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ABSTRACT

The rapid transition toward low-carbon energy systems is creating increasingly complex and interconnected energy
structures characterized by high shares of renewable energy, sector coupling, and advanced conversion and storage
technologies. To manage these systems while achieving decarbonization, security, reliability, and sustainability goals
simultaneously, integrated energy system planning has become essential. However, most existing planning studies primarily
emphasize techno-economic optimization and greenhouse gas reduction, while long-term environmental impacts and
sustainability considerations remain insufficiently addressed. This review provides a comprehensive assessment of
integrated planning approaches for new energy systems, with a particular focus on environmental impacts, trade-offs, and
sustainability pathways. It examines major planning frameworks, including optimization-based, simulation-based, and
hybrid methods, and evaluates how environmental factors are incorporated into system design. Special attention is given to
life-cycle assessment, multi-dimensional environmental evaluation, and the role of sector coupling in shaping system-wide
environmental outcomes. By comparing environmental trade-offs across sectors, spatial scales, and time horizons, the
review highlights inherent tensions between decarbonization objectives, resource consumption, and ecological impacts.
Case studies from China, Pakistan, South Korea, and Malaysia illustrate how integrated planning is applied under diverse
socio-economic and policy conditions. Finally, the review identifies key research gaps, emphasizing the need for deeper
environmental integration, improved data and model connectivity, and pathway-based planning to support environmentally

sustainable and resilient energy transitions.

*CORRESPONDING AUTHOR:
Jiangtao Ma, PowerChina International Group Limited, Beijing 100037, China; Email: majiangtao@powerchina-intl.com

ARTICLE INFO

Received: 15 February 2026 | Revised: 24 May 2026 | Accepted: 30 May 2026 | Published Online: 16 July 2026
DOI: https://doi.org/10.30564/jees.v8i7.13291

CITATION

Ma, J., 2026. Integrated Planning of New Energy Systems: Environmental Trade-Offs and Sustainability Pathways. Journal of Environmental &
Earth Sciences. 8(7): 160—-179. DOI: https://doi.org/10.30564/jees.v8i7.13291

COPYRIGHT

Copyright © 2026 by the author(s). Published by Bilingual Publishing Group. This is an open access article under the Creative Commons
Attribution-NonCommercial 4.0 International (CC BY-NC 4.0) License (https://creativecommons.org/licenses/by-nc/4.0/).

160



Journal of Environmental & Earth Sciences | Volume 08 | Issue 07 | July 2026

Keywords: Integrated Energy Planning; New Energy Systems; Environmental Trade-Offs; Sustainability Pathways; Sector

Coupling

1. Introduction

The world energy system is undergoing a dramatic
change caused by the necessity to reduce climate change, to
improve energy security, and to help in sustainable economic

[1.2] " The international agreements to reduce

development
global temperature increase, and the national net-zero and
carbon-neutrality goals have increased the use of renewable
energy sources, end-use electrification, and new energy carri-
ers, including hydrogen and synthetic fuels®). These changes
are all collectively transforming traditional energy systems,
which were heavy fossil fuel-based, into more complex and
interconnected new energy systems with high proportions of
variable renewable energy, distributed generation, and cross-
sector coupling. Although this shift promises unprecedented
opportunities in deep decarbonization, it also creates serious
planning dilemmas in relation to environmental trade-offs
and sustainability in the long term.

In the past, energy system planning has been carried out
in comparatively closed sectoral frameworks, where the most
significant focus has been on the minimization of expenses
or the reliability of supply. These boundaries have, however,
been blurred by the fast development of renewable sources of
energy, energy storage systems, and power-to-X conversion
systems. Fuel chains, transport networks, industrial, and
heating networks are now closely interconnected with elec-
tricity networks and form strong interdependencies between
sectors and across spatial scales. Integrated planning has, in
this regard, become an essential paradigm in the design and
operation of energy systems in the future in a consistent and
effective way. Integrated planning aims to jointly maximize
several vectors of energy, infrastructures, and demand sec-
tors, and it considers changes over time, space limitations,
and policy goals 3],

Although integrated energy system planning has in-
creasingly adopted it, it has given little serious attention to
the impact on the environment, and its focus on environmen-
tal issues has been limited or patchy[®l. The reduction of
greenhouse gas (GHG) emissions is often a primary target

or a constraint, but other environmental aspects, including

air, land, and water usage, biodiversity effects, and mate-
rial resources degradation, are commonly disregarded or
managed afterward. Such a limited perspective would trans-
fer the environmental load instead of eradicating it and put
the sustainability objectives of the energy transition in jeop-
ardy. As an illustration, major implementation of renewable
energy and battery storage has the potential to eliminate op-
erational emissions to a considerable extent but might have
an upstream effect with regard to the extraction of critical
minerals, land use, and water usage. Equally, sector couples
capable of deep decarbonization, like power-to-hydrogen,
can be enacted but would create new trade-offs associated
with energy efficiency loss, infrastructure growth, and re-
gional environmental impacts.

This makes it not possible to measure the environmen-
tal performance of new energy systems using single indi-
cators or sectoral analyses!”l. Rather, it is becoming in-
creasingly apparent that environmental trade-offs are typical
of energy system transformation, and should be explicitly
determined, measured, and controlled using comprehensive
planning strategies. These trade-offs can be made in various
dimensions, including between climate mitigation and the
quality of the local environment, between short-term oper-
ational gains and the long-term sustainability of resources,
and between local and global environmental outcomes. The
way these complexities are to be addressed is by designing
planning frameworks that incorporate environmental assess-
ment techniques, such as life cycle assessment (LCA) and
multi-criteria decision analysis, directly into system design
and optimization procedures.

Simultaneously, the so-called sustainability pathways
have become prominent in energy studies and policy-making.
Instead of concentrating on fixed state configurations of
the system, sustainability pathways consider dynamic tran-
sition paths, which take into consideration technological
learning, infrastructure lock-in, policy evolution, and socio-
environmental feedback throughout time. In this view, inte-
grated planning is not simply a method of finding the cost-
optimal system designs, but a strategic tool of guiding energy

systems to the environmentally sound, socially acceptable,
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and resilient futures. The sustainability pathways empha-
size flexibility and adaptability, and resilience in the face of
uncertainty, which are especially pertinent in the context of
climate change, geopolitical, and technological changes!'%!.

Over the last few years, there has been a significant
amount of literature on the subject of integrated energy sys-
tem planning that covers a wide range of issues. The litera-
ture has reviewed the sector coupling technologies, optimiza-
tion and simulation, the renewable integration dilemma, and
the policy implications of low-carbon transitions ('], Other
analyses have been narrowly based on the methodology of
environmental assessment or on the sustainability of specific
technologies, e.g., hydrogen or bioenergy, or energy storage.
These strands of literature are, however, very much treated
independently. Extensive reviews to carefully connect the
integrated planning methodologies with the environmental
impact assessment, trade-off analysis, and sustainability path-
way design have been limited. Specifically, synthesis that
critically evaluates the integration of environmental consider-
ations into the planning models, trade-offs across sectors and
scales, and the use of the planning results in the long-term
sustainability strategies is lacking.

The gaps identified in this review are filled by present-
ing in a systematic and critical way the body of literature on
the integrated planning of new energy systems, especially
the area of environmental trade-offs and sustainability path-
ways![1?l. The review takes a holistic approach whereby it
considers more than cost and carbon measurements in the
design of the energy system because the aspect of environ-
mental sustainability is multidimensional. In a combined
analysis of planning structures, modeling techniques, and
evaluation strategies, the given article attempts to explain
how the environmental goals can be integrated into energy
planning systematically and how the conflicting objectives
can be reconciled in a practical way.

This review will find applications across a broad spec-
trum of energy system designs, such as those based on
electricity-dominated systems with a high renewable content,
those based on multi-energy systems integrating heat, gas,
and transport industries, and those based on hydrogen and
synthetic fuels!'3l. The short-term operational planning and

long-term expansion thinking are both taken into account

because there is a tendency that environmental trade-offs can
have varied forms at various time scales. The three spatial
scales include the scales such as local systems and industrial
park, city and regional systems, and national and transna-
tional energy systems, while a variety of planning contexts
and environmental issues exist.

In terms of methodology, the review encompasses
optimization-based, simulation-based, and hybrid planning
methodologies, and has a special focus on how environ-
mental indicators are integrated with objective functions,
restrictions, or post-processing analysis. The combination
of life cycle thinking, multi-criteria assessment, and uncer-
tainty analysis is discussed in-depth with its methodological
strengths, limitations, and limitations that need to be devel-
oped. Besides that, the review also takes into consideration
socio-environmental and policy aspects as it acknowledges
that sustainability pathways are not only influenced by tech-
nological and economic aspects but also by governance sys-
tems, preferences of stakeholders, and societal values.

The rest of the present article is structured in the follow-
ing way. The conceptual framework of integrated new energy
systems is presented in Section 2, including the boundaries
of the system, its relevant components, and planning targets.
Section 3 discusses integrated planning methodologies in
which optimization, simulation techniques, and advanced
hybrid strategies are compared. Section 4 comprises the
analytical heart of the review, which integrates the environ-
mental impact assessment frameworks, trade-off analysis,
and the design of sustainability pathways as integrated plan-
ning frameworks. Section 5 will include some case studies
and regional visions that show the implementation of in-
tegrated planning and environmental concerns in various
socio-economic contexts. The significant research gaps and
future directions are incorporated in Section 6, followed by
the conclusion, including general findings and implications
that the research has on the researchers, planners, and poli-
cymakers (Section 7).

Through the connections of integrated planning, en-
vironmental assessment, and long-term sustainability, this
review aims to contribute to the creation of low-carbon, but
also environmentally responsible and resilient long-term en-

ergy systems.
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2. Conceptual Framework of Inte-
grated New Energy Systems

2.1. Definition and System Boundaries

Integrated new energy systems are energy systems that
are planned and designed by a considerate choice of several
energy conveyors, infrastructures, and domains of demand

141 In comparison to tradi-

on a common analytical plane!
tional energy systems that are typically designed with one

main energy vector, i.e., electricity or fossil fuels, integrated

Spatial boundary: Local — District/City — Regional — National

systems explicitly take into consideration the interactions
between electricity, heat, gas, hydrogen, and liquid fuels
and the conversion and storage technologies thereof. It is
not just that they have a variety of technologies, but that
they plan and operate interrelated subsystems to accomplish
several aims, such as economic efficiency, environmental
sustainability, and reliability of the system. The conceptual
framework of the integrated new energy systems, as shown
in Figure 1, indicates how the different sectors of energy car-
riers, conversion technologies, storage, and end-use interact

within specific spatial and temporal constraints.

>
>

<

Energy carriers

Integration layer

End-use sectors

Conversion & coupling Buildings
(heating/cooling)
CHP/CCHP
Electricity
Power-to-X Tenmy s
Heat P2H2, P2G, P2F EVs, H2. fuels
Gas > Heat pumps / Electric boilers >
Storage systems Industry
Hydrogen process heat, feedstocks
Fuels Electrical storage
liquid/synthetic Planning objectives
Thermal & chemical storage Cost, Emissions,
Reliability, Sustainability

__ Temporal boundary: Operation — Planning — Transition pathways

<

>

Figure 1. Conceptual framework of integrated new energy systems illustrating multiple energy carriers, conversion technologies, storage
options, demand sectors, and planning boundaries across spatial and temporal scales.

System boundaries are also a significant issue in in-
tegrated energy system planning because they dictate what
interactions and impacts will be included in the analysis.
There are spatial and temporal boundaries that can be estab-
lished. Spatially, integrated systems can be local in scale,
i.e., buildings, districts, or industrial parks, or regional, na-
tional, or transnational energy networks. The challenges
presented by each scale have specific problems in terms of
the availability of infrastructures, resource endowment, and
environmental consequences. Planning horizons can range
from short-term operational scheduling to long-term capacity

expansion over a few decades in temporal terms. Short-term

analyses tend to focus on the management of system flex-
ibility and variability, whereas long-term perspectives are
needed to capture the effects of infrastructure lock-in, tech-
nology learning, and cumulative environmental effects. A
coherent conceptual framework should then be able to bring
spatial and time boundaries into the context of the specific
research or policy question under study!'>!. Table 1 provides
a brief overview of some conceptual differences between the
various systems to define the key distinguishing features of
the integrated new energy systems, as well as the difference
between the conventional sector-specific energy systems and

the integrated new energy systems.
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Table 1. Conceptual characteristics distinguishing integrated new energy systems from conventional energy systems in terms of structure,
scope, planning horizon, flexibility, and environmental considerations.

Dimension Conventional Energy Systems

Integrated New Energy Systems

Energy carriers
Sectoral scope
Planning horizon
System flexibility
Environmental focus

Short- to medium-term
Limited, supply-oriented
Primarily operational emissions

Single or dominant carrier (e.g., electricity, fossil fuels)
Sector-specific (power, heat, transport analyzed separately)

Multiple carriers (electricity, heat, gas, hydrogen, fuels)
Cross-sectoral with strong sector coupling

Short-term operation and long-term transition pathways
High flexibility via storage, conversion, and demand response
Life cycle impacts and multi-dimensional sustainability

2.2. Key Components of Integrated New En-
ergy Systems

Integrated new energy systems consist of a wide array
of supply, conversion, storage, and demand-side units that,
as a group, allow the delivery of flexible and low-carbon

14161~ On the supply side, wind, solar, hydro, and

energy!
bioenergy are some of the renewable energy technologies
that are at the center stage, usually complemented with resid-
ual generation of fossil fuels with carbon capture or other
mitigation strategies in the transitional stages. The growing
use of variable renewable energy resources creates a high
rate of temporal variability that cannot be addressed with
balancing solutions in isolation and, instead, has to be ad-
dressed with system integration. Integration across energy
carriers is based on energy conversion technologies. Heat
recovery, power-to-heat systems, combined heat and power
units, electrolysis to produce hydrogen, and synthetic paths
to fuel allow the transfer of energy between sectors according
to demand trends and resource availability. The technolo-
gies enable sector coupling, which enables excess renewable
electricity to be used in heating, transport, or industry to im-
prove the efficiency of the overall systems and curtailment.
Meanwhile, conversion processes cause loss of efficiency
and the need to have more infrastructure, which has signifi-
cant effects on both the performance of the system and the
environment.

Another element of integrated systems that is also crit-
ical is energy storage, which offers a temporal decoupling

171 Short-term

between the demand and supply of energy!
variability can be met by using electrical storage technologies
like batteries, pumped hydro storage, whereas long-term bal-
ancing and seasonal flexibility are met by thermal storage or
chemical storage in the form of hydrogen or synthetic fuels.
Additional demand-side factors, such as demand response,
end-use sector electrification, and smart energy management

systems, also improve integration by making the system

more adaptable. Collectively, these elements create a very
networked system where such decisions made about a partic-
ular element can lead to further impacts on the other sectors

and over time.

2.3. Planning Objectives and Constraints

Integrated new energy systems are multi-objective in
their planning, as their goals are diverse and even conflict-
ing with each other in some cases, corresponding to energy
transitions!'®!. Economic goals are usually to minimize the
total system cost, which covers capital investment, opera-
tion cost, and, in certain cases, the external cost associated
with emissions or resource consumption. Technical targets
aim at maintaining the reliability, adequacy, and flexibility
of systems that need to accommodate the variability of re-
newable generation and the changing demand patterns. The
scope of environmental objectives is further than reducing
greenhouse gas emissions to air quality, land and water use,
resource efficiency, and ecology in general.

These aims are sought within a complicated set of con-
straints that model possible system settings. Resource con-
straints are a result of the availability of potential renewable
energy, the availability of water resources, and the availabil-
ity of essential materials needed to run energy technologies.
Infrastructure limitations are manifested through current net-
works, the maturity of technology, and physical bottlenecks
of transmission, storage, and conversion capacity. Policy and
regulatory restrictions, including emission levels, renewable
energy requirements, and market design policies, also shape
the results of the planning process, putting an emphasis on
some technologies or routes as opposed to others. Moreover,
the social restrictions associated with societal acceptance,
equity, and land-use contradictions are known to have a con-
siderable impact on the implementability of the integrated
energy solutions ],

The interaction of goals and limitations determines the
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significance of the explicit consideration of trade-offs in the
framework of integrated planning. Optimal decisions based
on cost or carbon might cause unintended environmental or
social impacts when the bigger sustainability aspects are not
taken into account. An effective conceptual framework of
integrated new energy systems, therefore, needs to have a
number of dimensions of planning objectives and have a plat-
form for assessing other system designs in an unbiased and
methodical way ). This framework is the basis of the plan-
ning techniques and environmental analyses to be discussed

in the further sections of this review.

3. Integrated Planning Methodolo-
gies

3.1. Optimization-Based Approaches

The main part of the integrated planning approaches of
the new energy systems is composed of optimization-based
techniques, and they are commonly applied to determine
system configurations that optimally meet the predefined
goals within a series of technical, economic, and environ-
mental constraints['4]. These methods generally encourage
the planning issue as a mathematical program where decision
variables are investments in generation, conversion, storage,
and network infrastructure, and decisions involving the oper-
ations over time. The optimization models can take the form
of linear, mixed-integer, and nonlinear models, depending on
their level of detail and scale of the system. Linear and mixed-
integer linear programming are typically used because they
can be computed with computational tractability and because
they can be used to model large-scale systems, whereas non-
linear formulations are typically used when higher fidelity is
needed to model thermodynamic relationships or non-convex
system behavior.

The objective function is a decision that is used in de-
termining the outcomes of planning. Single-objective formu-
lations tend to aim to reduce the overall costs of the system
or greenhouse gases and assume that the other aspects of
performance will be achieved as co-benefits. By compari-
son, multi-objective optimization directly models trade-offs
between competing objectives, including cost, emissions,
system reliability, etc., by producing Pareto-optimal sets of
solutions. The strategies enable the decision-makers to test

the impacts of the addition of small steps to the environmen-

tal performance and the potential effects on the economy
or technology. Nonetheless, multi-objective formulations
are also more complex models that need to be interpreted
carefully, especially when the objectives are presented in
disparate units or when the stakeholder preferences should
be included in the decision-making process2%-211,
Long-term energy planning is a subject of uncertainty,
and stochastic and robust formulations have been embraced
more often as part of optimization-based energy planning
to overcome uncertainties in technology costs, fuel prices,
as well as policy evolution and availability of renewable re-
sources??l. Stochastic optimization is an uncertainty model
of having many scenarios with probability assignments,
whereas robust optimization aims at finding solutions that
will be acceptable in a broad spectrum of future possibili-
ties. Inasmuch as these techniques increase the reality of
planning outcomes, they also come with increased computa-
tional loads and might necessitate simplification assumptions
with respect to uncertainty representation. Consequently,
trade-offs are usually made in the choice of model detail,

computational capability, and the scope of uncertainty.

3.2. Simulation and Scenario-Based Planning

Another approach that complements optimization in
the planning of an integrated energy system is simulation-
based techniques[?¥. Simulation models are not aimed at
finding a mathematically optimal solution, but are used to
investigate the behavior of energy systems in a given config-
uration, operational rules, or under a policy scenario. Such
models are especially effective at examining the dynamics
of a system, temporal variability, and the interaction of sup-
ply and demand among the dynamics of multiple system
sectors. Simulation tools are common in integrated plan-
ning settings to determine the viability of high-renewable
or highly coupled systems in operations, assess flexibility
needs, and determine possible infrastructure or control strat-
egy bottlenecks.

Scenario-based planning has strong relations with sim-
ulation methods and is an important tool in the search for
long-term transition pathways in deep uncertainty ?#2%1, Sce-
narios are usually alternative futures that are defined by vari-
ous assumptions about the development of technologies, the
ambition of policy, socioeconomic changes, and changes in
behavior. The ability to compare the performance of systems
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according to various scenarios will allow planners to know
strong strategies that will work in different circumstances,
as opposed to using one prediction. Scenario analysis has
been specifically useful in evaluating sustainability path-
ways, which allows the evaluation of the cumulative effects
on the environment, the lock-in effects of infrastructure, and
when important decisions regarding investments are made
over the entire planning horizon.

Simulation and scenario-based methods are limited,
nevertheless, in spite of their advantages. Since system set-
tings are frequently pre-established, they can fail to represent
the complexity of possible system architectures or determine
the cost-efficient investment routes. Moreover, scenario anal-
yses are usually sensitive to assumptions that may be hard
to validate or compare studies to study. This means that
simulation-based planning is best deployed in conjunction
with optimization techniques to give more detailed opera-
tional information and qualitative knowledge that supple-

ments quantitative optimization findings 26!,

3.3. Hybrid and Advanced Planning Methods

To overcome the drawbacks of optimization- or
simulation-based methods in planning, there has been an
increase in the literature on hybrid planning methodolo-
gies. These models merge the advantages of other modeling
paradigms to have a more detailed model of an integrated en-
ergy system. One of the typical hybrid strategies is to combine
long-run capacity expansion optimization models with short-
run operational simulation models!?’]. In these frameworks,
investment decisions and high-level system structure are deter-
mined with the help of optimization and operational feasibility,
flexibility requirements, and stability under realistic time con-
ditions, and are evaluated with the help of simulation models.
This recurring interdependence enables planners to improve
the design of systems and minimize the exposure of systems
to infeasibility or over-optimistic designs.

Integrated energy system planning has also been carried
out with advanced modeling techniques such as agent-based
models and system dynamics, where socio-technical inter-
actions and behavioral factors may be of interest?®. The
agent-based models are described as the individual actors,
and this includes the consumers, firms, or policymakers,

and their interaction within the energy system is simulated.

This method is applicable in the analysis of the dynamics of
technology adoption, market behavior, and the impacts of
policy instruments on heterogeneous stakeholders. In con-
trast, system dynamics models focus on feedback, delays,
and nonlinear interactions at an aggregate level and provide
an understanding of long-term transition dynamics and pos-
sible unintended consequences of policy interventions.
More recently, the traditional planning techniques have
started to be supplemented by data-driven and machine learn-

29301 These methods are not intended to fully

ing techniques!
substitute optimization or simulation frameworks, but are
rather mainly applied to improve demand forecasting, re-
newable generation modeling, and scenario generation. In
combination with a well-considered approach, data-based ap-
proaches can make computational complexity lower, model
accuracy higher, and serve real-time or close to it planning
applications. Their use in long-term integrated planning,
however, is constrained by the limited availability of data,
issues of interpretability, and the difficulty in integrating
learning-based models into transparent decision-support sys-

tems.

3.4. Comparison and Applicability of Planning
Models

The variety of integrated planning approaches indicates
the breadth of planning issues, scales of the system, and de-
cision contexts experienced when designing new energy sys-
tems [*!. The optimization-based methods can be effectively
applied to finding the cost-efficient system configurations
and searching among the well-defined goals, especially at
the regional or national levels. The simulation and scenario-
based techniques are good at studying the dynamics of a
system, its operational feasibility, and uncertainty, so they
can be used in the study of operations at a detailed level
and also long-term transition regarding the system. More
complex and hybrid approaches provide a potentially more
profitable direction towards the high fidelity of structural and
dynamic complexity, at the cost of increased modeling and
interdisciplinary skills. The variety of the reviewed planning
approaches is based on the different priorities of analysis and
situational setting of decisions; Table 2 gives a comparative
summary of the major integrated planning approaches and

their scope of application.
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Table 2. Comparison of major integrated energy system planning methodologies, highlighting their strengths, limitations, and typical

applications.

Methodology Main Strengths

Key Limitations Typical Applications

Identifies cost- or emission-optimal
solutions; scalable

Captures temporal variability and
system dynamics

Optimization-based models

Simulation-based models
Hybrid
optimization—simulation
Agent-based and system

Balances optimality and realism

Represents behavior and feedback

dynamics loops
Data-driven and ML-enhanced ~ Improves forecasting and
methods computational efficiency

Limited system dynamics; Capacity expansion, policy

simplified environmental metrics  evaluation

Not inherently optimal; Operational analysis, flexibility

scenario-dependent assessment

Higher complexity and Integrated investment—operation

computational burden studies

Limited quantitative optimality Techn(?logy adoption, policy impact
analysis

Limited transparency; data Demand prediction, renewable

dependence integration

The problem of integrated energy system planning can-
not be resolved by one and only methodology. The purpose of
the study, the type of data needed, and the computational re-
sources, together with the context of decision making, should
hence determine the method to be used. Notably, there is
a wide difference between the degree of approach to envi-
ronmental impacts and sustainability interpretation among
methodologies, which affects the detection and evaluation of
trade-offs. These differences in methodological approaches
are fundamental to the interpretation of the outcomes of plan-
ning, as well as the development of integrated approaches
that have the potential to assist in facilitating the transition
to energy that is environmentally sustainable. It is based on
this methodology that the integrated analysis of the environ-
mental impacts, trade-offs, and sustainability pathways that

are presented in the next section is derived.

4. Environmental Impacts, Trade-
Offs, and Sustainability Pathways
in Integrated Energy Planning

4.1. Environmental Impact Assessment Frame-
works in Integrated Planning

EIA is an essential part of planning an integrated energy
system since it offers the framework in which the proposed
system configurations are analyzed in relation to the wider

4321 Environmental effects, in the new

sustainability goals’
energy systems, go way beyond the immediate greenhouse
gas emissions, including the energy conversion processes.
These consist of a broad spectrum of pressures on natural
systems, such as emissions of air pollutants, land use, water
use, ecosystem perturbation, and extraction and processing

of material resources. The challenge to systematize these

multiple effects in a systematic and internally consistent way
is increasingly being realized in integrated planning frame-
works.

Historically, energy planning has relied on a few in-
dicators to carry out environmental assessment, the most
significant one being carbon dioxide emissions. Although
such indicators are central because they are relevant in miti-
gating climate change, they are not comprehensive since they
depict the performance of the environment. There is poten-
tial that high-renewable and highly electrified systems, such
as those, can reach high levels of emission reductions and,
at the same time, raise pressures on land, water, or essential
material supply chains. Integrated planning frameworks, as
it is called in environmental assessment, attempt to extend
the analytical scope to include various indicators that capture
local and global environmental issues*>34. The choice of
indicators is closely connected to the system boundaries and
scales of plans because what is relevant at the local level,
air quality or land-use conflicts, is different from what is
relevant on the national or global level, climate change, or
resource depletion.

One of the main difficulties related to implementing
environmental assessment models in terms of integrated plan-
ning is making the environmental indicators and energy sys-

1351, The model of planning is usually

tem models compatible
generated at small temporal and spatial scales where the
environmental effects can rely on fine-scale processes and
site-specific situations. The key to bridging this gap involves
making sure that abstraction is done carefully and the rep-
resentations of indicators are detailed enough to be able to
record meaningful differences between system configura-
tions, but are simple enough that they can be handled in

large-scale planning models.
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4.2. Integration of Life Cycle Thinking into En-
ergy System Planning

Life cycle thinking has become a critical mechanism
that can deal with the upstream and downstream environ-
mental effects that relate to new energy systems. The life
cycle assessment can offer a broad view of the environmental
burdens not reflected by operational metrics by looking at
the end-of-life treatment, maintenance, and extraction of raw
material, and the manufacture of energy technologies. Life
cycle thinking is especially relevant in integrated planning
situations when dealing with technologies with low operation
emissions and high embodied emissions, e.g., photovoltaic
systems, wind turbines, batteries, and hydrogen production
infrastructure 3¢,

Life cycle assessment may be implemented in energy
system planning in a variety of ways>7l. Some of the studies
use life cycle emission factor or resource intensity coeffi-
cient directly in the optimization model, and thus, the life
cycle impact may be an objective or a constraint. Life cycle
assessment is used in other instances as a post-processing,
in which optimized system configurations are ex post evalu-
ated to determine overall environmental implications. Both
methods trade analytical rigor against computational feasi-
bility. Direct integration allows the effects of environmental
concerns on the planning results to be explicitly considered,
although simplified models of life cycle processes are fre-
quently needed. Post-processing methods provide more com-
prehensive analysis of the life cycle, but there is a risk that
the environmental trade-offs will be discovered too late when
major decisions of the system design are already taken.

Another audit issue is the selection of the attributional
and consequential life cycle perspective. Attributional and
consequential assessment assign the effects of the environ-
ment to individual technologies or energy flows and, respec-
tively, seek to capture the system-wide impacts of marginal
decisions. Within integrated planning, where the emphasis
is usually on large-scale system change, as opposed to in-
cremental change, consequential perspectives can provide
more avenues of understanding. Nevertheless, they are ap-
plied with potent assumptions regarding the reaction of the
systems and the market dynamics, creating extra uncertainty.
Consequently, the continuous and open-minded incorpora-
tion of life cycle thinking is a current field of study in the

field of integrated energy planning 36381,

4.3. Multi-Dimensional Evaluation and Envi-
ronmental Trade-Offs

Figure 2 schematically depicts the multidimensional-
ity of the environmental effects and how the burden may
shift between categories. Balance between various goals
is an inherent part of integrated energy planning, and the
environmental trade-offs are one of the key aspects of the
decision-making. These trade-offs occur when any change in
one aspect of the environment results in negative effects on
a second aspect, or environmental aims contradict economic
or technical aims[3°). As an example, moving towards more
decarbonization by mass renewable deployment could lead
to more land use and material demand, whereas the use of
bioenergy can lead to a decrease in fossil fuel consumption,

at the cost of water use and biodiversity effects.

Climate
Change

Material
Resources

Integrated
Energy
Planning

Figure 2. Multi-dimensional environmental impact categories and typical trade-offs arising in integrated energy system planning.
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Such trade-offs are intended to be explicit and are
achieved using multi-dimensional evaluation frameworks in
order to aid the clear comparison of different system designs.
Multi-criteria decision analysis is commonly used to consol-
idate a range of pointers into composite performance metrics
or rank system settings in accordance with stakeholder pref-
erences. These methods also allow the investigation of the
effect of various weighting schemes or priorities of pol-

icy on the perceived desirability of competing pathways in

integrated planning studies. Nonetheless, the practice of
using aggregated indicators also brings up the issue of sub-
jectivity, since the outcomes can be subject to the weights,
normalization procedures, and sets of indicators. In order
to organize the discussion of the environmental dimensions
and explain the essence of the common trade-offs, Table 3
is used to summarize the main environmental indicators and
the planning tension associated with them reported in the

studies 401,

Table 3. Major environmental impact dimensions are considered in integrated energy system planning, and typical trade-offs are identified

in the literature.

Environmental Dimension Key Indicators

Typical Trade-Offs

Climate change GHG emissions, carbon intensity

Air quality NOy, SOz, PM emissions
Land use Land occupation, ecosystem disturbance
Water use Water withdrawal and consumption

Material resources

Critical mineral demand, recyclability

Deep decarbonization vs. higher system costs
Electrification benefits vs. upstream emissions
Renewable expansion vs. biodiversity impacts
Hydropower and bioenergy vs. water scarcity
Storage and electrification vs. resource depletion

Trade-offs do not exist only at the environmental dimen-
sion level, but it is usually possible to have relations between
environmental, economic, and technical performance*!.
Cost-effective solutions might perform better in terms of
environmental impacts in some aspects, whereas the ones
that are more environmentally appropriate might demand
more investments or be difficult to ensure the reliability of
the system. The use of integrated planning frameworks that
give clear accounts of such interactions can be useful in un-
derstanding the opportunity cost of sustainability goals, in
addition to determining trade-off solutions that can be used
to balance competing goals. Notably, the problem of trade-
offs does not mean that the environmental goals shall be
secondary to economic ones, but a well-informed decision-
making process must also take into consideration the entire
scope of the consequences that various planning options

entail.

4.4. Sector Coupling and Cross-Sector Environ-
mental Effects

The new energy systems are characterized by sector
coupling, which is crucial in influencing the environmen-
tal outcomes 2!, Sector coupling, which can be achieved
by converting electricity into heat, transport, and industrial
through power-to-heat, power-to-hydrogen, and synthetic
fuel systems, is the key to more effective use of renewable

16

energy and deep decarbonization of the entire economy. Con-
currently, it opens up new routes through which environmen-
tal influences can spread across the sectors.

As a matter of the environment, sector coupling may
create synergies and conflict. Emissions in sectors that are
difficult to abate (such as heavy industry and long-distance
transport) can be lowered by using the excess renewable elec-
tricity to produce hydrogen, e.g., Nevertheless, there will be
an efficiency loss and infrastructure growth that can drive
up the total energy consumption and material consumption.
Likewise, the electrification of heating and transport would
help in improving the air quality in cities, with an added bene-
fit of displacing emissions and resource requirements higher
up the power production and manufacturing lines. The cap-
turing of these cross-sector effects and preventing problem
shifting across sectors necessitates integrated planning 4344,

Environmental concerns of sector coupling are also
considerably relevant, and depend on factors including the
carbon intensity of electricity supply, the regional supply of
resources, and the temporal coincidence between renewable
production and demand. Integrated planning models that
include an environmental measure of the sectors can assist
in determining the circumstances in which sector coupling
produces net environmental advantages, and under which
circumstances alternative policies might be more sustain-
able?],

9
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4.5. Sustainability Pathways and Long-Term
System Transitions

In addition to considering the status quo of the systems,
integrated planning is important to influence the long-term
sustainability directions of the energy system transforma-
tion!*. Sustainability pathways focus on the time aspect
of planning by giving credit to the fact that energy systems
change over decades as a result of a series of investment

choices, policy interventions, and technological shifts. Envi-
ronmental effects are long-term, and a decision made early in
planning can result in lock-in effects limiting future choices
or further deteriorating the sustainability problems over the
long term. Based on the analysis above, Figure 3 is a con-
ceptualization of the dynamic nexus between the decisions
of integrated planning, environmental assessment, and (long-

term) sustainability pathways.

Environmental Assessment
LCA, MCDA

Integrated Energy
Planning

N

Sustainability Pathways

Net-zero, Resilience

/\

Policy & Governance
Feedback

Figure 3. Conceptual linkage between integrated energy system planning, environmental assessment, and long-term sustainability

pathways.

The transition dynamics (when to deploy technology,
when to expand infrastructure, and when to move out of
carbon-intensive assets) can be analyzed using integrated
planning frameworks that are based on a pathway-oriented
perspective. These analyses point out the significance of flex-
ibility and adaptability to attain environmentally sustainable
results, especially when one is uncertain of the future perfor-
mance of technology, prices, and policy considerations [+,
Pathway-based planning also helps in the evaluation of cu-
mulative environmental effects, which allow insights into
short-term trade-offs that result in long-term gains or destroy
overall sustainability objectives.

Pathways to sustainability also include social and pol-
icy aspects that can affect outcomes in the environment 461,
Transitions are influenced by the possibility and desirability
of alternative transition schemes as determined by the public,
considerations of equity, and the structures of governance.

Planning that takes into consideration these dimensions, as

well as environmental and techno-economic factors, can fa-
cilitate more comprehensive and resolute decision-making.
Combining environmental impact assessment, trade-off anal-
ysis, and pathway design into one unified approach, inte-
grated energy planning offers an effective vehicle to assist in
navigating the shift towards long-term low-carbon, as well
as environmentally responsible and resilient energy systems.

5. Case Studies and Regional Perspec-
tives

5.1. Integrated Energy Planning in China

China offers one of the most comprehensive and rich
case study sources on the integrated planning of new energy
systems due to its size, fast energy transition, and robust
policy-supported approach to decarbonization. China is the

biggest energy consumer and the greatest carbon emitter in

170



Journal of Environmental & Earth Sciences | Volume 08 | Issue 07 | July 2026

the world, and hence it has the two-fold challenge of trying to
cut emissions and its energy security and economic growth.
National strategies including carbon peaking and carbon neu-
trality, have now become integrated planning, with more and
more focus being placed on synchronizing the electricity,
heating, transport, and industrial systems[47].

Most of the Chinese case studies are based on large-
scale power systems that have large-scale penetration by
wind and solar power, energy storage, flexible thermal gener-
ation, and an increasing transmission system. The integrated
planning models are usually implemented at provincial or
regional levels to solve the spatial disjuncture between re-
newable resource supply and demand centers. In many cases,
environmental trade-offs have been studied on the basis of
carbon reduction against land use, water consumption, and
air pollution emissions, especially in areas where there is a
water shortage or where there are large populations.

These trade-offs are not always unidirectional. In a no-
table counterexample from Western China’s desert regions,
large-scale PV deployment has produced unexpected ecolog-
ical co-benefits: reduced soil evaporation, increased vege-
tation cover, and enhanced conditions for local animal hus-
bandry. This case illustrates that renewable energy, ecology
interactions can be synergistic under specific climatic and
spatial conditions, here, the PV panels created favorable
microclimates by shading and reducing wind speeds. For
integrated planning, this finding implies that environmental
impact assessments should move beyond assuming negative
trade-offs and instead incorporate site-specific ecological
feedback mechanisms, which may reveal previously over-
looked sustainability pathways. However, such synergies
remain context-dependent and should not obscure the general
need to manage land-use conflicts and biodiversity impacts
in renewable energy deployment 3501,

More case studies in China of urban and industrial
parks show the value of integrated planning at smaller scales.
Distributed renewable generation, combined heat and power
systems, thermal storage, and demand-side management are
frequently combined in these studies to enhance the local-
scale energy efficiency and air quality. In such cases, environ-
mental appraisals focus on co-benefits, including changes in
the level of particulate matter and the good health of people,
in addition to the mitigation of climate. Altogether, Chinese

case studies prove that integrated planning can assist in high
decarbonization targets, yet they also show the significance
of controlling environmental limitations in the region and pre-

venting the transfer of problems across different spheres>!1.

5.2. Integrated Energy Planning in Pakistan

Pakistan is an opposite scenario of planning, with the
fast rate of growth in demand, a lack of infrastructure, and be-
ing extremely susceptible to the danger of environmental and
climatic conditions. Pakistan case studies on energy systems
are usually targeted at increasing the reliability and afford-
ability of energy systems, as well as decreasing reliance on
foreign fossil fuels. In this regard, integrated planning is tied
inextricably to such sustainable development goals as access
to energy, economic resiliency, and the environment %2,

A large amount of literature looks at hybrid energy sys-
tems that integrate renewable energy sources like solar and
wind with traditional generation and energy storage, espe-
cially in remote areas or underserved ones. Evaluation of
trade-offs of cost, reliability, and environmental performance
is performed through integrated planning strategies with a
high priority on minimizing greenhouse gas emissions and
local air pollution. The water-energy nexus is also a burn-
ing issue in Pakistan, as the role of hydropower cannot be
underestimated, and water resources are also susceptible to
climate change. Case studies often point to a dilemma be-
tween hydropower development, the effects of hydro on the
ecosystem, and the availability of water in agriculture and
domestic consumption>3,

On the national level, it is increasingly clear that in-
tegrated planning studies can examine the possibilities of
sector coupling, such as transport electrification or renew-
able energy use to power industrial operations. Nevertheless,
in such instances, the extent of environmental assessment is
usually restricted to carbon emissions because of data limi-
tations and the complexity of the modeling. The Pakistani
experience points to the relevance of specific context-based
integrated planning frameworks in consideration of develop-
ment priorities, institutional capability, and environmental
vulnerability, and extending the range of the environmen-
tal indicators as the data and analytical instruments become

advanced >4,
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5.3. Integrated Energy Planning in South Ko-
rea

South Korea provides case studies that are influenced
by high dependence on energy imports, well-established
industrial development, and a high level of technological
development3!. In South Korea, integrated energy plan-
ning is developed in strong connection with national plans of
carbon neutrality and decarbonization of industrial processes,
specifically electricity system transformation, hydrogen im-
plementation, and sector coupling.

The South Korean case studies are largely based on how
renewable energy can be integrated into a highly urbanized
and densely populated setting in which there are limited land
reserves, and popular acceptability of the same raises major
concerns>®l, Trade-offs between the offshore wind develop-
ment, grid expansion, and energy storage deployment and
the effects on the marine and coastal ecosystems are assessed
using integrated planning models. Hydrogen-based routes
are especially characteristic of the literature on decarboniza-
tion of industry and transport. These papers demonstrate the
promise of power-to-hydrogen systems to lower emissions,
but also focus on efficiency losses, the cost of infrastructure,
and the environmental impacts of hydrogen production in
the upstream.

In South Korean case studies, environmental assess-
ments are more likely to be quite comprehensive in nature,
usually including life cycle emissions and air quality indi-
cators in addition to cost and reliability metrics. The close
relationship between energy planning and industrial policy
can be analyzed in detail regarding the cross-sector environ-
mental impact, especially in the steel, petrochemical, and
transport industries. In general, the experience of South
Korea demonstrates that integrated planning may be able
to facilitate technologically advanced sustainability-related
approaches, but it should also pay close attention to the man-

agement of the spatial limits and social approval 378,

5.4. Integrated Energy Planning in Malaysia

Case studies in Malaysia are relevant to the issues and
possibilities of energy transitions in emerging economies
undergoing increasing demand, with strong renewable re-
sources, and continuing to be dependent on fossil fuels. The

Malaysian integration planning is usually concerned with

balancing between economic development and environmen-
tal protection, and specifically referring to the electricity
generation, the use of industrial energy, and urbanization ],

The case studies often discuss how solar energy,
biomass, and natural gas could be integrated into the power
system, and there is more and more interest in energy storage

1601 The signifi-

and in the management of the demand side
cant characteristic of Malaysian integrated planning studies
is biomass-based pathways, backed by agricultural residues
and palm oil by-products. It is commonly evaluated that
these pathways can contribute to the reduction in emissions
and to the growth of the principles of the circular economy,
yet land use change, biodiversity, and competing resource
demands are also raised in concern. These trade-offs are
assessed using integrated planning frameworks, on which
to determine circumstances where bioenergy can positively
contribute to sustainability goals.

In Malaysia, Urban and building-scale case studies fo-
cus on the integrated planning of electricity, cooling, and
distributed renewable generation since cooling demand in a
tropical climate is important. In such studies, environmental
analysis usually takes into account carbon emissions and
energy-saving, with an increasingly strong desire to assess
water consumption and local environmental effects. The case
studies conducted in Malaysia emphasize the need to coordi-
nate the integrated energy planning with more detailed envi-
ronmental and land-use policies, especially in places where
the energy development overlaps delicate ecosystems[6!],
5.5. Comparative Insights from Regional Case

Studies

Combined, case studies of China, Pakistan, South Ko-
rea, and Malaysia reveal that the context of integrated energy
planning is varied and that the environmental trade-offs and
sustainability routes are determined by regional factors. Al-
though integrated planning is used in all four countries to
facilitate decarbonization, there are significant differences
in the priorities, limitations, and environmental issues of all
four countries. The Chinese environment is dominated by
large-scale integration of systems and regional coordination.
Developmental and resilience are the main concepts that guide
Pakistan. Technological sophistication and decarbonization
of industries are the characteristics that guide South Korea,

and resource-based and urban integration are the challenges
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in Malaysia. To compare the key features of the integrated
planning case-studies across the regional situations, Table

4 summarizes the key features of the integrated planning

case-studies of China, Pakistan, South Korea, and Malaysia.

Table 4. Comparative overview of integrated energy planning focus, dominant technologies, and environmental priorities in selected

countries.
Country Planning Scale Key Technologies Main Environmental Focus
China Regional to national Renewables, storage, hydrogen, sector coupling Emission reduction, land and water constraints
Pakistan Local to national Solar-wind hybrids, hydropower, storage Energy access, water—energy trade-offs
South Korea ~ National and industrial Offshore wind, hydrogen, storage Industrial decarbonization, land constraints
Malaysia Urban to national Solar, biomass, gas, cooling integration Land use, biomass sustainability

These continental views emphasize the fact that there is
no best model of integrated energy planning. Rather, sustain-
able environmental results rely on a collective arrangement
of planning frameworks to local resource endowment, socio-
economic and policy goals, and keeping an overall perspec-
tive against transfer of environmental loads at cross-sectoral
and cross-scale scales[®?]. The lessons learned in these case
studies are helpful in terms of further development of inte-
grated planning approaches and developing context-specific

and environmentally resilient sustainability pathways.

6. Research Gaps and Future Direc-
tions

6.1. Methodological Gaps in Integrated Energy
Planning

Although there have been great achievements in terms
of integrated planning of new energy systems, there are still
some significant gaps in methodology that do not in any
way allow present models to provide full support of envi-
ronmentally sustainable decision-making. The treatment of
the environmental dimensions other than greenhouse gases
is one of the longest gaps. Whereas carbon measures are
regularly included in the form of a target or constraint, other
environmental consequences, which may be land use change,
water stress, biodiversity loss, and material criticality, are
typically treated in a partial or simplistic way. Such an imbal-
ance may skew the results of planning towards the direction
of paths that are good in terms of emissions reduction, but
which cause great environmental pressures in other direc-
tions 3],

The other important issue, which is a methodological
issue, is the combination of the environmental assessment

tools with the planning models. Life cycle assessment, multi-

criteria evaluation, and ecological impact analysis are often
undertaken as ex post methods, but not as part and parcel
of the planning systems. This disconnection constrains the
impact of environmental concerns on the core planning de-
cisions and the capacity of models to internalize trade-offs
when designing a system. Whole-system methods are still
computationally expensive and tend to need broad simplifica-
tions of environmental processes, which underscores the im-
portance of the methodological innovations needed in order
to balance the depth of an analysis with computability (64651,

The majority of integrated planning studies also have
not adequately addressed the representation of uncertainty.
The uncertain nature of technology learning rates, availability
of resources, climate, and policy paths makes environmental
impacts and sustainability outcomes very sensitive. Even
though stochastic and robust optimization methods are more
often implemented for techno-economic variables, the uncer-
tainty concerning environmental indicators. Further studies
need to come up with systematic methods of proliferating the
environmental uncertainty using models of planning, thus
enhancing the sustainability evaluation robustness and credi-
bility.

6.2. Data and Model Integration Challenges

The availability and quality of data are one of the
biggest obstacles to further development of integrated and
environmentally holistic energy planning. There is a high
resolution of data about energy demand, performance of
technology, and system operation, especially in developed
economies. On the other hand, the information regarding the
environmental effects, the life cycle base, and other ecologi-
cal constraints in the region is often incomplete, discontinu-
ous, or old-fashioned. It is particularly these limitations that

are the most acute in emerging and developing economies,
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where integrated planning is most desperately required in
order to direct sustainable development!©6],

Integration of models is also a further problem since
integrated energy planning is increasingly demanding in-
tegration between models at different scales and levels of
abstraction[®”). Operational simulation tools, capacity ex-
pansion models, life cycle assessment databases, and policy
analysis frameworks are usually created independently with
incompatible assumptions and data structures. The harmo-
nization of boundaries in systems, time, and space resolutions
and indicators is one of the areas through which these models
have to be aligned. In the absence of such harmonization, the
integrated analyses will be in danger of giving inconsistent
or misleading results.

The development of digitalization, open data platforms,
and interoperable modeling frameworks has some promis-
ing opportunities to solve these challenges[®®]. Nevertheless,
converting these opportunities will demand increased col-
laboration between the various disciplines and increased
incentive to share and be transparent with data. The creation
of standardized datasets and benchmarking exercises would
go a long way in making the integrated planning studies
more comparable and reproducible to make them stronger

arguments to policy and practice.

6.3. Emerging Technologies and Planning
Paradigms

The fast development of new energy technologies pro-
vides both opportunities and challenges to integrated plan-
ning[%°). The green hydrogen, synthetic fuels, long-duration
energy storage, and carbon dioxide removal technologies can
facilitate deep decarbonization of the spheres that are hard
to electrify. Simultaneously, the new technologies introduce
new environmental and sustainability concerns about energy
efficiency, material consumption, land and water use, and
long-term ecological effects. The models of current planning
do not have the resolution or the scope to represent these
technologies and how they interact with the current energy
systems properly.

The world of energy planning is also being transformed
by digital technologies and artificial intelligence’%!. The
machine learning techniques can be used to enhance demand
forecasting, renewable resource analysis, and system oper-

ation, and more advanced optimization algorithms can be

used to enhance the efficiency of computations. Nonetheless,
the introduction of data-driven approaches into long-term
planning systems leads to concerns about transparency, un-
derstandability, and compatibility with the sustainability tar-
gets. It is a crucial research problem to ensure that superior
planning instruments are interpretable and credible to the
decision-makers.

Lastly, an increasing interest in extending integrated
planning paradigms to include more clearly social and insti-
tutional aspects of sustainability is present. Problems like
energy justice, societal acceptance, and governance capac-
ity are becoming the key determinants of successful energy
transitions !, They should be investigated in future studies
into how such factors can be modeled in integrated planning
frameworks, either as extended objective functions, or as
narratives, or linked to socio-economic models. The role
that integrated planning plays in transforming the energy
systems to be environmentally sustainable can be reinforced
by filling in methodological, data-related, and conceptual

gaps and using the approach in future research.

7. Conclusions

The shift towards low-carbon and sustainable energy
systems is also radically changing the design, planning, and
operation of energy systems. Due to the growing complex-
ity of energy systems, with large proportions of fluctuating
renewable energy, extensive sector linkage, and the elec-
trification of end-use sectors, conventional, silo planning
strategies will no longer be adequate. As has been shown in
this review, integrated planning offers a requisite and, even
more, essential structure in dealing with the technical, eco-
nomic, and environmental issues regarding the new energy
systems.

This article reviews the literature on integrated planning
methodologies; as such, it demonstrates a wide variety of
modeling methods employed to represent multi-energy sys-
tems at both spatial and temporal scales. Simulation-based,
optimization-based, and hybrid frameworks each have their
advantages and disadvantages, but cannot represent all the
environmental effects and sustainability issues. Although
technological economic performance is still dominant in
most planning studies, the review reveals that environmental

dimensions are slowly taking center stage, especially with

174



Journal of Environmental & Earth Sciences | Volume 08 | Issue 07 | July 2026

consideration of life cycle thinking, multi-criteria evaluation,
and cross-sector environmental assessment.

One key conclusion made in this review is that environ-
mental trade-offs are inherent in the process of transforming
the energy system and cannot be removed solely by techno-
logical substitution. Greenhouse gas mitigation strategies
can create pressure on land, water, and material resources or
redistribute environmental impact by sector and area. Inte-
grated planning is very important in ensuring that these trade-
offs are made explicit so that decision-makers can compare
alternative system configurations and transition pathways
in a transparent and systematic way. Instead of seeking the
best solution, integrated planning helps to make informed
trade-offs and priorities towards achieving sustainability.

The discussion of the environmental effects, trade-offs,
and sustainability directions provides reasons to support a
long-term approach to energy planning holistically. The sus-
tainability pathways highlight the importance of the timing
and sequencing of investments and policies, as well as the
coordination of investments and policies, as much as end-
state system configurations. Those planning systems that
consider transition dynamics, uncertainty, and cumulative
environmental impacts are in a better position to prevent in-
frastructure lock-in and provide adaptive and resilient energy
systems. With the addition of the socio-environmental as-
pects, including equity, general acceptance, and governance
ability, the value of integrated planning as a tool to be applied
in real-life decision-making becomes even more effective.

The case studies of China, Pakistan, South Korea, and
Malaysia in the regions show how the integrated planning
is influenced by different socio-economic factors, resource
endowments, and the priorities of the policies. These ex-
amples show that the concepts of integrated planning are
universal, but the local context is the key to sustainability
results. In China, extensive system coordination and re-
gional environmental limits predominate the planning issues,
developmental and resilience issues featuring in Pakistan,
industrial decarbonization and technological assimilation in
South Korea, and resource-based and urban sustainability
issues in Malaysia. These views combine to indicate that
there is a necessity of having flexible and context-dependent
planning systems that do not impose environmental costs
across sectors or locations.

In prospect, the review provides a number of areas of

priority in future research and practice. The methodology
may have to be improved in order to incorporate significantly
more of the environmental indicators in the basic planning
models, to be more careful about the treatment of uncertainty,
and to reflect more appropriately the emerging technologies
and socio-institutional influences. The future of integrated
planning studies will rely on advancements in terms of data
availability, model interoperability, and transparency to en-
hance credibility and policy relevance of such studies. To
overcome these problems, interdisciplinary cooperation and
better coordination between energy modeling and environ-
mental science and policy analysis will be needed.

In conclusion, integrated planning is not merely a tech-
nical exercise, but a strategic tool for guiding energy systems
toward environmentally sustainable and socially acceptable
futures. By explicitly addressing environmental trade-offs
and by supporting robust sustainability pathways, integrated
planning can help ensure that the energy transition delivers
not only deep decarbonization but also broader environmen-

tal and societal benefits over the long term.

Funding

This work received no external funding.

Institutional Review Board Statement

Not applicable.

Informed Consent Statement

Not applicable.

Data Availability Statement

No new data were created or generated in this study.

Conflicts of Interest

The author declares no conflict of interest.

Al Use Statement

The author declares that no artificial intelligence (AI)
tools were used in the preparation of this manuscript.

175



Journal of Environmental & Earth Sciences | Volume 08 | Issue 07 | July 2026

References

(1]

(3]

(4]

(3]

(6]

[10]

[11]

Omer, A.M., 2008. Energy, environment and sustain-
able development. Renewable and Sustainable Energy
Reviews. 12(9), 2265-2300. DOI: https://doi.org/10.
1016/j.rser.2007.05.001.

Kalicki, J.H., Goldwyn, D.L., 2013. Energy and Secu-
rity: Strategies for a World in Transition. Johns Hop-
kins University Press: Baltimore, MD, USA.

Sharma, V.K., Monteleone, G., Braccio, G., et al., 2024.
A Comprehensive Review of Green Energy Technolo-
gies: Towards Sustainable Clean Energy Transition and
Global Net-Zero Carbon Emissions. Processes. 13(1),
69. DOL: https://doi.org/10.3390/pr13010069.
Berjawi, A.E.H., Walker, S.L., Patsios, C., et al., 2021.
An evaluation framework for future integrated energy
systems: A whole energy systems approach. Renew-
able and Sustainable Energy Reviews. 145, 111163.
DOI: https://doi.org/10.1016/j.rser.2021.111163.
Anvari-Moghaddam, A., Mohammadi-ivatloo, B.,
Asadi, S., et al., 2019. Sustainable Energy Systems
Planning, Integration, and Management. Applied Sci-
ences. 9(20), 4451. DOI: https://doi.org/10.3390/ap
p9204451.

Cambini, C., Congiu, R., Jamasb, T., et al., 2020.
Energy Systems Integration: Implications for pub-
lic policy. Energy Policy. 143, 111609. DOI: https:
//doi.org/10.1016/j.enpol.2020.111609.

Dong, Y., Miraglia, S., Manzo, S., et al., 2018. Envi-
ronmental sustainable decision making— The need and
obstacles for integration of LCA into decision analy-
sis. Environmental Science & Policy. 87, 33—44. DOI:
https://doi.org/10.1016/j.envsci.2018.05.018.

Khalili, N.R., Duecker, S., 2013. Application of
multi-criteria decision analysis in design of sustain-
able environmental management system framework.
Journal of Cleaner Production. 47, 188—-198. DOI:
https://doi.org/10.1016/j.jclepro.2012.10.044.

Liu, K.F.-R., Ko, C.-Y., Fan, C., et al., 2012. Com-
bining risk assessment, life cycle assessment, and
multi-criteria decision analysis to estimate environ-
mental aspects in environmental management system.
The International Journal of Life Cycle Assessment.
17(7), 845-862. DOI: https://doi.org/10.1007/
s11367-012-0407-x.

Savga, L., Ivanov, T., Perciun, R., et al., 2023. The
cooperative and the circular economy: embracing col-
laboration towards sustainability. Journal of Research
on Trade, Management and Economic Development.
10(1(19)), 7-21. DOI: https://doi.org/10.59642/JRTM
ED.1.2023.01.

Wang, Q., Hou, Z., Guo, Y., et al., 2023. Enhancing
Energy Transition through Sector Coupling: A Review
of Technologies and Models. Energies. 16(13), 5226.
DOI: https://doi.org/10.3390/en16135226.

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

(22]

176

Santoyo-Castelazo, E., Azapagic, A., 2014. Sustain-
ability assessment of energy systems: integrating en-
vironmental, economic and social aspects. Journal of
Cleaner Production. 80, 119—138. DOI: https://doi.or
2/10.1016/j.jclepro.2014.05.061.

Apata, O., 2025. Decarbonization pathways through
multi-energy system planning. Energy Reports. 13,
4477-4490. DOLI: https://doi.org/10.1016/j.egyr.2025.
04.029.

Sims, R., Mercado, P., Krewitt, W., et al., 2011. Inte-
gration of Renewable Energy into Present and Future
Energy Systems. In: Edenhofer, O., Pichs-Madruga,
R., Sokona, Y., et al. (eds.). Renewable Energy Sources
and Climate Change Mitigation. Cambridge Univer-
sity Press: Cambridge, UK. pp. 609—706. DOI: https:
//doi.org/10.1017/CB0O9781139151153.012.
Stoeglehner, G., Niemetz, N., Kettl, K.-H., 2011. Spa-
tial dimensions of sustainable energy systems: new
visions for integrated spatial and energy planning. En-
ergy, Sustainability and Society. 1(1), 2. DOI: https:
//doi.org/10.1186/2192-0567-1-2.

Li, P.-H., Pye, S., 2018. Assessing the benefits of de-
mand-side flexibility in residential and transport sectors
from an integrated energy systems perspective. Applied
Energy. 228, 965-979. DOI: https://doi.org/10.1016/j.
apenergy.2018.06.153.

Shafiei, K., Seifi, A., Hagh, M.T., 2025. A novel
multi-objective optimization approach for resilience
enhancement considering integrated energy systems
with renewable energy, energy storage, energy sharing,
and demand-side management. Journal of Energy Stor-
age. 115, 115966. DOI: https://doi.org/10.1016/j.est.
2025.115966.

Tangi, M., Amaranto, A., 2025. Designing integrated
and resilient multi-energy systems via multi-objective
optimization and scenario analysis. Applied Energy.
382, 125281. DOI: https://doi.org/10.1016/j.apenergy
.2025.125281.

Wolsink, M., 2024. Land Use as a Crucial Resource for
Smart Grids—The ‘Common Good’ of Renewables in
Distributed Energy Systems. Land. 13(8), 1236. DOL:
https://doi.org/10.3390/1and13081236.

Augusto, O.B., Bennis, F., Caro, S., 2012. A
new method for decision making in multi-objec-
tive optimization problems. Pesquisa Operacional.
32(2), 331-369. DOI: https://doi.org/10.1590/
S0101-74382012005000014.

Antunes, C.H., Henriques, C.O., 2016. Multi-Objec-
tive Optimization and Multi-Criteria Analysis Models
and Methods for Problems in the Energy Sector. In:
Greco, S., Ehrgott, M., Figueira, J.R. (eds.). Multiple
Criteria Decision Analysis. Springer: New York, NY,
USA. pp. 1067-1165. DOI: https://doi.org/10.1007/
978-1-4939-3094-4 25.

Feng, S., Ren, H., Zhou, W., 2023. A review of uncer-


https://doi.org/10.1016/j.rser.2007.05.001
https://doi.org/10.1016/j.rser.2007.05.001
https://doi.org/10.3390/pr13010069
https://doi.org/10.1016/j.rser.2021.111163
https://doi.org/10.3390/app9204451
https://doi.org/10.3390/app9204451
https://doi.org/10.1016/j.enpol.2020.111609
https://doi.org/10.1016/j.enpol.2020.111609
https://doi.org/10.1016/j.envsci.2018.05.018
https://doi.org/10.1016/j.envsci.2018.05.018
https://doi.org/10.1016/j.jclepro.2012.10.044
https://doi.org/10.1016/j.jclepro.2012.10.044
https://doi.org/10.1007/s11367-012-0407-x
https://doi.org/10.1007/s11367-012-0407-x
https://doi.org/10.59642/JRTMED.1.2023.01
https://doi.org/10.59642/JRTMED.1.2023.01
https://doi.org/10.3390/en16135226
https://doi.org/10.1016/j.jclepro.2014.05.061
https://doi.org/10.1016/j.jclepro.2014.05.061
https://doi.org/10.1016/j.egyr.2025.04.029
https://doi.org/10.1016/j.egyr.2025.04.029
https://doi.org/10.1017/CBO9781139151153.012
https://doi.org/10.1017/CBO9781139151153.012
https://doi.org/10.1186/2192-0567-1-2
https://doi.org/10.1186/2192-0567-1-2
https://doi.org/10.1016/j.apenergy.2018.06.153
https://doi.org/10.1016/j.apenergy.2018.06.153
https://doi.org/10.1016/j.est.2025.115966
https://doi.org/10.1016/j.est.2025.115966
https://doi.org/10.1016/j.apenergy.2025.125281
https://doi.org/10.1016/j.apenergy.2025.125281
https://doi.org/10.3390/land13081236
https://doi.org/10.3390/land13081236
https://doi.org/10.1590/S0101-74382012005000014
https://doi.org/10.1590/S0101-74382012005000014
https://doi.org/10.1007/978-1-4939-3094-4_25
https://doi.org/10.1007/978-1-4939-3094-4_25

Journal of Environmental & Earth Sciences | Volume 08 | Issue 07 | July 2026

[23]

[24]

[25]

[28]

[29]

[30]

[31]

[34]

tain factors and analytic methods in long-term energy
system optimization models. Global Energy Intercon-
nection. 6(4), 450-466. DOI: https://doi.org/10.1016/
j-gloei.2023.08.006.

Batas Bjeli¢, 1., Rajakovié, N., 2015. Simulation-based
optimization of sustainable national energy systems.
Energy. 91, 1087-1098. DOI: https://doi.org/10.1016/
j-energy.2015.09.006.

Rodriguez Matas, A.F., 2025. Robust Decision-Making
for Long-Term Energy Transitions: Advancing Meth-
ods to Address Deep Uncertainty in Energy System
Models [PhD Thesis]. Comillas Pontifical University:
Madrid, Spain.

Mannucci, S., Kwakkel, J.H., Morganti, M., etal., 2023.
Exploring potential futures: Evaluating the influence
of deep uncertainties in urban planning through sce-
nario planning: A case study in Rome, Italy. Futures.
154, 103265. DOI: https://doi.org/10.1016/j.futures.
2023.103265.

Paltsev, S., 2017. Energy scenarios: the value and limits
of scenario analysis. WIREs Energy and Environment.
6(4), €242. DOI: https://doi.org/10.1002/wene.242.
Villavicencio, M., 2017. A Capacity Expansion Model
Dealing with Balancing Requirements, Short-Term Op-
erations and Long-Run Dynamics. Université Paris
Dauphine-PSL: Paris, France.

Hansen, P., Liu, X., Morrison, G.M., 2019.
Agent-based modelling and socio-technical en-
ergy transitions: A systematic literature review.
Energy Research & Social Science. 49, 41-52. DOI:
https://doi.org/10.1016/j.erss.2018.10.021.

Danish, M.S.S., 2024. A Framework for Modeling and
Optimization of Data-Driven Energy Systems Using
Machine Learning. IEEE Transactions on Artificial In-
telligence. 5(5), 2434-2443. DOI: https://doi.org/10.
1109/TAI1.2023.3322395.

Ning, K., 2021. Data Driven Artificial Intelligence
Techniques in Renewable Energy System. Mas-
sachusetts Institute of Technology: Cambridge, MA,
USA.

Pohekar, S.D., Ramachandran, M., 2004. Applica-
tion of multi-criteria decision making to sustainable
energy planning—A review. Renewable and Sustain-
able Energy Reviews. 8(4), 365-381. DOI: https:
//doi.org/10.1016/j.rser.2003.12.007.

Moslehi, S., Reddy, T.A., 2019. A new quantitative life
cycle sustainability assessment framework: Applica-
tion to integrated energy systems. Applied Energy. 239,
482-493. DOI: https://doi.org/10.1016/j.apenergy
.2019.01.237.

Ravetz, J., 2000. Integrated assessment for sustain-
ability appraisal in cities and regions. Environmen-
tal Impact Assessment Review. 20(1), 31-64. DOLI:
https://doi.org/10.1016/S0195-9255(99)00037-2.
Briggs, D.J., 2008. A framework for integrated envi-

[35]

[36]

[37]

[38]

[39]

[41]

[42]

[44]

[45]

177

ronmental health impact assessment of systemic risks.
Environmental Health. 7(1), 61. DOI: https://doi.org/
10.1186/1476-069X-7-61.

Kelly (Letcher), R.A., Jakeman, A.J., Barreteau, O., et
al., 2013. Selecting among five common modelling ap-
proaches for integrated environmental assessment and
management. Environmental Modelling & Software.
47, 159-181. DOI: https://doi.org/10.1016/j.envsoft.
2013.05.005.

Karunathilake, H.P., 2019. A Life Cycle Thinking
Approach for Planning Renewable Energy Systems:
Net-Zero Transformation Strategies for Communities
[PhD Thesis]. University of British Columbia: Vancou-
ver, BC, Canada.

Volkart, K., Mutel, C.L., Panos, E., 2018. Integrating
life cycle assessment and energy system modelling:
Methodology and application to the world energy sce-
narios. Sustainable Production and Consumption. 16,
121-133. DOLI: https://doi.org/10.1016/j.spc.2018.07.
001.

Kumar, N.M., D’Adamo, 1., Hait, S., et al., 2023. Edi-
torial: Sustainable planning and lifecycle thinking of
energy infrastructure. Frontiers in Energy Research. 11,
1196826. DOI: https://doi.org/10.3389/fenrg.2023.
1196826.

De Magalhies, R.F., Danilevicz, A.D.M.F., Palazzo,
J., 2019. Managing trade-offs in complex scenarios: A
decision-making tool for sustainability projects. Jour-
nal of Cleaner Production. 212, 447-460. DOI: https:
//doi.org/10.1016/].jclepro.2018.12.023.

Theodosiou, G., Stylos, N., Koroneos, C., 2015. In-
tegration of the environmental management aspect in
the optimization of the design and planning of energy
systems. Journal of Cleaner Production. 106, 576-593.
DOI: https://doi.org/10.1016/j.jclepro.2014.05.096.
Figge, F., Hahn, T., 2012. Is green and profitable sus-
tainable? Assessing the trade-off between economic
and environmental aspects. International Journal of
Production Economics. 140(1), 92—-102. DOI: https:
//doi.org/10.1016/].ijpe.2012.02.001.

Ramsebner, J., Haas, R., Ajanovic, A., et al., 2021.
The sector coupling concept: A critical review. WIREs
Energy and Environment. 10(4), €396. DOI: https:
//doi.org/10.1002/wene.396.

Thellufsen, J.Z., Lund, H., 2017. Cross-border versus
cross-sector interconnectivity in renewable energy sys-
tems. Energy. 124, 492-501. DOI: https://doi.org/10.
1016/j.energy.2017.02.112.

Orths, A., Anderson, C.L., Brown, T., et al., 2019. Flex-
ibility From Energy Systems Integration: Supporting
Synergies Among Sectors. IEEE Power and Energy
Magazine. 17(6), 67-78. DOL: https://doi.org/10.1109/
MPE.2019.2931054.

Alzoraiki, M., Milhem, M., Ateeq, A., et al., 2024.
Strategic Flexibility: An Essential Capability for In-


https://doi.org/10.1016/j.gloei.2023.08.006
https://doi.org/10.1016/j.gloei.2023.08.006
https://doi.org/10.1016/j.energy.2015.09.006
https://doi.org/10.1016/j.energy.2015.09.006
https://doi.org/10.1016/j.futures.2023.103265
https://doi.org/10.1016/j.futures.2023.103265
https://doi.org/10.1002/wene.242
https://doi.org/10.1016/j.erss.2018.10.021
https://doi.org/10.1016/j.erss.2018.10.021
https://doi.org/10.1109/TAI.2023.3322395
https://doi.org/10.1109/TAI.2023.3322395
https://doi.org/10.1016/j.rser.2003.12.007
https://doi.org/10.1016/j.rser.2003.12.007
https://doi.org/10.1016/j.apenergy.2019.01.237
https://doi.org/10.1016/j.apenergy.2019.01.237
https://doi.org/10.1016/S0195-9255(99)00037-2
https://doi.org/10.1016/S0195-9255(99)00037-2
https://doi.org/10.1186/1476-069X-7-61
https://doi.org/10.1186/1476-069X-7-61
https://doi.org/10.1016/j.envsoft.2013.05.005
https://doi.org/10.1016/j.envsoft.2013.05.005
https://doi.org/10.1016/j.spc.2018.07.001
https://doi.org/10.1016/j.spc.2018.07.001
https://doi.org/10.3389/fenrg.2023.1196826
https://doi.org/10.3389/fenrg.2023.1196826
https://doi.org/10.1016/j.jclepro.2018.12.023
https://doi.org/10.1016/j.jclepro.2018.12.023
https://doi.org/10.1016/j.jclepro.2014.05.096
https://doi.org/10.1016/j.ijpe.2012.02.001
https://doi.org/10.1016/j.ijpe.2012.02.001
https://doi.org/10.1002/wene.396
https://doi.org/10.1002/wene.396
https://doi.org/10.1016/j.energy.2017.02.112
https://doi.org/10.1016/j.energy.2017.02.112
https://doi.org/10.1109/MPE.2019.2931054
https://doi.org/10.1109/MPE.2019.2931054

Journal of Environmental & Earth Sciences | Volume 08 | Issue 07 | July 2026

[46]

[47]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

novation and Sustainable Performance in Times of
Technological Uncertainty. In: Hamdan, A., Harraf,
A. (eds.). Business Development via Al and Digitaliza-
tion. Springer Nature: Cham, Switzerland. pp. 271-281.
DOI: https://doi.org/10.1007/978-3-031-62102-4 22.
Leach, M., Scoones, 1., Stirling, A., 2007. Pathways
to Sustainability: an Overview of the STEPS Centre
Approach. STEPS Centre: Brighton, UK.

Ma, L., Liu, P, Fu, F., et al., 2011. Integrated energy
strategy for the sustainable development of China. En-
ergy. 36(2), 1143-1154. DOI: https://doi.org/10.1016/
j-energy.2010.11.035.

Liu, W., Lund, H., Mathiesen, B.V., 2011. Large-scale
integration of wind power into the existing Chinese
energy system. Energy. 36(8), 4753—4760. DOI: https:
//doi.org/10.1016/j.energy.2011.05.007.

Ding, M., Xu, Z., Wang, W., et al., 2016. A review
on China’s large-scale PV integration: Progress, chal-
lenges and recommendations. Renewable and Sus-
tainable Energy Reviews. 53, 639—652. DOI: https:
//doi.org/10.1016/j.rser.2015.09.009.

Xia, Z., Li, Y., Zhang, W., et al., 2022. Solar pho-
tovoltaic program helps turn deserts green in China:
Evidence from satellite monitoring. Journal of Envi-
ronmental Management. 324, 116338. DOI: https:
//doi.org/10.1016/j.jenvman.2022.116338.
Bleischwitz, R., Yang, M., Huang, B., et al., 2022.
The circular economy in China: Achievements, chal-
lenges and potential implications for decarbonisation.
Resources, Conservation and Recycling. 183, 106350.
DOI: https://doi.org/10.1016/j.resconrec.2022.
106350.

Rafique, M.M., Rehman, S., 2017. National energy sce-
nario of Pakistan — Current status, future alternatives,
and institutional infrastructure: An overview. Renew-
able and Sustainable Energy Reviews. 69, 156—167.
DOI: https://doi.org/10.1016/j.rser.2016.11.057.
Hassan, M., Muhammad, 1., Khan, M., et al., 2021.
Energy and environmental security nexus in Pakistan.
In Energy and Environmental Security in Developing
Countries. Springer: Cham, Switzerland. pp. 147-172.
Soomro, N.-E.-H., Gui, H., 2025. The recent chal-
lenges encountered in water resources and manage-
ment in Pakistan: how does legal framework exist
in water governance and environmental policy to a
sustainable approach to socio-economic? Marine and
Freshwater Research. 76(12), MF24206. DOI: https:
//doi.org/10.1071/MF24206.

Kim, H., Shin, E., Chung, W., 2011. Energy demand
and supply, energy policies, and energy security in the
Republic of Korea. Energy Policy. 39(11), 6882—6897.
DOI: https://https://doi.org/10.1016/j.enpol.2011.07.
056.

Kim, K.J., Lee, H., Koo, Y., 2020. Research on lo-
cal acceptance cost of renewable energy in South Ko-

[57]

(58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

178

rea: A case study of photovoltaic and wind power
projects. Energy Policy. 144, 111684. DOI: https:
//doi.org/10.1016/j.enpol.2020.111684.

Odey, G., Adelodun, B., Kim, S.-H., et al., 2021. Sta-
tus of Environmental Life Cycle Assessment (LCA):
A Case Study of South Korea. Sustainability. 13(11),
6234. DOI: https://doi.org/10.3390/sul3116234.
Yoon, J.-H., Sim, K., 2015. Why is South Korea’s
renewable energy policy failing? A qualitative eval-
uation. Energy Policy. 86, 369-379. DOI: https:
//doi.org/10.1016/j.enpol.2015.07.020.

Khor, C.S., Lalchand, G., 2014. Areview on sustainable
power generation in Malaysia to 2030: Historical per-
spective, current assessment, and future strategies. Re-
newable and Sustainable Energy Reviews. 29, 952-960.
DOI: https://doi.org/10.1016/j.rser.2013.08.010.
Ahmad, S., Tahar, R.M., 2014. Selection of renewable
energy sources for sustainable development of electric-
ity generation system using analytic hierarchy process:
A case of Malaysia. Renewable Energy. 63, 458—466.
DOLI: https://doi.org/10.1016/j.renene.2013.10.001.
Afham, M.A., Razali, M.A., 2024. Scenario of energy
policy and act in Malaysian energy building efforts for
sustainable development: A review. Journal of Mechan-
ical Engineering and Sciences. 10330-10349. DOI:
https://doi.org/10.15282/jmes.18.4.2024.8.0814.
Hariram, N.P., Mekha, K.B., Suganthan, V., et al., 2023.
Sustainalism: An Integrated Socio-Economic-Environ-
mental Model to Address Sustainable Development
and Sustainability. Sustainability. 15(13), 10682. DOI:
https://doi.org/10.3390/sul51310682.

Mirakyan, A., De Guio, R., 2013. Integrated energy
planning in cities and territories: A review of methods
and tools. Renewable and Sustainable Energy Reviews.
22,289-297. DOLI: https://doi.org/10.1016/j.rser.2013.
01.033.

Ortiz, G., Dominguez-Gomez, J.A., Aledo, A., et al.,
2018. Participatory multi-criteria decision analysis for
prioritizing impacts in environmental and social im-
pact assessments. Sustainability: Science, Practice and
Policy. 14(1), 6-21. DOI: https://doi.org/10.1080/
15487733.2018.1510237.

Rabl, A., Holland, M., 2008. Environmental assessment
framework for policy applications: life cycle assess-
ment, external costs and multi-criteria analysis. Journal
of Environmental Planning and Management. 51(1),
81-105.

Debnath, K.B., Mourshed, M., 2018. Challenges and
gaps for energy planning models in the develop-
ing-world context. Nature Energy. 3(3), 172—184. DOLI:
https://doi.org/10.1038/s41560-018-0095-2.
Mirakyan, A., De Guio, R., 2015. Modelling and un-
certainties in integrated energy planning. Renewable
and Sustainable Energy Reviews. 46, 62—69. DOI:
https://doi.org/10.1016/j.rser.2015.02.028.


https://doi.org/10.1007/978-3-031-62102-4_22
https://doi.org/10.1016/j.energy.2010.11.035
https://doi.org/10.1016/j.energy.2010.11.035
https://doi.org/10.1016/j.energy.2011.05.007
https://doi.org/10.1016/j.energy.2011.05.007
https://doi.org/10.1016/j.rser.2015.09.009
https://doi.org/10.1016/j.rser.2015.09.009
https://doi.org/10.1016/j.jenvman.2022.116338
https://doi.org/10.1016/j.jenvman.2022.116338
https://doi.org/10.1016/j.resconrec.2022.106350
https://doi.org/10.1016/j.resconrec.2022.106350
https://doi.org/10.1016/j.rser.2016.11.057
https://doi.org/10.1071/MF24206
https://doi.org/10.1071/MF24206
https://https://doi.org/10.1016/j.enpol.2011.07.056
https://https://doi.org/10.1016/j.enpol.2011.07.056
https://doi.org/10.1016/j.enpol.2020.111684
https://doi.org/10.1016/j.enpol.2020.111684
https://doi.org/10.3390/su13116234
https://doi.org/10.1016/j.enpol.2015.07.020
https://doi.org/10.1016/j.enpol.2015.07.020
https://doi.org/10.1016/j.rser.2013.08.010
https://doi.org/10.1016/j.renene.2013.10.001
https://doi.org/10.15282/jmes.18.4.2024.8.0814
https://doi.org/10.15282/jmes.18.4.2024.8.0814
https://doi.org/10.3390/su151310682
https://doi.org/10.1016/j.rser.2013.01.033
https://doi.org/10.1016/j.rser.2013.01.033
https://doi.org/10.1080/15487733.2018.1510237
https://doi.org/10.1080/15487733.2018.1510237
https://doi.org/10.1038/s41560-018-0095-2
https://doi.org/10.1016/j.rser.2015.02.028
https://doi.org/10.1016/j.rser.2015.02.028

Journal of Environmental & Earth Sciences | Volume 08 | Issue 07 | July 2026

[68]

[69]

Senna, P.P., Almeida, A.H., Barros, A.C., et al., 2020.
Architecture Model for a Holistic and Interoperable
Digital Energy Management Platform. Procedia Man-
ufacturing. 51, 1117-1124. DOI: https://doi.org/10.
1016/j.promfg.2020.10.157.

De Pascali, P., Bagaini, A., 2018. Energy Transition
and Urban Planning for Local Development. A Criti-
cal Review of the Evolution of Integrated Spatial and
Energy Planning. Energies. 12(1), 35. DOI: https:

[70]

[71]

179

//doi.org/10.3390/en12010035.

Lyu, W, Liu, J., 2021. Artificial Intelligence and emerg-
ing digital technologies in the energy sector. Applied
Energy. 303, 117615. DOI: https://doi.org/10.1016/j.
apenergy.2021.117615.

Heffron, R.J., 2022. Applying energy justice into the
energy transition. Renewable and Sustainable Energy
Reviews. 156, 111936. DOI: https://doi.org/10.1016/j.
rser.2021.111936.


https://doi.org/10.1016/j.promfg.2020.10.157
https://doi.org/10.1016/j.promfg.2020.10.157
https://doi.org/10.3390/en12010035
https://doi.org/10.3390/en12010035
https://doi.org/10.1016/j.apenergy.2021.117615
https://doi.org/10.1016/j.apenergy.2021.117615
https://doi.org/10.1016/j.rser.2021.111936
https://doi.org/10.1016/j.rser.2021.111936

	Introduction
	Conceptual Framework of Integrated New Energy Systems
	Definition and System Boundaries
	Key Components of Integrated New Energy Systems
	Planning Objectives and Constraints

	Integrated Planning Methodologies
	Optimization-Based Approaches
	Simulation and Scenario-Based Planning
	Hybrid and Advanced Planning Methods
	Comparison and Applicability of Planning Models

	Environmental Impacts, Trade-Offs, and Sustainability Pathways in Integrated Energy Planning
	Environmental Impact Assessment Frameworks in Integrated Planning
	Integration of Life Cycle Thinking into Energy System Planning
	Multi-Dimensional Evaluation and Environmental Trade-Offs
	Sector Coupling and Cross-Sector Environmental Effects
	Sustainability Pathways and Long-Term System Transitions

	Case Studies and Regional Perspectives
	Integrated Energy Planning in China
	Integrated Energy Planning in Pakistan
	Integrated Energy Planning in South Korea
	Integrated Energy Planning in Malaysia
	Comparative Insights from Regional Case Studies

	Research Gaps and Future Directions
	Methodological Gaps in Integrated Energy Planning
	Data and Model Integration Challenges
	Emerging Technologies and Planning Paradigms

	Conclusions

