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Bioenergy advances Indonesia’s net zero emission targets by using
biomass from agricultural, forestry, and livestock residues; however,
progress is limited by political, economic, social, technological,
environmental, and legal barriers. This study combines the analytical
hierarchy process, stakeholder clustering, and the ‘5 Whys’ root-cause
analysis to prioritise barriers, to compare the perceptions of
governments, financial institutions, and private companies, and to
identify structural drivers. The most significant investment barriers are
high capital costs, complex permitting, inconsistent policies, feedstock
price fluctuations, and limited financing. Through developing a policy-
to-barriers influence matrix, policy packages recommend long-term
agreements with transparent tariffs, the designation of national
strategic projects, and the reform of fossil-fuel subsidies.
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1.  INTRODUCTION

A worldwide transition to renewable energy is vital for climate change mitigation, energy security, and
sustainability. Achieving net zero emissions requires a global shift to renewables, with bioenergy being
central to this change [1, 2]. Bioenergy from organic waste, such as residues and animal waste, offers a
sustainable, dispatchable alternative to fossil fuels, enhancing energy security and reducing greenhouse
gas emissions [1-3]. The bioenergy industry is increasingly vital to the global shift to cleaner, resilient
energy, especially in developing countries with rising energy demand and persistent regional disparities [3-
5].

Addressing regional disparities calls for innovative strategies to expand access to reliable energy and to
ensure sustainability. Developing the bioenergy industry offers a pathway to diversify the energy mix, cut
dependence on fossil fuels, and create economic opportunities. It could boost local value chains and rural
economies with abundant biomass, fostering inclusive growth and narrowing energy gaps [2, 3]. Therefore,
unlocking bioenergy investment is not merely an environmental imperative but also a multifaceted
challenge that requires a comprehensive understanding of its inhibiting factors [1-3].
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Indonesia, as the world’s fourth most populous country and a G20 economy, faces the dual challenge of
meeting increasing energy demand and reducing its dependence on fossil fuels, especially coal [6-10]. The
country has vast and varied bioenergy resources, such as palm oil, rice husk, municipal waste, and biogas
from manure, with estimated theoretical potentials far exceeding current use [1, 7]. Despite ambitious
national targets to boost the share of renewable energy in its electricity mix by 2025 and to reach net zero
by 2060, the implementation of renewable energy, including bioenergy, has been notably slow [6, 7, 11].
This disparity between potential and progress highlights the urgent need to identify and systematically
address the underlying barriers that impede bioenergy investment and development in the Indonesian
context [1, 6, 11].

In many developing countries, efforts to expand RE deployment have been constrained not only by technical
feasibility but also by fragmented policy coordination, inconsistent regulations, and limited institutional
capacity [12]. Studies from Iran and India have shown that political instability, financial insecurity, and the
lack of research and development infrastructure are significant barriers to renewable energy adoption [13,
14]. In Rwanda, the most critical factors hindering biogas dissemination are the high upfront capital costs
and the absence of robust financial mechanisms [3].

Scholars increasingly use multi-criteria decision-making tools such as analytic hierarchy process (AHP),
fuzzy AHP, the technique for order preference by similarity to ideal solution (TOPSIS), and
VlseKriterijumska Optimizacija | Kompromisno Resenje (VIKOR), meaning multi-criteria optimisation and
compromise solution to prioritise renewable energy barriers and to inform policy. AHP can structure and
quantify complex decision-making problems by assigning relative weights to renewable energy barriers,
thereby supporting policy prioritisation and investment analysis. AHP can structure and quantify aid policy
and investment analysis [12, 15, 16]. For example, in Nepal, AHP identified political instability and poor
coordination as major hurdles [17]. In Rwanda, financial problems, especially capital and credit shortages,
were critical [3]. In India, technological complexity, high costs, and weak institutional capacity remain
obstacles [15, 16]. Iran’s fuzzy AHP-TOPSIS pointed to economic uncertainty and bureaucratic inefficiency
as barriers, while Turkey’s hybrid models emphasised financial instability and inconsistent policy issues
[18]. Recent studies have expanded these frameworks to other settings, such as hybrid fuzzy Delphi-AHP
for solar and wind [14], fuzzy AHP-TOPSIS for biogas in China [4], and combined multi-criteria decision-
making (MCDM)-Delphi methods for energy strategies in developing countries [19], demonstrating AHP’s
flexibility in identifying policy and investment barriers. In Africa, studies have revealed financial
constraints, dependence on donors, and institutional fragmentation, all of which slow renewable energy
deployment [5].

In Indonesia, previous qualitative studies and policy reviews have reported similar structural issues, such
as overlapping regulations, fragmented institutional mandates, limited fiscal incentives, and insufficient
public awareness, as persistent impediments to bioenergy development. However, despite these insights,
few empirical studies have systematically quantified how experts prioritise these barriers or connected
such prioritisation with actionable policy frameworks.

Although numerous studies have applied the AHP framework to analyse renewable energy barriers, such as
in Rwanda [3], Nepal [17], India [15, 16], Malawi [5], Iran [13], Turkey [18], and Myanmar [12], most studies
remain descriptive, mainly ranking barriers without turning findings into policy actions. Some extend the
framework using hybrid methods such as AHP-G-TOPSIS, modified Delphi-AHP, or clustering [14, 15, 12],
thereby enhancing analytical robustness by assessing solution preferences and stakeholder tendencies.
Recent studies use fuzzy and Delphi methods to strengthen expert consensus and to reduce subjectivity
[4,14]. Despite improvements, the literature has gaps: few studies include multi-actor perspectives on
investment risks among stakeholders (government, financial institutions, private investors), and even fewer
connect barriers with their causes or policy solutions.

This study advances the research by combining AHP, clustering, and root-cause analysis to link barrier
prioritisation with policy development. It measures the importance of bioenergy barriers, and reveals their
institutional and political roots, enabling focused, actor-specific policies. Focusing on Indonesia’s bioenergy
sector - characterised by regulatory fragmentation, coordination problems, and financial uncertainty - it
offers a comprehensive, evidence-based, stakeholder-informed approach that connects prioritisation with
policy design, providing practical insights to strengthen Indonesia’s bioenergy transition.
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This integrated approach ensures that policies target the key barriers, based on data and expert consensus.
However, the lack of a framework linking barrier prioritisation with strategic policy planning hinders
bioenergy growth. A panel of 14 experts from government, academia, and industry compared six barrier
categories - political, economic, social, technological, environmental, and legal - each with five sub-
barriers. The most critical barriers are identified through geometric aggregation and consistency checks,
offering an empirical basis for investment policies.

This study’s novelty lies in its innovative methodological framework and its relevance to current policy
initiatives. Using expert-driven AHP prioritisation enhances understanding and practical application in the
sustainable bioenergy transition. It aligns policy tools with real-world problems, ensuring that practical
realities shape effective policies. The findings help policymakers, investors, and agencies to target
resources, overcome barriers, and unlock Indonesia’s bioenergy potential.

The remainder of this paper is organised as follows. Section 2 reviews the relevant literature on renewable
energy barriers, MCDM, and root-cause analysis approaches. Section 3 describes the research methodology,
including the AHP framework, clustering analysis, and root-cause analysis used in this study. Section 4
presents the empirical results, and discusses the prioritisation of bioenergy investment barriers. Section 5
discusses the policy implications of the findings, and Section 6 concludes the paper with key insights and
recommendations for future research.

2. LITERATURE REVIEW
2.1. Bioenergy industry development barriers

This study uses a structured categorisation framework, such as political, economic, social, technological,
legal, and environmental (PESTLE), to analyse development barriers in the bioenergy sector. This
systematic classification helps to understand how external and internal factors hinder renewable energy
deployment. By categorising the barriers, researchers and policymakers could identify root causes and
develop targeted solutions, moving beyond surface-level understanding to supporting sustainable energy
transitions [3, 12].

Previous studies in Iran, Pakistan, Rwanda, Nepal, and Ghana have highlighted key barriers to renewable
and bioenergy development that are also relevant to Indonesia [13, 16, 21, 15, 29]. Financial barriers, such
as high capital costs, limited funding mechanisms, and insufficient subsidies, frequently rank among the
top concerns [4, 22]. Political and regulatory problems, such as policy inconsistency, instability,
bureaucracy, lack of support, and lengthy permit processes, pose significant obstacles [13, 23]. Technical
barriers, such as a lack of research and development capacity, technological complexity, inadequate
infrastructure, and difficulties with energy storage and grid integration, are significant hurdles [16, 21,
22]. Moreover, social and cultural barriers, such as low public awareness and acceptance, and governance
issues such as coordination gaps and land ownership complexities, are major obstacles [18, 24]. In Indonesia
specifically, issues such as fossil-fuel lock-in, the complexities of the electricity subsidy system that affect
Indonesia’s state-owned electricity utility or Perusahaan Listrik Negara (PLN)’s finances, and multi-level
governance problems are especially relevant to bioenergy development [6, 25].

2.2. Multi-criteria decision-making and the ‘5 Whys’ in barrier analysis

MCDM methods provide systematic approaches to evaluating complex decision problems involving multiple,
often conflicting, criteria [2, 17, 26]. In the field of renewable energy and barrier analysis, various MCDM
tools have been widely used, such as AHP, fuzzy AHP, TOPSIS, fuzzy TOPSIS, and VIKOR [12, 14, 27]. The
AHP, developed by Saaty, is popular for breaking down complex problems into a hierarchy, allowing
decision-makers to make pairwise comparisons based on expert judgements, in order to identify criterion
weights and rank alternatives. These methods are crucial for identifying barriers and evaluating solutions
in various energy contexts worldwide [16, 28].

A substantial body of literature has applied the AHP and related MCDM approaches systematically to identify
and prioritise the barriers to renewable energy development. These methods categorise barriers
hierarchically, and translate expert judgements into quantitative weights, enabling policymakers to
determine which constraints most urgently require intervention. Empirical studies from different contexts
reveal consistent findings. In Rwanda, AHP analysis has shown that financial barriers dominate, particularly
high capital costs and limited access to financing mechanisms, indicating that affordability is a primary
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determinant of technology adoption [3]. In India, policy and political barriers have been ranked highest,
with corruption, regulatory uncertainty, and lack of skilled personnel identified as critical obstacles to
renewable energy expansion [16]. Similarly, research in Malawi using an integrated AHP-fuzzy TOPSIS
framework has highlighted economic constraints, especially a lack of funding and high investment costs,
followed by governance-related barriers such as weak political commitment [5].

Evidence from other countries reinforces these patterns. Studies in Nepal have identified policy and
political constraints as the most influential barriers, while research in Iran using fuzzy AHP-TOPSIS has
highlighted economic instability and bureaucratic inefficiencies as key impediments to solar photovoltaic
(PV) development [17]. In Pakistan, integrated AHP-based analyses have similarly emphasised financial and
policy barriers, whereas studies in Turkiye have indicated that policy, economic, and social problems jointly
shape renewable energy transitions [22]. Collectively, these studies have revealed a consistent cross-
country pattern in which financial constraints, governance and policy weaknesses, and technical capacity
limitations constitute the most critical barriers to renewable energy deployment. AHP-based approaches,
therefore, provide a structured mechanism for transforming qualitative assessments into prioritised policy
agendas.

However, while studies have successfully identified and ranked renewable energy barriers, most have
focused on specific technologies or national contexts and have rarely linked the prioritised barriers directly
with investment-oriented policy design, particularly for bioenergy development in emerging economies
such as Indonesia. This gap highlights the need for a more targeted analysis that systematically prioritises
the barriers to bioenergy investment and translates these priorities into actionable policy insights.
Therefore, this study combines the ‘5 Whys’ method with AHP to link the barrier symptoms with underlying
policy and institutional factors.

This hybrid approach also has precedent in other fields. In operations and decision science, a study showed
that structured questioning techniques, such as the ‘5 Whys’ and the ‘5 Ws & H’, could be integrated into
MCDM to improve problem definition and criteria weighting, thereby strengthening the early stages of
decision analysis [30]. In quality management and manufacturing, Pacana and Siwiec combined the Ishikawa
diagram with fuzzy AHP to prioritise the causes of product defects [31]. They explicitly suggested adding
the ‘5 Whys’ as a follow-up step to isolate the root causes of the most highly weighted problems. Likewise,
in industrial process improvement, a study integrated the ‘5 Whys’ with failure mode and effects analysis
(FMEA) in order to identify the underlying causes of equipment and production failures [32]. In contrast,
another study applied the related 5W1H framework with quality tools to diagnose process inconsistencies
[33]. Together, these studies indicate that question-based root-cause techniques have been successfully
combined with structured evaluation frameworks in multiple fields, providing a clear academic basis for
integrating the ‘5 Whys’ with AHP in the analysis of bioenergy investment barriers.

3. RESEARCH FRAMEWORK AND METHODOLOGY
3.1. Data collection and conceptual frameworks

The study used a questionnaire to assess barriers and policy options for bioenergy adoption in Indonesia,
combining the AHP with open-ended qualitative analysis. First, experts evaluated the relative importance
of one another’s barriers to bioenergy investment. Then, they provided qualitative assessments of proposed
policy solutions to overcome these barriers.

Fourteen experts from the government, the private sector, finance, academia, and NGOs participated. The
researcher used their feedback to identify, categorise, and weigh the main and sub-barriers to bioenergy
adoption in Indonesia. Figure 1 shows the evaluation process, and discusses the policy implications for
promoting bioenergy.

The methodological framework of this study combines both quantitative and qualitative methods
systematically to identify, prioritise, and overcome barriers to bioenergy investment. The process consists
of six main stages, as illustrated in Figure 1.

The process started with a thorough review of the relevant literature and policy documents to identify
potential barriers to the bioenergy industry. Consultations with experts from government agencies, state-
owned enterprises, the private sector, academia, NGOs, and financial institutions were conducted to
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categorise these barriers for research purposes. The goal was to create a list of barriers that reflected the
specific context-driven difficulties faced by the Indonesian bioenergy sector.

This barrier list was reviewed by the experts and prioritised using the AHP. The experts compared each
criterion and its sub-criteria pairwise to assess the importance of each barrier. This process converted
expert judgements into numerical weights, enabling the ranking of the barriers based on their influence on
the bioenergy industry.

To complement the quantitative assessment, we gathered experts’ insights qualitatively through open-
ended questions. This step helped to explain the results of barrier prioritisation captured in the AHP survey,
providing a deeper understanding of the context and reasoning behind each barrier. It also confirmed the
final obstacles that were to be analysed further in the methodology.

The weighted AHP results were then analysed using K-means clustering and principal component analysis
(PCA) visualisation to identify patterns or groups of experts with similar perceptions. This clustering helped
to reveal stakeholder-specific alignment tendencies, including differences in how government, state-owned
companies, the private sector, NGOs, financial institutions, and academia prioritise barriers.

After identifying the main barriers and recognising five clusters with distinct perspectives, we conducted a
root-cause analysis to reveal the systemic issues, and used the ‘5 Whys’ method to understand each barrier
better. This approach helped us to trace each top-priority barrier back to its core causes, linking technical
or financial symptoms to underlying policy and institutional factors.

The final stage combined the quantitative results from the AHP and cluster analysis with qualitative insights
from open-ended responses and the root-cause analysis. Each key barrier was matched with appropriate
policy tools and expert recommendations, creating a clear list of policy actions. Connecting the AHP barriers
to the root-cause analysis ensured that the suggested policies addressed the most critical barriers, backed
by both the data and expert agreement.

Barrier identification with systematic literature review and D Quantitative path
expert input to develop a list of barriers D Qualitative path

[ AHP conducted to prioritise the barrier ]

I
v v

Open question analysis to capture a better Cluster analysis to understand patterns or
understanding of the selected barriers groups of experts with similar perceptions

I |
v

[ Root cause analysis, to understand better each barrier and to ]

SR

establish a strong connection with the policy

v

[ Policy recommendation ]

(mapping barriers with policy tools & expert input)

Figure 1: Conceptual framework of the research methodology
3.2. Methodological approach

The AHP is a widely used MCDM method for complex decision problems. It streamlines the evaluation
process by breaking down complicated problems into a hierarchical structure of goals, criteria, and sub-
criteria [31]. Through pairwise comparisons, AHP quantifies expert judgements to determine the relative
importance (weights) of each criterion using a systematic mathematical framework.
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The following steps outline the procedures used to calculate the weights of each barrier category.

We examined the literature and policy documents extensively to identify barriers, which were grouped into
six main categories with multiple sub-barriers. A total of 30 sub-barriers to promoting bioenergy in Indonesia
were identified and structured hierarchically, as illustrated in Figure 2.

We developed a pairwise comparison questionnaire to elicit expert opinions on the relative importance of
each criterion, using Saaty’s nine-point scale [26], as shown in Table 1. The experts were a diverse group
of decision-makers from government agencies, state-owned enterprises, private companies, NGOs,
academia, and financial institutions, ensuring a well-rounded and multi-actor perspective. Each participant
held at least a bachelor’s degree and had at least 10 years’ professional experience in the bioenergy
industry or the renewable energy sector.

Table 1: Nine-point scale for pairwise comparison

Importance intensity Preference judgement

1 Equally important

3 Moderately important

5 Strongly important

7 Extremely important

9 Extremely more important

Based on the survey responses, the researcher developed pairwise comparison matrices for both the main
criteria and their sub-criteria. Each matrix shows the relative preference of one criterion over another
using the Saaty scale, which helped to calculate their respective weights. The eigenvalue method
determined the relative weights for the main and sub- barriers, expressed as:

AW = Amax X W (1)
where A is the pairwise comparison matrix of size n x n for n criteria, w is the priority vector (the derived

weights), and An.x is the maximum eigenvalue. To ensure the logical consistency of expert judgements,
the analysis calculated the consistency index (Cl) and the consistency ratio (CR) as follows:

cl = (Amax — n) (2)
n—1
_d (3)
CR =71

where n denotes the number of criteria and Rl represents the random index value. Table 2 presents standard
RI values for up to ten criteria. The acceptable consistency threshold is CR < 0.1, while CR = 0 indicates
perfect consistency [22].

Table 2: Saaty’s table for CR calculation

Order of the random matrix | 1 2 3 4 5 6 7 8 9 10
Random index (RI) 0.00 | 0.00 | 0.58 | 0.90 | 1.12 | 1.24 | 1.32 | 1.41 | 1.45 | 1.49

Barriers for AHP were categorised into six main areas - political, economic, technological, social,
environmental, and legal - each with five sub-barriers, revealing complex challenges to the bioenergy
industry growth. Figure 2 shows the barrier hierarchy. These categories and 30 sub-barriers underpinned
the AHP weighting and prioritisation, discussed next.
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Prioritising the barrier to
bioenergy development

Political Economic Social Technological Environmental -
barriers barriers barriers barriers barriers Legal barriers
Pt1. E1. S1. T1. Ent. L1.
— Inconsistent |} High — Low public |+ Technology |[|— Unsustainable ||—< Complicated
policy CAPEX awareness mismatch sources permitting
Pt2. E2. S2. T2. En2. L2. Legal
— Lack of — Lack of — Community |} Feedstock |}— High lifecycle ambi ugit
incentives financing resistance logistics emissions suity
Pt3. E3. S3. T3. En3. L3. Lack
— Poor — Feedstock |[}— Labour skills | Grid — Biodiversity |[— guaranteed
coordination price volatility shortage integration concerns PPAs
Pt4. E4. S4. TA4. En4. L4.
— Fossil fuel |- Biomassvs | Health — Lack of — Poor waste |} Land tenure
focus coal concerns innovation management issues
Pt5. E5. S5. T5. En5. Carbon L5.
—  Political — Unclear — Weak — Maintenance | accounting |~ Inconsistent
instability profitability engagement dependency gaps enforcement

Figure 2: Hierarchical structure of barriers to the bioenergy industry in Indonesia
4. RESULTS AND ANALYSIS

The first step of this study, shown in Table 3, indicated that the overall ranking of barrier categories showed
that the economic barrier was the most critical and disruptive, followed by the legal, political,
technological, environmental, and, finally, social barriers.

The two highest-ranked sub-barriers were high capital costs and complicated permitting, stemming
respectively from the economic and legal categories. The third, fourth, and fifth sub-barriers were
inconsistent government policy on biomass, feedstock price volatility, and lack of explicit financing
instruments. The first fell under the political category, while the last two were in the economic category.

Table 3: The overall ranking of the 30 sub-barriers

Barriers Priority Rank Sub-barrier Consistency Priority Final Rank
weight weight priority

Political 0.189 3 Pt1. Inconsistent policy 0.0829 0.313 0.059 3
Pt2. Lack of incentives 0.223 0.042 9
Pt3. Poor coordination 0.155 0.029 15
Pt4. Fossil-fuel focus 0.123 0.023 22
Pt5. Political instability 0.186 0.035 12

Economic 0.260 1 E1. High capital costs 0.0786 0.243 0.063 1
E2. Lack of financing 0.215 0.056 5
E3. Feedstock price volatility 0.221 0.057
E4. Biomass vs coal 0.162 0.042 8
E5. Unclear profitability 0.159 0.041 11
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Barriers Priority Rank Sub-barrier Consistency Priority Final Rank

weight weight priority

Social 0.106 6 S1. Low public awareness  0.0433 0.148 0.016 27
S2. Community resistance 0.233 0.025 18
S3. Shortage of skilled 0.224 0.024 20
labour
S4. Health concerns from 0.173 0.018 26
emissions
S5. Weak stakeholder 0.221 0.023 21
engagement

Technological 0.125 5 T1. Technology mismatch  0.0782 0.229 0.029 17
T2. Inadequate feedstock 0.256 0.032 13
logistics
T3. Difficulty with grid 0.233 0.029 16
integration
T4. Lack of innovation 0.110 0.014 30
T5. Maintenance 0.171 0.021 24
dependency

Environmental 0.120 4 En1. Unsustainable sources 0.0146 0.389 0.047 6
En2. High lifecycle 0.127 0.015 28
emissions
En3. Biodiversity concerns 0.206 0.025 19
En4. Inadequate waste 0.157 0.019 25
management
En5. Carbon counting gaps 0.121 0.014 29

Legal 0.200 2 L1. Complicated 0.0413 0.311 0.062 2
permitting
L2. Legal ambiguity 0.113 0.023 23
L3. Lack of guaranteed 0.216 0.043 7
PPAs or offtake
agreements
L4. Land tenure issues 0.151 0.030 14
L5. Inconsistent regulation 0.209 0.042 10

When comparing the sub-barriers in each category, inconsistent government policy on biomass ranked
highest in the political category, while high capital costs ranked highest in the economic category;
community resistance or conflict ranked highest in the social category; and inadequate feedstock logistics
ranked highest in the technological category. Under the environmental category, unsustainable feedstock
sources had the highest weight, whereas complicated permitting ranked highest under the legal category.

The dominance of economic, political, and legal factors in the top five of the priority list indicates that
Indonesia’s bioenergy development challenges are more about institutional alignment and financial
structures than about technical readiness. The concentrated emphasis in the economic category further
suggests that policy efforts should not address individual constraints alone but should instead focus on the
interconnections among capital cost structures, financing options, and market pricing mechanisms.

We then moved to the next step of the study by clustering, using K-means based on these AHP results. The
weighted AHP results were then analysed with K-means clustering and PCA visualisation to identify patterns
or groups of experts with similar perceptions. To identify the best number of clusters for grouping experts
based on their AHP-derived priority weights, the analysis used two evaluation metrics: the silhouette score
and the elbow method.
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This clustering process used AHP results from 14 expert respondents from six stakeholder groups:
government, the private sector, SOEs, NGOs, academia, and financial institutions. Its goal was to identify
relational proximity among the respondents - that is, to identify which experts showed similar judgement
patterns and perceptions of priority about the bioenergy industry’s barriers.

0,33 60
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©
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§ 0,29 E 40
20,27 30
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0,25 20
2 3 4 5 2 3 4 5
Number of clusters Number of clusters
() (b)

Figure 3: (a) Silhouette score plot and (b) elbow plot for K-means clustering

The silhouette score plot (Figure 3a) measured cluster cohesion and separation. The score rose from k=2
(=0.26) to k=5 (=0.33), showing that the experts were more similar in clusters. As k increased, clusters
became more distinct, with the highest silhouette at k = 5 indicating an optimal division of expert opinions.

The elbow plot for K-means (Figure 3b) showed total within-cluster variance (inertia) for various k values.
The curve dropped sharply from k=2 to k=4, then slowed, forming an ‘elbow’ at k=4, indicating a balance
between simplicity and explanatory power. But, since the silhouette score improved up to k=5, the analysis
favoured the five-cluster setup.

The K-means clustering analysis using the final AHP weights grouped the experts into five clusters, each
reflecting a pattern of perceptions about barriers to the bioenergy industry in Indonesia. Five clusters
balanced diversity and similarity in AHP behaviours. The cluster interpretation (Figure 4) revealed cross-
sectoral alignments and differences, illustrating how institutional actors viewed the barriers. The heatmap
(Figure 4a) and PCA scatter plot (Figure 4b) clearly distinguished the expert groups by institutional
background and strategies.

Cluster 0 0.232 0.172 0.060

Cluster 1 0.162 0.283 0.071

Cluster 2 0.096 0.170 0.176

Cluster 3 0.237 0.100 0.064 0.074 0.117

Cluster 4 0.157 0.030 0.111 0.040 0.177

(@) The heatmap of average AHP weight
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(b) The PCA scatter plot
Figure 4: (a) The heatmap of average AHP weights and (b) the PCA scatter plot

Cluster 0 highlighted legal and political issues, with experts from government and the private sector citing
complex permitting (L1), unguaranteed offtake agreements (L3), and inconsistent enforcement (L5).
Cluster 1, mainly from the private sector, emphasised the technological and economic problems, such as
poor feedstock logistics (T2) and high capital costs (E1). Cluster 2 valued the environmental, economic,
social, and legal factors, pointing to unsustainable feedstock (En1), waste management problems (En4), and
complex permitting (L1). Cluster 3, led by political concerns, included financial and academic experts who
cited inconsistent policies (Pt1), instability (Pt5), and unclear incentives (Pt2). Cluster 4, focused on
economics, involved SOE and government experts who stressed unclear investment returns (E5).

The results showed diverse expert perceptions. The government groups (Clusters 0 & 4) highlighted legal and
economic barriers; the SOEs (Clusters 2 & 4) focused on technological and economic barriers; academia and
the financial institutions (Cluster 3) highlighted political barriers; the private sector and NGOs (Clusters 0,
1 & 2) identified legal, technological, and environmental barriers. These findings underscored the need for
multi-actor policy coordination to enhance Indonesia’s bioenergy transition into financial viability,
regulation, technology, and the environment.

Along with the K-means clustering analysis, we also examined an open survey question based on the AHP
results to expand on the findings. We then analysed and coded the open-ended responses, identifying
thematic keywords and grouping them into six main categories.

Table 4: Open survey question analysis

No. Role Question 1: Crucial barriers Question 2: Proposed policy
keywords (category) keywords (category)

1 NGO Procurement by PLN (legal) New regulation for SMEs (political)

2 Government Investment return (economic) Incentives; tariff (economic)

3 Academia Tariff; regulation (political, Tariff; incentives; purchase contract
economic) (economic, legal)

4 Government Feedstock availability; Enforcement  Legal certainty; enforcement (legal)
(economic, legal)

5 Private sector Fossil competition; investment; Human resources; incentives;
human resource; permitting; tariff permitting; financing access
(economic, social, legal) (economic, social, legal)

6 Private sector Tariff; regulation (economic, Tariff (economic)

political)
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No. Role Question 1: Crucial barriers Question 2: Proposed policy
keywords (category) keywords (category)

7 State-owned Feedstock availability (economic) Regulatory evaluation (political)

enterprise (SOE)

8 Private sector Procurement by PLN (legal) Government intervention for purchase

contract (legal)

9 Regional SOE Politics; finance (economic, Local technology; community
political) (technological, social)

10  Private sector Regulation; permitting; tariff; Purchase contract; tariff reform;
carbon credit; finance (political, permitting; carbon credit; finance;
economic, legal) wheeling; coordination; cross-subsidy

(legal, economic, political)

11 SOE Tariff; regulation (economic, Tariff reform; purchase contract

political) simplification; export restriction
(economic, legal)

12 Financial Politics; risk (economic, political) Policy harmonisation; tariff reform

institution (political, economic)

13 Government National priority; fossil competition  Political commitment; tariff;
(political, economic)

14  Academia Regulation; lack of incentives; Policy certainty; incentives; permit

finance (political, economic)

simplification (political, economic,
legal)

The analysis showed that economic barriers accounted for the largest share of the responses (54.84%),
mainly because of tariffs and financing. Political barriers (29.03%) were second to regulatory issues. Legal
barriers linked to PLN’s permitting accounted for 12.9%. Social, technological, and environmental factors
were less significant.

The second survey question explored policy recommendations to address the barriers. Most of the responses
(49%) focused on the economic category, with keywords such as incentives, tariff adjustments, and reforms.
Legal policies accounted for 24%, highlighting simplified permitting, transparent PPAs, and legal certainty.
Political measures made up 19%, emphasising inter-agency coordination, commitment, and policy
consistency. Social (5%) and technological (3%) areas were less often mentioned, and no one cited
environmental policies.

13%

3%

55%

= Political
Social

= Environmental

29%

= Economic
= Technology
Legal

(a) The barriers

24 \9%
3% ==
5%
49%
= Political = Economic
Social = Technology
= Environmental Legal

(b) Proposed policy

Figure 5: Expert responses to open-ended questions regarding (a) identified barriers and (b) proposed
policy recommendations.
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The respondents identified economic, legal, and political barriers as the main obstacles to the bioenergy
industry in Indonesia. Economic issues included high capital costs, tariffs, and limited funding. Legal
challenges involved permitting delays and PPA uncertainties. Political barriers arose from policy
inconsistencies and poor inter-agency coordination.

Building on the clustering analysis and survey results, we conducted a root-cause analysis to identify the
most effective policy recommendations for overcoming the identified barriers. The findings showed that

the quantitative approach

(AHP-clustering) and the qualitative method

(open-ended responses)

complemented each other: both indicated that expanding Indonesia’s bioenergy industry would depend on
policies that aligned economic incentives, ensured policy stability, and established legal certainty through
transparent, streamlined regulatory processes.

The study used the ‘5 Whys’ method for root-cause analysis to trace the underlying causes of barriers in
Indonesia’s bioenergy governance, based on the AHP results. The aim was to identify the systemic root
causes that needed targeted policy reforms, turning the AHP findings into actionable insights for
intervention, as shown in Table 5.

Table 5: Root-cause analysis (the ‘5 Whys’)

1

High capital cost
(E1)

2
Complicated
permitting
process (L1)

3

Inconsistent
government
policy on biomass
(Pt1)

4

Feedstock price
volatility (E3)

5

Lack of financing
instruments (E2)

1st Why

The high initial
cost should be
borne entirely by
the investor (high-
risk investment
profile).

2" Why

The risk of the
bioenergy industry
increases, as few
operational
projects limit
local
manufacturing
growth.

3rd Why

There is no
significant
‘project pipeline
to persuade
investors to fund
biomass power
plant
manufacturing
facilities in
Indonesia.

’

Investors navigate
multiple
government
stages and
approvals, each
with unique
procedures and
unpredictable
timelines.

Government
agencies operate
under their own
sectoral laws and
mandates. There
is no lead
coordinator.

No central
authority
harmonises
regulations or
streamlines
licensing between
ministries and
agencies.

Frequent shifts in
national priorities
and overlapping
mandates among
agencies.

No unified, legally
binding national
biomass roadmap
exists as a
standard
reference for all
agencies.

Biomass is not a
core part of the
national energy
security strategy,
especially
compared with
coal and other
renewables.

Prices form in an
unregulated free
market with
seasonal,
fragmented
supply and many

competing buyers.

Domestic biomass
power plants
compete with the
profitable export
market.

International
buyers such as
Japan, South
Korea, and
Thailand are
willing to pay
more, attracting
large suppliers/
exporters.

Financial
institutions view
biomass project
risks as too high,
making them
hesitant to
provide long-term
loans.

Two key
uncertainties
complicate
project cash flow:
revenue risk and
supply chain risk.

No standardised,
bankable power
purchase
agreement (PPA)
from PLN. Biomass
supply chains are
informal,
fragmented, and
lack support from
a mature
industrial sector.
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1 2 3 4 5
High capital cost Complicated Inconsistent Feedstock price Lack of financing
(E1) permitting government volatility (E3) instruments (E2)
process (L1) policy on biomass
(Pt1)
4th Why
Most potential The renewable Policymakers The policy The government

projects get
‘stuck’ or fail
during the early
development
phase.

5th Why

Current policies
do not foster a
virtuous cycle in
which a secure
energy market
(guaranteed PPAs)
attracts many
projects and
investment.

Conclusion

Policy gap in
creating market
certainty

energy
governance
framework is
fragmented, with
mandates spread
among agencies,
lacking clear
hierarchy or
coordination
accountability.

The lack of
political weight of
biomass projects
prevents a
regulatory
breakthrough that
could simplify and
unify bureaucratic
processes.

Absence of high-
level regulatory
mandate

often see biomass
as more expensive
and complex to

scale than coal or
other renewables.

The lack of a fair
national energy
policy between
biomass and fossil
fuels, along with
the absence of
strong policy tools
to reduce
investment risk in
the biomass
sector chain.

Biased energy
policy framework

framework views
biomass
differently
between
ministries, with
the ‘trade
commodity’
perspective
prevailing over
the ‘strategic
energy resource’
view in practice.

The government’s
failure to define
biomass - whether
as a trade
commodity or
energy source -
causes policy
conflicts.

Policy identity
crisis of biomass

and PLN do not
assume key
investment risks,
such as demand
fluctuations, or
develop the
biomass supply
chain, leaving the
financial burden
to the business
owners.

The government’s
neglect of
biomass energy
has resulted in a
lack of political
support for
suitable financial
tools.

Lack of strategic
positioning of
biomass

The analysis identifies five root causes: a policy gap linking guaranteed markets to project pipelines; a lack
of a regulatory mandate to simplify bureaucratic processes; a biased energy policy that favours fossil fuels;
an unclear biomass definition, leading to fragmented governance; and weak strategic prioritisation of
biomass in Indonesia’s energy strategy. These systemic issues highlight the need for comprehensive policy
reforms to address governance failures and to unlock bioenergy potential.

5.  POLICY IMPLICATIONS AND RECOMMENDATIONS

This study links the root causes identified through the ‘5 Whys’ analysis to policy options in order to address
the structural issues that hinder the bioenergy industry in Indonesia. Table 6 shows the connection between
barriers, root causes, affected actor groups, and policy responses. Each policy is assighed a code (P1-P10),
indicating its priority and sequence.

The findings reveal complex root causes in institutional, regulatory, financial, and strategic areas,
necessitating a comprehensive policy approach rather than isolated measures. Including actor clusters
should offer insight into stakeholder perspectives, enabling better policy coordination.

The high capital cost barrier mainly stems from a policy gap that affects market certainty and local
manufacturing, especially in Clusters 1 and 4, which face financial and operational risks from biomass
projects. This gap highlights the need for a policy framework that links long-term PPAs to industrial growth
and cost reduction. Proposed policies include establishing long-term PPAs with clear tariffs, viability gap
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funding (VGF) schemes, and incentives for biomass R&D and local manufacturing to mitigate risks,
strengthen supply chains, and lower capital costs.

The complex permitting process (L1) stems from the lack of a high-level regulatory mandate, leaving
biomass projects without enough political authority to bypass bureaucratic delays. Cluster 0 (government
actors) sees fragmented authority and poor inter-agency coordination as key barriers. To address this, high-
level policies are needed: designating biomass as a national strategic project (PSN) via presidential decree
(P3); creating a fast-track licensing system (P4); and forming a cross-ministerial task force with a binding
coordination mandate. These actions would formalise coordination and reduce project lead times.

The barrier to consistent biomass policy (Pt1) is a biased energy framework that favours fossil fuels and
ignores externalities. Cluster 3 highlights the gap between renewable energy goals and implementation.
Reforms should remove fossil-fuel subsidies, implement carbon taxes or levies (P5), and include biomass
goals in the National Energy General Plan and Electricity Supply Business Plan with clear key performance
indices (P6). A biomass risk guarantee fund could boost investor confidence and reduce financial risks.

Feedstock price volatility (E3) stems from a policy identity crisis over biomass, caused by a lack of a unified,
legally binding definition between ministries. This leads to conflicting policies between the trade and
energy sectors. Cluster 4 (SOEs and utilities), which depend on stable feedstock supplies for long-term
agreements, is most affected. To fix this, actions include creating a national biomass roadmap (P7),
establishing export controls such as quotas, bans, or domestic market obligations (P8), and harmonising
regulations between ministries. These measures aim to ensure a consistent supply of feedstock and to
stabilise prices in the long term.

The lack of financing (E2) stems from biomass’s limited role in national energy planning; clusters 4 (SOEs)
and 2 (various actors) involved in bioenergy financing underscored this.

Biomass lacks political and institutional support for funding because it is not a national priority. The
government should issue a presidential instruction to prioritise biomass, direct financial institutions such
as PT Sarana Multi Infrastruktur, Lembaga Pembiayaan Ekspor Indonesia, and Pusat Investasi Pemerintah to
create specialised biomass funding, and to establish green investment platforms and sovereign guarantees.
Carbon pricing revenues could also fund biomass projects and reduce risks.

These ten policy options (P1-P10) form a framework that connects actor perceptions, systemic causes, and
reforms. They highlight political commitment, cross-sectoral coordination, and financial innovation to
advance bioenergy and integrate biomass into Indonesia’s energy transition toward net zero emission 2060.

Table 6: Links between barriers, root causes, and policies

Barrier Root cause Cluster Relevant policy alternatives

High capital cost Policy gap hinders Cluster 1 e Long-term PPAs with a clear

(E1) market certainty and and tariff-setting formula. (P1)
local manufacturing cluster 4 e VGF bridges the cost

competitiveness gap. (P2)

Complicated Absence of high-level Cluster O o Designation of biomass as PSN

permitting process  regulatory mandate through presidential decree.

(L1) (P3)

e Fast-track licensing system across
ministries/agencies. (P4)

Inconsistent Biased energy policy Cluster 3 e Reform fossil-fuel subsidies
government policy  framework and internalise externalities
on biomass (Pt1) (e.g., a carbon tax/levy). (P5)

e Integration of biomass targets
into national electricity with
measurable key performance
index. (P6)
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Barrier Root cause Cluster Relevant policy alternatives

Feedstock price Policy identity crisis of  Cluster 4 o Development of a coherent
volatility (E3) biomass national biomass roadmap (cross-
sectoral). (P7)

e Export regulation to protect the
domestic supply. (P8)

Lack of financing Lack of strategic Cluster 4 e Sovereign guarantees for small-
instruments (E2) positioning of biomass and and medium-scale biomass power
cluster 2 projects. (P9)

e Green investment platforms
(public-private partnership funds).
(P10)

Based on the policy mapping derived from the earlier root-cause analysis, the study has identified ten
priority policy measures (P1-P10). The subsequent policy effectiveness assessment evaluates how each
measure addresses the main barriers, as summarised in the policy-barrier effectiveness matrix (P1-P10 vs
the five priority barriers) in Table 7.

Table 7: Policy effectiveness to barrier matrix (P1-P10 vs barriers 1-5)

Pt |P2 |P3 (P4 [P5 |P6 (P7 | P8 |P9 |P10
SN BN O o O

L1 CEK
Pt1 | @ o ® o o
E3 ) ) ® o
E2 1 @ | @ ® O ® o

e = high effectiveness; © = partial impact; empty cell = low relevance.
The matrix supports prioritising policies with the widest cross-barrier impact.

By examining the distribution of these symbols across the policy columns (P1-P10), it becomes evident that
P1 (long-term PPAs with explicit tariff-setting formulas), P5 (fossil-fuel subsidy reform and internalisation
of externalities), and P3 (designation of biomass as a national strategic project [PSN]) exhibit the broadest
cross-barrier coverage. These three interventions address multiple significant barriers simultaneously, and
demonstrate both strong (e) and partial (©) impacts across several rows, making them the top-priority
policy measures that could cover all barriers. The prioritisation rationale may be summarised as follows:

1. P1 functions as a market certainty, directly enhancing project bankability through long-term
revenue certainty and tariff transparency.

2. P5 strengthens price signals by correcting energy price distortions caused by fossil-fuel subsidies
and by internalising environmental externalities, thereby improving the economic competitiveness
of biomass.

3. P3 establishes a government commitment by reinforcing inter-ministerial coordination,
streamlining licensing procedures, and ensuring priority access to the grid and to fiscal support.

Collectively, these three policies constitute the policy package of entry points for accelerating the
bioenergy industry and implementation in Indonesia. Through such comparative learning, policymakers
could extract evidence-based lessons to verify underlying assumptions, adopt proven best practices, and
foresee implementation risks, thus ultimately developing the most relevant, feasible, and effective
bioenergy policy package for Indonesia.
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6.  DISCUSSION AND CONCLUSIONS

This study combines AHP with clustering analysis to develop a stakeholder-informed framework for
prioritising barriers to the bioenergy industry in Indonesia and linking them to appropriate policy
interventions. Based on the aggregated AHP results from 14 experts, the most critical barrier categories
are economic (0.260), legal (0.200), and political (0.189), while technological (0.125), environmental
(0.120), and social (0.106) barriers are considered less influential. Among the 30 sub-barriers that were
evaluated, the top three are high capital costs (economic), complicated permitting processes (legal), and
inconsistent government policy on biomass (political).

The cluster analysis reveals a structural dilemma among key actors that constrains bioenergy development
in Indonesia. Each stakeholder group faces distinct yet interdependent problems. Financial institutions
perceive policy inconsistency and regulatory uncertainty as significant risks in project financing, and
therefore expect the government to ensure policy continuity and long-term contractual stability to enable
bioenergy projects to meet bankability standards. The government, however, faces its own internal
dilemma: while recognising the importance of policy consistency, it has limited control over high-level
political dynamics - such as parliamentary and inter-ministerial coordination - that determine the direction
of the national energy agenda. Meanwhile, private companies and SOEs view the sector’s current
investment attractiveness as limited compared with other industries. As a result, many investors adopt a
wait-and-see approach until stronger guarantees of stability and clearer incentive structures are in place.
This actor-based approach provides a valuable foundation for designing targeted policy packages that align
with the interests, responsibilities, and constraints of each stakeholder group, thereby facilitating a more
coordinated and credible investment environment for Indonesia’s bioenergy development.

The integration of open-ended expert responses and root-cause analysis (the ‘5 Whys’) further strengthened
the link between barriers and policies, ensuring that the chosen policy tools targeted the fundamental
causes of investment obstacles rather than their surface symptoms. This qualitative enhancement
complements the AHP’s quantitative findings by revealing the causal paths behind each major barrier and
aligning policy actions with the true sources of institutional and market inefficiencies.

The proposed policy package - comprising P1 (long-term PPAs with transparent tariff mechanisms), P3
(designation of bioenergy as a national strategic project), and P5 (fossil-fuel subsidy reform and
internalisation of externalities) - offers a coherent response to this interdependent problem. P1 directly
reduces financial uncertainty and enhances the credibility of investment contracts, addressing the concerns
of financial institutions and investors. P3 provides political weight and regulatory integration by elevating
bioenergy to national strategic status, enabling the government to align inter-ministerial mandates and to
accelerate decision-making. P5 corrects economic distortions in the energy market, improving the relative
competitiveness of bioenergy and thereby enhancing its commercial viability. Together, these policies
would transform the existing stalemate into a mutually reinforcing framework that fosters a credible,
coordinated investment ecosystem for Indonesia’s bioenergy transition.

Taken together, the integrated AHP-clustering root-cause framework offers a repeatable model for future
policy identification and assessment, enabling policymakers not only to rank barrier-specific interventions
but also to customise implementation pathways based on institutional roles and stakeholder expectations.
By applying this multi-actor analytical approach, Indonesia’s bioenergy roadmap could evolve into a more
coordinated, evidence- based, and inclusive policy ecosystem, thereby enhancing the feasibility and
legitimacy of the bioenergy transition.
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