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The transition towards a circular bioeconomy requires integrated energy systems capable of simultaneously
addressing environmental, economic, and organizational dimensions of sustainability. Decentralized hybrid
biogas—solar microgrids offer a pathway to reduce greenhouse gas emissions while fostering rural development,
yet their adoption depends on factors beyond techno-economic optimization. This study analyses causal
relationships among business acceptance (BA), business economic viability (BEV), circular bioeconomy
orientation (CBO) and contribution to emission reduction (CER) in hybrid biogas—solar microgrids. A
quantitative, cross-sectional design was adopted, applying Partial Least Squares Structural Equation Modelling
(PLS-SEM) to survey data from 70 agribusiness and waste-management companies with technical potential for
microgrid adoption, using 5,000 bootstrap subsamples. Results confirmed that CBO significantly predicts BA (8
=0.585, p < 0.001, = 0.520) and that BA is a strong antecedent of BEV (8 = 0.763, p < 0.001, f2 = 1.391), with
CBO also directly predicting CER (B = 0.662, p < 0.001, f2 = 1.002). However, neither BEV nor BA translated
directly into perceived CER, and the indirect path BA — BEV — CER was non-significant, revealing a decoupling
between economic and environmental dimensions at the pre-implementation stage. The findings suggest that
emission reductions in hybrid microgrids behave as emergent, operation-dependent outcomes rather than as
ex-ante organizational perceptions, and that policy interventions should sequentially strengthen circular
orientation, technological acceptance, and economic demonstration. The study contributes an empirically
validated model that supports planning and decision-making for decentralized energy systems in agro-industrial
contexts.
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1. Introduction

The circular bioeconomy integrates resource circularity with sustainable bioenergy production, requiring low-
carbon inputs, sustainable supply chains, and conversion technologies that maximize organic waste valorization
(Vandenberghe et al., 2022). The current critical decade for climate action demands integrated cross-sectoral
approaches that enable profound transformations (Kilkis et al., 2024). Decentralized energy systems such as
microgrids, virtual generation plants, and storage systems materialize circular bioeconomy principles at the
enterprise level, reshaping energy networks toward flexible, consumer-centric models (Rehman et al., 2026).
Sectoral integration that couples energy, agricultural, and industrial processes enables synergies that exceed
the sum of individual benefits while balancing the variability of renewable sources (Schipfer et al., 2026). Hybrid
biogas-solar microgrids offer highly complementary configurations for environments with available residual
biomass. Their sustainable hybridization rests on three pillars: modular technological integration, advanced
control strategies with automated energy management, and life cycle-based sustainability assessment (Anvari
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et al., 2025). Hybrid photovoltaic-biogas-battery arrangements achieve renewable penetration rates exceeding
80% with competitive levelized costs in off-grid scenarios (Buller et al., 2022). Effective adoption depends on
factors beyond technical optimization. Business acceptance involves interacting with technical, economic,
regulatory, and social dimensions requiring coordinated interventions (Bendig et al., 2025). Companies with
managerial knowledge of circular economy principles and implemented circular practices demonstrate greater
receptiveness to waste valorization technologies (Danish and Senjyu, 2023).

Previous research focused predominantly on techno-economic optimization, with limited empirical evidence
examining business acceptance, economic viability, and emissions reduction from an integrated causal
perspective. Partial Least Squares Structural Equation Models enable simultaneous analysis of direct, mediated,
and moderated effects, integrating technical, economic, and organizational variables (Kilkis et al., 2023).

This study analyses causal relationships among business acceptance of hybrid biogas—solar microgrids (BA),
perceived business economic viability (BEV), circular bioeconomy orientation (CBO), and expected contribution
to emission reduction (CER) for agribusiness and waste-management companies, bridging technical and
behavioral perspectives in distributed renewable-energy evaluation.

2. Theoretical Framework
2.1 Circular Bioeconomy Applied to Decentralized Energy Systems

The circular bioeconomy operationalizes energy recovery from organic waste alongside the closure of material
cycles in production systems, transcending the linear substitution of fossil fuels (Vandenberghe et al., 2022).
Decentralized systems materialize these principles by leveraging local resources: mathematical programming
of biowaste valorization routes (Giuliano et al., 2024) and sector-coupling analyses (Schipfer et al., 2026) show
synergies that exceed the sum of individual benefits, motivating the treatment of hybrid microgrids as
sociotechnical systems where technical, economic, and organizational variables interact to shape adoption
outcomes.

2.2 Hybrid biogas—solar microgrids: technical configuration and storage

Hybrid biogas—solar microgrids combine the programmable availability of biogas with the diurnal profile of
photovoltaic generation, improving operational stability and reducing storage requirements compared with
purely intermittent configurations.

A biomass-based hybrid biogas—solar microgrid implies three complementary storage layers: (i) biomass
storage for feedstock buffering prior to anaerobic digestion, (ii) biogas storage—typically low-pressure
gasholders—to decouple digestion kinetics from energy demand, and (iii) electrochemical energy storage to
integrate photovoltaic variability with dispatchable biogas generation (Anvari et al., 2025; Cosenza et al., 2025).
Optimal design requires maximizing the renewable fraction, minimizing operating costs, ensuring reliable supply,
and efficiently managing these heterogeneous storage stages (Cosenza et al., 2025).
Photovoltaic—biogas—battery arrangements achieve renewable penetration rates exceeding 80 % with
competitive levelized costs in decentralized electrification scenarios (Buller et al., 2022), and their contribution
to decarbonization operates through direct substitution of fossil fuels, methane capture from organic waste, and
emissions reduction from waste transport and disposal (Kilkis et al., 2024).

2.3 Economic viability as a systemic variable

Economic viability extends beyond traditional financial indicators to reflect perceptions of profitability, access to
financing, and compatibility with circular business models, consistent with the multi-criteria nature of investment
decisions in distributed energy infrastructure (Monzer and Bouallou, 2023).

Circular business models act as enablers by internalizing benefits traditionally externalized: integrating circular
principles transforms waste from an environmental liability into an energy asset, altering the value equation of
hybrid microgrids and catalyzing technological innovation (Danish and Senjyu, 2023).

2.4 Organizational acceptance as an enabling factor

Organizational acceptance is a soft constraint that shapes feasibility beyond techno-economic optimization:
perceived operational benefits, assessments of technological risks, and willingness to engage in collaborative
schemes are measurable dimensions that predict adoption behavior (Bendig et al., 2025).

Organizational orientation towards circular principles moderates this relationship, as companies with managerial
knowledge of circular practices are more receptive to waste-valorization technologies (Kilkis et al., 2023),
making the determinants of acceptance particularly relevant for designing policies that accelerate the diffusion
of decentralized energy systems in the current critical decade for climate action.
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2.5 Structural Equation Models in Energy Engineering

PLS-SEM is an appropriate methodological tool for analyzing complex causal relationships in systems where
technical, economic, and organizational variables interact simultaneously, as it allows the specification of
models with latent constructs measured by multiple indicators, the evaluation of direct and indirect effects, and
the examination of moderating interactions (Hair et al., 2019). The Partial Least Squares technique is particularly
suited to exploratory models with moderate sample sizes (Obaideen et al., 2022), and its use here is justified
by the need to operationalize complex constructs such as business acceptance and circular orientation, to
assess economic mediation and organizational moderation, and to generate predictive implications for
technology diffusion in the energy sector.

3. Methodology

The study adopts a quantitative, explanatory, and cross-sectional design to analyze causal relationships using
Partial Least Squares Structural Equation Modeling (PLS-SEM). This technique is appropriate given the
exploratory—explanatory nature of the model, the presence of latent constructs, and the need to evaluate direct,
mediating, and moderating effects simultaneously (Hair et al., 2019). The structural model specifies four
constructs: Business Acceptance (BA) as an exogenous variable, Business Economic Viability (BEV) as a
mediator, Contribution to Emission Reduction (CER) as a focal endogenous variable, and Circular Bioeconomy
Orientation (CBO) as an exogenous variable and moderator. Seven hypotheses are tested: H1 (BA — BEV),
H2 (BEV — CER), H3 (BA — CER), H4 (CBO — BA), H5 (CBO x BA — CER, moderation), H6 (BA — BEV —
CER, indirect effect) and H7 (CBO — CER, direct). The model's graphical representation is shown in Figure 1.
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Figure 1: Structural equation model with path coefficients and p-values (in parentheses) for the seven
hypothesized relationships between Business Acceptance (BA), Business Economic Viability (BEV),
Contribution to Emission Reduction (CER), and Circular Bioeconomy Orientation (CBO). R?values are displayed
within each endogenous construct. The dotted line represents the moderation effect (CBO x BA — CER). Outer
loadings p-values are shown next to each indicator. The direct effect CBO — CER (B = 0.662, p < 0.001) is
estimated in the model, although not rendered as a separate arrow in the figure for visual clarity (see Table 1).
Bootstrap: 5,000 subsamples. SmartPLS 4.0.

All constructs were operationalized as reflective latent variables measured on five-point Likert scales. BA
comprises indicators of perceived benefits, assessed risks, and collaborative intention (11 items initially
developed); BEV includes profitability expectations, access to financing, and compatibility with circular business
models (10 items); CER captures expectations of carbon-footprint reduction, fossil-fuel substitution, and waste
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valorization (5 items); and CBO measures managerial knowledge, strategic commitment, and the
implementation of circular practices (9 items). Following Hair et al. (2019), items with outer loadings below 0.708
were iteratively removed, resulting in a refined measurement model of 22 retained indicators (BA: 5 items, BEV:
6 items, CER: 5 items, CBO: 6 items). The sample (n = 70) comprises agribusiness and waste-management
companies with technical potential to adopt biogas—solar microgrids, meeting the PLS-SEM minimum sample
size criterion of 10 times the largest number of structural paths directed at any construct (Hair et al., 2019).
Estimation followed a two-stage protocol. The measurement model was evaluated using the thresholds
recommended by Hair et al. (2019): outer loadings > 0.708, composite reliability pc > 0.70, average variance
extracted AVE > 0.50, and HTMT ratio < 0.85 for discriminant validity; the Fornell-Larcker criterion was
additionally examined as a complementary test. The structural model was assessed using internal model
collinearity (VIF < 5), path coefficient significance (p < 0.05), coefficient of determination (R?), effect size (),
and the standardized root mean square residual (SRMR) for overall model fit. Mediating and moderating effects
were estimated using a percentile bootstrap with 5,000 subsamples, and post-hoc statistical power was
assessed for each hypothesized path. Analyses were performed with SmartPLS 4.0.

4. Results and Discussion

The measurement model demonstrated adequate psychometric properties. Outer loadings ranged from 0.740
to 0.867, all exceeding the 0.708 threshold (Hair et al., 2019). Internal consistency was confirmed by Cronbach's
a (0.833-0.874), composite reliability pa (0.839-0.885), and pc (0.882—0.907); average variance extracted
(AVE) ranged from 0.591 to 0.662, thereby establishing convergent validity. Discriminant validity was supported
by the Fornell-Larcker criterion (VAVE values on the diagonal exceeded all inter-construct correlations) and by
HTMT ratios below 0.85 for five of six construct pairs. The CBO—CER pair showed an HTMT of 0.928,
exceeding the conservative threshold; however, the Fornell-Larcker criterion was satisfied, indicating
conceptually distinct but empirically correlated constructs, given that circular orientation and emissions-
reduction expectations share a common cognitive origin in the same respondent. The structural model showed
no critical collinearity (inner VIF: 1.00-2.83; outer VIF: 1.00-3.02), all below the 5.0 threshold. Model fit was
acceptable, with SRMR = 0.105, approaching the commonly reported 0.10 upper bound for PLS-SEM models
(Hair et al., 2019). The model explained substantial variance in all endogenous constructs: R? = 0.342 for BA,
R? = 0.582 for BEV, and R? = 0.748 for CER. The structural model results for the seven hypotheses are
summarized in Table 1.

Table 1: Structural model results (7 hypotheses, bootstrap 5,000 subsamples)

Hypothesis Relationship B t p Cl195%][2.5;97.5] f Decision
H1 BA — BEV 0.763 13.42 <0.001 [0.644; 0.865] 1.391 Supported
H2 BEV — CER 0.196 1.72 0.085 [-0.014;0.436] 0.054 Not supported
H3 BA — CER 0.086 0.89 0.374 [-0.083; 0.301] 0.012 Not supported
H4 CBO — BA 0.585 6.13 <0.001 [0.405;0.775] 0.520 Supported
H5 CBO x BA — CER 0.026 0.41 0.680 [-0.113;0.133] 0.002 Not supported
H6 BA — BEV — CER (indirect) 0.150 1.75 0.080 [-0.011;0.329] — Not supported
H7 CBO — CER 0.662 6.42 <0.001 [0.430;0.829] 1.002 Supported

Note. B = standardized path coefficient; t = t-statistic from bootstrap with 5,000 subsamples; CI = percentile
confidence interval; > = Cohen's effect size (0.02 small, 0.15 medium, 0.35 large). H6 is an indirect effect; f? is
not reported for indirect paths.

The confirmation of H1 (BA — BEV), H4 (CBO — BA), and H7 (CBO — CER) establishes a pattern consistent
with the literature on renewable-technology adoption in organizational contexts. The robust effect of circular
bioeconomy orientation on technological acceptance aligns with Nayha (2019), who identified organizational
culture as an essential intangible resource for the transition to circular models in the bioenergy sector, and with
Muscat et al. (2021), who argued that organizations drive change through value-chain interventions and access
to information on circular practices. The BA — BEYV relationship confirms that favorable perceptions of hybrid
microgrids improve economic-viability assessments, consistent with de Jesus and Mendonga (2018), who
showed that perceived economic barriers decrease when organizational predisposition towards eco-innovations
is present. The direct effect of CBO on CER (H7) is the strongest standardized predictor of environmental
expectations in the model (8 = 0.662, f2 = 1.002), suggesting that the cognitive framing of circular principles
shapes emissions-reduction expectations directly, without requiring the economic-viability intermediary step.
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This finding reinforces the role of circular orientation as a structural enabler that operates across both
technological and environmental evaluations.

The non-significance of H2, H3, H5, and H6 exposes a decoupling between pre-implementation economic and
environmental perceptions. Two complementary mechanisms explain this pattern: first, the temporal lag
documented by Nesta et al. (2014) as a structural feature of renewable-energy innovation, whereby
environmental effects emerge over horizons that exceed decision-makers' ex-ante perceptions; and second, the
operational dependence of quantifiable emissions reductions on stable operating periods (Calise et al., 2021).
At the systemic level, emission reductions are emergent properties of the operational energy infrastructure
rather than cognitive predictors (Hafiz et al., 2019). Additionally, post hoc power analysis indicates that at n =
70, the power to detect small-to-moderate effects (such as H2, H3, and H5) is limited, which should be
considered when interpreting the non-significant paths.

Practical and policy implications

These findings translate into three actionable insights for the planning of decentralized bioenergy systems. First,
demand-side interventions should prioritize strengthening circular bioeconomy capacities in agribusinesses—
managerial training, waste-audit programs, and circular-practice certification—because CBO operates
simultaneously as the upstream enabler of technological acceptance (H4) and the strongest direct predictor of
environmental expectations (H7). Second, financial instruments should be structured around demonstrated
economic viability (revolving funds, guarantee schemes, pay-for-performance contracts) rather than relying on
ex-ante environmental expectations, since perceived economic viability does not predict perceptions of
emissions reductions at the pre-implementation stage. Third, emissions reductions should be evaluated using
post-implementation performance indicators for operational microgrids (monitored methane capture, displaced
grid electricity, avoided waste-transport emissions) rather than adoption intentions, to inform results-based
policy design for the energy transition in agro-industrial contexts.

5. Conclusions

This study shows that the adoption of hybrid biogas—solar microgrids in agribusinesses follows distinct causal
pathways for economic and environmental outcomes. Circular bioeconomy orientation operates as a dual
enabler, predicting both business acceptance (B = 0.585, p < 0.001) and perceived emission reductions directly
(B =0.662, p < 0.001), while acceptance, in turn, robustly predicts perceived economic viability (8 = 0.763, p <
0.001, 2 =1.391). In contrast, neither acceptance nor economic viability directly predicts emission reductions,
and the indirect mediation path is non-significant, indicating that pre-implementation economic and
environmental perceptions are decoupled. Methodologically, PLS-SEM captures organizational-perceptual
relationships that conventional techno-economic analyses do not address. The cross-sectional design, single-
region scope, and sample size (n = 70) limit the detection of small effects and the tracking of post-implementation
dynamics; future research should incorporate longitudinal designs comparing ex-ante perceptions with
operational performance indicators, multi-group analyses across sectors and enterprise scales, and the
integration of public-policy and green-finance variables.
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