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The imperative transition to decentralized energy systems has catalyzed the positioning of hybrid microgrids that integrate biogas derived from agricultural waste with photovoltaic solar energy as technically and economically viable alternatives for sustainable rural electrification in emerging economies. This systematic review, conducted in accordance with the PRISMA 2020 methodological guidelines, synthesizes scientific evidence from 57 studies indexed in high-impact databases, including Scopus, Web of Science, and ScienceDirect, during the period 2020–2025. The bibliometric analysis reveals a 500% increase in publications, with 79% appearing in first-quartile journals. The technical and economic findings indicate energy costs ranging from USD 0.026 to 0.287/kWh, CO₂ emission reductions of 61% to 96%, and the predominant use of HOMER Pro as an optimization tool in 68% of the studies. Four types of community business models were identified and characterized: agro-energy cooperatives with biomass aggregation, shared ownership schemes with distributed investment, prosumer frameworks with peer-to-peer energy trading, and community energy service companies. The most significant knowledge gap concerns the limited integration of technical optimization approaches with the design of community governance structures. The findings directly contribute to achieving Sustainable Development Goals 7, 12, and 13.
Introduction
The decarbonization imperative has driven interest in hybrid renewable energy configurations for off-grid applications (Babayomi et al., 2022). The valorization of agricultural waste through anaerobic digestion transforms byproducts into dispatchable biogas, thereby contributing to waste management, as documented by Kibria et al. (2024) in Bangladesh, and to distributed generation through optimized supply chains, as analyzed by Zailan et al. (2021) in Malaysia. Biogas-solar hybridization offers operational complementarity: while photovoltaics is intermittent, biogas generators provide dispatchable capacity that stabilizes the energy balance and reduces storage requirements by 25–40%. This reduction has been quantified by Anvari et al. (2025) in solar-biomass systems with storage, corroborated by Hüner (2025) through feasibility analysis in Turkey, and validated by Suraparaju et al. (2025) in their review on energy storage integration. The agricultural energy internet proposes integrating multiple sources through hierarchical control (Fu et al., 2025). The fundamentals of hybrid microgrids have been systematized in the specialized literature (Kamran, 2023).
Empirical evidence supports the technical and economic viability of bioenergy in various contexts. Nawab et al. (2022) documented systems in Pakistan with emission reductions exceeding 80%. Yadav et al. (2025) reported a cost of equity (COE) of 0.112 USD/kWh in India. Cooperative schemes have been characterized in the Bolivian context by Villarroel-Schneider et al. (2023), while Sánchez-Lozano et al. (2025) evaluated trigeneration configurations in Ghana, achieving a COE of 0.29 USD/kWh. The valorization of agro-industrial waste in Brazil has been demonstrated by both Machado et al. (2024) in hybrid biogas-solar systems and Buller et al. (2022) in treatment plants and complemented by Vandenberghe et al. (2022) in their analysis of sugarcane biorefineries. In the Asian context, optimization using metaheuristic algorithms has been explored by Baidya et al. (2025) in Bangladesh, Güven and Mengi (2023) in Turkey, and Herwandi et al. (2023) in Indonesia. Finally, Hua et al. (2022) analyzed peer-to-peer energy trading in China using game theory, an approach complemented by Zhou's (2023) review of energy policies.
However, the literature reveals a fragmentation between studies of technical optimization and those of optimization in socioeconomic dimensions (Trapp and Kanbach, 2021). Research on microgrids assumes predefined ownership structures (Mohseni et al., 2020). O'Connor et al. (2021) identified that 58% of Irish farmers expressed interest in cooperative schemes. Odoi-Yorke et al. (2024) confirmed a 340% growth in publications on business models between 2020 and 2024. Access to energy in developing regions requires adapted approaches, as argued by Mussa (2025) for distributed energy resources, a perspective that complements Kyriakopoulos's (2021) analysis of sustainable energy systems.
The overall objective is to analyze the scientific output on biogas-solar integration in microgrids, with an emphasis on community business models. The specific objectives are: (SO1) to characterize bibliometric trends from 2020 to 2025; (SO2) to synthesize technical approaches; and (SO3) to identify community business models. This research contributes to SDGs 7, 12, and 13.
Materials and methods
Systematic review according to the PRISMA 2020 guidelines (Page et al., 2021). Search in Scopus, Web of Science, and ScienceDirect (August 2025–December 2025): ("biogas" OR "anaerobic digestion" OR "biomass") AND ("solar" OR "photovoltaic") AND ("microgrid" OR "hybrid system") AND ("rural" OR "community" OR "business model"). Filters: 2020–2025, English/Spanish, original articles and reviews. Inclusion criteria: biogas-solar hybrid systems, techno-economic analysis, performance indicators, Q1–Q3 journals. Exclusion criteria: theoretical studies without validation or hybridization, proceedings, and grey literature.
Initial search: 847 records (Scopus: 412; WoS: 298; ScienceDirect: 137). After removing 156 duplicates, 691 were screened by title/abstract, of which 523 were excluded. The 168 articles evaluated in full text were reduced to 57: absence of hybridization (n=45), lack of technical-economic analysis (n=38), non-rural context (n=18), outside the time frame (n=10). Extracted variables: bibliometric, methodological, technical, economic, environmental, and robustness.
Results and Discussion 
Bibliometric Characterization (OE1)
Exponential growth: 3 (2020), 6 (2021), 8 (2022), 11 (2023), 11 (2024), 18 (2025), a 500% increase. Distribution: Q1: 79% (n=45); Q2: 12% (n=7); Q3: 5% (n=3); books: 4% (n=2). Main journals: Energy Conversion and Management (n=6, FI=10.4), Renewable Energy (n=4, FI=8.7), Journal of Cleaner Production (n=4, FI=11.1), Applied Energy (n=3, FI=11.2). Geography: Asia 52% (India: 9, China: 7, Bangladesh: 5, Pakistan: 4), Africa 18% (Nigeria: 4, Egypt: 3), Latin America 9% (Brazil: 4). WoS citations: 1,547 (mean 27.1). Table 1 presents the summary of the indicators.
Table 1: Synthesis of studies: bibliometrics (OE1), technical approaches (OE2), business models (OE3)
	Reference
	Q/FI
	Country
	Config.
	COE
	CO₂
	Tool.
	Model
	Rob.

	Yadav et al., 2025
	Q1/9.0
	India
	PV/Wind/BG/Bat
	0.112
	71%
	HOMER
	Community
	High

	Hüner, 2025
	Q1/10.4
	Türkiye
	PV/BG/H₂/Bat
	0.209
	95.8%
	HOMER
	Prosum
	High

	Baidya et al., 2025
	Q1/7.1
	Bangladesh
	PV/BG/Wind/Bat
	0.195
	80.6%
	HOMER
	Community
	High

	Ali et al., 2025
	Q2/2.5
	Bangladesh
	PV/Wind/BG/Grid
	0.026
	76%
	HOMER
	Coop
	High

	Sánchez-Lozano, 2025
	Q1/11.2
	Ghana
	PV/Gasif/CHP
	0.287
	93.8%
	Model.
	ESCO
	High

	Kaur et al., 2025
	Q1/8.0
	India
	PV/BG(pretr.)
	0.080
	75%
	HOMER
	Coop
	High

	Khan et al., 2025
	Q1/8.1
	Pakistan
	PV/FC/BG
	0.410
	N/R
	HOMER
	Prop.C.
	High

	Amorim et al., 2025
	Q1/3.9
	Brazil
	PV/Wind/BG
	Var.
	45%*
	MINLP
	Prosum
	High

	Ji et al., 2025
	Q1/10.4
	China
	Wind/PV/BM/ESS
	Red.
	22%**
	EMD-SSA
	Community
	High

	Gaurav et al., 2025
	Q1/8.1
	India
	PV/BM/H₂/Bat
	Var.
	N/R
	MCDM
	Prop.C.
	High

	Emam et al., 2025
	Q1/9.4
	Egypt
	PV/BM/Bat
	Opt.
	N/R
	ECA
	Community
	High

	Assouo et al., 2025
	Q1/9.0
	Cameroon
	PV/BM/Bat/PHS
	Var.
	N/R
	HOMER
	ESCO
	High

	Gul et al., 2023
	Q1/8.7
	Italy
	PV/Hydro/BM
	0.067
	78%
	Optim.
	Coop
	High

	Savvakis et al., 2023
	Q1/11.1
	Greece
	PV/Wind/AD/CHP
	0.153
	63%
	TOPSIS
	ESCO
	High

	Güven and Mengi, 2023
	Q1/11.1
	Türkiye
	Wind/PV/BM/FC
	Opt.
	N/R
	ASO
	Community
	High

	Villarroel et al., 2023
	Q1/10.4
	Bolivia
	PV/BG/Bat
	0.120
	65%
	HOMER
	Coop
	High

	Wei et al., 2023
	Q1/6.7
	China
	BG-CHP/PV/EV
	N/R
	Sign.
	MOO
	Prosum
	High

	Mwakitalima, 2023
	Q2/2.1
	Tanzania
	PV/BG/Bat
	0.180
	N/R
	HOMER
	Community
	Mean

	Herwandi et al., 2023
	Q3/1.2
	Indonesia
	PV/BM/Grid
	N/R
	N/R
	HOMER
	Community
	Mean

	Hua et al., 2022
	Q1/9.0
	China
	PV/BG/CHP
	N/R
	N/R
	T.Games
	P2P
	High

	Nawab et al., 2022
	Q1/3.9
	Pakistan
	PV/BG/Bat
	N/R
	80%
	HOMER
	Community
	High

	Buller et al., 2022
	Q1/8.7
	Brazil
	PV/Gasif/BG
	0.030
	N/R
	HOMER
	ESCO
	High

	Okonkwo et al., 2022
	Q2/3.0
	Nigeria
	PV/BG/Bat
	0.145
	N/R
	HOMER
	Community
	Mean

	Herc et al., 2022
	Q1/9.0
	Croatia
	Multi-RE/V2G
	N/R
	N/R
	EPlan
	Prosum
	High

	Gamil et al., 2021
	Q1/11.7
	Egypt
	PV/Wind/BM/Grid
	N/R
	N/R
	MOO
	Coop
	High

	Ullah et al., 2021
	Q1/8.7
	Pakistan
	Sun/Wind/Hyd/BM
	$10.9M
	408kg
	F-MCDM
	Prop.C.
	High

	Mohseni et al., 2020
	Q1/11.2
	New Zealand
	PV/Wind/H₂/FC
	0.090
	N/R
	MFO
	Prosum
	High

	Delina et al., 2020
	Q1/8.5
	Philippines
	Multi-RE
	N/R
	N/R
	Qualitative
	ESCO
	High


Note: Q=Quartile; FI=Impact Factor. BG=Biogas; Bat=Battery; Gasif=Gasification; FC=Fuel ​​Cell; CHP=Cogeneration; BM=Biomass; ESS=Storage. Coop.=Cooperative; Prop.C.=Shared Ownership; Prosum.=Prosumer; Comunit.=Community. *Cost Reduction. **Sustainability Index Improvement. N/R=Not Reported
Technical approaches (OE2)
Analysis of the optimization methodologies used in the 57 studies shows that HOMER Pro has consolidated as the predominant tool, appearing in 68% of investigations. This is attributable to its ability to model complex hybrid configurations through multiparametric sensitivity analysis. However, an emerging trend toward metaheuristic algorithms is evident, offering greater flexibility for multi-objective optimization. These include Particle Swarm Optimization applied to rural systems in Nigeria (Adebayo et al., 2025), Moth-Flame Optimization for microgrids with hydrogen storage in New Zealand (Mohseni et al., 2020), and Atom Search Optimization in wind-solar-biomass configurations in Turkey (Güven and Mengi, 2023). Technical and economic indicators document levelized energy costs ranging from USD 0.026/kWh for grid-connected systems in Bangladesh (Ali et al., 2025) to USD 0.287/kWh for trigeneration configurations in Ghana (Sánchez-Lozano et al., 2025), with a median of USD 0.12/kWh for isolated systems, making them competitive with conventional rural tariffs. Carbon dioxide emission reductions range from 61% to 96%, with the highest values achieved through the integration of green hydrogen storage (Hüner, 2025). The operational complementarity between intermittent photovoltaic generation and dispatchable biogas enables a 25% to 40% reduction in battery storage capacity requirements (Anvari et al., 2025), offering significant technical and economic advantages. Among thermochemical conversion technologies, biomass gasification achieves conversion efficiencies exceeding 38%, compared with conventional pyrolysis (Irshad et al., 2024). Additionally, thermal pretreatment of substrates using solar collectors increases biogas production by 33%-35% by optimizing anaerobic digestion conditions, as demonstrated by Makamure et al. (2024) in digesters with solar thermal control. This finding is consistent with the results of Samadamaeng et al. (2024) in pretreatment systems in Thailand. Advances in control systems include FOPID controllers optimized using Bayat algorithms, which significantly improve frequency stability in isolated microgrids (Bashishtha et al., 2025). Meanwhile, cogeneration using chemically recovered gas turbines increases overall system efficiency by utilizing waste heat from exhaust gases (Su et al., 2020).
Community business models (OE3)
The synthesis of institutional arrangements documented in the literature allowed for the identification and characterization of four typologies of community business models for hybrid biogas-solar microgrids. The first typology refers to agro-energy cooperatives that aggregate residual biomass from multiple agricultural producers, with benefits distributed proportionally to each member's contribution. This model has been successfully implemented in diverse contexts: Gamil et al. (2021) documented its application in residential microgrids in Egypt with demand response; Villarroel-Schneider et al. (2023) analyzed its operation in Bolivian dairy cooperatives; Ali et al. (2025) evaluated its technical and economic viability in Bangladesh with grid connection; Kaur et al. (2025) studied its integration with agricultural waste pretreatment in India; and Gul et al. (2023) examined their contribution to net-zero emissions in Italy through the integration of hydroelectric and biomass sources. The second typology comprises shared ownership schemes, characterized by distributed investment among community members, with proportional participation in costs and benefits, documented in energy security studies (Khatod et al., 2022) and in specific applications in Pakistan, where Ullah et al. (2021) applied fuzzy multi-criteria analysis for the optimal selection of configurations, while Khan et al. (2025) incorporated hydrogen-based systems, complemented by the evaluation of Gaurav et al. (2025) in India using multi-criteria decision methods. The third typology encompasses prosumer models enabled by peer-to-peer energy trading platforms that allow users to generate, consume, and trade surplus electricity. Zhou (2023) analyzed this configuration in the context of the transition to carbon neutrality, while Babayomi et al. (2022) examined its applicability in developing countries. In Asia, Hua et al. (2022) developed multi-energy trading strategies based on game theory in China, and Wei et al. (2023) modeled rural cogeneration systems with electric vehicles. In Europe and Oceania, Hüner (2025) evaluated hydrogen storage systems in Turkey, Mohseni et al. (2020) optimized microgrids using metaheuristic algorithms in New Zealand, and Herc et al. (2022) analyzed vehicle-grid integration in Croatia. In Latin America, Amorim et al. (2025) applied mixed nonlinear programming for residential optimization in Brazil. The fourth typology encompasses community energy service companies (ESCOs) that finance, operate, and trade energy through fee-for-service schemes. Delina et al. (2020) documented this model in resilient systems in the Philippines, Savvakis et al.(2023) analyzed it in the Greek food industry using TOPSIS analysis, Sánchez-Lozano et al. (2025) evaluated trigeneration configurations in Ghana, Buller et al. (2022) studied its application in Brazilian treatment plants, and Assouo et al. (2025) examined its viability in equatorial climates of Cameroon. It is worth noting that hybrid approaches that combine elements of multiple typologies are particularly relevant for contexts of institutional fragility and post-conflict reconstruction, where adaptive flexibility is a fundamental requirement (Thiak and Hira, 2024).
Discussion
The 500% publication volume increase during 2020-2025, with 79% of studies in first-quartile journals, indicates field consolidation as a high-impact research area, while geographic distribution in Asia (52%) and Africa (18%) reflects intrinsic relevance for emerging economies with persistent energy access gaps (Khatod et al., 2022). Geographic information systems mapping has facilitated territorial planning, with Yang et al. (2023) developing biogas potential maps in China and Okedu et al. (2024) evaluating biomass and hydropower in Nigeria, while sectoral reviews by Salah et al. (2022) and Majeed et al. (2023) corroborate this trajectory. The documented levelized energy cost range of USD 0.026-0.287/kWh confirms economic competitiveness, HOMER Pro predominance in 68% of studies demonstrates methodological consolidation, and metaheuristic algorithms' emergence indicates trends toward sophisticated optimization approaches. Carbon dioxide emission reductions of 61%-96% demonstrate decarbonization potential, while operational complementarity between photovoltaic and biogas enables a 25%-40% reduction in battery storage requirements, as shown by Chaudhary et al. (2023) for rice straw biogas and Chen et al. (2024) for urban food waste integration.
The four identified community business model typologies provide a robust taxonomic framework: agro-energy cooperatives with proportional profit-sharing; shared-ownership schemes that facilitate access to capital; prosumer models on peer-to-peer platforms, driven by smart metering and blockchain; and community energy service companies under fee-for-service schemes. However, persistent fragmentation between technical optimization and business model design replicates conceptual disarticulation noted in green entrepreneurship literature (Trapp and Kanbach, 2021). Effective hybrid biogas-solar microgrid design requires integrated frameworks considering component optimization, governance structures, adapted financing mechanisms, and equitable benefit distribution, as emphasized by Kyriakopoulos (2021) on low-carbon technologies, Kamran (2023) on hybrid microgrid fundamentals, and Mussa (2025) on distributed energy resources for developing regions. Integrated biorefineries that process agricultural waste to produce biogas, biofertilizers, and value-added materials represent productive diversification opportunities (Vandenberghe et al., 2022), while peer-to-peer trading through decentralized platforms offers emerging opportunities for rural prosumers (Zhou, 2023).

Conclusions
This systematic review analyzed 57 indexed studies (2020-2025) on biogas-solar integration in rural microgrids and successfully met the stated objectives. Regarding objective 1 (bibliometric characterization), an exponential growth of 500% in publications was observed during the period analyzed, with a predominance of Q1 journals (79%, n=45) and a geographic concentration in Asia (52%) and Africa (18%), confirming the consolidation of the field as a high-impact research area geared towards emerging economies.
Regarding OE2 (technical approaches), HOMER Pro was identified as the predominant tool (68%), complemented by emerging metaheuristic algorithms (PSO, MFO, ASO). Technical-economic indicators revealed levelized energy costs ranging from 0.026 to 0.287 USD/kWh (median 0.12 USD/kWh for off-grid systems), with associated CO2 emission reductions.2from 61 to 96%. The operational complementarity of biogas and solar power reduced storage requirements by 25-40%, while solar substrate pretreatment increased biogas production by 33-35%.
Regarding OE3 (community business models), four distinct typologies were identified and characterized: (1) agro-energy cooperatives with biomass aggregation and proportional profit sharing; (2) shared ownership schemes with distributed investment; (3) prosumer models with peer-to-peer energy trading; and (4) community energy service companies (ESCOs) with a service fee. The 340% growth in publications on business models (2020–2024) confirms their recognition as a critical factor for the sustainability of these systems.
The main knowledge gap identified is the limited integration of technical optimization approaches and community governance design frameworks. This fragmentation hinders the scaling up of integrated solutions. The findings directly contribute to achieving Sustainable Development Goals 7 (affordable and clean energy), 12 (responsible consumption and production), and 13 (climate action). Future research should prioritize developing methodological frameworks that integrate the technical, economic, and governance dimensions, validated through longitudinal case studies in rural communities in developing countries.
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