions between the DG and the consumers.
Te two top authors revealed that the integration of Blockchain
Greece 2 technology with relevant energy auctioning strategies aids in
Hong Kong 2 optimizing renewable energy cost.
Moreover, the trending topics in Figures 7, 8 suggest that
India 15 the evolving nature of Blockchain technology across all the
) phases (sources, generation, system, management, electric power
Indonesia 5 .. .
transmission network, and energy efciency) of renewable energy
Iran 4 utilization in addressing cost issues, as evidenced in terms such
as power markets, commerce, and energy trading. Tis further
Ireland 1 depicts the capability of the various features of blockchain
taly " technology to revolutionize the transactions and cost perspectives
of renewable energy.
Japan 5 Furthermore, there are two clusters in Figure 9. T e keywords
of the frst cluster entail the use of blockchain technology and smart
Korea 3 contract within the renewable energy system, facilitating seamless
, transactions and cost efciency. T e keywords in the second cluster
Macedonia 1 Lo T . .
highlight the need digitalizing the entire energy value chain for cost
Malaysia 3 reduction. Also, Figure 10 revealed four (4) clusters. T e frst cluster
encompasses the digitalization of the energy management systems.
Mesxico 2 T esecond cluster reemphasizes the need to apply blockchain across
Netherlands ) the diferent phases of the energy value chain. Te third cluster
reveals the need to digitalize a networked microgrid. T e keywords
Norway 6 in the fourth cluster and other keywords highlight the need for
demand-side management strategies to optimize renewable energy.
Pakistan 5 Tere may be arguments and divergent perspectives that the
portugal L cost of Renewable Energy is due to the unsaturated nature of the
energy market compared to fossil fuel energy sources. However,
Qatar 1 as explained in Section 1 of this paper, the cost component of
renewable energy faces a multidimensional perspective in terms of
Romania 1 production cost, level of investment in comparison with fossil fuel,
saudi Arabia 16 tax revenue from fossil fuel, and the increasing price of raw materials
for renewable energy.
Sweden 1 However, Figures 5-10 has produced diferent cost efFciency
techniques, as highlighted in the preceding paragraphs of this
Switzerland 1 section. Below are four (4) techniques for cost efciency of
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TABLE 4 Web of Science database countries of collaboration.

Country Collaborations
Australia 15
Austria 3
Bangladesh 1
Canada 6
China 31
Egypt 6
Finland 3
France 1
Germany 2
Greece 1
India 15
Indonesia 1
Iran 9
Italy 12
Japan 4
Jordan 2
Kazakhstan 2
Korea 10
Macedonia 2
Malaysia 7
Netherlands 1
New Zealand 1
Norway 5
Pakistan 4
Romania 2
Saudi Arabia 30
South Africa 2
Spain 2
Sri Lanka 1
Switzerland 1
Tailand 2
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TABLE 4 (00000000) Web of Science database countries of
collaboration.

Country Collaborations

Turkey 8
United Arab Emirates 6
United Kingdom 15
USA 13

on the usage of Blockchain in reducing the Installation/production
cost of renewable energy and the transaction costs of energy supply
and demand between energy producers and energy consumers.

5.1.1 Blockchain-based Auctioning system for
renewable energy microgrid

Renewable energy microgrid is an optimal distributed energy
system (DES) that aids in enhancing demand side management
in load management and is an avenue for the interoperability of
diferent energy systems for the beneft of consumers and producers.
However, given the intermittent nature and variability of renewable
energy sources, the prosumer system, where consumers also act as
energy producers, has rapidly evolved as a transformative model
in the energy landscape. Tis shif has empowered end-users to
contribute to energy generation and facilitated the rise of peer-to-
peer (P2P) energy trading systems, irrespective of size, where excess
energy can be traded within localized networks or broader grids.
Te prosumer-driven trading ecosystem introduces opportunities
for decentralized energy markets, reducing reliance on traditional
monopolistic utility structures and enhancing resilience against
power disruptions. As a result, new auctioning mechanisms and
market models have emerged to govern how renewable energy is
priced, allocated, and exchanged.

However, the research \Wang et al. (2017) and Hassan et al.
(2020) has shown that the auctioning mechanism is not enough
in optimizing revenue for trading partners or securing their
transactions; hence, the authors introduced blockchain technology.
Terefore, the auctioneering within energy trading platforms
should be blockchain-oriented to reduce transaction costs such
as documentation and administrative costs, brokerage fees, cleaning
and settlement costs in the auctioneering process, bogus stafng
costs, hedging costs, security costs, default, and contract breaching
costs, data acquisition costs, and various compliance costs.
Te automated and trustless features of Blockchain technology
can eliminate and reduce various transaction costs within the
auctioneering systems. According to Laarabi and Chegri (2022),
Blockchain technology is an emerging technology that aids cost
management. Te authors rely on transaction costs economics
theory and opine that the blockchain technology features could aid
in reducing ex ante transaction costs (information and negotiation
costs) and ex post transaction costs (implementation, monitoring,
and enforcement costs).
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As inferred in Hassan et al. (2020) and established in Bains
(2022) of the International Monetary Fund (IMF) Notes for Fintech,
Blockchain Consensus mechanisms aid in achieving the efciency
and optimization of the various transaction costs when auctioning
for Renewable Energy microgrids. Te consensus mechanism
includes Proof-of-work (PoW), Proof-of-Stake (PoS), Delegated-
Proof-of-Stake (DPoS), Practical and Instanbul Byzantine Fault
Tolerance (Pb¥/Ibf), Federated Byzantine Fault Tolerance (Fbf),
and Proof-of-Elapsed-Time (PoET). T ese consensus mechanisms
collectively function as strategies to guarantee transparency,
fairness, and resilience in the renewable energy auctioning process,
ensuring that bidding activities are not subject to manipulation or
interference. Proof-of-Work (PoW) provides a foundation of trust
by validating every auction bid securely, keeping bidding records
transparent and tamper-proof. Proof-of-Stake (PoS) and Proof-of-
Elapsed-Time (PoET) enhance cost efciency by minimizing energy
consumption and optimizing gas utilization, thereby reducing the
transaction costs associated with auction processes.

Meanwhile, Delegated Proof-of-Stake (DPoS) introduces a
democratic dimension, enabling stakeholders within the energy
market to elect trusted validators or experts to authenticate
transactions, thus reinforcing collective participation and
accountability. Byzantine Fault Tolerance (BFT) models, including
PBFT, IBFT, and FBFT, focus on ensuring the integrity of
auction outcomes by maintaining system reliability even
when some blockchain nodes act erroneously or maliciously.
However, these mechanisms need not operate in isolation;
they can be deployed in hybrid confgurations tailored
to the specifc characteristics of the renewable energy or
prosumer system.

Terefore, utilizing Blockchain technology within the energy
auctioneering process will reduce costs associated with the
demand and supply of Renewable Energy. However, while the
auctioneering process of Renewable microgrids usually entails
big corporations and urban areas, local energy providers and
government entities can embrace the blockchain technology in
reducing the transaction costs of energy supply to urban poor areas
and rural areas, which will inevitably reduce the cost of utilizing
renewable energy, making it competitive with the cost of fossil
fuel-based energy.

5.1.2 Blockchain levelised cost of energy (BLCOE)

Te levelized cost of energy (LCOE) is one of the most
measurable indicators of the cost involved in producing a kilowatt
of energy. As mentioned earlier in Section 1, the LCOE considers
capital costs, operational costs, end-of-life costs, the time value
of money, and other monetary incentives. However, the trending
topics in Figures 7, 8 highlight the need to introduce Blockchain
to minimize costs throughout renewable energy generation,
transmission, distribution, and storage systems. T is is confrmed
by the research of Samuel et al. (2020), which introduced the
Blockchain levelized cost of energy (BLCOE) as a least cost solution
mechanism, which reduces energy costs by approximately 95% for
batteries and 75% for solar modules at 0.11$/kWh. Te various
transaction costs that build up to the installation, production,
and capital costs in LCOE in renewable energy can be reduced
optimally through blockchain technology. For instance, Blockchain
Technology can reduce and eliminate the following types of
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costs: negotiation costs, risk mitigation costs, costs associated
with licensing and permitting bureaucracy, and fnancing costs.
Tis will be achieved through the reduction of intermediaries,
streamlining of processes, automation of various cost-oriented costs
and fees, reduction in data collection and collation, increased data
sharing and information sorting, and improved transparency of
transactions.

Moreover, in the traditional levelized energy cost, a blockchain
system will optimize the operational cost of Renewable Energy,
focusing on administrative, compliance, and sta®ng costs.
Furthermore, in a BLCOE, various renewable energy incentives,
subsidies, and initiatives will be implemented with transparency,
trustless accountability, standardized prices, and real-time process
and cost performance monitoring.

5.1.3 Smart contract oriented distributed energy
systems (DES)

Te Distributed Energy Systems (DES) focuses on the nature
of utilizing renewable energy across diferent utilities, aspects, and
sectors, which are usually based on the Distributed Generation
(DG) of microgrids. According to the comprehensive review of
Nadeem et al. (2023), the DES is a dynamic system that aids
in the ongoing sustainable energy transition in terms of cost-
efectiveness, energy efciency, improvement in energy security,
peak load management, and contributes to energy resilience. Hence,
the frst cluster of the keyword co-occurrences highlights the need
to sustain and expand the DES. However, as noted in Nadeem et al.
(2023), the DES is a technologically intensive system requiring a
lot of procedures, stakeholders, and interoperation with existing
grids, which has led to issues of quality of power and grid stability,
thereby increasing the cost of installation, transmission, and cost of
purchasing power.

Hence, the introduction of the smart contract infuences the
cost, resilience, and quality dynamics of Distributed Energy Systems
(DES), as inferred from the keyword clusters. Smart contracts,
by nature of their technological capability, enable automated
and enforceable transactions (David L. O. et al, 2025) across
the energy ecosystem, which reduces the transactional costs
of negotiating, intermediaries, and other operational expenses
associated with contracts within the energy ecosystem. Moreover,
they can enhance the resilience of DES by facilitating decentralized
coordination, ensuring reliable energy distribution based on
contractual agreements, and enabling real-time responses to system
disturbances, distortions, and failures. In terms of quality, smart
contracts can provide verifable audit trails along the entire energy
value chain, thereby promoting trust and accountability among
stakeholders. T e impact of these capabilities is amplifed by the fact
that DES spans the whole energy value chain, from generation and
storage to distribution and consumption, which makes it suitable for
managing the complexity of renewable energy systems, optimizing
performance, and fostering sustainable energy practices. Tis is
confrmed by the research of Honari et al. (2023) that smart contracts
reduce the cost of operation in the energy market within the DES by
eliminating third parties, matching consumers and producers with
demand patterns and congruent production and ensuring market
access to smaller—scale energy producers. T is cost-efectiveness of
smart contracts within the DES is also confrmed in the research of
Bouachir et al. (2022), Saxena et al. (2019), and Gao et al. (2022).
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5.1.4 Internet of energy (IOE) in renewable energy
infrastructure and demand side management

Given the acceleration of the adoption of Renewable Energy
systems, the focus of researchers and policymakers has led to the
energy sector’s decarbonization, decentralization, and digitalization
agenda (David L. O. et al., 2025). Blockchain technology is at the
heart of the 3D's Agenda. However, these agendas have always
focused on renewable energy systems with little consideration and
concentration on renewable energy infrastructure, which has led
to more investments in fossil fuels than in renewable energy.
Te research of Yusida et al. (2022) positions renewable energy
infrastructure as a signifcant pillar in energy security and the
economic welfare of a country. As inferred from the clusters of
the Keyword co-occurrences, the digitalization of the Renewable
Energy Infrastructure will contribute to reducing the cost of
investment. Hence, the Internet of Energy (IoE) aids in simplifying
processes, performance evaluation, and real-time monitoring of
renewable energy systems, contributing to the cost of utilizing
renewable energy infrastructure. Te IoE is the summation of the
application of technological advancement of the Fourth Industrial
Revolution within the energy sector. According to Farhan et al.
(2023), the IoE evolution as shown in Figure 13, can reduce
the cost of energy supply. Moreover, according to the keyword
co-occurrence, there is a need for the interoperation of loE
with Demand Side Management (DSM) for cost efciency, which
according to Bakare et al. (2023), aids in reducing the cost of energy
acquisition and the cost of monitoring energy. T is is confrmed
in the research of Alhasnawi and Jasim (2021), who developed
an IoE enabled DSM called the Real-time Electricity Scheduling
(RTES), which aids in the cost-efectiveness of smart microgrids.
Also, the research of Shahryari and Anvari-Moghaddam (2017)
aFrmed that through loE-oriented DSM, the volume of transmitted
data will be reduced, which will also aid in the reduction of
cost of energy. Consequently, the interoperation of I0E with DSM
and Renewable Energy Infrastructure can be achieved through
Blockchain technology (Vi et al., 2021).

5.2 Infuencing factors shaping the cost of
renewable energy solutions

Figures 11, 12 show the research collaboration between
countries in applying Blockchain within Renewable Energy for
cost efFciency. Te fgures show that China and the USA are the
top countries that collaborate with other countries. Te research
of Jiang et al., (2022) stated that factors infuencing Renewable
Energy in the Residential sector of the USA includes percentage
of renewable energy consumption, demographics (per capita
GDP, population, and education attainment), renewable energy
availability (in terms of renewable energy production, and number
of utilities), consumers afordability (current retail price, residential
monthly bill, household income and median price premium);
and Regulatory compliance motivation (in terms of number
of government fnancial incentives and number of government
regulatory policies). T ese factors focus on the cost of renewable
energy supply and demand, which can be addressed in the various
blockchain-oriented techniques in Section 5.1. Using data between
1980-2011, Lin et al. (2015) analyzed the factors that infuence
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Renewable electricity in China, which include GDP per capita,
Foreign Direct Investment (FDI), trade openness, share of fossil fuel
in energy consumption, and fnancial development. T e factor in
China highlights the need to channel the capability of Blockchain
in attracting and retaining foreign direct investment within the
renewable energy sector, which will contribute to the reduction of
the cost of installing renewable energy solutions.

Consequently, Renewable energy solutions have become
a critical component in the global transition towards a more
sustainable energy future. However, the cost of these technologies is
infuenced by a multitude of factors that determine their accessibility
and scalability, as shown in Sections 1 and 5.1 of this paper. Some
identifed contributing factors include institutional policy, feed-
in tarif, investment risk and uncertainty, and unfair competition
amongst energy producers (Mendonca, 2007). Additionally,
government policies and subsidies can either incentivize or
hinder the growth of renewable energy, thus impacting overall
market dynamics (Mohammad et al., 2022).

Given the collaboration dynamics as stated in Section 4, some
countries have viable trade-in tarif models, making it easy for the
investment in renewable energy to be attractive and proftable. Spain
and China are regarded as the leading countries that recorded an
appreciable amount of investment in exploring renewable energy
solutions due to efective trade-in tarif policies (Ibrahimetal., 2021;
Ming et al., 2013). Germany is also considered another country with
a viable trade-in tarif strategy for renewable energy investment,
which has led to the creation of 214,000 jobs and a reduction
in acid rain as a result of greenhouse gas emission (Mendonca,
2007). Conversely, countries like United Kingdom, United States,
and Japan currently have a mild trade-in tarif law for renewable
energy solutions (Dong-Xiao et al., 2021). Similarly, most African
countries are yet to embrace these frameworks, thereby making
renewable energy solutions unattractive due to the high cost of
implementation, which is evidently revealed in Tables 3, 4 of the
countries with diferent collaborations. Te list of countries with
their corresponding investment in renewable energy solutions in
2018 is given in Table 5 and Figure 14 (Africa Energy Portal, 2019).

In summary, factors infuencing the cost of renewable energy
vary signifcantly from one region to another, depending on several
factors, including government policies, energy market dynamics,
technological advancements, and local resource availability. Te
infuencing factors shaping the cost of renewable energy solutions
are summarized as follows:

1. a. Feed-in tarif: T e adoption of renewable energy has faced
some challenges as a result of subsidies for nuclear and fossil
fuels for centralized power generation from the government.
Tis attempt has made the investment in RE unattractive to
the energy investors. To address this problem, a pricing policy
should be implemented such that power generated from the
RE is estimated with a substantial proft margin to attract
investment.

2. b. Institutional policy: T e government’s interest in generating
large-scale energy for a centralized distribution has led to the
introduction of policies supporting fossil fuels. [O0I0X000
001000007 0000 001000000 (00001 0007 0000 00 o000 000m] o000
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FIGURE 13
IoE evolution.
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3. ¢. Unfair competitiveness: Tis can drive up the cost of
renewable energy by creating an uneven playing feld where
traditional energy sources receive preferential treatment from
the government. Similarly, subsidies and fnancial support for
fossil fuels can distort the market, making it more difcult
for renewable energy to compete on price. Tis can lead to
reduced investment in renewable technologies and slow down
the transition to a cleaner energy landscape.

10.3389/fenrg.2025.1640117

technologies can create a volatile environment that deters
investment. Investment risk can signifcantly impact the cost
of renewable energy by discouraging potential investors from
committing resources to long-term projects. T is hesitation
can lead to increased fnancing costs and slower development
of renewable infrastructure.

. e. Intermittency and variability: Te intermittency and

variability of renewable energy sources such as solar and
wind can challenge grid stability and reliability. Integrating
renewable energy into the grid may require additional
investments in balancing resources, energy storage, or backup
generation capacity, which can increase costs and tarifs.

However, to optimize renewable energy and make it attractive

4. d. Investment risk and uncertainty: Factors such as fuctuating
government policies, changing market demands, or evolving

to energy investors, the following energy efciency factors are
recommended:

Frontiers in Energy Research 16 frontiersin.org


https://doi.org/10.3389/fenrg.2025.1640117
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org

Nwulu et al.

TABLE 5 Investment in renewable energy solutions.

Countries Investment (%) | Remarks

China 32 Adequate

United States 17 Moderate

India 5 Inadequate

Brazil 1 Inadequate

Middle East and Africa 5 Grossly inadequate
(Region)

1. i. Feed-in Tarifs: In this context, feed-in tarifs will be

optimized to guarantee renewable energy producers a
fxed payment for the electricity they generate over a
set period. Tese tarifs are ofen set above market rates
to incentivize investment in renewable energy projects.
Countries such as Germany, Spain (Garcia-Alvarez and
Mariz-Perez 2012), and Japan (Ayoub and Yuji, 2012) have
implemented programs like this to promote renewable energy
deployment.

2. ii. Net metering system of prosumer: T is scheme allows RES
owners to ofset their electricity bills by selling excess electricity
generated back to the grid at a retail rate. T is mechanism is
prevalent in many parts of the world, including the United
States (Herath and Tyner, 2019), Canada (Sow et al., 2019), and
parts of Europe (Ines et al., 2020).

3. iii. Power purchase agreements: T is model involves contracts
between renewable energy producers and utilities or corporate
buyers, specifying the terms of electricity sale over a
long-term period. Tis ofen includes fxed or variable
pricing structures depending on the region and market
conditions.

4. iv. Carbon pricing: Te cost of fossil fuel-based electricity
generation will increase sharply with the introduction of
carbon pricing mechanisms. Tis could involve schemes
such as carbon taxes, emissions trading fees etc., which can
indirectly support renewable energy by increasing the cost
of fossil fuel-based electricity generation, thereby making it
unattractive.

5. v. Al-Based Energy Pricing: Building on the research of
Huang et al. (2024), the predictive power of artifcial
intelligence (Al), particularly through deep learning models,
can be harnessed to analyze and forecast electricity market
prices with higher accuracy. Such predictive capabilities
enable more informed decision-making and improve
operational planning, thereby enhancing the sustainability
of smart renewable energy systems. Similarly, the work of
Alvarez-Diazcomas et al. (2019) demonstrates how deep
learning models within smart grid research have been
efectively applied to predict electricity market pricing.
Integrating Al-driven price forecasting into renewable energy
markets will optimize cost efciency and support grid
stability, energy trading, and long-term sustainability goals
(Badrudeen et al., 2024).
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6 Conclusion

T e research has provided comprehensive insights into utilizing
Blockchain technology for cost efciency of Renewable Energy
solutions, initiatives, and projects. T erefore, in conclusion, the
study reveals that the responsibility of interoperation of Blockchain
technology for cost efciency of Renewable Energy solutions
falls within government entities in terms of Regulations (as
highlighted in Section 5.2), Renewable Energy organizations and
businesses in terms of operational remodifcation, and the need for
prosumers. It is incumbent upon government entities to provide
appropriate regulatory guidelines and operational frameworks for
Blockchain technology for renewable energy, which will allow the
decentralization of the sector and increase the repurposing of the
transaction aspect of the sector, which will inevitably reduce the cost
associated with the supply and demand of energy.

Moreover, government blockchain  technology-oriented
guidelines will serve as a confdence booster for investors
in renewable energy, invariably increasing FDI in the sector,
thereby reducing the capital cost associated with the renewable
energy sector. Furthermore, the role of renewable energy entities
and business organizations stems from embracing blockchain
technology within their operational framework, thereby eliminating
and reducing costs associated with renewable energy transactions.
Also, Renewable Energy businesses embracing blockchain aid in
enhancing their performance and increasing customer satisfaction
(energy consumers). In addition, the cost efciency of Renewable
Energy solutions is inevitable without the need to increase
the prosumer market. Many residential areas are not engaged
in producing and selling renewable energy, not to mention
participating in a blockchain-oriented auctioneering and smart
contracts-oriented DES and DSM, which would signifcantly
impact the cost of using renewable energy. T erefore, government
and renewable energy businesses should employ educational and
awareness strategies to liberalize the prosumer market and increase
participation.

Also, given the level of investment in fossil fuel energy sources
and government tax revenues from these sources, which a cost-
efective renewable energy system may reduce, it is suggested that
the blockchain technology system be introduced in phases. Te
phased approach should consider major areas with populations
experiencing high energy poverty and the top regions experiencing
the adverse efects of fossil fuels.

7 Policy recommendations
Drawing from the insights and conclusions of this study, two

(2) key policy recommendations are proposed to enhance renewable
energy cost efFciency through integrating blockchain technology.

7.1 Blockchain applications in existing
renewable energy initiatives

Many initiatives are propelling the adoption and acceleration of

Renewable Energy solutions. T ese initiatives highlight the need to
embrace renewable energy solutions based on the environmental
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FIGURE 14
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Share of top countries’ electricity generation from RE in 2018 (Africa Energy Portal, 2019).

benefts. However, introducing Blockchain technology will
accelerate the adoption of applications in areas such as Feed-in-
Tarifs, Net metering, power purchase agreements, and carbon
pricing mentioned in Section 5.2. Integrating blockchain technology
within these areas will systematically reduce the operational and
transaction costs associated with Renewable Energy solutions. It
will also improve the efFciency and cost-efectiveness of the DSM
and DSM models.

7.2 Smart contract-oriented international
auctioneering platforms for renewable
energy components and materials

Te instability and fuctuation of prices of Renewable Energy
solutions are a detriment to the cost optimization and efciency in
many countries, given their high tarifs and levies. However, through
a smart contract-oriented international auctioneering platform
and systems, middlemen and intermediaries are cut of from the
acquisition process, which is responsible for the high capital and
installation cost of renewable energy solutions. Te platform will
ensure bidders and suppliers worldwide bid transparently, fairly,
and securely, ensuring the procurement mechanism is devoid of
cost encumbrances. T is platform will ensure and Fx issues relating
to high tarifs and levies on the importation of Renewable energy
components and materials, thereby liberalizing the Renewable
Energy market to increase foreign direct investment and efciency.

8 Areas for further research

Given the evolving dynamics of blockchain technology in
driving energy cost efciency and system optimization, several
avenues for future exploration emerge from this study.

First, there is a pressing need to develop models and
frameworks for Blockchain Levelized Cost of Energy (BLCOE),
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with an appropriate block diagram and application areas. T ese
frameworks could serve as comprehensive tools for assessing and
integrating the entire renewable energy value chain, from generation
and distribution to storage and consumption, while providing
standardized benchmarks for measuring cost efciency. Establishing
BLCOE models would also allow researchers, policymakers, and
industry practitioners to compare blockchain-enabled renewable
systems with conventional energy solutions on both technical and
economic fronts.

Second, considering the concept of gas optimization in
blockchain utilization, and the fndings of this study confrming
blockchain’s potential to enhance cost efciency, further research
is required to design strategies that minimize or optimize gas
usage. T iswould ensure blockchain applications in energy solutions
remain technologically viable and economically sustainable. T is
is because optimized gas consumption would contribute to
lowering transaction costs, reducing the environmental footprints
of blockchain operations, and improving the overall scalability of
blockchain-enabled renewable energy projects.
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