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Abstract 
 
The search for sustainable energy systems has been a multidimensional 
focus area comprising the United Nation (UN), Governments and 
corporate organizations over last three decades. The UN sustainable 
development goal (SDG) goals 7 and 13 encourages the generation, 
transmission and utilization of clean, affordable and eco-friendly energy 
systems. On the other hand, researchers are more engaged in trying to 
balance the trade-offs emerging in balancing energy security, energy 
access and environmental sustainability. The World Energy Council 
(WEC) is the organ responsible for developing standards into which 
each country is assessed based on the sixteen indicators and five sub 
indicators of the electricity utility sector. This paper seeks to review the 
various works on the application of a long existing concept of energy 
trilemma (ET) to the energy management strategy (EMS) in power 
system. The concept envisages flexibility in generation, reliability in 
transmission and affordability in active distribution hybrid microgrid (AD-
HMG) in addition to mitigating environmental emissions. In achieving the 
sustainable energy management system, several literatures have 
attempted to proper different alternative pathways with a view at 
arriving in the same destination. The ET concept ensures harmony in 
balancing conflicted trade-offs within a universally acceptable 
framework with each country redefining its effective EMS policies and 
laws. Inconclusion, this study attempts to uncover the various efforts in 
the research spectrum of the ET and its implication on microgrid EMS. 
Based on the various salient technical, economic and environmental 
breakthroughs, the study recommends future direction to achieve 
universally sustainable energy system. 
 
Keywords: Energy trilemma concept; active distribution hybrid 
microgrids; energy management system; sustainability energy system, 
GHG emission 
 
Abstrak 
 
Pencarian sistem tenaga lestari telah menjadi bidang tumpuan 
pelbagai dimensi yang terdiri daripada Pertubuhan Bangsa-Bangsa 
Bersatu (PBB), Kerajaan dan organisasi korporat sejak tiga dekad yang 
lalu. Matlamat pembangunan mampan PBB (SDG) matlamat 7 dan 13 
menggalakkan penjanaan, penghantaran dan penggunaan sistem 
tenaga yang bersih, berpatutan dan mesra alam. Sebaliknya, 
penyelidik lebih terlibat dalam cuba mengimbangi pertukaran yang 
muncul dalam mengimbangi keselamatan tenaga, akses tenaga dan 
kelestarian alam sekitar. Majlis Tenaga Dunia (WEC) ialah organ yang 
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bertanggungjawab untuk membangunkan piawaian di mana setiap 
negara dinilai berdasarkan enam belas penunjuk dan lima sub 
penunjuk sektor utiliti elektrik. Kertas kerja ini bertujuan untuk mengkaji 
pelbagai kerja mengenai aplikasi konsep trilemma tenaga (ET) yang 
sedia ada kepada strategi pengurusan tenaga (EMS) dalam sistem 
kuasa. Konsep ini membayangkan fleksibiliti dalam penjanaan, 
kebolehpercayaan dalam penghantaran dan kemampuan dalam 
mikrogrid hibrid pengedaran aktif (AD-HMG) selain mengurangkan 
pelepasan alam sekitar. . Dalam mencapai sistem pengurusan tenaga 
mampan, beberapa literatur telah mencuba untuk memperbetulkan 
laluan alternatif yang berbeza dengan tujuan untuk tiba di destinasi 
yang sama. Konsep ET memastikan keharmonian dalam mengimbangi 
pertukaran yang bercanggah dalam rangka kerja yang boleh diterima 
secara universal dengan setiap negara mentakrifkan semula dasar dan 
undang-undang EMS yang berkesan. Kesimpulannya, kajian ini cuba 
untuk mendedahkan pelbagai usaha dalam spektrum penyelidikan ET 
dan implikasinya terhadap microgrid EMS. Berdasarkan pelbagai 
penemuan teknikal, ekonomi dan alam sekitar yang menonjol, kajian ini 
mencadangkan hala tuju masa depan untuk mencapai sistem tenaga 
lestari secara universal. 
 
Kata kunci: konsep trilema tenaga, mikrogrid hibrid pengagihan aktif, 
sistem pengurusan tenaga, sistem tenaga lestari, pelepasan gas rumah 
hijau (GHG) 

 
© 2025 Penerbit UTM Press. All rights reserved 

  
 
 
1.0 INTRODUCTION 
 
Trilemma in philosophy is a choice between three 
unfavourable options [1]. When referred to energy 
security, equity and environmental sustainability, 
trilemma entails achieving all the three goals 
simultaneously, within the parameters representing the 
requirements in question [2, 3]. Energy trilemma 
describes how the three requirements that should be 
achieved and cannot be independently considered  
[4, 5] as shown in Figure 1. The concept was first 
reported by Brundtland in 1987 on achieving 
sustainable development. He outlined three dimensions 
of energy sustainability – environmental protection, 
economic development and social equity and the 
immediate need to include these components into 
political decision in global energy management [6]. The 
reported concluded on sound environmentally safe, 
and energy management is economically viable, that 
will inevitable improve human advancement in the 
distant future [3]. This was what later would become 
energy trilemma concept. 

The energy security component of the trilemma 
concept is often subject of several definitions. Sovaccol 
2011 discovered 45 definitions of ‘energy security’ from 
different researchers. The term is context subjective to 
discipline, individuals and nations depending on the 
perspective of the writer. However, reliability, 
adequacy, quality and resiliency of energy generation, 
transmission and distribution stands out more 
acceptable in most literatures [7]. The elements of 
energy dependency is also included in some literatures 
to portray the import of energy as insecurity [8]. The 
resilience component of energy security defines the 

ability of the energy network to regain normalcy when 
subjected to disruptions as a result of natural disasters.  

The concept of energy access, energy poverty and 
energy equity are continuously argued with different 
scholars trying to proper comprehensive definitions. For 
instance, the authors in [9] reported ‘energy access’ as 
affordable price and connection to the grid. Where [10] 
added adequacy, affordability, and quality in addition 
to achieving basic energy needs. This comprehensively 
captured the whole meaning of energy access. 
However, [11] emphasizes more on the dynamic nature 
of access which includes connection, minimum 
consumption level and increasing electricity tariffs over 
time as a result of consumer preferences [12]. In the 
opinion of this authors, the terms affordability, 
adequacy and basic needs are subjective to the 
consumption characteristics and income level of the 
target groups. Therefore, it is ideal to include the 
dynamic nature of the definition of energy access to 
capture the target group preferences and economic 
status [13, 14].  

The third component of the trilemma triangle 
provides for deliberate environmental protection 
measures to ensure sustainability. This rather 
complicated dimension entangles both the energy 
security and access as well as their political dimensions 
which includes energy law [15]. Principally, human 
economic advancement is interwoven with quality 
energy management system [16]. Cumulatively, the 
ultimate consequences of such uncontrolled efforts may 
cause global climate change in the form of flooding, 
water receding, global warming and several human 
survival threatening disasters [17]. That is why the authors 
in [9] called for global concerted efforts to streamline  
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energy laws as championed by UN SDG goal 7. The 
comparative improvement in trilemma index over the 
last two decades shows significant breakthrough in over 
90% of the 119 countries surveyed. The top three 
countries in the overall trilemma index as at 2019 were 
Switzerland, Sweden and Denmark [18]. Figure 1 shows 
the three components of energy trilemma and how its 
relates to sustainable future energy perspectives. The 
world energy council (WEC) 2019 formally defines the 
three dimensions of the energy trilemma as energy 
security which reflects a nation’s capacity to meet 
current and future energy demand realistically [14], 
withstand and bounce back swiftly from system shocks 
with the utmost minimal disruption to energy supplies [19-
21]. 

 

Figure 1 Components of Energy Trilemma 
 
 
The second part of energy equity assesses a country's 

ability to provide both domestic and commercial 
residents with affordable and abundant energy; and the 
third part relates to environmental sustainability [22], 
which refers to the transition of a country's energy system 
towards reducing and avoiding potential environmental 
and climate change harms [23, 24]. In many countries, 
energy policies are aimed at supporting a cleaner 
environment, strengthening supply security, and 
providing consumers with energy [25].  

However, since each of these objectives involves 
trade-offs with the other, the existing power sector 
epitome does not allow meeting them simultaneously, 
leading to an energy trilemma [26-28]. The 16 indicators 
proposed by the WEC, and 5 indicators of electrical utility 
assessment are the voltage violations, loading 
affordable LCOE, low losses and CO2 intensity violations. 
In addition, it’s also entails the evaluation of the distance 
of energy sources, mode of transportation to the 
demand side and safeguarding the transmission and 
distribution networks [10]. Figure 2 also indicates the 
sustainable energy system as a result of achieving ET 
objectives by debliberate adoption of the ET concept. 

In achieving the needed level of transition from the 
hitherto fossil based economy to a more 
environmentally friendly energy consumption and 
generation, several technological and socio-economic 
consideration has to be made [10, 27-28]. The 
technicalities of co-generation of energy sources to 

relate to the transmission and distribution networks 
effectively while adequately considering the 
intermittency of renewable energy sources need to be 
addressed as outlined by authors in [20, 30, 31]. 
 

 

Figure 2 Energy Trilemma Concept 
 
 
2.0 METHODOLOGY 
 
A proposal for an architecture for choosing the possible 
literature to be thoroughly examined has been made 
after browsing the accessible databases. Additionally, 
the backward and forward search process was 
implored to find even more relevant papers at stage 
one. All the manuscripts reviewed both English and non-
English language were examined for linguistic 
compatibility, year of publication limitations and 
keywords were done at stage two. The title of the 
research papers is screened as the next step of 
elimination.  

Filtering the papers' titles and content relevancy is 
done at the third level. To achieve this, a sizable number 
of studies that have addressed the issue are 
recognized, and optimisation techniques for the MG 
system is introduced. The current dynamic energy 
system environment calls for an increasing trend of 
autonomous search, hence this paper's attention is 
limited to energy trilemma and its relationship with 
microgrid system. In google scholars and Scopus over 
1,000 literatures reported the keyword ‘trilemma’ while 
web of science reported over a 200. However, over 
16,000 literatures reported on ‘Microgrid’ either as 
relates to radial distribution or smart grids, economic 
dispatch [32], optimal power flow [33]. The criterions 
were used to sort only relevant to search keywords only. 
 
2.1 An overview of Energy Trilemma Concept 
 

The authors in [34] reported a survey of over 104 
literatures to justify the non-uniformity of terms used in the 
trilemma concept especially as its regards applicability in 
global perspective. A country wide study of over 125 
countries was also surveyed in [35] with individual 
indicators and sub indicator scores [36].   

 

Environmental 
Sustainability

Energy Security

Energy Equity

Sustainable 
Energy System
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The security dimension comprises of sub indicators which 
addresses the efficacy of internal and external energy 
sources as well as reliability and resiliency of energy 
infrastructure in other to establish the score card[37]. The 
third dimension in the trilemma is relatively the most 
difficult to realise without compromise on production 
and industrialization[38, 39]. The carbon emission from 
power generation can be mitigated by penetration in 
renewables[40, 41], however, production of the 
renewable equipment requires heavy industrial waste 
management to conserve the environment[8, 42-43]. 
Figure 3 shows the various subcomponents of the ET 
concept. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3 Subcomponents of Energy Trilemma 
 
 
Therefore, the term sustainability was deliberately 

adopted to indicate the growth of economic and 
transformation of societies. Consequently, the global 
renewable energy penetration of solar and wind was 
only 33% (600 and 597 GW) in 2019 and is projected to 
reach up to 40% of the world power generation by 2025 
[46]. Additional generation from onshore wind turbines is 
also expected to further complement the existing 
renewable targets. Furthermore, the need to include the 
smart transportation network system to cushion the cost 
of energy utilization in addition to reliability improvement 
was discussed in [45-48]. Smart grids are classification of 
microgrids complemented by renewable energy 
sources. Whereas [49] defined energy management 
system as the information interchange between the 
various functionalities on the network and the 
generation, transmission and distribution terminals 
through a platform [50-52].  
 
2.2 Transition to Sustainable Energy System 
 
The transition to sustainable energy with minimum 
environmental pollution vis-a-vis the economic growth of 
top 10 large emission countries was reviewed by [8] and 
there has been greater research attention to ensure 
reliability in power distribution network [53], social equity 
and nature sustainability [54-56]. The objective of the 
energy transition scenario is to build a low-carbon 

economy on a stable, long-term basis [57-59]. Moving to 
sustainable energy would generate more employment, 
improve living conditions, and ensure long-term 
economic prosperity [60-62]. 

This includes micro/macroeconomic situations, 
energy management systems and investment stability 
and energy innovations [4, 44, 63-65].   To examine the 
interrelationship between the three dimensions of the 
energy trilemma triangle it is important to analyze their 
interconnections [80], but the existing reviewed 
literatures mostly often consider the conflicts between 
the trilemma's components [81-85]. Figure 4 indicates the 
implementation of ET concept to enhance hybrid 
microgrid reliability and sustainability. 

 

Figure 4 Implementation of ET Concept in Hybrid Microgrid 
 
 
2.3 Application of Energy Trilemma in Power System 
 

The ET exemplifies the basic problem of the global 
transition of energy [69]. The security component 
encompasses the capacity to satisfy present and future 
demands of energy, as well as the capacity to curtail 
and recover from system disruptions, which includes 
dependability and reliability. Hybrid microgrids provide a 
strategic resolution to the energy trilemma by bolstering 
energy security, advancing energy justice, and fostering 
environmental sustainability. Their capacity to combine 
various energy sources and function autonomously 
renders them optimal for distant, disaster-prone, and off-
grid situations [70]. The equity components assess the 
system's ability to supply affordable, dependable, and 
adequate energy. In addition, the environment 
conservation component should provide the capacity to 
minimize and prevent the effects of GHG emission and 
environmental deterioration [71]. However, additional 
five electrical utility indicators are included by the 
authors in to further assist in informed and quantifiable 
decision making [72], [73], affordable levelized cost of 
energy (LCOE) [74, 75], decrease losses and reduce 
carbon emissions [76-78]. Table 1 shows the summary of 
implementation of ET concept in power system 
configurations. 
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Table 1 Application of Energy Trilemma Concept in Power 
System 
 

Component                             Implementation in power system 
of Trilemma         Main Focus        G      T    D     Application       
                              Stable GTD                            Smart Grid                                                            
Energy Security    Diversification    √      √    √   Microgrid 
                               Resiliency                              Grid retrofitting 
                               Access                                   Solar Mini grid         
Energy Equity        Affordability      √     ⅹ     √    Wind Turbine 
                                Reduce tariff                        Hydro Pump 
                                GHG reduction                     CO2 capture 
Sustainability          RE Transition     √     ⅹ     ⅹ     DERs with RE  
                                Consumption                    Decarbonization 

*G=Generation T=Transmission D=Distribution 
 
 

In the same vein, energy equity has also been 
considered as a separate field of research again, often 
with little consideration to its relation to energy security 
or climate change mitigation, or even the possible 
conflicts between them. The decarbonization and 
digitalization in electricity distribution networks has 
resulted in increased penetration of DER and migration 
from passive to active distribution networks [86, 87]. 
However, the cost of some renewables such as 
photovoltaic panels is decreasing while the wide 
integration of variable renewables without destabilizing 
the electricity grid remains the major challenge [88-90]. 
 
 
3.0 MICRORID AND ENERGY MANAGEMENT  
 
The power system set up is a multi-constraint as well as 
flexible network. The flexibility aspect is more prone to 
several optimization techniques and energy 
management strategies. Mainly MG studies are 
classified into energy management which considers 
optimal distribution, economic dispatch and load flow 
analysis and control system that deals with the 
frequency, voltage, active and reactive power controls 
[93, 94] The energy consumption attitude of individuals 
differs and also the nonlinearity of renewable energy 
sources integrated into the MG further confirms the 

utmost relevance of effective energy management 
system [95]. In the overall analysis, an effective EMG in 
MG system must be able address energy demand 
increase, nonlinearity of renewable sources, stability 
and security of transmission and distribution facilities, 
high cost of energy and environmental sustainability 
concerns among others [96]. The generation 
component of electrical power systems requires several 
sub systems to deliver the required energy to the 
demand side. Therefore, it requires an efficient control 
mechanism to coordinate and manage the operation 
of the whole network [97]. 

An efficient EMS should have the capability to 
deliver power with minimum losses, economical 
generation, enhance performance and minimize 
carbon emission [98, 99]. The authors in [100] introduced 
three constraints to minimize cost of generation and at 
the same time reducing environmental emissions. The 
energy balance, feasible energy dispatch and feasible 
builds are the constraints to optimize the objective 
functions [101, 102]. In the same regards, the 
decarbonization, decentralization and digitalization 
must be given a global outlook in terms of general 
overview of energy policies [103].  

The concept MG of microgrid was adopted to 
include more penetration of renewable energy sources 
to the main grid. Efficient and effective deployment of 
more energy sources will certainly improve the grid 
reliability in terms of lower loss power supply probability 
(LPSP) and reduce the cost of energy at the demand 
side [104]. The analysis of diversity factors and country’s 
energy production and consumption ratios indicates 
that achieving the energy trilemma framework 
concurrently is feasible considering Indian’s 
breakthrough in renewable energy penetration 
between 1990 to 2020 as well as Pakistan’s waste 
incineration drive to convert human waste to energy 
[105-106]. To further buttress the implementation of ET 
concept to optimize microgrid and energy 
management system, the following points enunciate 
the significance of adoption. Table 2 depicts the 
summary of literature reviewed while applying 
components of ET and the methods used in achieving 
the optimized microgrid. 

Table 2 Summary of relevant Literature Reviews 
 

Ref. No. Trilemma 
Component 

Methods 
Adopted 

      Optimization  
Objective Functions 

 

 
Advantages 

 
Disadvantages 

 
 

[1] 

 
Security 
Equity 
Sustainability 

 
DigSILENT 
Energy Plan 
Simulation 

Minimization of  
>CO2 Emission  
>Voltage Violations  
>Line Losses 
> LCOE 

Wider Application  
Risk Management 
Cost Optimization 
Flexibility application 

High license cost 
Limited GUI 
Prone to black swan 
Single Optimization 

 
[2] 

 
Sustainability 

Markowitz  
MCDM 
SMAA 

Minimization of 
>Risk of returns 
>CO2 Emission  

Flexibility application 
Interdisciplinary 
Realtime optimization 

Complex data 
required 
Over sensitivity 
Correlation mismatch 

 
[3] 

Security 
Equity 
Sustainability 

 
Overview 

Maximization of 
>Smart Grid 
Integration 

General solution 
Simple in approach 
Easy referencing 

User bias data 
Limited input data 
Simplicity 



1278                                         Ali et al. / Jurnal Teknologi (Sciences & Engineering) 87:6 (2025) 127−1284 
 

 

 

 

 

 

 

 

 
 

 
a. Security in EMS: This area addresses numerous 

types of MG properties that have reliability 
considerations, such as how they collaborate 
and execute without causing system failure [107]. 
Alternating between on-grid and off-grid modes 
of operations [108].  

b. Equity in EMS: The cost-effective and efficient 
operation of all MG components was addressed 
by EMS as social affordability. Economic 
considerations is the main goal in this category. 
Cost minimization and the system benefits 
maximization were also considered [109, 110]. 

c. Adaptability in EMS: To consider the flexibility in 
operation, the MG must meet the demand using 
available energy resources with the goal of 
emissions reduction and increase RE penetration 
targets [31]. The environmental conservation 
considerations are the major concern in this 
component [111]. 

Figure 5 shows the various interrelationship between 
configurations of MG and EMS.  

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5 Microgrid Energy Management System 
 
 
 
 
 

Ref. No. Trilemma 
Component 

Methods 
Adopted 

      Optimization  
Objective Functions 

 

 
Advantages 

 
Disadvantages 

 
[4] 

Security 
Equity 
Sustainability 

Principal 
Component 
Analysis (PCA) 
Simulation 

Maximization of 
>Eigenvalues (λ) 
>Variability (%) 
>Cumulative (%) 

Dimension reduction 
Improved data view 
Noise reduction 
Easy computation  

Interpretation loss 
Assumes linearity 
Risk of overfitting 
Scaling sensitivity 

 
[5] 

Security 
Sustainability 

Dynamic 
Estimation 
Model (DEM) 

Maximization of  
>Smart Transportation 
Penetration 

Realtime estimation 
Predictive capability 
RE integration 
Threat resiliency 

Sensitivity to error 
High Cost 
Limited performance 
Complexity 

 
[6] 

Security 
Equity 
Sustainability 

Epsilon-Const. 
Mixed Integer 
linear Program 
(EMILP) 

Minimization of 
>Cost of Energy 
>Realibility 
>GHG Emission 

Multi-objective  
Accuracy 
Robust application 
Supports Sensitivity 

High complexity 
Selection challenges 
Limited performance 
Limited real-time 

 
[7] 

Security 
Equity 
Sustainability 

 
HOMER Pro 

Maximization of 
>RE Penetration 
Minimization of 
>GHG Emission 

Easy hybrid design 
Economic analysis 
Flexible versatility 
Cloud-based features 

High license cost 
Limited real-time 
High computational 
Intensity to large data 

 
[8] 

Security 
Equity 
Sustainability 

 
Reviews 

Maximization of 
>Integrated 
Renewables 

Simple application 
Quick referencing 
Generic solution 

Simplicity in 
approach 
Limited input data 
User defined data 

 
[9] 

Security 
Equity 
Sustainability 

Country-Based 
Review 

Recommend  
>Policy Transition to 
Energy ET Concept 

Local planning 
Originality 
Input data accuracy 

Idea localization 
Limited application 
Prone to user biasing 

 
[10] 

 
Security 
Equity 

Nodal Pricing 
Zonal Pricing 
Uniform Pricing 
 

Recommend 
Minimization of 
>Cost of Energy using 
single pricing 

Good price signal 
Congestion reduction 
Price transparency 
Economic dispatch 

Higher Complexity 
Prone to volatility 
Data intensity 
High investment risk 

 
[11] 

 
Security 
Equity 
Sustainability 

 
PVSyst 
HOMER Pro 

Minimization of 
>LCOE 
>CO2 Emission 
Maximization of 
Annual (Generation) 

Optimal hybrid design 
Effective economic 
analysis 
Cloud-based features  
Flexibility application 

Higher cost of license 
Limited real-time 
Higher computational 
Insensitivity to large 
data 
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In the same vein, the authors in [49] opined that, 
microgrid reliability is as reliable as the various 
generational sources’ storages output while isolated or 
Hybrided [112]. To complement the intermittency of 
renewable sources such wind and PV, deliberate 
technical feasibility and compatibility of the distribution 
network could be plausible [113]. The authors in [3] also 
assert that, the trilemma concept is multidimensional, 
with each component adjustment ordinarily requires the 
realignment of the remaining pillars. For instance, in 
certain countries, energy policies on diversification of 
sources using renewable energy could improve energy 
security and environmental sustainability [114, 115].  

On the other hand, to promote grid intensity and 
efficiency can also enhance energy security by reducing 
grid dependency [116]. Therefore, in the energy 
trilemma angle, it will be extremely difficult to define a 
single component or dimension without also 
consequently affecting the other pillar of the triangle 
[117]. Meanwhile, due to the intermittency of renewable 
energy sources, the dependability and reliability issues 
caused in the power network have resulted in a 
disadvantage status of integration. To overcome this 
problem, several optimization techniques have been 
offered to successfully schedule energy supplies or 
storage facilities to maximize network efficiency [118]. On 
the other hand, the resiliency of microgrid is enhanced 
by energy storage system. The case of Hurricane Maria in 
2017, California wildfire and Australia bush fire compelled 
the utilities in the prone regions to opt for battery-backed 
hybrid microgrid to mitigate sudden grid outages as a 
result of disasters. 

The MG-EMS goals are divided into three categories 
according to the energy trilemma concept. Thus, secure 
system operation, cost-effective (affordable), and 
environmentally sustainable system. Affordability aims to 

include minimizing operational and general energy 
expenses, minimizing economic load dispatch problems 
(ELDP) at the same time maximizing individual and 
collective benefits [119, 120]. The MG system may be 
made more adaptable and sustainable by using 
distributed energy resources, reduction in peak load, 
day-ahead appliance scheduling, and internal energy 
trading, maximizing renewable energy penetration, 
energy availability, and minimizing the cost of emission 
[121, 122]. The MG system is made secure by supply and 
demand balance, reducing load shedding, mitigating 
load curtailment due to unexpected attacks or sudden 
failures [123, 124]. The EMS's objective classification of 
MG as either flexible,  

This paper analysis MG EMS from a variety of 
perspectives, including the use of contemporary 
equipment, methods of control, problem solving 
approaches, ultimate goal functions, various limitations 
and its application to energy trilemma [125]. Basically, 
the two major components of MG networks are energy 
management and control. The cost of energy and 
demand trade-offs were also discussed in [126, 127]. 
Therefore, a critical examination of MG and control 
optimization methods that account for energy trilemma 
components is imperative [128]. 

As depicted in figure 6 the interconnection of ET 
concept and Active Distribution Hybrid Microgrid (AD-
HMG) is embedded in the energy management strategy 
adopted to optimize the MG. Energy storage 
technologies, especially batteries, are essential for 
bolstering the resiliency of microgrids against 
disturbances, natural disasters, sudden grid failures, and 
unforeseen demand surges. The literatures indicates 
feasible implementation of ET principles in MG 
optimization considering reliability, access and address 
environmental concerns in both generation and 
transmission [61, 68].

  
Figure 6 Review works on Energy Trilemma and Microgrid Energy Management System 

Sum
m

ary of Review
 w

orks on ET and M
G EM

S

The reliability of supply-demand side balance; Frequency, 
Voltage & loading violations, Power losses regulation; Stability 
of Generation and Transmission networks and secured 
communication network

Affordability and adequate energy access with optimized 
economic load dispatch, levelized cost of energy, benefit 
maximization and minimized distribution losses.

Energy availability and flexibility of sources with low CO2 & 
GHG emissions; Peak load reduction and DSM. The economic 
growth of people should be compatible with environmental 
sustainability laws.

Integration of RE sources into the network. Smart application of 
communication technologies to facilitate quick responses to 
sudden uncertainties. Resiliency   and congestion management

The EMS in microgrids is either optimization-based or rule-
based. Monitoring and control of all power elements to 
optimize the grid output. Maintain effective balance between 
supply and demand sides.

Energy Security

Energy Equity

Sustainability

Active Microgrid

Refs
4, 31, 42, 51, 
67, 88, 91, 97

Refs.
9, 13, 17, 26, 
63, 104, 126

Refs.
8, 15, 16, 21, 
24, 29, 54,55

Refs.
22, 45, 61, 87, 
95, 109, 119

Refs.
6, 32, 48, 49, 
69, 98, 101, 

117

Energy Management 
System
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3.1 General Discussion 
 
The Paris agreement commits the industrialized 
countries to reduce emission by domestication of 
energy efficiency policies while ensuring sustainable 
energy system. Energy reliability enhancement 
strategies should be incorporated to existing legal 
framework to achieve resiliency, adequacy and 
sustainable energy management system. Therefore, 
optimization of all the energy trilemma components 
simultaneously can provide an efficient breakthrough 
in arriving at a secure energy strategy. Some 
researchers opined the emission reduction of 46%, 
reliability improvement of 43% and affordability rise of 
19% with the implementation of energy trilemma 
concept. However, reconfiguration of existing 
networks to be compatible with high renewable 
penetration requires detailed feasibility studies and 
technical optimization analysis. Although the major 
challenge in the trilemma concept adoption of 
energy is the trade-offs that are achievable with 
distributed energy resources, the heavy capital 
investment calls for stronger commitment. 

Meanwhile, some researchers are of the opinion of 
more islanded microgrids to diversify the energy 
sources to achieve greater access penetration to 
local communities. This could only seem feasible when 
the people involved have being integrated into the 
social aspect of the design for ownership and 
protection. At the same time, advocacy and 
sensitization on the use of renewable sources as 
against the consequences and implications of the use  
of fossil fuels should be favored.  In order to achieve 
compromise solution within the objective function of 
the energy trilemma (cost, reliability and emission 
reduction), proper analysis of the performance 
indicators is inevitable. Furthermore, most of reviewed 
literatures that adopted energy trilemma concepts to 
optimize the microgrids distribution system 
emphasized more on integration of renewable 
sources, smart application of communication 
technologies, emergency control mechanism and 
complex power sharing with voltage and frequency 
capabilities while using different topologies. However, 
some reviews have incorporated mitigation GHG 
emission to satisfy the environmental sustainability 
criteria. The five sub indicators developed by the WEC 
to effectively satisfy the trilemma dimensions with 
specific applicability to electricity utility sector were 
only implemented by some studies.  
 
 
4.0 CONCLUSION AND FUTURE PERSPECTIVES  
 
The adoption and implementation of energy trilemma 
concept by several developing economies have 
yielded significant reduction in GHG emission, greater 
access to affordable energy and improved reliability 
in both generation and transmission sources. However, 
the microgrid energy management strategies have so 
far not fully incorporated the optimization of loading 

violations, voltage violations, and technical power 
losses in the distribution network as well as levelized 
cost of energy consumption to achieve a harmonized 
sustainable energy system. The efficient and effective 
utilization of flexibility components of energy sources 
requires deliberate investment in high precision 
technology to raise the energy security dimension of 
the trilemma concept. The aggressive competitions 
by the Paris Agreement signatories to achieve zero 
carbon emission by 2030 have significantly reduced 
the global threat to climate change mitigation as 
highly industrialized countries are working towards the 
conditional targets of emission free pathways.  

The implementation of the Energy Trilemma 
Concept in electrical power systems requires new 
solutions that concurrently satisfies the need for 
secure, accessible, and environmentally sustainable 
energy management system. Balancing these three 
aspects is intricate yet vital for establishing a robust 
and future-proof electricity grid. The deliberate 
optimization of each parameter within the trilemma 
triangle will certainly enhance the threshold and boost 
the sustainability of future energy management plans. 
Therefore, it is recommended that future research 
directions on the application of energy trilemma to 
active distribution hybrid microgrid networks should 
include but not limited to: 
• Optimization and integration of emission free 

renewable energy sources such as solar 
photovoltaic, wind, geothermal, hydro power 
and nuclear power generation capabilities. 

• Implementation of hybrid energy sources 
microgrids models based on distributed 
renewable sources penetration to include various 
social inclusion dimensions. 

• Deliberate policy shift to incorporate energy 
trilemma components in National Energy Policy 
frameworks by incentivizing renewable energy 
generation and discouraging fossil fuel 
consumption. 

• Review various feasible energy generation, 
transmission, and distribution strategies with a view 
to adopt and adapt an optimized solution for 
sustainable energy system realization. 

• Advance the course of collaboration with various 
multinational energy stakeholders to meet 
universal clean energy access. 

• The investment in the above should be channeled 
to the acquisition of new technologies under a 
strong policy and legal regulatory frameworks. 

• Optimization of Energy Trilemma should include 
developing algorithms or frameworks that 
optimize the balance between energy security, 
affordability, and environmental sustainability in 
power system.  

 
 

Acknowledgement 
 

The Authors wish to prompt their appreciation to 
Universiti Teknologi Malaysia (UTM) under Grant 31J88 



1281                                         Ali et al. / Jurnal Teknologi (Sciences & Engineering) 87:6 (2025) 127−1284 
 

 

for provided the soft platforms and hard materials 
used for this research work. 
 
 

Conflicts of Interest 
 
The author(s) declare(s) that there is no conflict of 
interest regarding the publication of this paper. 
 
 
References 
 
[1] E. Bonafé. 2022. Revisiting the Energy Trilemma in the 

European Union. Global Energy Law and Sustainability. 
3(1): 18−38.  

[2] J. Emblemsvåg and A. Österlund. 2023. How the Energy 
Trilemma can provide Learning Points between Countries–
the Case for Nuclear. ATW-International Journal for Nuclear 
Power. 68(2): 31−42.  

[3] R. Fleming. 2021. The Energy Trilemma. Energy Law, Climate 
Change and the Environment. Edward Elgar Publishing. 
31−40. 

[4] D. Syafrianto, K. M. Banjar-Nahor, R. Rahmani, P. O. Hadi, 
and N. Hariyanto. 2020. Optimized Use of Renewable 
Energy Potential in Maluku Utara Power Systems using 
Energy Trilemma Concept. 2020 International Conference 
on Technology and Policy in Energy and Electric Power 
(ICT-PEP). IEEE. 208−213.  

[5] O. N. Malala and T. Adachi. 2020. Portfolio Optimization of 
Electricity Generating Resources in Kenya. The Electricity 
Journal. 33(4): 106733.  

[6] A. Berjawi, S. Walker, C. Patsios, and S. Hosseini. 2021. An 
Evaluation Framework for Future Integrated Energy 
Systems: A Whole Energy Systems Approach. Renewable 
and Sustainable Energy Reviews. 145: 111163. 

[7] N. M. Razali, H. Mohamad, A. F. Abidin, and Z. Ali. 2024. A 
Hybrid Mvo-Bmo Technique for Plug-In Electric Vehicle 
Charging OptimIZATION. Jurnal Teknologi (Sciences & 
Engineering). 86(5): 23−34.  

[8] F. Y. Fu et al. 2021. The Dynamic Role of Energy Security, 
Energy Equity and Environmental Sustainability in the 
Dilemma of Emission Reduction and Economic Growth. 
Journal of Environmental Management. 280: 111828.  

[9] S. Ullah, M. Khan, and S.-M. Yoon. 2021. Measuring Energy 
Poverty and Its Impact on Economic Growth in Pakistan. 
Sustainability. 13(19): 10969. 

[10] A. Pliousis, K. Andriosopoulos, M. Doumpos, and E. 
Galariotis. 2019. A Multicriteria Assessment Approach to the 
Energy Trilemma. The Energy Journal. 40.  

[11] H. Khatib. 2012. IEA World Energy Outlook 2011—A 
Comment. Energy Policy. 48: 737−743.  

[12] A. A. Ramli, A. K. Ismail, R. Muhammad, and M. F. Hashim. 
2022. A Mini-review of Recent Studies on Lead and Lead-
free Perovskite Materials for Solar Cells Application and 
Their Issues. Jurnal Teknologi. 84(6):135−146.  

[13] A. A. Alola, I. O. Olanipekun, and M. I. Shah. 2023. 
Examining the Drivers of Alternative Energy in Leading 
Energy Sustainable Economies: The Trilemma of Energy 
Efficiency, Energy Intensity and Renewables Expenses. 
Renewable Energy. 202: 1190−1197. 

[14] D. Gent and J. Tomei. 2017. Electricity in Central America: 
Paradigms, Reforms and the Energy Trilemma. Progress in 
Development Studies. 17(2): 116−130. 

[15] J. Myszczyszyn and B. Suproń. 2021. Relationship among 
Economic Growth (GDP), Energy Consumption And 
Carbon Dioxide Emission: Evidence from V4 Countries. 
Energies. 14(22): 7734.  

[16] A. Awan, M. Kocoglu, T. P. Banday, and M. H. Tarazkar. 
2022. Revisiting Global Energy Efficiency and CO2 emission 
Nexus: Fresh Evidence from the Panel Quantile Regression 

Model. Environmental Science and Pollution Research. 
29(1): 47502−47515. 

[17] M. Jayachandran et al. 2022. Challenges in Achieving 
Sustainable Development Goal 7: Affordable and Clean 
Energy in Light of Nascent Technologies. Sustainable 
Energy Technologies and Assessments. 53: 102692.  

[18] L. H. Melnyk, H. Sommer, O. V. Kubatko, M. Rabe, and S. M. 
Fedyna. 2020. The Economic and Social Drivers of 
Renewable Energy Development in OECD Countries. 
Problems and Perspectives in Management. 18(4): 37−48. 
https://doi.org/10.21511/ppm.18(4).2020.04. 

[19] World Energy Council (with Mohammed Abdelhak Chibani 
et al.). 2019. World Energy Trilemma Index – 2019: Report + 
Executive Summary. London: World Energy Council. 

[20] H. Liu, I. Khan, A. Zakari, and M. Alharthi. 2022. Roles of 
Trilemma in the World Energy Sector and transition Towards 
Sustainable Energy: A Study of Economic Growth and the 
Environment. Energy Policy. 170: 113238. 

[21] B. Greening, T. Braunholtz-Speight, R. Wood, and M. Freer. 
2023. Batteries and Beyond: Multi-vector Energy Storage as 
a Tool to Decarbonise Energy Services. Frontiers in Energy 
Research. 10: 1109997.  

[22]  E. Svetec, L. Nađ, R. Pašičko, and B. Pavlin. 2019. 
Blockchain Application in Renewable Energy Microgrids: 
An Overview of Existing Technology Towards Creating 
Climate-resilient and Energy Independent Communities. 
2019 16th international conference on the European 
Energy Market (EEM). IEEE. 1−7.  

[23] J. M. P. Lagac and J. T. Yap, 2020. Managing the Energy 
Trilemma using Optimal Portfolio Theory. ASOG Working 
Paper, Ateneo School of Government, October 15. 
https://asepcells.ph/wp-content/uploads/2020/10/SSRN-
id3692132.pdf. 

[24] C. Zhao, K. Dong, K. Wang, and X. Dong. 2022. How Does 
Energy Trilemma Eradication Reduce Carbon Emissions? 
The Role of Dual Environmental Regulation for China. 
Energy Economics. 116: 106418. 

[25] R. S. Tol. 2023. Navigating the Energy Trilemma during 
Geopolitical and Environmental Crises. arXiv preprint 
arXiv:2301.07671. 

[26] R. Poudineh and T. Jamasb. 2012. Smart Grids and Energy 
Trilemma of Affordability, Reliability and Sustainability: The 
Inevitable Paradigm Shifts in Power Sector. USAEE Working 
Paper No. 2111643. Posted July 17, 2012; revised August 20, 
2012. https://ssrn.com/abstract=2111643.  
Doi: 10.2139/ssrn.2111643. 

[27] M. Song, M. I. Latif, J. Zhang, and M. Omran. 2023. 
Examining the Energy Trilemma Index and the Prospects for 
Clean Energy Development. Gondwana Research. 122: 
11–22. https://doi.org/10.1016/j.gr.2023.06.002. 

[28] L. M. Grigoryev and D. D. Medzhidova. 2020. Global Energy 
Trilemma. Russian Journal of Economics. 6(4): 437−462.  

[29] E. Dogan, M. Z. Chishti, N. Karimi Alavijeh, and P. G. 
Tzeremes. 2022.. The Roles of Technology and Kyoto 
Protocol in Energy Transition Towards COP26 Targets: 
Evidence from the Novel GMM-PVAR approach for G-7 
Countries. Technological Forecasting and Social Change. 
181. https://doi.org/10.1016/j.techfore.2022.121756.  

[30] Mastepanov, A. M., & Chigarev, B. N. 2020. The Energy 
Trilemma Index as an Assessment of Energy Security [The 
Energy Trilemma Index kak otsenka energeticheskoy 
bezopasnosti]. Energeticheskaya Politika. 8(150): 66–83. 

[31] S. S. Nasir, H. Han, R. Ayop, J. Jamian, N. Sapari, and M. 
Rasid. 2022. Minimizing Power Loss in Distribution System 
Considering Mass Charging Station Operation. 2022 IEEE 
International Conference on Power and Energy (PECon). 
IEEE. 251−256.  

[32] M. T. Castro, J. D. A. Pascasio, L. L. Delina, P. H. M. Balite, 
and J. D. Ocon. 2022. Techno-economic and Financial 
Analyses of Hybrid Renewable Energy System Microgrids in 
634 Philippine Off-Grid Islands: Policy Implications on Public 
Subsidies and Private Investments. Energy. 257: 124599. 



1282                                         Ali et al. / Jurnal Teknologi (Sciences & Engineering) 87:6 (2025) 127−1284 
 

 

[33] B. M. Raharjo. 2023. Analysis of Global and Local Maximum 
Power Points in Pv Arrays under Partial Shading Condition. 
Jurnal Teknologi. 85(4): 75−82.  

[34] P. Šprajc, M. Bjegović, and B. Vasić. 2019. Energy Security in 
Decision Making and Governance-Methodological 
Analysis of Energy Trilemma Index. Renewable and 
Sustainable Energy Reviews. 114: 109341. 

[35] A. A. M. H. Al Asbahi, F. Z. Gang, W. Iqbal, Q. Abass, M. 
Mohsin, and R. Iram. 2019. Novel Approach of Principal 
Component Analysis method to Assess the National Energy 
Performance via Energy Trilemma Index. Energy Reports. 5: 
704−713.  

[36] A. Shankar, K. Vijayakumar, B. C. Babu, and R. Kaur. 2022. 
Energy Trilemma Index-based Multiobjective Optimal Sizing 
of PV-Battery System for a Building in Tropical Savanna 
Climate. IEEE Systems Journal. 16(4): 5630−5638.  

[37] J. Stempien and S. Chan. 2017. Addressing Energy Trilemma 
via the Modified Markowitz Mean-Variance Portfolio 
Optimization Theory. Applied Energy. 202: 228−237.  

[38] A. B. Setyowati. 2020. Mitigating Energy Poverty: Mobilizing 
Climate Finance to Manage the Energy Trilemma in 
Indonesia," Sustainability. 12(4): 1603.  

[39] D. Hobson. 2019. The energy trilemma of Indigenous 
Peoples in the Canadian Arctic: A Way Forward. Master’s 
Thesis, Global Energy Transition and Governance, Centre 
international de formation européenne. Indigenous Studies 
Portal, University of Saskatchewan. 

[40]  R. J. Cervantes Bravo, E. Jimenez Nieves, B. Valqui 
Ordoñez, D. Canto Espinoza, and A. Hinostroza Cairo. 2020. 
A Sustainable Future Under Energy Intensity Scenarios-
Peru's Compliance with COP24 in an Energy Trilemma 
Environment. SPE Latin American and Caribbean 
Petroleum Engineering Conference.  OnePetro.  

[41] L. Proskuryakova. 2018. Updating Energy Security and 
Environmental Policy: Energy Security Theories Revisited. 
Journal of Environmental Management. 223: 203−214. 

[42] V. Davtyan, S. Khachikyan, and Y. Valeeva. 2023. An 
Assessment of the Sustainability and Security of Energy 
Systems: An Analysis of the Energy Trilemma Index on the 
Example of Russia, Kazakhstan and Armenia. Polityka 
Energetyczna-Energy Policy Journal. 23−46−23−46.  

[43] C. Wang, M. Xia, P. Wang, and J. Xu. 2022. Renewable 
Energy Output, Energy Efficiency and Cleaner Energy: 
Evidence from Non-parametric Approach for Emerging 
Seven Economies. Renewable Energy. 198: 91−99.  

[44] H. Kang. 2022. An Analysis of the Relationship between 
Energy Trilemma and Economic Growth. Sustainability. 
14(7): 3863. 

[45] J. Oliver and B. Sovacool. 2017. The Energy Trilemma and 
the Smart Grid: Implications Beyond the United States. Asia 
& Pacific Policy Studies. 4(1): 70−84.  

[46] H. Canton. 2021. International Energy Agency—IEA. The 
Europa Directory of International Organizations 2021. 
Routledge. 684−686. 

[47] C. Zhao, X. Dong, and K. Dong. 2022. Quantifying the 
Energy Trilemma in China and Assessing Its Nexus with Smart 
Transportation. Smart and Resilient Transportation. 4(2): 
78−104.  

[48] T. Pamulapati, M. Cavus, I. Odigwe, A. Allahham, S. Walker, 
and D. Giaouris. 2022. A Review of Microgrid Energy 
Management Strategies from the Energy Trilemma 
Perspective. Energies. 16(1): 289.  

[49] Y. E. García Vera, R. Dufo-López, and J. L. Bernal-Agustín. 
2019. Energy Management in Microgrids with Renewable 
Energy Sources: A Literature Review. Applied Sciences. 
9(18): 3854.  

[50] R. Jing et al. 2021. Balancing the Energy Trilemma in Energy 
System Planning of Coastal Cities. Applied Energy. 283: 
116222,  

[51] R. Wu and G. Sansavini. 2021. Energy Trilemma in Active 
Distribution Network Design: Balancing Affordability, 
Sustainability and Security in Optimization-based Decision-
making. Applied Energy. 304: 117891. 

[52] T. Ravichandran, J. Jaafar, H. Ilbeygi, and M. Purwanto. 
2021. Review on the Development of Fuel Cells and Its 
Future Prospects. Jurnal Teknologi. 83(3): 75−84. 

[53] K. R. M. Supapo, L. Lozano, I. D. F. Tabañag, and E. M. 
Querikiol. 2022. A Backcasting Analysis Toward a 100% 
Renewable Energy Transition by 2040 for Off-Grid Islands. 
Energies. 15(13): 4794.  

[54] F. V. Bekun. 2022. Mitigating Emissions in India: Accounting 
for the Role of Real Income, Renewable Energy 
Consumption and Investment in Energy. International 
Journal of Energy Economics and Policy. 12(1): 188−192. 
https://doi.org/10.32479/ijeep.12652. 

[55] F. V. Bekun, A. A. Alola, and S. A. Sarkodie. 2019. Toward a 
Sustainable Environment: Nexus between CO2 Emissions, 
Resource Rent, Renewable and Nonrenewable Energy in 
16-EU Countries. Science of the Total Environment. 657: 
1023−1029.  

[56] I. Khan, A. Zakari, J. Zhang, V. Dagar, and S. Singh. 2022. A 
Study of Trilemma Energy Balance, Clean Energy 
Transitions, and Economic Expansion in the Midst of 
Environmental Sustainability: New Insights from Three 
Trilemma Leadership. Energy. 248: 123619.  

[57] IRENA (International Renewable Energy Agency). 2020. 
Global Renewables Outlook: Energy Transformation 2050. 
Abu Dhabi: IRENA. 

[58] O. Weiss, G. Pareschi, G. Georges, and K. Boulouchos. 2021. 
The Swiss Energy Transition: Policies to Address the Energy 
Trilemma. Energy Policy. 148: 111926. 

[59] V. Vahidinasab and B. Mohammadi-Ivatloo. 2023. Energy 
Systems Transition: Digitalization, Decarbonization, 
Decentralization and Democratization. Springer Nature.  

[60] P. Söderholm. 2020. The Green Economy Transition: The 
Challenges of Technological Change for Sustainability. 
Sustainable Earth. 3(1): 6. 

[61] R. Wang, S.-C. Hsu, S. Zheng, J.-H. Chen, and X. I. Li. 2020. 
Renewable Energy Microgrids: Economic Evaluation and 
Decision Making for Government Policies to Contribute to 
Affordable and Clean Energy. Applied Energy. 274:115287.  

[62] S. Xu. 2021. The Paradox of the Energy Revolution in China: 
A Socio-technical Transition Perspective. Renewable and 
Sustainable Energy Reviews. 137: 110469. 

[63] J. Tomei and D. Gent. 2015. Equity and the Energy 
Trilemma: Delivering Sustainable Energy Access in Low-
income Communities. Research Report. London: 
International Institute for Environment and Development. 

[64] N. Gunningham. 2013. Managing the Energy Trilemma: The 
Case of Indonesia. Energy Policy. 54: 184−193.  

[65] R. J. Heffron, M.-F. Körner, T. Sumarno, J. Wagner, M. 
Weibelzahl, and G. Fridgen. 2022. How Different Electricity 
Pricing Systems Affect the Energy Trilemma: Assessing 
Indonesia's Electricity Market Transition. Energy Economics. 
107: 105663. 

[66] M. Shirazi. 2022. Assessing Energy Trilemma-related Policies: 
The World's Large Energy User Evidence. Energy Policy. 167: 
113082.  

[67] V. Dineva. 2020. Energy trilemma in Southeast Europe–
Seeking the Balance between Energy Security, Economic 
And Environmental Goals, In Times of Energy Transition. 
Energy and Climate Diplomacy. 13: 58. 

[68] B. He et al. 2023. Sustainable Economic Performance and 
Transition Towards Cleaner Energy to Mitigate Climate 
Change Risk: Evidence from Top Emerging Economies. 
Economic Research-Ekonomska Istraživanja. 36(3): 
2154240.  

[69] K. Hashim and D. Ng. 2022. Proven Approaches to Enhance 
Implementation of Energy Management Systems at a 
Leading Oil Company. Jurnal Teknologi. 84(6): 157−169.  

[70] H. F. Jamahori, M. P. Abdullah, and A. Ali. 2023. Impact and 
Evaluation of Optimized PV Generation in the Distribution 
System with Varying Load Demands. Jurnal Teknologi. 
85(3): 61−73. 

[71] S. B. Rockson et al. 2023. Designing Techno-Economic Off-
Grid Photovoltaic System Using an Improved Differential 
Evolution Algorithm. Jurnal Teknologi. 85(4): 153−165.  



1283                                         Ali et al. / Jurnal Teknologi (Sciences & Engineering) 87:6 (2025) 127−1284 
 

 

[72] M. Irwanto, Y. Nugraha, N. Hussin, and I. Nisja. 2023. Effect 
of Temperature and Solar Irradiance on the Performance 
of 50 Hz Photovoltaic Wireless Power Transfer System. Jurnal 
Teknologi. 85(2): 53−67.  

[73] Y. Buana, T. N. Mursitama, S. B. Abdinagoro, and Y. D. 
Pradipto. 2023. Stakeholder Engagement by Power System 
Experts of Indonesia Electricity Sector for Sustainable 
Energy Transition. International Journal of Energy Sector 
Management. 17(3): 474−488.  

[74]  S. Alam. 2016. In Support of a Market Mechanism for 
Energy Efficieny to Address Energy Trilemma: Bangladesh 
Context. Proceedings of the 23rd World Energy Congress. 
477−487.  

[75] B. Modu, M. P. Abdullah, A. L. Bukar, and M. Mustapha. 
2023. Supervisory Control of Solar-Wind-Biomass-Fuel Cell 
Energy System for Optimal Performance. ELEKTRIKA-Journal 
of Electrical Engineering. 22(2): 22−29. 

[76] B. V. Mathiesen, H. Lund, and K. Karlsson. 2011. 100% 
Renewable Energy Systems, Climate Mitigation and 
Economic Growth. Applied energy. 88(2): 488−501.  

[77] M. J. Pickl. 2021. The Trilemma of Oil Companies. The 
Extractive Industries and Society. 8(2): 100868.  

[78] S. Gibellato, L. V. Ballestra, F. Fiano, D. Graziano, and G. L. 
Gregori. 2023. The Impact of Education on the Energy 
Trilemma Index: A Sustainable Innovativeness Perspective 
for Resilient Energy Systems. Applied Energy. 330: 120352.  

[79] J. Lacea, E. Querikiol, and E. Taboada. 2021. Balancing 
Energy Trilemma Using Hybrid Distributed Rooftop Solar PV 
(DRSP)/Battery/Diesel Microgrid: A Case Study in 
Gilutongan Island, Cordova, Cebu, Philippines. Energies. 
14(21): 7358.  

[80] I. B. Sperstad, M. Z. Degefa, and G. Kjølle. 2020. The impact 
of Flexible Resources in distribution Systems on the Security 
of Electricity Supply: A Literature Review. Electric Power 
Systems Research. 188: 106532.  

[81] J. Tovar-Facio, M. Martín, and J. M. Ponce-Ortega. 2021. 
Sustainable Energy Transition: Modeling and Optimization. 
Current Opinion in Chemical Engineering. 31: 100661.  

[82] M. Harvey. 2014. The Food-energy-climate Change 
Trilemma: Toward a Socio-Economic Analysis. Theory, 
Culture & Society. 31(5): 155−182. 

[83] J. T. Yap, A. J. P. Gabriola, and C. F. Herrera. 2021. 
Managing the Energy Trilemma in the Philippines. Energy, 
Sustainability and Society. 11: 1−17. 

[84] E. A. Feigenbaum and J.-y. Hou. 2020. Overcoming 
Taiwan’s Energy Trilemma: A Focus on Security, 
Affordability, and Sustainability. Carnegie Endowment for 
International Peace, April 27. 

[85] D. Walters and A. N. Kleit. 2023. Grid Governance in the 
Energy Trilemma Era: Remedying the Democracy Deficit. 
Alabama Law Review. 74(4): 1033–1088. Texas A&M 
University School of Law Research Paper No. 22−6. 

[86] A. Allahham, D. Greenwood, C. Patsios, and P. Taylor. 2022. 
Adaptive Receding Horizon Control for Battery Energy 
Storage Management with Age-and-operation-
dependent Efficiency and Degradation. Electric Power 
Systems Research. 209: 107936.  

[87] N. M. A. Ramli, S. M. Hussin, D. M. Said, N. Rosmin, and A. 
Nawabjan. 2021. Voltage Regulation Control using Battery 
Energy Storage System in Distribution Network with High PV 
Penetration Strength. Jurnal Teknologi. 83(6): 203−209.  

[88] M. A. Nasr, A. Rabiee, and I. Kamwa. 2020. MPC and 
Robustness Optimisation‐based EMS for Microgrids with 
High Penetration of Intermittent Renewable Energy. IET 
Generation, Transmission & Distribution. 14(22): 5239−5248. 

[89] N. I. Shamsuddin, M. M. Rasid, and M. S. Anuar. 2023. Cost-
effective Energy Management Systems Strategy in 
Optimization of Photovoltaic for Grid-connected System. 
Jurnal Teknologi. 85(1): 115-124.  

[90] R. Ayop, C. W. Tan, N. M. Saman, M. R. Sahid, and Z. A. 
Noorden. 2024. Adjustable Resistance Feedback Piecewise 
Linear Interpolation Photovoltaic Emulator. Jurnal Teknologi 
(Sciences & Engineering). 86(5): 145−151.  

[91] X. Kong, X. Liu, L. Ma, and K. Y. Lee. 2019. Hierarchical 
Distributed Model Predictive Control of Standalone 
Wind/Solar/Battery Power System. IEEE Transactions on 
Systems, Man, and Cybernetics: Systems. 49(8): 1570−1581.  

[92] M. Razzanelli, E. Crisostomi, L. Pallottino, and G. 
Pannocchia. 2020. Distributed Model Predictive Control for 
Energy Management in a Network of Microgrids using the 
Dual Decomposition Method. Optimal Control Applications 
and Methods. 41(1): 25−41.  

[93] A. F. A. Kadir, H. Mupangat, D. M. Said, and Z. Rasin. 2021. 
Reactive Power Analysis at Solar Power Plant. Jurnal 
Teknologi. 83(2): 47−55. 

[94] M. Nageh, M. P. Abdullah, and B. Yousef. 2021. Optimum 
Tilt Angle for Maximizing Large Scale Solar Electrical Energy 
Output. Jurnal Teknologi. 83(3): 133−141.  

[95] H. R. Baghaee, M. Mirsalim, G. B. Gharehpetian, and H. A. 
Talebi. 2017. Decentralized Sliding Mode Control of 
WG/PV/FC Microgrids under Unbalanced and Nonlinear 
Load Conditions for On-and Off-Grid Modes. IEEE Systems 
Journal. 12(4): 3108−3119. 

[96] I. Adam, M. N. M. Yasin, S. Z. Ibrahim, and N. Haris. 2022. 
Development of Cascaded Voltage Doubler Rectifier for 
RF Energy Harvesting. Jurnal Teknologi. 84(2): 153−161.  

[97] S. Nasir and S. Norazizul. 2019. Power Loss and Harmonic 
Minimization at Distribution System with Electric Vehicle by 
Passive Filter using Modified Lightning Search Algorithm. 
PhD Thesis. Universiti Teknologi Malaysia.  

[98] A. Alsharif, C. W. Tan, R. Ayop, A. Dobi, and K. Y. Lau. 2021. 
A Comprehensive Review of Energy Management Strategy 
in Vehicle-To-Grid Technology Integrated with Renewable 
Energy Sources. Sustainable Energy Technologies and 
Assessments. 47: 101439.  

[99] L. Li. 2021. Coordination between Smart Distribution 
Networks and Multi-Microgrids Considering Demand Side 
Management: A Trilevel Framework. Omega. 102: 102326.  

[100] E. Zafeiratou and C. Spataru. 2018. Sustainable Island 
Power System–Scenario Analysis for Crete under the Energy 
Trilemma Index. Sustainable Cities and Society. 41: 378−391. 

[101] A. Alsharif, C. W. Tan, R. Ayop, K. Y. Lau, and A. Moh'd Dobi. 
2021. A Rule-based Power Management Strategy for 
Vehicle-to-Grid System using Antlion Sizing Optimization. 
Journal of Energy Storage. 41: 102913. 

[102] M. F. Rabbi, J. Popp, D. Máté, and S. Kovács. 2022. Energy 
Security and Energy Transition to Achieve Carbon 
Neutrality. Energies. 15(21): 8126.  

[103] N. R. Wee and J. Jamian. 2022. Rule-Based-Iterative Energy 
Management System for Islanded Hybrid Microgrid System. 
Proceedings of the 6th International Conference on 
Electrical, Control and Computer Engineering: InECCE2021, 
Kuantan, Pahang, Malaysia, 23rd August. Springer. 
291−303.  

[104] M. Z. Ab Ghani, M. M. Rasid, and M. S. Anuar. 2022. 
Development of Cost-Effective Energy Management 
Strategy for Stand-Alone Hybrid System. Jurnal Teknologi. 
84(5): 51-58. 

[105] B. del-Río, A. Fernández-Sainz, and I. M. de Alegria. 2019. 
Diversity or Concentration of Sources in the Management 
of the Energy Trilemma? The Case of India. Journal of Clean 
Energy Technologies. 7(3).  

[106] S. A. A. Shah, C. Longsheng, Y. A. Solangi, M. Ahmad, and 
S. Ali. 2021. Energy trilemma Based Prioritization of Waste-
To-Energy Technologies: Implications for Post-COVID-19 
Green Economic Recovery in Pakistan. Journal of Cleaner 
Production. 284: 124729.  

[107] K. Ain, L. Choridah, D. Kurniadi, A. D. Garnadi, U. 
Mukhayyar, and N. H. Setyawan. 2023. Quantitative 
Analysis of Electrical Current Effect on Magnetic 
Resonance Image Tissue Intensity. Jurnal Teknologi. 85(2): 
141−148, 

[108] S. I. Khalel. 2024. Classification of Electrical Fault Severity in 
a Modern Power System Operating Environment. Jurnal 
Teknologi. 86(1): 35−42.  

[109] P. Saini and L. Gidwani. 2021. An Environmental Based 
Techno-Economic Assessment for Battery Energy Storage 



1284                                         Ali et al. / Jurnal Teknologi (Sciences & Engineering) 87:6 (2025) 127−1284 
 

 

System Allocation in Distribution System using New Node 
Voltage Deviation Sensitivity Approach. International 
Journal of Electrical Power & Energy Systems. 128: 106665.  

[110] R. K. Bonthu, R. P. Aguilera, H. Pham, M. D. Phung, and Q. 
P. Ha. 2019. Energy Cost Optimization in Microgrids Using 
Model Predictive Control and Mixed Integer Linear 
Programming. 2019 IEEE International Conference on 
Industrial Technology (ICIT). IEEE. 1113−1118.  

[111] W. Anggono, M. Noor, S. Liao, K. Sanka, G. Gotama, and F. 
Suprianto. 2022. Effects of Extraction Methods on the Fuel 
Characteristics and Diesel Engine Performances of 
Jatropha Curcas Biodiesel. Jurnal Teknologi. 84(4): 29−39.  

[112] M. M. Islam, M. Nagrial, J. Rizk, and A. Hellany. 2021. 
General aspects, Islanding Detection, And Energy 
Managinent In Microgrids: A Review. Sustainability. 13(16): 
9301.  

[113] N. T. Mbungu, R. M. Naidoo, R. C. Bansal, and V. 
Vahidinasab. 2019. Overview of the Optimal Smart Energy 
Coordination for Microgrid Applications. IEEE Access. 7: 
163063−163084.  

[114] R. Radmehr, S. R. Henneberry, and S. Shayanmehr. 2021. 
Renewable Energy Consumption, CO2 Emissions, and 
Economic Growth Nexus: A Simultaneity Spatial Modeling 
Analysis of EU Countries. Structural Change and Economic 
Dynamics. 57: 13−27. 

[115] L. E. Natividad and P. Benalcazar. 2023. Hybrid Renewable 
Energy Systems for Sustainable Rural Development: 
Perspectives and Challenges in Energy Systems Modeling. 
Energies. 16(3): 1328.  

[116] R. Ayop, C. W. Tan, S. M. Ayob, L. K. Yiew, and H. W. Shin. 
2023. Comparative ofudy Of Configurations for 
Photovoltaic-Thermoelectric Generator Cogeneration 
SysteM. Jurnal Teknologi. 85(5): 73−79.  

[117] B. Papari, C. S. Edrington, I. Bhattacharya, and G. Radman. 
2017. Effective Energy Management of Hybrid AC–DC 
Microgrids with Storage Devices. IEEE Transactions on Smart 
Grid. 10(1): 193−203. 

[118] A. A. Abdulkareem, M. M. Rasid, J. J. Jamian, and N. M. 
Sapari. 2024. Relay Coordination Planning for High 
Photovoltaic Penetration Using Preset-Time Method. Jurnal 
Teknologi. 86(1): 15−23. 

[119] O. Ouramdane, E. Elbouchikhi, Y. Amirat, and E. Sedgh 
Gooya. 2021. Optimal Sizing and Energy Management of 

Microgrids with Vehicle-To-Grid Technology: A Critical 
Review and Future Trends. Energies. 14(14): 4166.  

[120]A. H. Omran, D. M. Said, S. H. Abdulhussain, S. M. Hussin, and 
N. Ahmad. 2021. Models, Detection Methods, And 
Challenges in DC Arc Fault: A Review. Jurnal Teknologi. 
83(4): 1−16.  

[121] M. Hannan et al. 2022. Vehicle to Grid Connected 
Technologies and Charging Strategies: Operation, Control, 
Issues and Recommendations. Journal of Cleaner 
Production. 339: 130587.  

[122] S. N. S. Nasir, M. T. Ali, and J. J. Jamian. 2024. Determination 
of Optimal Power Flow for Photovoltaic Integration into 
Microgrid to Minimize System Losses Using Slime Mould 
Algorithm. 2024 IEEE 4th International Conference in Power 
Engineering Applications (ICPEA). IEEE. 1−6.  

[123] D. E. Olivares, C. A. Cañizares, and M. Kazerani. 2014. A 
Centralized Energy Management System for Isolated 
Microgrids. IEEE Transactions on Smart Grid. 5(4): 1864−1875.  

[124] Y. Xu, J. Zhang, P. Wang, and M. Lu. 2021. Research on the 
Bi-Level Optimization Model of Distribution Network based 
on Distributed Cooperative Control. IEEE Access. 9: 
11798−11810.  

[125] C. Shang, T. Lin, C. Li, K. Wang, and Q. Ai. 2021. Joining 
Resilience and Reliability Evaluation against Both Weather 
and Ageing Causes. Renewable and Sustainable Energy 
Reviews. 152: 111665.  

[126] S. Nojavan, M. Majidi, and N. N. Esfetanaj. 2017. An Efficient 
Cost-Reliability Optimization Model for Optimal Siting and 
Sizing of Energy Storage System in a Microgrid in the 
Presence of Responsible Load Management. Energy. 139: 
89−97.  

[127] H. Haddadian and R. Noroozian. 2017. Optimal Operation 
of Active Distribution Systems based on Microgrid Structure. 
Renewable Energy. 104: 197−210.  

[128] E. Prehoda, J. M. Pearce, and C. Schelly. 2019. Policies to 
Overcome Barriers for Renewable Energy Distributed 
Generation: A Case Study of Utility Structure and 
Regulatory Regimes In Michigan. Energies. 12(4): 674.  

[129] Q. Hassan et al. 2024. Enhancing Smart Grid Integrated 
Renewable Distributed Generation Capacities: 
Implications for Sustainable Energy Transformation. 
Sustainable Energy Technologies and Assessments. 66: 
103793.  

 
 
 


