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Abstract: This systematic review summarizes the current state of the art on the application of Multi-
Carrier Energy Communities (LMCECs) that incorporate operational flexibility and multi-dimensional
uncertainty into the energy system by using Multi-Criteria Decision Making (MCDM) and
mathematical optimization models. The shift towards decentralized, multi-vector energy networks
including electricity, thermal energy, and green hydrogen present a challenge to effectively balance
competing economic, environmental, and technical considerations as energy systems evolve from
centralized fossil fuel-based to decentralized multi-vector networks. This paper collates the literature
obtained from the peer reviewed and available databases, and examines the evolution of decision
frameworks from static modelling approaches such as MCDM (AHP, TOPSIS) to dynamic and
stochastic hybrid approaches (MEREC, RAFSI, IGDT-MCDM). Key findings include the importance
of hybrid architectures in the mitigation of rank reversal, market price volatility and the integration of
[flexibility up the supply chain.

Lastly, the paper discusses the existing structural shortcomings and offers directions for future studies
in real-time, Al-supported energy management.
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L. INTRODUCTION

The global need for deep decarbonization has also driven the shift from a traditional and centralized power system to
multi-vector and localized power systems [1]. Local Multi-Carrier Energy Communities (LMCECs) are a combination
of different energy carriers such as electricity, natural gas, district heat and cooling, and green hydrogen to increase
energy system efficiency, resilience and sustainability [2, 3]. These systems enable considerable flexibility from the
demand side of interconnected microgrids [2,4] when combined with short term battery storage and long-term
thermal/hydrogen storage. But there is a considerable complexity in the operation of LMCECs [3]. The multi-
dimensional decision making in a system with deep parametric uncertainties due to the variability of renewable energy
resources, variable energy market prices and changing consumer demand patterns must be made by system operators
[4, 5].

The traditional optimization models are mainly single objective optimization models such as economic dispatch [6] or
minimization of operational cost. On the other hand, classic Multi-Criteria Decision-Making (MCDM) methods give
attention to the preferences of the various stakeholders based on conflicting economic, environmental and technical
indicators, and are mainly used with fixed parameters [7, 8]. To fill this gap, in recent years, hybrid MCDM-
optimization frameworks have been adopted more and more in the literature [9, 10]. These integrated approaches rely
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on the preference ranking ability of MCDM, and the strict constraint-handling ability of mathematical programming
and uncertainty quantification approaches [9, 11]. The combination of the distributionally robust optimization and
fuzzy interval optimization with hybrid architectures allows the operator to study a more complex trade-off without
being overly conservative [5, 10]. Moreover, such multi-stage frameworks can respond flexibly to intra-hour
fluctuation in the grid in real time implementations at the edge [9].

This paper conducts a systematic review of the hybrid MCDM-optimization methods that have been used for solving
LMCECs. This review follows a literature-based approach, integrating cutting-edge research from different
jurisdictions around the world, to capture the development of decision models, to classify the essential criteria and
uncertainty methods and to pinpoint future research directions.

Integrated Workflow of Hybrid MCDM-Optimization Frameworks
The operational decision pipeline of a hybrid optimization-MCDM framework for LMCECs is executed across
sequential stages, as detailed in Fig. 1:

Stage 1: Multi-Carrier Input & Uncertainty Modeling
(Renewable Profile, Dynamic Tariffs, Multi-Carrier Loads, Carbon Metrics)

v

Stage 2: Mathematical Optimization & Pareto Generation
(MILP Dispatch, IGDT Robustness, Multi-Objective Optimization)

R

Stage 3: Objective & Subjective Weighting
(Entropy, MEREC Criterion Variance & Expert Preferences)

L 4

Stage 4: Hybrid MCDM Ranking & Selection
(TOPSIS, RAFSI, VIKOR Assessment Across Pareto Candidates)

|

Stage 5: Operational Flexibility & Real-Time Control
(Demand Response, Multi-Energy Storage Dispatch, Grid Interactions)

Fig. 1 Complete execution pipeline of the proposed hybrid optimization-MCDM decision framework in local multi-
carrier energy communities
The mathematical optimization models in Stage 2 find non-dominated Pareto trade-offs between conflicting operational
parameters (e.g. hourly cost vs. CO, emissions) as shown in Fig. 2.
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Fig. 2 Mathematical optimization output (Stage 2) mapping non-dominated Pareto trade-offs between operational costs
and carbon emissions.
For Stage 4, we use a hybrid MCDM ranking method (MEREC-RAFSI or TOPSIS) to assess the Pareto front
candidates using objective criterion variances and preferences of decision-makers to get the best operational dispatch,
as can be seen in Fig. 3.
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Fig. 3 Hybrid MCDM decision evaluation (Stage 4) ranking Pareto-optimal operational configurations based on
criterion variance and multi-dimensional preference scores.

Objective vs. Subjective Weighting Trade-Offs

One of the important results of the literature synthesis is that there is a clear trade-off between the subjective and
objective weighting methods in Stage 3:

Subjective Weighting (AHP, ANP, SWARA): Is based on expert judgment and pairwise comparisons. It is a good way
to capture high-level strategic priorities (e.g. political feasibility, or policy alignment), but is still subject to cognitive
bias, inconsistent consistency ratios and skepticism by reviewers.
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Objective Weighting (MEREC, Entropy, CRITIC): Computes the weights of the criteria solely based on variations of
data and variance of removing effects. MEREC, especially, reduces the human subjectivity from uncertainty driven

operational dispatch and is very effective to price the market dynamically and to manage the variability of renewable
generation. Modern third generation models feature
Hybrid Weighting Integration which incorporates both objective variance and subjective preferences, making sure that
the empirical data rigor and stakeholders’ alignment are maintained

Methodological Comparison of Recent Literature
Table I is used to compare 18 representative studies for energy management decision models in the last 10 years (from
2016 to 2025) across energy management paradigms of smart homes, multi-carrier homes communities, industrial

energy efficiency and macro-policy frameworks.

Table I: Comparative Analysis of Representative MCDM Energy Management Literature

Authors Year System Context MCDM/Optimization Criteria | Primary Research Findings
Method

Anjum et al. | 2025 | Smart Factories MEREC, RAFSI, | 8 Effectively ranked 5

[12] Intuitionistic Fuzzy energy-saving alternatives
under  uncertainty and
avoided rank reversal.

Lamfermann | 2025 | Building  Energy | AHP, ELECTRE III, | 10 Extracted interpretable

etal. [13] Systems Pareto Filtering trade-offs across 20,000
Pareto-optimal
configurations.

Sobhan et al. | 2025 | Multi-Carrier TOPSIS, IGDT, | 22 Reduced operational cost

[14] Communities Probabilistic Optimization by 29.64% in  high
flexibility default scenarios
via incentive optimization.

Aparisi-Cerda | 2024 | Decentralized ANP 27 Identified political will and

etal. [15] Renewables tech maturity as top drivers
accounting for 41% of total
weight.

Anbazhagu et | 2023 | Smart Homes Hybridized Neuro-Fuzzy, | 5 Achieved 94.17% decision

al. [16] AHP accuracy and  93.16%
energy savings over
standard TOPSIS-AHP.

Wen et al. | 2023 | Demand-Side TOPSIS, VIKOR 5 Identified 13 load clusters

[17] Management to optimize net metering
and dynamic tariff options.

Janji¢ et al. | 2023 | Smart Grid HEMS | Fuzzy AHP 4 Determined technology

[18] improvement as the highest
priority driver for HEMS
adoption.

Akgaba et al. | 2022 | Regional  Energy | SWOT-ANP, Fuzzy | 4 Ranked mainland grid

[19] Strategy TOPSIS interconnection and natural
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gas pipelines as top
strategic choices.

Kabir et 2021 Smart Power | SWOT-AHP, WASPAS, Identified Advanced

[20] Systems TOPSIS Metering Infrastructure
(AMI) as the highest
priority implementation.

Ziemba et Energy Security | Fuzzy =~ Weighted Sum Projected national energy

[21] Risk Method (FWSM) security risks up to 2030
under  dynamic  fuzzy
uncertainty.

Wang et 2021 | Integrated Energy | Single-Valued Evaluated complex

[22] Systems Neutrosophic TOPSIS construction schemes
equipped with smart
management platforms.

Mishra et 2020 | Bioenergy Intuitionistic Fuzzy Ranked agricultural and

[23] Production SWARA-COPRAS municipal biogas waste as
the most sustainable
bioenergy options.

Kaveh et 2020 | Smart Home | Multi-Objective  Antlion, Optimally scheduled home

[24] Scheduling Evidential Reasoning electrical loads using bio-
inspired optimization and
decision reasoning.

Cocafia- 2019 | HPC  Computing | Genetic Fuzzy Systems Maximized eco-efficiency

Fernandez et Clusters (GFS) and reduced power

al. [25] consumption in  high-
performance computing
clusters.

Vié etal. [26] | 2019 | Macro Regional | Fuzzy Goal Programming Assessed long-run

Sustainability (FGP) sustainability targets for EU

nations under the Europe
2020 Strategy.

Nguyan Son | 2018 | Maritime  Energy | AHP, Fuzzy-TOPSIS Facilitated low-carbon

[27] Efficiency shipping technology
selection across multi-
criteria maritime
operations.

Sadeghi et al. | 2018 | Power Generation | Fuzzy ANP (FANP) Formulated an optimal

[28] Mix sustainable electricity
generation mix considering
inter-criteria dependencies.

Neol 2017 | Industrial ~ Multi- | AHP,  Fuzzy  Logic, Developed a global energy

[29] Site GEMS TOPSIS management framework for
non-energy intensive multi-
site facilities.
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Uncertainty Quantification and Criteria Selection

Flexibility in LMCECs needs to be managed by taking into consideration different technical and socio-economic
dimensions. Based on the literature review, the following are some key evaluation criteria that were identified:
Economic Metrics: Levelized cost of energy (LCOE), operational expenditure (OPEX), investment cost and flexibility
incentive prices (upstream).

System Resilience, Load shedding ratio, prediction accuracy (MSE/RMSE), Grid interaction stability.

EBM's include Direct CO, emissions, Land use efficiency, Technological maturity and Social adoption barriers.

II. CONCLUSION & FUTURE RESEARCH DIRECTIONS

It is shown that the hybrid MCDM-optimization models can offer a comprehensive, scalable solution for dealing with
flexibility and uncertainty in LMECs. Based on the review of the literature, it is observed that there is a trend from
static weighting approach to dynamic approach in which objective weighting (MEREC), novel interval aggregation
operators (RAFSI) and uncertainty quantification (IGDT and neuro-fuzzy logic) are included. In the multi-objective
operational space, these hybrid methods are able to solve critical decision-making problems, such as rank reversal and
Pareto-solution selection.

Key research gaps, methodological proposals, and potential impacts are broken down into Table II, to inform future
developments in this area.

Table II: Future Research Roadmap for Hybrid Energy Decision Frameworks

Impact Factor: 8.2

latency of multi-objective
Pareto solvers.

Research Domain Existing Structural Gap Proposed Methodological | Expected Operational
Solution Impact
Real-Time Execution | High computational | Integration of Deep | Enables sub-second

Reinforcement Learning (DRL)
with online MCDM engines

automated flexibility
dispatch at the edge-
computing layer.

Cross-Vector

Over-reliance on power-

Expansion to dynamic green

Unlocks multi-carrier

Coupling only or dual thermal- | hydrogen, district cooling, and | storage synergies and
electric models. e-fuel vectors. deep seasonal
decarbonization.
High-Dimensional Standard fuzzy models | rid IGDT-Distributionally | Ensures high
Uncertainty struggle under extreme, | Robust Optimization (DRO) | operational resilience
non-Gaussian market | with RAFSI ranking. without overly
events. conservative cost
penalties.
Multi-Agent Centralized decision- | Decentralized Federated | Preserves prosumer
Coordination making fails to scale across | Learning  integrated  with | data privacy while
peer-to-peer (P2P) | consensus-based MCDM. optimizing
networks. community-level
flexibility.
ACKNOWLEDGMENT

The authors acknowledge the open-source academic template standards and computational tools utilized in preparing
this systematic review.

REFERENCES
[1] P. Siano, "Demand response and smart grids—A survey," Renewable and Sustainable Energy Reviews, vol. 30, pp.
461-478, Feb. 2014. DOI: 10.1016/j.rser.2013.10.022.

Copyright to IJARSCT Of0l DOI: 10.48175/IJARSCT-38159
www.ijarsct.co.in g P,

7
=

539

| 2581-9429 |8
t\ 1JARSCT /3
& <




£ IJARSCT

y [/
xx International Journal of Advanced Research in Science, Communication and Technology l\
IJARSCT International Open-Access, Double-Blind, Peer-Reviewed, Refereed, Multidisciplinary Online Journal

ISSN: 2581-9429 Volume 6, Issue 2, August 2026 Impact Factor: 8.2

[2] R. Zhu, J. Jiang, J. Sun, D. Guo, M. Wei, and Z. Zhao, “Optimal planning of integrated electricity-natural gas
distribution systems with hydrogen enriched compressed natural gas operation,” Int. J. Electr. Power Energy Syst., vol.
161, p. 110174, Oct. 2024, doi: 10.1016/j.ijepes.2024.110174.

[3] H. Fan, J. Lu, Z. Li, and M. Shahidehpour, "Optimal planning of integrated electricity-gas system with demand side
management," IEEE Access, vol. 7, pp. 177232—-177242,2019. DOI: 10.1109/ACCESS.2019.2956979.

[4] S. Clegg and P. Mancarella, "Integrated electrical and gas network flexibility assessment in low-carbon multi-
energy systems," IEEE Transactions on Sustainable Energy, vol. 7, no. 2, pp. 718-731, Apr. 2016. DOI:
10.1109/TSTE.20152497329.

[5] B. Zhai, Y. Luo, D. Yang, and K. Suslov, "Distributionally robust optimal power flow considering renewable
energy and load uncertainties," in Proc. 2025 Int. Annu. Conf. Complex Syst. Intell. Sci. (CSIS-IAC), 2025, pp. 1-6.
DOI: 10.1109/CSIS-IAC65538.2025.11161656.

[6] B. Zhai, Y. Luo, D. Yang, and K. Suslov, "Distributionally robust optimal power flow considering renewable
energy and load uncertainties," in Proc. 2025 Int. Annu. Conf. Complex Syst. Intell. Sci. (CSIS-IAC), 2025, pp. 1-6.
DOI: 10.1109/CSIS-IAC65538.2025.11161656.

[7] T. L. Saaty, “How to make a decision: The analytic hierarchy process,” Eur. J. Oper. Res., vol. 48, no. 1, pp. 9-26,
Sep. 1990, doi: 10.1016/0377-2217(90)90057-1.

[8] E. Triantaphyllou, Multi-criteria Decision-Making Methods: A Comparative Study, Springer, Boston, MA, 2000.
DOI: 10.1007/978-1-4757-3157-6.

[9] M. Mandi¢, M. Miri, I. Radas, and D. Jakus, "A review of decision-making approaches in microgrid energy
management systems," Energies, vol. 19, no. 15, p. 3560, 2026. DOI: 10.3390/en19153560.

[10] T. Jameel, Y. Yasin, and M. Riaz, "An integrated hybrid MCDM framework for renewable energy prioritization in
sustainable development," Spectrum of Decision Making and Applications, vol. 3, no. 1, pp. 124-150, Jan. 2026. DOI:
10.31181/sdmap31202640.

[11] L. A. Zadeh, "Fuzzy sets as a basis for a theory of possibility," Fuzzy Sets and Systems, vol. 1, no. 1, pp. 3-28,
Jan. 1978. DOI: 10.1016/0165-0114(78)90029-5.

[12] M. Anjum, N. Kraiem, H. Min, Y. 1. Daradkeh, A. K. Dutta, and S. Shahab, "Optimizing sustainability:
Information aggregation in smart factories for energy efficiency enhancement," Scientific Reports, vol. 15, p. 8603,
2025. DOI: 10.1038/s41598-024-83304-8.

[13] S. Dorahaki, M. MollahassaniPour, M. Rashidinejad, P. Siano, and M. Shafie-khah, "A flexibility-oriented model
for a sustainable local multi-carrier energy community: A hybrid multi-objective probabilistic-IGDT optimization
approach," Applied Energy, vol. 377, pt. C, p. 124678, Jan. 2025. DOI: 10.1016/j.apenergy.2024.124678.

[14] I. Aparisi-Cerda, D. Ribo-Pérez, M. Garcia-Melon, P. D’Este, and R. Poveda-Bautista, "Drivers and barriers to the
adoption of decentralised renewable energy technologies: A multi-criteria decision analysis," Energy, vol. 305, p.
132264, Oct. 2024. DOI: 10.1016/j.energy.2024.132264.

[15] F. Lanfermann, Q. Liu, Y. Jin, and S. Schmitt, "Identification of energy management configuration concepts from
a set of Pareto-optimal solutions," Energy Conversion and Management: X, vol. 22, p. 100576, Apr. 2024. DOI:
10.1016/j.ecmx.2024.100576.

[16] U. V. Anbazhagu, M. S. Koti, V. Muthukumaran, V. Geetha, and M. Munirathnam, "Multi-criteria decision-
making for energy management in smart homes using hybridized neuro-fuzzy approach,”" Distributed Generation &
Alternative Energy Journal, vol. 39, no. 1, pp. 83-110, 2023. DOI: 10.13052/dgaej2156-3306.3914.

[17] H. Wen, X. Liu, M. Yang, B. Lei, X. Cheng, and Z. Chen, "An energy demand-side management and net metering
decision framework," Energy, vol. 271, p. 127075, May 2023. DOI: 10.1016/j.energy.2023.127075.

[18] A. Janjic, L. Z. Velimirovic, and J. D. Velimirovic, "Multi-criteria home energy management system selection for
the smart grid support," Facta Universitatis, Series: Electronics and Energetics, vol. 36, no. 4, pp. 533-551, 2023. DOI:
10.2298/FUEE2304533].

Copyright to IJARSCT DOI: 10.48175/IJARSCT-38159 540

www.ijarsct.co.in

| 2581-9429 |8
t\ 1JARSCT /3
& <




( IJARSCT

p [/
xx International Journal of Advanced Research in Science, Communication and Technology l\

IJARSCT International Open-Access, Double-Blind, Peer-Reviewed, Refereed, Multidisciplinary Online Journal ,E,, ot
ISSN: 2581-9429 Volume 6, Issue 2, August 2026 Impact Factor: 8.2

[19] S. Akgaba and F. Eminer, "Evaluation of strategic energy alternatives determined for Northern Cyprus with
SWOT based MCDM integrated approach," Energy Reports, vol. 8, pp. 11022-11038, Nov. 2022. DOI:
10.1016/j.egyr.2022.08.227.

[20] K. H. Kabir, S. Y. Aurko, and M. S. Rahman, "Smart power management in OIC countries: A critical overview
using SWOT-AHP and hybrid MCDM analysis," Energies, vol. 14, no. 20, p. 6480, Oct. 2021. DOI:
10.3390/en14206480.

[21] P. Ziemba, A. Becker, and J. Becker, "Forecasting and assessment of the energy security risk in fuzzy
environment," Energies, vol. 14, no. 18, p. 5934, Sep. 2021. DOI: 10.3390/en14185934.

[22] J. Wang, W. Zhao, L. Qiu, and P. Yuan, "Evaluation and selection of integrated energy system construction
scheme equipped with smart energy management and control platform using single-valued neutrosophic numbers,"
Sustainability, vol. 13, no. 5, p. 2615, Mar. 2021. DOI: 10.3390/sul13052615.

[23] A. R. Mishra, P. Rani, K. Pandey, A. Mardani, J. Streimikis, D. Streimikiene, and M. Alrasheedi, "Novel multi-
criteria intuitionistic fuzzy SWARA—-COPRAS approach for sustainability evaluation of the bioenergy production
process," Sustainability, vol. 12, no. 10, p. 4155, May 2020. DOI: 10.3390/sul2104155.

[24] A. Kaveh and Y. Vaziniria, "Smart-home electrical energy scheduling system using multi-objective antlion
optimizer and evidential reasoning," Scientia Iranica, vol. 27, no. 2, pp. 117-201, 2020. DOI:
10.24200/s¢i.2019.53783.3412.

[25] A. Cocafia-Fernandez, E. J. Guiote, L. Sanchez, and J. Ranilla, "Eco-efficient resource management in HPC
clusters through computer intelligence techniques," Energies, vol. 12, no. 11, p. 2129, Jun. 2019. DOI:
10.3390/en12112129.

[26] A. Vié, C. Colapinto, D. L. Torre, and D. Liuzzi, "The long-run sustainability of the European Union countries:
Assessing the Europe 2020 strategy through a fuzzy goal," Management Decision, vol. 57, no. 5, pp. 1171-1193, 2019.
DOI: 10.1108/MD-05-2018-0518.

[27] S. Nguyen, "Development of an MCDM framework to facilitate low carbon shipping technology application," The
Asian Journal of Shipping and Logistics, vol. 34, no. 4, pp. 317-327, Dec. 2018. DOI: 10.1016/j.ajs1.2018.12.008.

[28] A. Sadeghi and T. Larimian, "Sustainable electricity generation mix for Iran: A fuzzy analytic network process
approach,” Sustainable Energy Technologies and Assessments, vol. 28, pp. 3042, Aug. 2018. DOI:
10.1016/j.seta.2018.06.008.

[29] F. Neol, S. Raymond, C. Daniel, C. Sergio, C. Ronan, and M. K. Marcus, "Development of a global energy
management system for non-energy intensive multi-site industrial organisations: A methodology," Energy, vol. 136, pp.
16-31, Oct. 2017. DOI: 10.1016/j.energy.2016.10.049.

Copyright to IJARSCT 541

E '-I'IE DOI: 10.48175/IJARSCT-38159
www.ijarsct.co.in F ~

| 2581-9429 |8
t\ 1JARSCT /3
& <




