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Abstract

Amidst global climate challenges, green sukuk has emerged as a shariah-
compliant instrument to finance renewable energy projects, supporting
the sustainable development goals (SDGs) in organisation of islamic
cooperation (OIC) countries such as Indonesia and Malaysia. This study
examines how green sukuk structures are associated with renewable energy
project efficiency an aspect underexplored in existing literature, which
has focused primarily on regulatory frameworks and market development
rather than measurable projectlevel outcomes. To address this gap, the
study integrates cost-effectiveness analysis (CEA) and data envelopment
analysis (DEA) to evaluate four green sukuk-financed projects Indonesia's
green sovereign sukuk 2018 and 2019, and Malaysia's tadau energy sukuk
2017 and quantum solar park sukuk 2018, drawing on official reports,
prospectuses, and regulatory disclosures. Within the selected cases, the
green sovereign sukuk 2018 (mudharabah; USD 50 million; state-driven)
appeared associated with the highest relative efficiency (2.90 MW/USD
million; 1,600 tons CO,/year per USD million invested; DEA score 1.0000),
while quantum solar park 2018 (ijarah; USD 247.50 million; private-sector)
recorded the lowest (0.61 MW/USD million; 808.08 tons CO,/year per
USD million invested; DEA score 0.5051), associated with fragmentation
across three dispersed sites. Tadau energy 2017 (mudharabah; DEA
score 06310) and green sovereign sukuk 2019 (jjarah; DEA score
0.6250) achieved intermediate scores. Project scale, site consolidation,
and governance arrangements appeared more consistently associated
with relative efficiency than contract type alone. The study suggests that
hybrid contracts combining ijarah and mudharabah elements, alongside
harmonized regulatory frameworks, may optimize green sukuk efficiency,
offering a replicable evaluation framework for OIC policymakers advancing
sustainable financing aligned with environmental, social, and governance
(ESG) principles and sustainable development goal (SDG) objectives.
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Assessing Renewable Energy Project Efficiency through Green Sukuk

1. Introduction

The intensifying effects of climate change have heightened the need to
accelerate the transition to renewable energy in order to reduce greenhouse-gas
emissions and advance the sustainable development goals (SDGs), particularly
SDG 7 on affordable and clean energy and SDG 13 on climate action (Ruan et al.,
2024). Achieving this transition requires a substantial expansion of renewable-
energy investment, particularly in developing economies. However, members of the
organisation of islamic cooperation (OIC) commonly face limited access to capital,
high investment risk, infrastructure constraints, and competing fiscal priorities, all
of which restrict the scale and pace of renewable-energy deployment (Balakrishnan,
2025; Citalingam & Go, 2022; Donastorg et al., 2022). These challenges are
pronounced in regions where infrastructure deficits and economic vulnerabilities
exacerbate the funding gap, necessitating innovative financing mechanisms that
align with both economic and environmental objectives.

Green sukuk has emerged as a shariah-compliant financing instrument that
links Islamic finance principles with environmental sustainability objectives. By
directing proceeds to eligible green assets and projects, green sukuk can support
renewable-energy investment while complying with principles related to asset
backing, the prohibition of riba, and the avoidance of excessive uncertainty (gharar)
(Alam et al., 2023). The instrument therefore offers a potential bridge between
ethical investment demand and the financing needs of low-carbon development,
particularly in OIC countries where Islamic finance plays an important institutional
role (Morea & Poggi, 2017; Raeni et al., 2022). Nevertheless, the growth of green
sukukissuance does not automatically demonstrate how efficiently funded projects
translate financial resources into energy capacity and carbon-emission reductions.
Assessing these project-level energy and environmental outputs therefore remains
essential.

Indonesia and Malaysia provide a useful comparative setting for examining
green sukuk in renewable-energy financing. Indonesia has developed a
predominantly sovereign and state-coordinated model, in which green sukuk
issuance is closely linked to national policy priorities and public-sector oversight.
Malaysia, by contrast, has developed a more market-oriented model supported by
its sustainable and responsible investment (SRI) Sukuk Framework, which enables
greater participation by private issuers and project developers (Endri, Tahya Hania,
et al., 2022; Rifansyah & Hakam, 2024). These institutional arrangements may be
associated with different trade-offs involving project scale, governance, financing
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flexibility, risk allocation, and technological adaptation. They therefore provide a
meaningful context for examining project-level efficiency rather than assuming
that one national model is inherently superior to the other.

Although green sukuk has received increasing scholarly and policy attention,
rigorous evaluations of project-level efficiency remain limited. Existing studies have
largely examined regulatory frameworks, market development, shariah compliance,
and investor demand, while relatively few have assessed whether green sukuk-
financed projects deliver higher renewable-energy capacity or greater carbon-
emission reductions relative to the funds allocated (Ali et al., 2024; Keshminder
et al., 2022). In particular, limited evidence is available on indicators such as
renewable-energy capacity per unit of investment and emission reduction per
unit of investment. The relationship between sukuk structure, including contract
type and financing mechanism, and project efficiency also remains insufficiently
explored. These structural features should be interpreted as contextual factors
that may be associated with project performance rather than as isolated causal
determinants.

The study contributes to the literature on islamic finance and sustainable
energy by moving the discussion beyond issuance volume, regulatory design, and
market potential toward measurable project-level outcomes. Drawing on official
prospectuses,regulatoryreports,and projectdocumentation, it offersa comparative
assessment of how sukuk contract structures and financing mechanisms are
associated with observed differences in governance arrangements, return
predictability, and operational flexibility across selected projects. It also offers
practical insights for regulators, sukuk issuers, and project developers seeking
to improve the allocation of green financing resources. Rather than prescribing
a single institutional model or deriving causal claims from a limited number of
cases, the study highlights the importance of aligning sukuk structure, project
scale, governance arrangements, and environmental performance indicators in the
design of renewable-energy financing.

2. Literature Review
2.1. Green Sukuk as a Tool for Sustainable Financing

Green sukuk has emerged as a pivotal shariah-compliant financial instrument
that integrates islamic finance principles with environmental sustainability
to support renewable-energy initiatives. By adhering to the prohibitions on
interest (riba), excessive uncertainty (gharar), and environmentally detrimental
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investments, green sukuk directs capital towards renewable-energy projects, such
as solar photovoltaic and wind power facilities, thereby facilitating the transition
to a low-carbon economy (Alnabulsi, 2024). Its alignment with ethical investment
principles distinguishes it from conventional green bonds, particularly in Muslim-
majority markets (Alnabulsi, 2024). Within the organisation of islamic cooperation
(OIC) member states, green sukuk supports net-zero emissions targets and the
sustainable development goals (SDGs), notably SDG 7 on affordable and clean
energy and SDG 13 on climate action (Irfany et al., 2024). Global green sukuk
issuances reached USD 10.5 billion in 2023, underscoring their potential to
address the USD 3 trillion sustainable-financing gap (Pirgaip, 2024; Rose, 2025).
However, inconsistent environmental, social, and governance (ESG) frameworks
and greenwashing risks may undermine the credibility of green sukuk, highlighting
the need for robust verification mechanisms, transparent reporting, and stronger
investor confidence (Lokuwaduge & Silva, 2022; Sneideriene & Legenzova, 2025).

The green sukuk investment model allocates capital to shariah-compliant
renewable-energy projectsthatusenaturallyregenerativeresources,includingsolar,
wind, hydropower, and biomass. As long-term and impact-oriented instruments,
green sukuk may support the objectives of maqasid al-shariah, particularly
environmental preservation (hifz al-bi’ah), while promoting inclusive development
through improved access to clean energy in underserved regions (Rahim et al.,
2024). These instruments typically employ contracts such as ijarah (asset leasing),
mudharabah (profit-sharing), and wakalah (agency), thereby aligning expected
returns with shariah principles and sustainable-finance objectives. Green sukuk
may also facilitate blended finance by encouraging collaboration among pubilic,
private, and philanthropic stakeholders to mitigate investmentrisks in clean-energy
projects, particularly in frontier markets (Moxey et al., 2021). By mobilizing ethical
capital for renewable-energy investment, green sukuk may help reduce reliance
on fossil fuels, mitigate climate-related financial risks, and support nationally
determined contributions (NDCs) under the Paris Agreement.

The potential of green sukuk also extends to innovative technologies, including
energy-storage systems and green hydrogen, which offer further opportunities
for sustainable development (Criollo et al., 2024). However, scalability remains
constrained by high capital intensity and limited technical capacity. Existing
literature has predominantly focused on market development, regulatory
frameworks, and shariah governance, while project-level evaluations of measurable
environmental outcomes remain comparatively limited. Furthermore, the absence
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of standardized benchmarks, such as output-per-investment metrics, limits cross-
jurisdictional comparison and policy harmonization. Longitudinal studies are
therefore needed to assess the long-term effectiveness of green sukuk across the
diverse economic and regulatory contexts of OIC member states and to strengthen
their alignment with global climate-finance frameworks (Okpalajiaku & Harcourt,
2021; Wing & Zhong, 2015)

2.2. Comparative Approaches to Green Sukuk in Indonesia and Malaysia
Indonesia and Malaysia are among the leading green sukuk issuers in the
organisation of islamic cooperation (OIC) and have adopted distinct approaches
shaped by their regulatory and economic contexts. Indonesia’s state-driven
model developed through sovereign green sukuk issuance beginning in 2018
and is implemented through the green bond and green sukuk framework, which
is closely aligned with national climate and development priorities (Putri et al.,
2023). This framework may support policy coherence and public-sector oversight
in the allocation of green financing. However, centralized governance may also
constrain innovation and project flexibility because of bureaucratic procedures and
institutional limitations (Keshminder et al., 2021; J. Zhang et al., 2024).

In contrast, Malaysia has developed a more market-oriented model, supported
by the securities commission malaysia’s sustainable and responsible investment
(SRI) sukuk framework, introduced in 2014 and revised in 2021. The framework
has encouraged private-sector participation and innovation in renewable-energy
financing, as illustrated by green sukuk issuances for solar-energy projects,
including the tadau energy sukuk in 2017 (Noordin & Haron, 2018; Zain, 2020). This
approach may enhance market liquidity and provide greater flexibility for project
developers. Nevertheless, ensuring consistent shariah compliance, environmental
verification, and impact reporting across diverse issuers remains an important
challenge (Ghardallou & Abaalkhail, 2024).

Malaysia’s flexible and market-oriented model may therefore be more responsive
to global financial and technological developments, whereas Indonesia’s state-led
model emphasizes alighment with national policy objectives and public-sector
coordination. Existing comparative studies highlight Malaysia’s potential liquidity
advantage and Indonesia’s policy coherence; however, project-level efficiency
remains insufficiently explored (Camba et al., 2022; T. Rao & Mustapa, 2021). In
particular, the literature provides limited evidence on whether the two institutional
models produce different outcomes in terms of renewable-energy capacity or
carbon-emission reduction relative to investment. Comparative analysis using
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standardized project-level indicators may therefore help inform green sukuk policy
design in other OIC countries. Hybrid models that combine state oversight with
private-sector innovation also merit further examination (Rusydiana & Rosadhillah,
2025).

2.3. Efficiency Measurement in Renewable Energy Financing

Efficiency measurement in renewable-energy financing is important for
assessing whether investment generates meaningful economic and environmental
outcomes, particularly in terms of energy capacity and carbon-emission reductions.
Cost-effectiveness analysis (CEA) is commonly used to evaluate investment
performance by comparing specified outputs with the financial resources allocated
to a project. In renewable-energy financing, relevant indicators include renewable-
energy capacity per USD million invested (MW per USD million) and annual carbon-
emission reduction per USD million invested (annual tons of CO» avoided per USD
million invested) (Niyazbekova et al., 2024; Norgren & Stankeviciene, 2024). These
indicators provide a transparent basis for comparing the extent to which projects
convert financial resources into measurable energy and environmental outputs.
However, because CEA evaluates each outcome through a separate output-per-
investment ratio, it does not provide a single relative-efficiency score when projects
generate multiple outputs, such as renewable-energy capacity and carbon-
emission reductions (Baal et al., 2018; Dar et al., 2021; Tan et al., 2013).

Data envelopment analysis (DEA) provides a complementary approach by
measuring the relative efficiency of decision-making units across multiple inputs
and outputs. DEA generates efficiency scores ranging from O to 1, where a score
of 1.000 indicates that a project is positioned on the observed efficiency frontier,
while scores below 1.000 indicate relative inefficiency compared with the best-
performing projects in the sample (Ma et al., 2015; Rusydiana & Rosadhillah, 2025).
Its application in solar projects demonstrates its usefulness for benchmarking
project performance across different operational contexts (Tsolas, 2020; Villiers &
Vermeulen, 2017). Nevertheless, DEA remains underutilized in research on green
sukuk, particularly in assessing project-level efficiency across different scales,
contractual structures, and risk profiles (Ari & Isik, 2022; Liu et al., 2023).

CEA and DEA therefore provide complementary perspectives for evaluating
renewable-energy projects financed through green sukuk. CEA offers direct
output-per-investment ratios, whereas DEA assesses relative performance across
multiple dimensions. Future studies may extend this approach by combining DEA
with complementary analytical methods to develop more nuanced efficiency

Muslim Business and Economics Review, Vol. 5, No. 1, 2026 m



Ulfa et al.

assessments and improve resource-allocation decisions in islamic finance (Dellnitz
etal.,2023; Rao et al., 2022). Developing hybrid efficiency models that are tailored
to the institutional and contractual characteristics of islamic finance remains an
important area for future research (Hassanpour, 2020).

2.4. The Role of Sukuk Structure in Project Efficiency

The structure of green sukuk may be associated with differences in fund
allocation, risk sharing, governance arrangements, and project-management
flexibility in renewable-energy financing. ljarah, which is based on asset leasing,
is generally associated with identifiable underlying assets and more predictable
cash-flow arrangements. This structure may be suitable for large-scale projects
that require clear contractual obligations, stable payment mechanisms, and strong
institutional oversight, including state-coordinated renewable-energy projects
in Indonesia (Endri, Hania, et al., 2022). Mudharabah, which is based on profit
sharing, may provide greater flexibility for private-sector project managers and
can support innovation in project implementation. However, it may also involve
greater uncertainty in returns because outcomes depend on project performance
and managerial capability (Nurzahira et al., 2019; Shahrul & Ishak, 2021). Wakalah,
an agency-based structure, may offer an alternative arrangement by allowing an
appointed agent to manage investment activities on behalf of investors while
maintaining defined governance and monitoring arrangements (Fadhzana & Noor,
2024; Mahomed, 2024).

Nevertheless, the relationship between sukuk structure and project efficiency
should be interpreted cautiously. Contract type is only one component of project
design and may interact with issuer characteristics, project scale, technology,
financing conditions, implementation capacity, and regulatory oversight. Therefore,
an ijarah structure should not automatically be considered more efficient than a
mudharabah structure, nor should a profit-sharing arrangement necessarily lead to
greater innovation. Existing research has largely emphasized financial performance
and contractual design, while giving less attention to how sukuk structures are
associated with operational outcomes, such as renewable-energy capacity and
carbon-emission reduction (Ahmad Tajjudin Rozman, 2022; Kumar, 2021; Luo &
Chen, 2024). The present study therefore uses sukuk structure as an interpretive
dimension for understanding observed differences in project efficiency, rather
than treating it as a stand-alone causal determinant. Further research is needed to
examine how contractual structures interact with institutional and project-specific
conditions in shaping the effectiveness of green sukuk (Hassanpour, 2020).
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2.5, Synthesis of Literature and Research Gap

Although Indonesia and Malaysia have developed distinct green sukuk
frameworks, existing research has focused primarily on regulatory development,
market expansion, shariah governance, and investor interest. Far less is known
about how individual green sukuk-financed projects translate financial resources
into measurable renewable-energy capacity and carbon-emission reductions.
In particular, limited evidence is available on the relative efficiency of projects
operating under different financing mechanisms and contractual structures.

This study addresses this gap through a comparative project-level assessment
of selected green sukuk-financed renewable-energy projects in Indonesia and
Malaysia. It combines cost-effectiveness analysis (CEA), using renewable-energy
capacity and carbon-emission reduction per USD million invested, with data
envelopment analysis (DEA) to assess relative technical efficiency across projects.
The analysis further interprets observed efficiency profiles by considering sukuk
structure, financing mechanism, and governance context. Given the limited number
of cases, the study does not seek to establish causal effects; rather, it provides an
exploratory comparison of how different project configurations are associated with
observed energy and environmental outcomes.

3. Methodology

3.1. Research Design

This study adopts a comparative case study design using a mixed-methods
approach to evaluate the efficiency of green sukuk in financing renewable energy
projects in Indonesia and Malaysia. The study integrates qualitative institutional
analysis with quantitative efficiency assessment to provide a comprehensive
understanding of green sukuk performance (Ali et al., 2023; Endri, Tahya Hania,
et al., 2022; Keshminder et al., 2022; Mohamed Yusoff et al., 2023). The research
is conducted in three stages. First, a qualitative structural analysis is undertaken
to identify differences in sukuk contract structures, financing mechanisms,
governance arrangements, return predictability, and adaptability to technological
innovation. Second, Cost-effectiveness analysis (CEA) is employed to evaluate the
environmental outputs generated per unit of investment. Third, data envelopment
analysis (DEA) is used to assess the relative technical efficiency of renewable
energy projects financed through green sukuk. The integration of qualitative and
quantitative findings allows the study to evaluate not only which projects are more
efficient but also the institutional and structural factors that contribute to efficiency
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differences across projects and countries (Endri, Tahya Hania, et al., 2022; Ibrahim,
2015; Liu & Lai, 2021; Ulfah, Sukmana, Laila, et al., 2024).

3.2. Population and Sample

The study population encompasses all green sukuk issuances dedicated to
renewable energy projects in Indonesia and Malaysia up to 2024. A purposive
sampling strategy was employed to select four sukuk issuances based on the
following criteria: (1) the availability of complete quantitative data on fund allocation
(USD million), installed energy capacity (MW), and carbon emission reductions (tons
of COy); (2) relevance to renewable energy projects, including solar photovoltaic
power plants (PLTS) and (3) representation of structural diversity between state-
driven and private-sector sukuk.

Based on these criteria, the selected sample consists of Indonesia’s green
sovereign sukuk 2018, which financed the 145 MW Cirata solar power plant green
sovereign sukuk 2019, which supported various PLTS projects across Indonesia.
Malaysia’s tadau energy sukuk 2017, which financed a solar farm in Kudat, Sabah,
and quantum solar park sukuk 2018, which financed solar park developments in
Kedah, Melaka, and Terengganu.

The selected cases provide a focused exploratory comparison based on the
availability of comparable project-level data. Given the limited number of decision-
making units, the DEA results are interpreted as illustrative relative-efficiency
benchmarks within the selected sample rather than as statistically generalizable
estimates of green sukuk project efficiency (Li et al., 2011; Seiford, et al., 2011).
Furthermore, the purposive sampling approach is consistent with focused
comparative case study research, as it minimizes bias arising from incomplete data
and facilitates a balanced comparison between sovereign and private-sector green
sukuk. This sampling design also captures the distinctive characteristics of Islamic
sustainable finance markets in Indonesia and Malaysia, thereby enhancing the
analytical relevance of the cross-country comparison.

3.3. Data Collection

Data were sourced from secondary documents to ensure validity and reliability.
For Indonesian sukuk, data on the green sovereign sukuk 2018 and 2019 were
obtained from official ministry of finance reports, supplemented by project reports
from the financial services authority (OJK) and the ministry of energy and mineral
resources (ESDM), while data on the tadau energy sukuk 2017 and quantum solar
park sukuk 2018 were retrieved from official reports by bursa Malaysia and the
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securities commission Malaysia, including publicly available sukuk prospectuses
and post-issuance impact reports. IRENA technical reports were consulted to
cross-validate project-level energy capacity and carbon emission reduction figures
used in the analysis. A systematic document analysis approach was employed to
extract qualitative data, comprising contract types, financing mechanisms, and
governance arrangements, and quantitative data, comprising fund allocation
in USD million, installed energy capacity in megawatts, and carbon emission
reductions in tons of CO, with data triangulation conducted by cross-verifying
official reports against independent sources, including IRENA technical reports and
peer-reviewed journals, and primary official documents retained as reference values
where discrepancies arose (Bowen, 2009). Quantitative data were compiled in
spreadsheets and processed using RStudio (version 4.3), with CEA ratios calculated
directly from project-level data and DEA implemented using the benchmarking
and DEA packages under an input-oriented constant returns to scale (CRS) model,
specifying total investment as the input and energy capacity and carbon emission
reduction as outputs, consistent with the policy objective of minimizing financial
inputs for a given level of renewable energy and environmental outcomes.

3.4. Operational Definition of Variables

To assess the efficiency and effectiveness of financing renewable energy projects
through green sukuk, this study employs a set of input, output, and qualitative
variables, operationally defined based on authoritative data sources and relevant
literature (Cooper, Li, et al., 2011; Cooper, Seiford, et al., 2011). These variables
encompass total investment as the input and energy capacity and emission
reduction as outputs within the data envelopment analysis (DEA) framework
(Cooper, Li, et al., 2011; Feng et al., 2015; Wang et al., 2019), and efficiency ratios in
the cost-effectiveness analysis (CEA) approach. Additionally, qualitative variables
such as contract type, issuing country, and sukuk issuer status are incorporated
to provide institutional and structural context to the analysis. Each variable is
formulated to ensure measurement clarity, alignment with analytical objectives,
and the validity of the data source.
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Table 1. Operational Definition of Variables for DEA and CEA Analysis

No Variable Type Operational Definition Unit Data Source
1 Total Input (DEA) Total funds allocated to the Million USD Ministry of Finance
Investment green sukuk project during RI; Bursa Malaysia;
the issuance period Securities Commission
Malaysia.
2  Energy Output (DEA & Total installed renewable Megawatt (MW)  Ministry of Energy RI;
Capacity CEA) energy generation capacity at Bursa Malaysia.
project commissioning

3 Emission Output (DEA & Total CO2 emissions avoided ~ Ton COz/year Ministry of Energy RI;

Reduction CEA) annually from installed Bursa Malaysia.
renewable energy capacity

4 MW per Million Ratio (CEA) Installed energy capacity MW/Million USD  Calculated from official

usD generated per unit of total project data.
green sukuk investment
5  Annual CO2 Ratio (CEA) Annual CO2 emissions avoided tCOz/year per Calculated from official
Avoided per per unit of total green sukuk ~ USD million project data.
USD Million investment invested
Invested

6 ContractType  Qualitative Shariah contract type ljarah / Official sukuk
governing the sukuk structure: Mudharabah prospectuses; OJK
ijarah (asset leasing) or & SC Malaysia
mudharabah (profit-sharing) documents; Sukmana

& Ibrahim (2021).

7  Country Qualitative Country of the sukuk issuer, Indonesia / Official issuer reports
distinguishing Indonesia's Malaysia (Ministry of Finance
state-driven model from RI; Bursa Malaysia; SC
Malaysia's market-oriented Malaysia).
model

8 IssuerType Qualitative Institutional status of the 1=Government,  Official issuer profiles
sukuk issuer: sovereign 0 = Private (Ministry of Finance RI;
government or private-sector Bursa Malaysia).

project developer

3.5. Qualitative Approach

The first dimension examines the type of shariah contract, comparing the
effectiveness of ijarah (asset leasing) and mudharabah (profit-sharing) contracts.
ljarah contracts, as implemented in Indonesia's green sovereign sukuk of 2018
and 2019, tend to ensure stable cash flows and legal certainty, making them
well-suited to large-scale, state-managed projects with centralized governance
structures. Conversely, mudharabah contracts, as seen in Malaysia's tadau energy
project, foster technological innovation and operational flexibility but entail higher
managerial risks due to reliance on profit-sharing schemes and private-sector
management (Ghaemi Asl et al., 2023; Gundogdu, 2019; Harahap et al., 2023;
Ulfah, Sukmana, Laila, et al., 2024).

The second dimension focuses on financing mechanisms, comparing state-
managed projects with those managed privately. government-facilitated projects,
such as indonesia's green sovereign sukuk, are expected to benefit from robust
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regulatory frameworks, stable fiscal access, and the capacity to develop large-
scale infrastructure. In contrast, privately managed projects such as Malaysia's
quantum solar park sukuk 2018, which employs an ijarah structure without state
backing, may face challenges related to fragmented project locations and technical
coordination that affect technical efficiency and operational costs (Basri et al.,
2015; Keshminder et al., 2022; Liu & Lai, 2021; Mohamed Yusoff et al., 2023).
The third dimension examines non-technical project characteristics, namely: (1)
governance arrangements, (2) return predictability, and (3) adaptability to market
and technological conditions. These dimensions are interpreted qualitatively
through documentary evidence from sukuk prospectuses, regulatory reports, and
project disclosures. Rather than being operationalized as numerical scores, these
dimensions serve to contextualize the cross-project differences observed in cost-
effectiveness and relative DEA efficiency.

The analytical approach is developed through an integrative conceptual
framework that interlinks contractual structures, financing actors, and technical
and institutional efficiency dimensions. Rather than mapping causal relationships,
the analysis focuses on examining associations between contract types (ijarah vs
mudharabah), issuer status (state vs private), and efficiency outcomes measured
through DEA and CEA models, consistent with the exploratory and comparative
nature of this study. A comparative narrative analysis is conducted for the two
primary countries in this study, Indonesia and Malaysia (Ali et al., 2023; Bastri et
al., 2015; Endri, Tahya Hania, et al., 2022; Keshminder et al., 2022; Liu & Lai, 2021;
Mohamed Yusoff et al., 2023). Indonesia demonstrates strong institutional support
from the financial services authority (OJK) and the ministry of finance, with a
focus on large-scale solar (PLTS) projects. Malaysia, by contrast, has developed a
more mature and dynamic Islamic finance ecosystem, supporting private-sector
innovation through flexible sukuk structures.

This qualitative analysis seeks to interpret the underlying factors associated
with the observed efficiency profiles of green sukuk-financed renewable energy
projects, extending beyond the quantitative assessment of efficiency scores. By
incorporating contractual arrangements and institutional characteristics into the
analytical framework, the study provides a more comprehensive understanding
of green sukuk performance across different project contexts. The findings offer
insights not only for Indonesia and Malaysia but also for other OIC member
countries, including Saudi Arabia and the United Arab Emirates, by providing a
reference framework for designing context-sensitive and financially sustainable
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green sukuk policies alighed with broader sustainability objectives and the
sustainable development goals (SDGs).

3.5.1. Quantitative Approach: Cost-Effectiveness Analysis (CEA)

To evaluate the economic efficiency of renewable energy projects financed
through green sukuk, this study employs cost-effectiveness analysis (CEA) as a
primary quantitative approach (Bojke et al., 2017; Higgins & Harris, 2012; X. Zhang
et al., 2024). CEA is particularly suitable for assessing the effectiveness of financial
resources in generating measurable sustainability outcomes, as it directly relates
investment costs to project outputs. In the context of green sukuk financing, this
approach enables the evaluation of how efficiently invested capital translates
into renewable energy capacity expansion and carbon emission reductions, both
of which are critical indicators of energy transition and climate change mitigation
efforts (Ali et al., 2023; Karim, 2023; F. H. Liu & Lai, 2021; Ulfah, Sukmana, Laila, et
al., 2024). Accordingly, efficiency is conceptualized not merely as cost minimization
but as the ability to maximize environmental and energy-related benefits from a
given level of financial investment.

The primary objective of CEA in this study is to assess the cost-effectiveness of
renewable energy projects funded through green sukuk by measuring the volume
of outputs generated per unit of investment (Ibrahim, 2015; F. H. Liu & Lai, 2021;
Ulfah, Sukmana, Laila, et al., 2024). This evaluation is conducted by comparing
total investment against two key output metrics: (1) renewable energy capacity
generated, measured in megawatts per million USD (MW/USD million), and (2)
annual carbon emissions avoided, measured in tons of COz per year per USD million
invested (tCOz/year per USD million invested). A higher ratio indicates greater
cost-effectiveness, reflecting more energy capacity or emission reduction achieved
per unit of financial input. The analysis is performed at the project level, with each
green sukuk treated as an independent observational unit. This approach enables a
systematic comparison of the most cost-effective projects in terms of sustainable
development outcomes

CEA for Renewable Energy Capacity:

Renewable Energy Capacity (MW))
Total Green Sukuk Investment (USD million)

CEAEnergy =

Unit: MW per USD million
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CEA for Annual CO2 Emission Reduction

Renewable Energy Capacity (MW))
Total Green Sukuk Investment (USD million)

CEAEnergy =

Unit: Tons of COz/year per USD million invested

The analysis was conducted using a descriptive quantitative approach,
employing RStudio for computation and visualization. Results were presented
through bar charts to illustrate cost-effectiveness comparisons across projects,
enabling identification of efficiency patterns based on project scale, contractual
structure, and issuer type.

3.5.2. Quantitative Approach: Data Envelopment Analysis (DEA)

This study employs data envelopment analysis (DEA) as a quantitative
approach to evaluate the relative technical efficiency of renewable energy projects
financed through green sukuk. DEA was selected for its ability to assess efficiency
across multiple inputs and outputs without requiring prior assumptions about
the functional form of the production relationship, making it well-suited to the
evaluation of public-sector and energy projects that involve complex combinations
of financial and environmental variables (Cooper, Li, et al., 2011; Cooper, Seiford, et
al., 2011).

The unit of analysis in DEA is the decision-making unit (DMU), defined in this
study asindividual green sukuk-financed renewable energy projects. Four DMUs are
analyzed: (1) Green Sovereign Sukuk 2018 (Cirata Solar Plant, Indonesia), (2) green
sovereign sukuk 2019 (PLTS, Indonesia), (3) tadau energy sukuk 2017 (Solar Farm,
Malaysia), and (4) quantum solar park sukuk 2018 (Solar Park, Malaysia). Although
DEA conventionally benefits from larger samples, its application to a small but well-
defined set of DMUs is appropriate when reliable and comparable data are available
for all units and the analytical objective is cross-project benchmarking rather than
statistical inference.

The input and output variables are selected based on their relevance to the
financial and environmental performance of renewable energy projects. Total
investment (USD million) is specified as the single input variable, representing the
financial resources mobilized through each sukuk issuance. The output variables
consist of installed renewable energy capacity (MW) and carbon emission
reductions (tons of CO), capturing the energy and environmental outcomes
generated per unit of investment. This input-output specification is consistent with
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the policy objective of minimizing financial inputs for a given level of renewable
energy and environmental outcomes, and aligns with established approaches in
the DEA-based energy efficiency literature.

The model adopts an input-oriented constant returns to scale (CRS) framework,
as introduced by Charnes et al. (1978). The input-oriented approach reflects the
practical objective of minimizing investment expenditure while maintaining a given
level of renewable energy and environmental outputs, consistent with the resource
allocation priorities of green sukuk issuers and policymakers. The CRS assumption
is adopted because the projects in this study operate under comparable financing
conditions and policy objectives, and because CRS provides an overall technical
efficiency score that is appropriate for cross-project comparison without additional
assumptions about scale behavior. Each DMU is assigned an efficiency score
ranging from O to 1, where a score of 1.0000 indicates that the project lies on the
observed efficiency frontier, while scores below1.0000 indicate relative inefficiency
compared with the best-performing projects in the sample. The DEA analysis was
implemented in RStudio using the Benchmarking and DEA packages.

4. Results and Discussion

4.1. Structure and Efficiency of Green Sukuk: A Comparative Analysis of Indonesia
and Malaysia

This study examines the shariah-compliant financial structure and efficiency of
green sukuk as a financing instrument for renewable energy projects in Indonesia
and Malaysia, two leading members of the OIC. Using a descriptive-comparative
approach, the study analyzes green sukuk contract types (ijarah vs mudharabah)
and financing mechanisms (state-driven, private-sector) in project management
and the energy sector across three efficiency dimensions, governance, predictability
of returns, and adaptability to technological innovation. Data were sourced from
official prospectuses, annual reports, and market disclosures by Indonesia’s
financial services authority (OJK) and bursa malaysia, supplemented by regulatory
guidelines and industry reports to ensure a complete dataset beyond historical
records. The analysis elucidates how shariah-compliant structures influence the
efficiency of renewable energy financing and offers insights for scaling green sukuk
in global Islamic markets.
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Table 2. Structural Characteristics of Green Sukuk

Sukuk Contract Mechanism Manager Sector
Green Sovereign Sukuk 2018 ljarah State-driven Ministry of Finance PLTS (145 MW)
(Cirata)
Green Sovereign Sukuk 2019 (PLTS) ljarah State-driven Ministry of Finance PLTS
Tadau Energy Sukuk 2017 Mudharabah  Private-sector ~ Tadau Energy Sdn. Bhd. Solar Farm (50
MW)
Quantum Solar Park Sukuk 2018 Mudharabah  Private-sector  Quantum Solar Park Sdn. Solar Park (150
Bhd. MW)

Note: The table is compiled based on official prospectuses and reports from OJK and Bursa Malaysia.

The results reveal distinct structural and efficiency profiles for green sukuk in
Indonesia and Malaysia. In Indonesia, the green sovereign sukuk issuances of
2018 and 2019 use an ijarah structure and are managed through a state-driven
financing mechanism. This asset-backed arrangement is associated with relatively
clear contractual obligations, centralized oversight, and more predictable cash-
flow arrangements (Keshminder et al., 2021). The involvement of the ministry of
finance and regulatory oversight by the financial services Authority may provide a
governance context that supports accountability and investor confidence. However,
the centralized and large-scale nature of these projects may also limit flexibility
in responding to changing technological conditions, such as the adoption of new
storage technologies or project-level design adjustments (Thomas et al., 2020).

In Malaysia, Tadau Energy Sukuk 2017 uses a mudharabah structure and is
managed by a private-sector project developer. Its profit-sharing arrangement
may provide greater managerial flexibility and facilitate the adoption of project-
specific technological approaches. However, this structure may also involve greater
uncertainty in return realization because project performance is closely linked to
managerial capability and operating conditions. Quantum Solar Park Sukuk 2018,
which uses an mudharabah structure, combines private-sector management with
more predictable asset-linked cash-flow characteristics (Shahrul & Ishak, 2021).
Nevertheless, its multi-site project configuration may create additional coordination
and logistical challenges (Nguyen et al., 2023). These qualitative observations are
used to interpret the observed CEA and DEA results and should not be interpreted
as causal evidence that one contract type is inherently superior to another (Ali &
Mawali, 2023).
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Distribution of Shariah Contracts in Green Sukuk

Contract Type
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. Mudharabah

Figure 1. Distribution of Shariah Contracts

A pie chart illustrates that ijarah dominates (75%; Green sovereign sukuk 2018,
2019, Quantum solar) over mudharabah (25%; Tadau Energy) in OIC green sukuk
markets. This preference for ijarah reflects its alighment with risk-averse investors
and OJK’s regulatory stability (Utami, 2025). Mudharabah’s smaller share highlights
its niche role in innovation-driven markets, such as Malaysia (Shahrul et al., 2025).

Timeline of Green Sukuk Issuances by Sector and Country

Tadau Energy  Ah

Sector
Sovereign Green Sukuk 2019 L ] ® rrivate
. ® State
3
=
3
@ Country
Sovereign Green Sukuk 2018 [ ] @ Indonesia
A Malaysia
Quantum Solar A
2017.0 2017.5 2018.0 2018.5 2019.0
Year

Figure 2. Sukuk Issuance Timeline

A timeline (2017-2019) underscores Indonesia’s fiscal commitment through
green sovereign sukuk (2018, 2019) and Malaysia’s private-sector innovation
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via tadau energy (2017) and Quantum solar (2018) positioning both nations as
pioneers in green sukuk within the OIC (Liu & Lai, 2021).

Interpretive Dimensions
Shariah Contract | Financing Mechanism (Governance Arrangements, Return

(Ijarah, Mudharabah) ' (State, Private) Predictability, Technological and

Market Adaptability)

Figure 3. Conceptual Framework

The conceptual framework situates sukuk contract structures and financing
mechanisms within three interpretive dimensions, governance arrangements,
return predictability, and adaptability to technological and market conditions.
These dimensions are employed to provide an institutional and contextual
interpretation of cross-project variation in cost-effectiveness and relative technical
efficiency. Accordingly, the framework does not specify causal relationships, nor
does it operationalize these dimensions as numerically scored measures. Within
the selected cases, the findings suggest that sukuk structural characteristics
were associated with distinct patterns of governance, return predictability,
and adaptability, though no causal claims can be drawn from this exploratory
comparison. Indonesia's state-driven ijarah sukuk appeared to be linked to stronger
governance arrangements and more predictable return profiles, making it appear
suitable for large-scale projects such as the 145 MW Cirata PLTS. The asset-backed
ijarah structure appeared consistent with OJK's regulatory focus on stability,
which may have supported investor confidence through transparent compliance
mechanisms (Ulfah et al., 2024). However, within the selected cases, this structural
characteristic also appeared to be associated with constrained responsiveness to
emerging technological advancements, such as next-generation solar panels or
battery storage, which are considered essential for enhancing renewable energy
efficiency (Khalili et al., 2025). This observation appears consistent with broader
patterns noted in the Islamic finance literature, where state-backed instruments
have been associated with an emphasis on risk mitigation rather than innovation
(Alsaghir, 2023).

In contrast, Malaysia’s mudharabah based tadau energy sukuk prioritizes
adaptability, enabling private managers to adopt cutting-edge solar technologies.
This flexibility is facilitated by BNM’s market-oriented regulations, which encourage
innovation but introduce volatility in returns, necessitating enhanced risk
management frameworks (Nawal Kasim & Salman, 2014). The quantum solar park
sukuk, using ijarah, strikes a balance by ensuring stable cash flows while operating
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within Malaysia’s flexible regulatory environment. However, its private-sector
nature limits its ability to drive technological breakthroughs relative to mudharabah
based structures (Rozman & Azmi, 2022).

The comparative analysis reveals a trade-off between stability and innovation,
shaped by regulatory contexts and project objectives. Indonesia’s ijarah model may
bewell-suitedforrisk-averseinvestorsandlarge-scale public projects,and appeared
aligned with national energy transition goals (Rozman & Azmi, 2022). Malaysia’s
mudharabah model suits private issuers seeking technological leadership, though
it requires strong governance to maintain investor trust (Shahrul & Ishak, 2021).
These findings extend beyond historical data, incorporating regulatory insights and
market trends to project the potential of green sukuk in OIC markets, such as Saudi
Arabia and the UAE. For instance, Indonesia’s ijarah model may offer lessons for
other OIC countries seeking to develop large-scale, state-coordinated green sukuk
(Endri, Hania, et al., 2022). Malaysia’s mudharabah approach may offer insights
for other OIC countries seeking to develop market-oriented, private-sector-driven
green sukuk frameworks.

To optimize efficiency, future studies may examine whether hybrid sukuk
structures, such as musharakah-murabahah arrangements, can combine elements
of return predictability with greater operational flexibility in renewable-energy
financing (Kuanova, 2025). Such arrangements may offer a useful direction for
addressing potential adaptability constraints in state-coordinated projects and
governance challenges in private-sector initiatives. Future research may develop
and validate a transparent qualitative assessment framework for governance
arrangements, return predictability, and technological adaptability using explicit
indicators, documentary evidence, and a broader set of green sukuk projects
(Keshminder et al., 2021).

4.2. Efficiency Analysis of Renewable Energy Projects Financed by Green Sukuk
Using Cost-Effectiveness Analysis (CEA)

This study employs cost effectiveness analysis (CEA) to evaluate the economic
efficiency of four green sukuk issuances financing renewable energy projects in
Indonesia and Malaysia, two pioneering countries in sustainable shariah-compliant
financing within the OIC. The analysis measures energy capacity ratios (MW per USD
million) and carbon emission reductions (ton COz/year per USD million invested)
to compare cost-effectiveness across the sukuk (S. Li et al., 2024; X. Zhang et al.,
2024), utilizing data from official reports by the Ministry of Finance of the Republic
of Indonesia, Bursa Malaysia, and sukuk prospectuses. This study enriches the
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literature on Islamic finance by providing empirical evidence of the role of green
sukuk in supporting energy transitions in alignment with environmental, social, and
governance (ESG) criteria and the sustainable development goals (SDGs) (Ahmed
etal., 2019; X. Zhang et al., 2024).

Table 3 illustrates the comparative cost-effectiveness of selected green sukuk-
financed energy projects, evaluated using two key metrics, energy capacity
delivered (MW) per USD million and annual CO» emissions avoided per USD million
invested (Li et al., 2024; Zhang et al., 2024). Among the projects analyzed, the 2018
green sovereign sukuk for the Cirata solar photovoltaic (PLTS) plant in West Java,
Indonesia, appeared to be associated with the highest cost-effectiveness within
the selected cases, yielding 2.90 MW and offsetting 1,600 tons of CO./year per USD
million invested invested. In contrast, the 2019 green sovereign sukuk financing
solar PV (PLTS) projects exhibited the lowest energy efficiency at 0.67 MW/USD
million, despite achieving a substantial emissions reduction of 1,000 tCO./year
per USD million invested. Meanwhile, Malaysia-based solar projects tadau energy
(2017) and quantum solar (2018) displayed moderate performance, with energy
efficiencies of 0.84 and 0.61 MW/USD million and emissions reductions 0f1,009.59
and 808.08 tCOz/year per USD million invested, respectively. These findings
highlight the heterogeneous nature of project-level cost-effectiveness in the green
finance domain, suggesting that project type (Vyas & Jha, 2017), technological
maturity, and implementation context appeared to be associated with differences
in both environmental and economic outcomes across the selected cases. This
comparative analysis offers exploratory insights for policymakers and investors
seeking to better understand the allocation of green capital towards projects with
higher sustainability returns (Azhgaliyeva et al., 2020; Zhu et al., 2024).

Table 3. Cost-Effectiveness of Selected Green Sukuk-Financed Projects

Sukuk Investment MW per USD Tons of CO2/year per USD
(USD Million) Million million invested

Green Sovereign Sukuk 2018 (Cirata 50.00 2.90 1,600.00

PLTS, Indonesia)

Green Sovereign Sukuk 2019 (PLTS, 30.00 0.67 1,000.00
Indonesia)

Tadau Energy Sukuk 2017 (Solar 59.43 0.84 1,009.59

Farm, Malaysia)

Quantum Solar Park Sukuk 2018 247.50 0.61 808.08

(Solar Park, Malaysia)

Note: Investment, installed capacity, and annual CO2 avoidance data are compiled from official green sukuk reports, project
disclosures, and sukuk prospectuses.

The data evaluation reveals thats the green sukuk 2018, which financed the 145
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MW Cirata PLTS in Indonesia, is the most efficient green sukuk, achieving a ratio
of 2.90 MW per USD million and a carbon emission reduction of 1,600 tons CO2/
year per USD million invested. This efficiency is driven by the project’s large scale,
centralized management by the ministry of finance and the ministry of energy and
mineral resources (ESDM), and the use of optimal solar technology (Ali et al., 2023;
Endri, Tahya Hania, et al., 2022; Li et al., 2022; Wang et al., 2022). The stringent
regulations of Indonesia’s financial services authority (OJK) also supported
effective fund allocation. Tadau Energy 2017, a private-sector initiative in Malaysia
(Keshminder et al., 2022), recorded a ratio of 0.84 MW per USD million and a
carbon emission reduction of 1,009.59 tons COz/year per USD million invested,
demonstrating competitive efficiency, particularly in environmental impact, due
to advanced photovoltaic technology and the flexible regulatory framework of
bank negara malaysia (BNM), despite the mudharabah contract limiting project
scale. Conversely, green sukuk 2019 (PLTS) in Indonesia) and quantum solar 2018
(Malaysia) exhibited lower efficiency, with 0.67 MW and 1,000 ton CO2 per USD
million, and 0.61 MW and 808.08 tons CO2 per USD million, respectively, due to
project fragmentation that increased logistical costs and reduced impact.

Green Sukuk 2018 (Cirata)

Tadau Energy 2017

Green Sukuk 2019 (PLTSIPLTM)

Quantum Solar 2018

0

1 2
MW per USD Million

Figure 4. Cost-Effectiveness: Energy Capacity Comparison

This horizontal bar chart compares energy capacity across sukuk. The green
sukuk 2018, represented by the longest red bar at 2.90 MW per USD million,
demonstrates the highest efficiency, reflecting the advantage of large-scale
projects and centralized governance in optimizing investment. Tadau energy 2017,
with a purple bar at 0.84 MW per USD million, ranks second, indicating that private-
sector projects with advanced technology can remain competitive despite being
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on a smaller scale (Ari & Koc, 2021; Sajjad et al., 2024; Warren, 2019; Zhang et al.,
2024). Green sukuk 2019, with a green bar at 0.67 MW per USD million, places third,
highlighting efficiency constraints due to projects being dispersed across multiple
locations. Quantum solar 2018, with the shortest blue bar at 0.61 MW per USD
million, exhibits the lowest efficiency, underscoring the negative impact of project
fragmentation and small scale on energy capacity.

Green Sukuk 2018 (Cirata)

Tadau Energy 2017

Green Sukuk 2019 (PLTS/PLTM)

Quantum Saolar 2018

[=}

500 1000 1500
Tonnes of COC per USD Million

Figure 5. Cost-Effectiveness: Annual CO, Avoidance per USD Million Invested

This diagram illustrates the carbon emission reductions across the sukuk. The
green sukuk 2018 again leads with the longest red bar at 1,600 tons COz/year per
USD million invested, affirming its environmental contribution due to the project’s
scale and efficient technology. Tadau energy 2017, with a purple bar at 1,009.59
tons of COz/year per USD million invested, demonstrates competitive performance,
highlighting the potential of private-sector initiatives in environmental
sustainability through advanced photovoltaic technology. Green sukuk 2019, with a
green barat 1,000 tons of COz/year per USD million invested, is slightly below tadau
energy, indicating that despite fragmentation, the project still delivers a relevant
environmental impact. Quantum solar 2018, with the shortest blue bar at 808.08
tons of COz/year per USD million invested, demonstrates the lowest environmental
contribution, consistent with its limitations in scale and project fragmentation.

The data evaluation and visual representations indicate that the cost-
effectiveness of green sukuk depends on project scale, technology, and governance
(Li et al., 2024; Zhang et al., 2024; Zhu et al., 2024). The green sukuk 2018 excels
due to economies of scale and institutional support, tadau energy stands out in
environmental sustainability, while green sukuk 2019 and quantum solar are
hindered by fragmentation (Abdullah & Keshminder, 2022; Endri, Tahya Hania, et
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al., 2022; Noordin et al., 2018).

4.3. Effectiveness Assessment of Renewable Energy Projects Financed by Green
Sukuk Using Data Envelopment Analysis (DEA)

This study employs data envelopment analysis (DEA), a non-parametric frontier
methodology, to evaluate the technical efficiency of four green sukuk issuances
financing renewable energy projects in Indonesia and Malaysia, leading nations in
shariah-compliant sustainable financing within the OIC. The DEA model, configured
withaconstantreturnstoscale (CRS) input-oriented framework, assesses efficiency
by comparing a single input investment (in USD million) against two outputs:
energy capacity (in megawatts, MW) and carbon dioxide (CO2) emission reductions
(in tons per year). Data were sourced from authoritative, publicly available reports,
including those from the ministry of finance of the republic of Indonesia, Bursa
Malaysia, Bank Negara Malaysia, and sukuk prospectuses, ensuring robustness.
This approach facilitates the systematic benchmarking of green sukuk projects,
identifying optimal input-output configurations by leveraging verified, high-quality
sources.

Table 4: Input, Output, and Efficiency Scores of Green Sukuk Projects

Investment (USD Annual CO2 Reduction

Green Sukuk Capacity (MW) Efficiency Score

Million) (tCOz/year)
Green Sovereign Sukuk 2018 50.00 145 80,000 1.0000
(Cirata)
Green Sovereign Sukuk 2019 30.00 20 30,000 0.6250
(PLTS)
Tadau Energy 2017 59.43 50 60,000 0.6310
Quantum Solar 2018 247.50 150 200,000 0.5051

Note: Note: Investment, installed capacity, and annual CO avoidance data are compiled from official green sukuk reports,
project disclosures, and sukuk prospectuses. Efficiency scores are relative to the four selected DMUs.

The DEA results reveal meaningful variation in relative technical efficiency
across the four green sukuk projects. The analysis was implemented in RStudio
(version 4.3) using the benchmarking and DEA packages, configured under an
input-oriented constant returns to scale (CRS) model, with total investment (USD
million) as the single input and installed energy capacity (MW) and annual CO>
emission reduction (tons/year) as the two outputs efficiency scores range from O to
1 and reflect relative efficiency among the four DMUs only, not against an external
benchmark. Within the four selected decision-making units, Green Sovereign Sukuk
2018, which financed the Cirata solar photovoltaic project in Indonesia, achieved
the highest relative efficiency score of 1.0000. This result places the project on the
observed efficiency frontier of the present sample, against which the remaining
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three projects are benchmarked. The score should therefore be interpreted as a
relative comparison within the selected cases rather than as evidence of absolute
efficiency or superior performance across the broader green sukuk market. Within
the selected cases, this performance appeared to be associated with the project's
large-scale design, centralized governance under the Indonesian government, and
the adoption of advanced solar technology, which minimizes per-unit costs and
maximizes environmental impact (Amiruddin et al., 2024; Maulidia et al., 2019).
Stringent regulatory oversight by Indonesia's financial services authority (OJK)
also appeared to support efficient resource allocation, aligning with governance
frameworks that enhance sustainable finance outcomes (Ardiana et al., 2025;
Kusnawirawan et al., 2025; Setyowati, 2023; Suaidi, 2025). These observations
are consistent with evidence that large-scale, government-backed projects tend
to achieve more favorable input-output ratios than smaller or geographically
fragmented initiatives, though no causal inference is drawn from this limited four-
DMU sample.

In contrast, quantum solar 2018 recorded the lowest relative efficiency score
of 0.5051, despite its substantially larger investment of USD 247.50 million and
significant absolute outputs of 150 MW and 200,000 tons of CO. reduction
annually. Within the selected cases, this outcome appeared to be associated with
the project's fragmentation across three geographically dispersed sites (Kedah,
Melaka, and Terengganu), which increases logistical and coordination costs a
challenge consistently noted in multi-site project management contexts (Hilali
et al., 2023; Torabi & Hassini, 2009). The comparatively lower relative efficiency
score of the multi-site project suggests that site configuration may warrant further
consideration in future project planning. However, this observation should not be
interpreted as conclusive evidence that centralized or single-site development will
necessarily produce superior efficiency in other green sukuk contexts.

Tadau Energy 2017 (USD 59.43 million; 50 MW; 60,000 tons CO5 reduction per
year; DEA score 0.6310) and green sovereign sukuk 2019 (USD 30.00 million; 20
MW; 30,000 tons COz reduction peryear; DEAscore 0.6250) achieved intermediate
efficiency scores, placing them between the frontier project and the least efficient
unit. Within the selected cases, tadau energy appeared to benefit from Malaysia's
flexible regulatory framework under bank negara malaysia (BNM) and advanced
photovoltaic technology, but was constrained by its smaller scale and complexities
associated with the mudharabah contract, which introduced risk-sharing challenges
(Abd Aziz et al., 2024). Similarly, the green sovereign sukuk 2019 appeared to face
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inefficiencies associated with the fragmentation of its solar (PLTS) projects across
multiple sites, elevating operational costs relative to the more consolidated Cirata
project.

Efficiency Scores of Green Sukuk Projects (DEA - CRS, Input-Oriented)

0.0 I l l .

A
e

2
=]

Efficiency Score
[ =]
o

=
[

] )
o o 2

a@l
e é\v«\

s o
g}\l@ ad 13;3'&3 gp\la ag
A i
e &
Green Sukuk Instruments

Figure 6. Efficiency Scores of Green Sukuk Projects (DEA — CRS, Input-Oriented)

Figure 6illustrates the relative DEA efficiency scores of the four selected projects
under the input-oriented CRS model. Among the four projects, Green Sovereign
Sukuk 2018 recorded the highest relative efficiency score and formed the observed
efficiency frontier, whereas Tadau energy 2017 and green sovereign sukuk 2019
recorded intermediate scores and quantum solar 2018 recorded the lowest
score. The observed variation is consistent with differences in project scale, site
configuration, governance arrangements, and implementation context. However,
the four-DMU sample does not permit causal inference regarding the independent
effectofanysingle factor. The findings should therefore be interpreted as exploratory
evidence of relative efficiency differences among the selected projects rather than
as general evidence that a particular contract type, financing mechanism, or project
configuration necessarily produces superior efficiency (Firoozi et al., 2024; Hassan
et al., 2024; Malek et al., 2024; Voudouris et al., 2012).

The analysis leverages historical data from authoritative sources, ensuring the
reliability and validity of the data envelopment analysis (DEA) results and providing
a robust foundation for benchmarking future green sukuk initiatives. To address
potential limitations, future research could incorporate real-time performance
metrics or additional output variables, such as job creation or social impact, to
offer a more holistic assessment of efficiency. Despite these considerations, the
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application of DEA, combined with the integration of financial and environmental
outputs, delivers empirical contributions to the field of sustainable Islamic finance
(Alhammadi, 2024; Istaiteyeh et al., 2024; Khan et al., 2024). This study highlights
the transformative potential of green sukuk in advancing the global transition to
renewable energy, reinforcing its role as a key instrument in achieving sustainable
development objectives.

5. Conclusion

This study provides an analysis of green sukuk as a shariah-compliant financing
instrument for renewable energy projects, with a focus on its structural and
operational dynamicsin Indonesiaand Malaysia, two prominent OIC member states.
The findings underscore the influence of sukuk structure, specifically contract type
and governance mechanisms, on project efficiency and environmental outcomes,
though these relationships should be interpreted as contextual associations rather
than causal determinants. Green sukuk,asadistinct financialinstrument,adheresto
shariah principles by prohibiting interest (riba), excessive uncertainty (gharar), and
investmentsin environmentally harmful activities, setting it apart from conventional
investment vehicles. Unlike standard investments, which often prioritize short-
term financial returns and may involve speculative or environmentally detrimental
practices, green sukuk integrates ethical and sustainability considerations, aligning
financial objectives with environmental, social, and governance (ESG) criteria. This
alignment ensures that funds are channeled into projects that deliver measurable
ecological benefits, such as reduced carbon emissions, while maintaining shariah
compliance.

Within the selected cases, the comparative analysis suggests that ijarah-based
green sukuk, exemplified by Indonesia's state-driven initiatives, appeared to be
associated with stronger governance arrangements and more predictable return
profiles, making them appear well-suited to large-scale, centralized renewable
energy projects such as the 145 MW Cirata PLTS, which achieved a DEA efficiency
score of 1.0000. These contracts appeared to support stability in fund allocation
and regulatory oversight, which are essential for achieving national energy policy
objectives. In contrast, mudharabah based sukuk, as observed in Malaysia's Tadau
energy project, appeared to be associated with greater adaptability and private-
sector flexibility, enabling the integration of advanced photovoltaic technologies.
However, this flexibility also appeared to introduce greater uncertainty in returns, as
reflected in its intermediate DEA score of 0.6310, underscoring the importance of
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enhanced transparency and risk management. The trade-offs between stability and
flexibility observed across the selected cases highlight the potential value of hybrid
contracts, such as musharakah-murabahah, which may combine the governance
predictability of ijarah with the operational adaptability of mudharabah. Such hybrid
structures warrant further empirical examination before broader conclusions can
be drawn.

For regulators, the findings suggest that a harmonized regulatory framework one
that integrates Indonesia's emphasis on compliance and centralized governance
with Malaysia's flexible, market-oriented approach may offer a stronger foundation
for green sukuk issuance. Policymakers in OIC countries should prioritize
governance models that ensure transparency and accountability while remaining
open to structural innovation. For investors, green sukuk presents an opportunity
to pursue financial returns while contributing to sustainable development goals,
distinguishing it from conventional instruments that may overlook ethical or
environmental dimensions. The study's integrated efficiency measurement
framework, combining cost-effectiveness analysis (CEA) and data envelopment
analysis (DEA), provides a replicable and transparent methodology for assessing
green sukuk performance at the project level, enabling issuers, regulators, and
project developers to better align financing structures with measurable energy and
environmental outcomes.

The implications of this research extend beyond Indonesia and Malaysia,
offering a reference framework for other OIC member states seeking to design
context-sensitive and financially sustainable green sukuk policies aligned with SDG
objectives. Given the exploratory and case-based nature of this study, the findings
should not be generalized without further empirical validation across a broader
set of projects and jurisdictions. Future research should expand the sample of
DMUs, incorporate longitudinal performance data, and examine how contractual
structures interact with institutional, regulatory, and project-specific conditions
in shaping green sukuk effectiveness. Ultimately, this study contributes to the
literature by providing exploratory evidence that relative project-level efficiency
within the selected cases may be associated with the interaction of sukuk structure,
project scale, governance arrangements, and implementation context, rather than
with contract type alone. Further research using a larger and more diverse set of
projects is required to assess the robustness and generalizability of these observed
patterns.
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