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ABSTRACT

The informatization of the grid, i.e., the incorporation of sensing, communications, data platforms, analytics, and

automation in the running of power systems, has turned out to be a vital facilitator of environmental mitigation as power

systems increasingly take up larger proportions of variable renewables, distributed energy resources (DERs), and electrified

end uses. The review summarizes the worldwide evidence related to the ability of informatization-based smart grid

applications to lower the environmental impact in six pathways, namely efficiency improvement, flexibility activation,

renewable integration, DER coordination, electrification management, and resilience enhancement. Across regions, the

most consistently reported benefits arise from reducing waste and improving operational control, including loss reduction,

volt/VAR optimization, conservation voltage reduction, and distribution automation, particularly in systems with high

baseline losses or frequent outages. Demand response, dynamic pricing, and managed electric vehicle (EV) charging can

further lower emissions when they displace high-emitting marginal generation or align consumption with time-varying

low-carbon supply; however, outcomes are highly sensitive to marginal emissions profiles and accounting methods. In high-

renewable systems, forecasting, congestion management, and curtailment reduction emerge as high-leverage mechanisms,

while distributed energy resource management systems/virtual power plant (DERMS/VPP)-enabled coordination can

expand hosting capacity and substitute distributed flexibility for carbon-intensive balancing, contingent on interoperability

and constraint-aware control. The review also highlights trade-offs that shape net benefits, including embodied impacts
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and e-waste from digital hardware, information and communication technologies (ICT) energy use, rebound and equity

effects, and cyber-physical risks. We conclude with governance and research priorities for verifiable, secure, and lifecycle-

sustainable informatization.

Keywords: Grid Informatization; Smart Grids; Environmental Mitigation; Distributed Energy Resources; Demand Response

1. Introduction

Electricity systems are increasingly central to environ-

mental mitigation [1]. They are a major source of environ-

mental burdens through emissions associated with power

generation and fuel supply chains, and they also shape air

quality, water use, land occupation, and material demand

through the way grids are built and operated. The term

“emissions” generally refers to the emission of greenhouse

gases like carbon dioxide (CO₂), methane (CH₄), and ni-

trous oxide (N₂O), which together account for the majority

of power-sector greenhouse gas emissions. CO₂ emissions

are primarily attributed to fossil fuel combustion in thermal

power generation and backup diesel generation during out-

ages, while CH₄ emissions arise from natural gas extraction,

processing, and leakage in gas-fired power systems. N₂O

emissions are associated with high-temperature combustion

processes.

Simultaneously, decarbonizing electricity will allow

more extensive decarbonization of the economy as it will

support the electrification of transport, heating, and even

industry [2]. This twofold role implies that environmental

progress is no longer hindered simply by what technologies

produce electricity, but also how the low-carbon resources

can be carefully incorporated into power systems, the de-

mand is met, and the reliability of the system is ensured

under variable conditions.

The operational issue of power systems is evolving at a

very fast rate [3]. The growing percentages of wind and solar

make it more variable and uncertain, making forecasting,

flexibility, and rapid control more important. Distributed

energy resources cease to be found on the fringes and are

taking a central place as rooftop photovoltaics, behind-the-

meter batteries, flexible commercial loads, community en-

ergy systems, and microgrids, and are frequently linked to

distribution networks, which were never intended to support

bidirectional flows. Electrification is introducing new and

high-power loads (electric vehicles and heat pumps), which

can either favor the use of renewables or contribute to con-

gestion and peak demand. In the meantime, the threat of

extreme weather is escalating due to climate change, and

resilience and quick restoration are becoming more press-

ing. The regulatory and market designs are also changing

in most parts to focus more on transparency, performance-

based incentives, and the involvement of customers. These

trends add complexity at all grid levels and condition the

environment results on the level of coordination, timing, and

optimization on a system-wide basis [4].

It is on this background that grid informatization has

become a very important facilitator of environmental perfor-

mance. In spite of the tendency to define a smart grid as a

generalized term of grid modernization, in this review, the

informatization layer, where traditional networks are trans-

formed into data-intensive cyber-physical systems, is consid-

ered. The concept of grid informatization can be interpreted

as a possibility to see the system in the finest details, to ex-

change information safely and efficiently, to derive action out

of the information, and to execute decisions with the help of

automation and coordinated control [5]. Practically speaking, it

includes sensing and measurement systems; communications

systems; interoperable data systems like SCADA (supervi-

sory control and data acquisition)/EMS (energy management

system)/DMS (distribution management system) and DER

management systems, analytics like forecasting, state estima-

tion, and optimization, and automated control functions, such

as voltage regulation and fault isolation, and restoration. This

sense–communicate–compute–control stack does not just in-

crease visibility. It alters the way operators plan and operate

the grid, the way customers and aggregators are involved,

and how distributed assets can be brought into play to meet

the needs of the systems. Figure 1 provides an overview of

the conceptual reasoning behind this review, in which the in-

formatization stack is connected to the operational lever and,

eventually, to environmental endpoints [6].
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Figure 1. Conceptual framework linking grid informatization to environmental outcomes.

The environmental worth of informatization is realized

through several interrelated channels that interface the digital

features with physical results [7]. Efficiency improvements

are one of the areas. Technical losses can be minimized,

non-technical losses identified, voltage and reactive power

optimized, and asset utilization can be enhanced through

better monitoring and control. Even small losses could be

converted into significant avoided generation, which is par-

ticularly true of systems with marginal generation that is

still fossil-based. The second route is that of flexibility. De-

mand response programs and automated load management

rely on informatization as they allow for taking measure-

ments at a granular level, signaling prices or incentives, and

verifying them. Flexible demand can decrease the role of

peaking units that cause high emissions and achieve higher

penetration of renewable sources without undermining relia-

bility by shifting consumption not only towards peak periods

but also by matching renewable availability to consump-

tion. The third route is focused on renewable integration.

Quality forecasting, congestion control, and enhanced tim-

ing may reduce renewable curtailment as well as the amount

of carbon-intensive reserves. Adaptive operation to chang-

ing conditions (e.g., dynamic line rating or more responsive

reconfiguration strategies) that can raise usable transfer ca-

pacity may also be supported by the same data and control

capabilities [8].

Another related trajectory is associated with the coor-

dination of distributed energy resources. Since DERs are

multiplying, the environmental impact of DERs is highly

dependent on whether they are individual devices or intercon-

nected resources. Aggregation can be achieved by informing

platforms, e.g., DER management systems and virtual power

plants, so distributed assets can offer grid services, e.g., fre-

quency response, voltage support, and capacity contributions.

This is able to decrease fossil ramping, postpone network

reinforcements, and decrease the necessity of conventional

peakers. The other route is associated with the process of

electrification, especially the accelerated development of

electric vehicles. Local transformer overloads, as well as

minimizing peak demand andmoving charging to low-carbon

hours, may be avoided through managed charging, which is

facilitated by communications, user interfaces, and control

algorithms. In other applications, the vehicle-to-grid idea

will provide more flexibility, but raises new concerns about

battery degradation, consumer acceptance, and regulation

in the market. Lastly, informatization is useful in reliabil-

ity and resilience by means of automation and predictive

maintenance. Reduction in frequency and duration of out-

ages can be achieved with faster fault location and isolation,

better restoration and condition-based asset management. Al-

though reliability as such is not an environmental measure,

outages may initiate more emissions from backup generation,

inefficient restarts, and disruption that have real societal and

environmental implications [9,10].

These mitigation effects do not occur automatically and

they are highly context-specific. The same informatization
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intervention may produce extremely dissimilar results based

on the blend of generations, the topology of the network, the

profile of marginal emissions, regulatory limitations, and

the involvement of the customers. The environmental ef-

fect of demand response, such as that, will depend on which

generators are pushed out at the edge as well as whether

the reduction in demand is permanent or just postponed [11].

The usefulness of renewable forecasting and reduction of

curtailment relies on the rules of the market, transmission

limitations and flexibility. The loss reduction has greater ben-

efits in systems whose carbon intensity is high, as compared

to those that are already dominated by low-carbon genera-

tion. It is because of these reasons that a global perspective

is necessary. The informatization of grids is approached

with very different emphases in systems with vastly differ-

ent priorities: high-renewable integration and cross-border

coordination in parts of Europe; intensive metering, demand

response, and distribution automation in North America; a

rapid digital modernization as well as large-scale buildout

of transmission in parts of East Asia; urgent needs to cut

losses, enhance revenue collection, and expand reliable ac-

cess, often with mini-grids and microgrids that are able to

bypass traditional structures. Every situation defines what

applications are available, what advantages are most salient,

and what obstacles prevail.

The current literature has a representation of this diver-

sity, yet is also characterized by the presence of certain gaps

that have been persistent and which make synthesis challeng-

ing. The majority of literature measures potential emission

reductions without a uniform baseline or counterfactual, and

without a distinction between average and marginal emis-

sion reductions—an important distinction when dealing with

interventions that redistribute the timing but do not neces-

sarily reduce the overall amount of energy consumed. The

measurements of the environment are disaggregated: some

sources indicate energy savings, others peak reduction, relia-

bility indices, changes in curtailment of renewable, or CO2

avoidance, each with incompatible assumptions and time

scales. Often, empirical deployment experience may not

be easily comparable with results of simulation models, es-

pecially when models do not include behavioral responses,

market constraints, or implementation frictions. Moreover,

operational advantages are often highlighted, whereas em-

bodied effects are addressed with a single finger. Digital

infrastructure has material and energy impacts, including

meters, sensors, communications equipment, servers, and ac-

celerated replacement cycles, which are among the sources

of embodied carbon, resource extraction, and e-waste [12].

There are also socio-technical risks that informatization cre-

ates, which are significant to the environment. Recovery

effects may nullify efficiency gains; dynamic pricing may

generate equity issues and participation inequities; privacy

and data policy may establish equity issues and participa-

tion disparities; and cybersecurity threats may have indirect

impacts on system stability that may raise emissions or relia-

bility issues.

To meet these challenges, this review provides the orga-

nization of the evidence around a clear analytical framework

that connects the functions of informatization with environ-

mental mechanisms, quantifiable outcomes, and contextual

determinants. It constructs a common taxonomy of technolo-

gies and architectures of the sensing-communications-data-

analytics-control stack, and transforms this stack onto the

key mitigation pathways: efficiency, flexibility, renewable

integration, DER coordination, electrification enabling, and

resilience. The review combines and draws conclusions on

outcomes reported in different regions to locate where the

evidence is most robust, where the results are most prone to

assumptions, and where enabling conditions most reliably

convert digital capability into environmental benefits. Simul-

taneously, it analyzes the nature of trade-offs and governance

provisions that can specify if informatization produces net

positive effects such as embodied footprints, ICT energy

use, circularity and end-of-life management, cybersecurity,

privacy, and energy justice implications [13]. Combining en-

gineering evidence with the environmental accounting and

governance lenses, the article is expected to elucidate not

only what grid informatization can theoretically do, but what

it actually does and how the benefits of such actions can be

quantified, contrasted, and applied to different scenarios in

the world.

The rest of the article is based on this rationale. It sum-

marizes the technology stack and system architecture behind

informatization after explaining the review methodology and

the way to interpret environmental impacts and evidence

quality. It subsequently considers the key smart grid applica-

tions in terms of environmental minimization pathways, and

contrasts results in major world regions in order to reflect
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the importance of grid context and policy formulation. The

analysis ends with a conclusion about the practical implica-

tions of the review on utilities, regulators, and researchers,

and highlights the strategies to achieve the maximum num-

ber of verifiable benefits for the environment and minimize

the number of unintended consequences, and the strategies

to make the digital transition of the power systems secure,

equitable, and sustainable.

2. Review Methodology and Analyti-

cal Framework

This review is based on a systematic evidence synthe-

sis method that summarizes and assesses the international

literature on the role of grid informatization in mitigating

environmental impact. Since the subject of the topic covers

power systems engineering, information and communication

technologies, environmental assessment, and energy policy,

the methodology will be open to interdisciplinary evidence

and be transparent and reproducible. The section outlines the

process by which the literature was identified, screened, and

synthesized, as well as the method by which environmen-

tal effects were specified and attributed to informatization

interventions under various regional and grid conditions.

2.1. Review Scope and Guiding Questions

The scope of the review is limited to informatization

functions that measurably affect grid operation, planning,

or coordination, including sensing and metering, commu-

nication networks, data platforms, analytics and artificial

intelligence, and automation and control. Studies focused

solely on physical hardware additions without an explicit

digital or data-driven component are not treated as informati-

zation interventions, although they may be referenced when

they interact with digital control layers, as in the case of

storage dispatch, inverter-based grid services, or microgrid

control [14,15].

The review is guided by three overarching questions.

First, it asks which informatization-enabled applications

most consistently yield environmental benefits, and through

what operational mechanisms those benefits are realized.

Second, it examines how reported outcomes differ across

regions and grid contexts, with attention to generation mix,

market design, network constraints, and institutional capac-

ity. Third, it evaluates trade-offs and uncertainties, including

methodological choices in emissions accounting, embodied

impacts of digital infrastructure, and risks that may erode

net environmental gains, such as rebound effects, inequity,

privacy constraints, or cybersecurity vulnerabilities.

2.2. Literature Search Strategy and Data

Sources

Acomprehensive search strategy is used to capture peer-

reviewed journal articles and high-quality conference papers

at the intersection of smart grids, digital power systems, and

environmental assessment [16,17]. The primary databases typi-

cally include Web of Science and Scopus for broad coverage

of energy and environmental journals, complemented by

IEEE Xplore for power engineering and communication-

network literature. In addition, targeted searches are used to

capture domain-specific outlets where key contributions are

often published, particularly those addressing distribution

automation, demand response, DER coordination, and grid

cybersecurity.

The search strings are constructed to balance breadth

and relevance by combining three clusters of terms. The

first cluster targets informatization concepts, including smart

grid digitalization, advanced metering infrastructure, phasor

measurement units, grid-edge sensing, SCADA/EMS/DMS,

DERMS, virtual power plants, digital twins, forecasting,

optimization, and AI-enabled grid control. The second clus-

ter dwells on environmental performance and processes, in-

cluding emissions, carbon intensity, curtailment and losses,

conservation voltage reduction, peak reduction, demand re-

sponse, renewable integration, electrification, and resilience.

The third cluster introduces the qualifier of regions and ap-

plications where needed, so as to provide coverage of the

world, as well as without over-representing a few highly stud-

ied contexts [14,18]. The searches are performed iteratively,

with the beginning of a generalizing search and narrowing

down to the fields that still come out as by-products of envi-

ronmental issues, such as optimization of voltages, demand

response, and controlled EV charging. To minimize missing

important work, backward and forward citation tracing are

used to seminal articles and big review articles that are found

during the first screening. This step is especially significant

since the relevant evidence can be located in a wide range of

disciplines, and the search based on keywords can overlook
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studies that refer to informatization as active network man-

agement, distribution system automation, grid moderniza-

tion, or transactive energy. In regions lacking peer-reviewed

data, or areas where the technology is used, a few carefully

chosen technical reports by system operators, regulators, and

international agencies can be used to put the maturity of de-

ployment into perspective, but these sources are not accorded

the weighting given to peer-reviewed studies when making

quantitative judgments.

2.3. Eligibility Criteria and Screening Process

Eligibility criteria are designed to ensure that included

studies address both an informatization component and an

environmental relevance pathway. A study is included when

it analyzes, models, or measures a grid informatization in-

tervention that alters grid operation, planning decisions, or

resource coordination, and links that intervention to envi-

ronmental outcomes or to operational proxies that can be

credibly translated into environmental impacts. Examples

of such proxies include reduced technical losses, lowered

peak demand, reduced renewable curtailment, improved uti-

lization of low-carbon generation, or reduced dispatch of

high-emitting units. Studies that only describe communica-

tion architectures or data platforms without connecting them

to operational or environmental consequences are excluded,

as are papers that discuss environmental impacts of power

systems without a clear informatization mechanism [14,16,18].

The screening is done in phases to enhance uniformity.

Titles and abstracts are then examined to eliminate the ob-

viously irrelevant records after sorting out the duplicates. It

is followed by full-text screening to either confirm the inter-

vention as truly informatization-based and the connection of

environmental linkage as explicit and methodologically inter-

pretable. In cases where a study describes several scenarios,

the preference is made for those that have clear assumptions,

well-defined baselines, and an adequate description of meth-

ods used to enable cross-study comparison. In the case of

work employing simulations, models should provide a sys-

tem boundary, a framework of dispatch or power flow, and

the main assumptions involved in the behavior, market limits,

or policy environments. To do empirical studies, it is nec-

essary to describe the context of deployment, data sources,

and the method of analysis [19].

2.4. Data Extraction and Coding Framework

In order to facilitate the systematic synthesis of het-

erogeneous research, a standard extraction template is used.

Bibliographic information, geographic and system context,

grid level (transmission, distribution, microgrid), and the

informatization components comprised are captured on the

template, as well as the sensing/measurement, communica-

tions, data platform, analytics, and the control actions in-

volved. It also documents the application field, e.g., voltage

optimization, demand response, renewable forecasting, DER

aggregation, controlled EVcharging, predictivemaintenance,

or resilience automation [20].

Environmental variables are extracted in two forms.

When studies directly report environmental outcomes, such

as CO2-equivalent reductions, pollutant reductions, or energy

savings tied to emissions factors, those metrics are recorded

along with the accounting approach used. When only opera-

tional outcomes are reported, such as peak reduction, curtail-

ment reduction, or loss reduction, the extraction records the

parameters necessary to translate these outcomes into envi-

ronmental impacts, including carbon intensity assumptions,

temporal resolution, and whether emissions are treated as

average or marginal.

Because study methods vary widely, methodological

attributes are also coded, including whether the evidence

is empirical, quasi-experimental, model-based, or scenario-

driven, whether uncertainty is quantified, and whether sensi-

tivity analysis is provided. This coding supports later grading

of evidence strength and helps interpret why findings differ

across contexts.

2.5. Evidence Quality Appraisal and Risk of

Bias Considerations

The key issue with smart grid environmental assess-

ment is that the outcomes of measurement usually rely on

counterfactual assumptions regarding what would have oc-

curred in the absence of the informatization intervention [16].

The review thus utilizes the lens of quality appraisal that

focuses on baseline clarity, causal attribution plausibility,

and strength of results to major uncertainties.

Empirical studies are evaluated based on being based

on credible identification methods, i.e., before-after com-

parisons with suitable controls, difference-in-differences de-
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signs, randomized pilots, or statistically based evaluation

frameworks to consider weather, economic activity, and be-

havioral adaptation. The criteria applied to evaluate model-

based studies include the specification of dispatch logic and

constraints, use of real-world operational data or test systems,

and sensitivity to assumed demand elasticity, DER behavior,

market rules, or carbon intensity [21].

In both empirical and modeling literature, some spe-

cial focus is placed on selection effects and publication bias.

When piloting is applied in a desirable situation with greater

involvement or more advanced infrastructure, it tends to ex-

aggerate anticipated benefits in generalizing findings. On

the other hand, a study can be biased and only report suc-

cessful deployments, covering up unsuccessful deployments

or dampened effects. These are explicit points of concern in

the story synthesis, and the results are understood as ranges

and not constants.

2.6. Environmental Impact Attribution and

Boundary Setting

To assign environmental effects to informatization, it

is necessary to have a stable system of definitions of system

boundaries and emissions accounting principles [22]. There

are operational impacts and embodied impacts, as charac-

terized by this review. Informatization-enabled decisions

influence operational effects in terms of alterations in dis-

patch generation, energy consumption, loss, and curtailment.

Embodied effects are those associated with the production,

installation, use, and disposal of digital hardware and associ-

ated ICT infrastructure, such as meters, sensors, communi-

cations equipment, and servers and data storage.

The reliance on operational emissions estimation on the

emissions factors, such as average grid intensity or marginal

intensity at particular locations and times, is important. A

lot of informatization procedures, like demand response or

EV smart charging, do not reduce the overall consumption

of electricity but evenly distribute the consumption over

time. Marginal emissions and time-varying carbon inten-

sity are usually more suitable than annual average factors

to use in such applications. On the same note, the effect of

renewable curtailment reduction is on the generators that

are displaced and at what time, hence the time resolution

and system constraints have a powerful influence on the

estimated benefits [23]. The review records the method by

which studies select emissions factors and, where feasible,

reconciles interpretations by bringing out methodological

differences as opposed to developing one conversion method

that actually is not applicable in other contexts.

The treatment of upstream and downstream effects is

also included in setting a boundary. An example is managed

EV charging, which can alter electricity generation emissions

and decrease internal combustion vehicle emissions, but the

benefits of the transport sector require assumptions of vehicle

replacement, charging patterns and lifecycle emissions of ve-

hicles and batteries [24]. This review places more emphasis on

grid-mediated effects, and considers cross-sector effects in a

cautious fashion, focusing more on transparency regarding

assumptions and paying due consideration to over-attributing

indirectly-evidence.

The synthesis integrates narrative and semi-quantitative

methods to compare diverse study outputs. Narrative syn-

thesis is used to connect informatization mechanisms to grid

operational changes and then to environmental outcomes,

while also describing contextual dependencies and imple-

mentation realities. Semi-quantitative synthesis is used when

studies report comparable metrics, such as percentage loss re-

duction, peak reduction, curtailment reduction, or emissions

savings per unit of intervention. Rather than treating these as

directly commensurate across all systems, the review inter-

prets themwithin contextual clusters, such as high-renewable

systems, coal-dominated systems, rapidly electrifying sys-

tems, or infrastructure-constrained systems.

Regional synthesis is conducted by mapping applica-

tions to dominant regional drivers and constraints. This

approach avoids implying that one region’s evidence auto-

matically transfers to another. For instance, findings about

demand response effectiveness in regions with mature retail

markets and widespread smart metering may not generalize

to regions where metering penetration is low, or tariff struc-

tures limit price responsiveness [25]. Similarly, curtailment

reduction strategies documented in systems with strong in-

terconnection capacity may not apply to islanded or weakly

interconnected systems.

Finally, the synthesis explicitly integrates trade-offs

and risks into the interpretation of net environmental bene-

fits. Informatization can enable emissions reductions, but it

can also introduce additional hardware footprints, increase

ICT electricity use, and create operational vulnerabilities
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if cybersecurity, interoperability, or governance are inade-

quate [26]. The review, therefore, treats “net mitigation” as

an outcome that depends on both technical performance and

socio-technical implementation conditions, setting the stage

for later sections that examine governance, equity, and sys-

tem risk as integral to sustainable grid informatization.

3. Grid Informatization Technologies

and SystemArchitecture

Grid informatization is fundamentally a cyber-physical

transformation of electric power systems in which opera-

tional intelligence is increasingly created, shared, and acted

upon through digital infrastructure [27]. In conventional grids,

observability is limited by sparse instrumentation, coarse

temporal resolution, and compartmentalized control, particu-

larly at the distribution level. Informatization expands the

visibility of system states, accelerates the flow of operational

data, and enables decision-making that is both more gran-

ular and more adaptive. The technologies involved are not

independent building blocks but components of an end-to-

end architecture that links measurement, communication,

computation, and control. This section synthesizes that ar-

chitecture and highlights the technical characteristics that

matter most for environmental mitigation, including data

quality, interoperability, latency, reliability, and security.

3.1. Sensing and Measurement: Building Ob-

servability from Bulk Power to the Grid

Edge

The first layer of informatization is the expansion of

observability through measurement. At the transmission

level, phasor measurement units (PMUs) and wide-area mea-

surement systems provide time-synchronized data that can

improve dynamic monitoring, state estimation, and stability

assessment [28,29]. Higher-fidelity system state awareness can

support more confident operation closer to network limits,

reducing the need for conservative reserves and enabling

greater utilization of low-carbon generation when transmis-

sion constraints would otherwise force redispatch. While

the direct environmental link is rarely through PMUs alone,

the broader capability to reduce congestion-related ineffi-

ciencies and avoid unnecessary redispatch becomes increas-

ingly salient in high-renewable systems where variability

and ramping needs are pronounced.

At the distribution level, the informatization shift is

even more consequential because distribution networks his-

torically have far less instrumentation than transmission sys-

tems. Advanced metering infrastructure (AMI) enables high-

frequency measurement of customer consumption and, in

many deployments, voltage and power quality information.

Beyond billing modernization, AMI data can support loss

analytics, theft detection, targeted voltage optimization, and

the validation of demand response performance. In contexts

with high non-technical losses, improved measurement and

verification can translate into both financial and environ-

mental gains by reducing wasted generation and improving

operational efficiency. Distribution automation also relies on

feeder-level sensors, fault indicators, transformer monitors,

and line sensors that reveal loading, thermal margins, and ab-

normal conditions. These measurements enable faster fault

localization and isolation, reduce outage durations, and sup-

port proactive asset management that can extend equipment

life and reduce material-intensive replacements [30].

In addition to dedicated utility sensors, grid-edge mea-

surements increasingly come from inverter-interfaced re-

sources such as rooftop PV and batteries, smart EV chargers,

and building energy management systems [31]. These devices

can act as both sensors and actuators, but their contribution

depends on standardized telemetry, controllability, and the

accuracy of time stamping and calibration. The environ-

mental value of these measurements is therefore closely tied

to how data is integrated and operationalized, rather than

merely collected.

3.2. Communications Infrastructure: Latency,

Reliability, and Coverage as Operational

Constraints

Measurement becomes operationally useful only when

it can be transported to decision points with adequate speed

and reliability. Communications networks in informatized

grids span heterogeneous technologies, including power-line

communication, radio frequency (RF) mesh networks, cellu-

lar systems, fiber backbones, and increasingly low-latency

wireless options. The architecture is typically layered, with

local field area networks connecting meters and sensors, ag-

gregation nodes or substations serving as gateways, and wide-

area networks carrying traffic to control centers or cloud
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platforms [32].

From an environmental perspective, communications

performance shapes which applications are feasible and how

effectively they operate. Voltage optimization and conserva-

tion voltage reduction, for example, require timely voltage

data and reliable command channels to regulators, capaci-

tor banks, or inverter setpoints. Fault isolation and restora-

tion depend on deterministic performance under stressed

conditions. Managed EV charging and DER aggregation

require scalable, secure connectivity that can handle large

device populations without excessive latency, particularly

when services such as frequency response or fast ramping

are provided. In distribution networks with limited commu-

nications coverage, informatization may be constrained to

slower timescale applications such as day-ahead forecast-

ing, periodic optimization, or supervisory control rather than

real-time automation [33].

Communications infrastructure also introduces design

trade-offs. High redundancy improves resilience but in-

creases capital cost and potentially the embodied footprint

of hardware. Reliance on public cellular networks can ac-

celerate deployment in resource-constrained contexts, but it

raises questions about quality-of-service guarantees during

emergencies and the governance of critical infrastructure

dependence on third-party networks. As a result, commu-

nications choices become an integral part of environmental

strategy because they determine the reliability of mitigation

interventions such as demand response, DER coordination,

and outage reduction, all of which can influence emissions

through dispatch and backup generation patterns [34,35].

3.3. Data Platforms and Interoperability:

Turning Heterogeneous Data into System-

Level Intelligence

The expansion of sensing and communications cre-

ates large and heterogeneous data streams that must be inte-

grated into platforms capable of supporting operational and

planning decisions [36]. Traditional supervisory control and

data acquisition (SCADA) systems remain foundational for

transmission and substation monitoring, but informatized

grids increasingly rely on a broader software ecosystem that

includes energy management systems (EMS), distribution

management systems (DMS), outage management systems

(OMS), and geographic information systems. In distribution

networks, the DMS often becomes the locus where AMI-

derived insights, feeder sensor data, switching states, and

DER telemetry are combined to support functions such as

volt/VAR control, feeder reconfiguration, and restoration.

As distributed resources expand, specialized platforms

such as distributed energy resource management systems

(DERMS) and virtual power plant (VPP) orchestration tools

provide additional layers of coordination [37]. These plat-

forms enable aggregators or utilities to dispatch fleets of

small resources as if they were a single controllable asset.

The extent to which this translates into environmental ben-

efits depends on the quality of observability and forecast-

ing, the ability to respect local network constraints, and the

market or regulatory rules governing participation. With-

out constraint-aware orchestration, DER coordination can

inadvertently increase losses or create local congestion, un-

dermining both reliability and environmental objectives. To

clarify how technical layers translate into operational capa-

bility, Table 1 maps the informatization stack to dominant

grid functions and environmental relevance.

Interoperability is central to the effectiveness and scal-

ability of informatization. Grid data originates from de-

vices produced by many manufacturers and is often stored

in legacy systems with incompatible formats. Standardized

information models, communication protocols, and interface

specifications determine whether data can flow across or-

ganizational and technical boundaries. Interoperability is

not only a technical convenience; it influences the speed at

which new applications can be deployed, the feasibility of

multi-vendor ecosystems, and the potential for third-party

innovation. Where interoperability is weak, utilities may be-

come locked into proprietary solutions that limit scalability

and raise lifecycle costs, potentially slowing deployments

that would otherwise reduce emissions. Conversely, strong

interoperability can support modular upgrades, extend the us-

able life of existing systems, and facilitate broader adoption

of mitigation applications such as carbon-aware dispatch or

flexible demand aggregation [38].

The data platform layer also includes decisions about

cloud versus edge computing and the role of data lakes or

streaming architectures. Cloud platforms can provide elas-

ticity and simplify analytics deployment, while edge com-

puting can reduce latency, lower bandwidth requirements,

and increase resilience by maintaining local control even
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when wide-area connectivity is disrupted. These architec-

tural choices interact with environmental objectives through

both operational performance and ICT energy use. While

the electricity consumption of computing infrastructure is

often modest relative to system-wide energy flows, it can

become nontrivial at scale and must be accounted for when

evaluating net environmental benefits [39].

Figure 2 presents the reference architecture used

throughout the review to describe data and control flows

from the grid edge to operational decision layers [40].

Table 1. Grid informatization stack and environmental relevance.

Informatization

Layer
Typical Components

Primary Grid

Function Enabled

Environmental Relevance

(Main Channel)

Common Evidence

Type

Sensing &

measurement

Advanced Metering Infrastructure

(AMI)/smart meters, Phasor

Measurement Units (PMUs), feeder

sensors, transformer monitors,

Power Quality (PQ) monitors

Observability of load,

voltage, flows, asset

condition

Enables loss diagnostics,

Volt-Var Optimization

(VVO)/Conservation Voltage

Reduction (CVR), Distributed

Energy Resources (DER)

visibility; improves

evaluation/Monitoring,

Reporting, and Verification

(MRV)

Utility deployments;

feeder studies;

monitoring-based

analytics

Communications

Radio Frequency (RF) mesh, Power

Line Communication (PLC),

cellular, fiber, substation gateways

Timely/secure data

transfer and command

execution

Determines feasibility of

real-time Demand Response

(DR)/Distributed Energy

Resources (DER) control and

restoration; affects

reliability-related emissions

Field performance

reports; network

simulations

Data platforms

Supervisory Control and Data

Acquisition (SCADA)/Energy

Management System

(EMS)/Distribution Management

System (DMS)/Outage

Management System (OMS),

Distributed Energy Resource

Management System

(DERMS)/Virtual Power Plant

(VPP) platforms, data lakes/streams

Data integration,

topology/state models,

operational workflows

Scales mitigation apps by

integrating constraints, devices,

and markets

Case implementations;

platform evaluations

Analytics

Forecasting, state estimation,

anomaly detection, optimization

(OPF/UC) (optimal power flow/unit

commitment), AI/ML (artificial

intelligence/machine learning)

Predictive &

prescriptive decision

support

Reduces

curtailment/redispatch;

improves dispatch efficiency

and flexibility utilization

Modeling studies;

pilot evaluations

Control &

automation

Volt-Var Optimization

(VVO)/Conservation Voltage

Reduction (CVR), Fault Location,

Isolation, and Service Restoration

(FLISR), adaptive protection,

Distributed Energy Resources

(DER) dispatch, microgrid

controllers

Closed-loop

operational actions

Directly reduces

losses/curtailment and

improves resilience; enables

low-carbon flexibility

Field rollouts; control

experiments;

simulation

Security &

governance

(cross-cutting)

IAM (identity and access

management), encryption,

segmentation, privacy controls, data

governance

Trustworthy operation

and data sharing

Prevents disruptions that

increase emissions; enables

safe scaling of DER/DR

Standards-based

analyses;

incident-informed

studies

3.4. Analytics and AI: Forecasting, Optimiza-

tion, and Situational Awareness for Decar-

bonized Operations

Analytics transform raw data into practical wisdom and

thus form the main connection between informatization and

the environment. Forecasting is a core competency, and it

includes short-term load prediction, forecasting of renewable

generation, and probabilistic evaluation of uncertainty. Better

forecasting can lead to decreased reserves, better unit commit-

ment decisions, and reduced recourse to high-emission standby

generation. Forecast accuracy may also have significant im-

pacts on short-renewable systems on curtailment and redispatch
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behavior, and thereby on emissions by replacing the low-carbon generation with fossil generation at important times [41].

Figure 2. Reference architecture of an informatized power system.

State estimation and topology processing give situa-

tional awareness, which is a process by which the states that

have not been measured are estimated using incomplete mea-

surements and known network models [42]. In distribution

networks, where instrumentation can be remote when AMI

is present, state estimation can provide advanced volt/VAR

control and constraint management, higher DER hosting ca-

pacity, and minimize the emissions-intensive grid reinforce-

ments. Optimization techniques such as optimal power flow,

security-constrained dispatch, and multi-period scheduling

are the techniques used to convert system objectives into con-

trol responses that are responsive to physical and operational

constraints. These formulations can include environmental

objectives in the form of carbon costs, emissions limits, or

curtailment fines, or indirectly as low-loss and renewable

maximization objectives that can vary with grid conditions

based on the reduction of emissions.

AI and machine learning are used more often in the de-

tection of anomalies and predictive maintenance, and pattern

recognition in the consumption and behavior of devices [43].

The predictive maintenance models are capable of detecting

equipment degradation at the initial stages, and this limits

failure, increases the lifespan of assets, and decreases emer-

gency replacements, which have material and logistical foot-

prints. In the case of demand response and DER aggregation,

data-driven models will be able to estimate the availability

of flexibility and customer response to enhance dispatch re-

liability and lessen the necessity of purchasing backups in a

conservative way. Nonetheless, AI-based methods pose risks

associated with model drift, data quality, representativeness,

and explainability, especially when implemented as part of

the operational control loops. The green potential of AI thus

depends on sound validation, ongoing surveillance, and the

connection with physics-based limitations to prevent unsafe

or self-contradicting behavior.

3.5. Control and Automation: Translating In-

formation into Physical Action

Informatization has a direct influence on the function-

ing of the grid at the control layer. Automationmay operate at

different time scales, ranging from sub-second inverter con-

trol scale of minutes, volt/VAR optimization, and hours-scale

scheduling. Volt/VAR optimization, used in the distribution

systems, coordinates capacitor banks, voltage regulators, and

more intelligent inverters to keep voltages within limits and

minimize the reactive flows and losses in power. Conserva-

tion voltage reduction is aimed at reducing the feeder voltage

within acceptable limits to minimize energy used to service

the load that is voltage dependent, so that its emissions gen-

erate benefits based on the load make-up and marginal gen-

eration. Automation of the reconfiguration of feeders and

switching may decrease losses and congestion, allowing bet-

ter utilization of renewables or the dispensing of less emitting

resources [44,45].

Fault location, isolation, and service restoration

(FLISR) is a technique that automates switching sequences

288



Journal of Environmental & Earth Sciences | Volume 08 | Issue 02 | February 2026

to contain outages and restore service faster [46]. Minimizing

downtime can decrease the dependency on backup gener-

ators, minimize the needless system restart activities, and

offer resilience advantages with indirect yet significant envi-

ronmental effects. Similar schemes of advanced control and

remedial action in transmission systems can stop cascading

failures and enable more secure operation in variable situa-

tions, and once more, less conservative dispatch policies can

be used, which may contribute to higher emissions.

DER control and coordination go further to automate

equipment that is not owned by a utility [20]. Smart inverter

capabilities, aggregator dispatch, and microgrid controllers

can supply the functions of voltage and frequency support,

ramping, and reserve services. These environmental impacts

can be determined by whether the services will substitute

fossil-based ancillary services or mitigate renewable cur-

tailment, and whether the control strategies will consider

network constraints and the device-level constraints. In re-

ality, the control architectures tend to fuse centralization in

optimization and decentralization or hierarchy in control as

a measure of scalability and latency. Scale environmental

benefits require the quality of optimization as well as the

robustness in practice of control implementations.

3.6. Cybersecurity, Privacy, and Operational

Trustworthiness as Architectural Founda-

tions

This is because informatization broadens the scale of

attack in power systems as it enhances connectivity, the pop-

ulation of devices, and reliance on software platforms. As

such, cybersecurity is not a support system but a condition

of the realization and maintenance of environmental ben-

efits. The successful attacks may lower reliability, cause

conservative operation, disrupt DER coordination, or cause

an outage that raises emissions by using back-up generation

and inefficient dispatch. Weak security will constrain data

sharing and interoperability even in the absence of attacks

and hinder the implementation of environmental mitigation

applications [47].

The concept of privacy is also ground-level, particu-

larly in situations where high-resolution consumption data

and device telemetry is utilized to achieve demand response,

dynamic pricing, or personalized energy services. The prob-

lems of privacy can decrease the level of participation among

customers or lead to the introduction of regulatory limitations

that can limit the availability of data, thereby limiting the

utility of flexibility programs. Determinacy of data access,

anonymization, and consent governance has an impact on

the effective scope of informatization [48].

Other aspects of operational trustworthiness are safety,

validation, and explainability. Choices and data-driven de-

signs are more and more automated, and under rare occur-

rences, as well as in the presence of changing system circum-

stances, informatization demands auditability and resilience.

Reliability is especially relevant under the condition when

environmental goals are factored into the operational control,

as carbon-conscious dispatch or flexibility optimization can

establish new goal trade-offs that have to be known and con-

trolled by operators. To ensure that informatization provides

net environmental benefits, a socio-technical architecture is,

however, necessary, one where cybersecurity, privacy, and

operational assurance are designed into the system architec-

ture instead of being added afterward [49].

Across sensing, communications, platforms, analytics,

and control, grid informatization forms an integrated archi-

tecture that determines what the modern grid can observe, de-

cide, and execute. Environmental mitigation is not produced

by any single technology but by how the full stack enables

efficient operation, flexible demand, coordinated DER ser-

vices, and resilient performance under uncertainty [50]. The

architecture also constrains the achievable benefits through

latency limits, data quality, interoperability barriers, and the

need for secure and privacy-preserving operation. These ar-

chitectural considerations provide the foundation for the sub-

sequent synthesis of mitigation pathways and applications,

where the review evaluates which informatization-enabled

interventions deliver the most consistent environmental ben-

efits across global contexts and what enabling conditions are

required for their successful deployment.

4. Environmental Mitigation Path-

ways and Key Smart Grid Appli-

cations

Grid informatization affects environmental outcomes

primarily by changing how electricity systems are operated

and coordinated. The relationship is rarely direct; informa-

tization does not “decarbonize” electricity on its own, but
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it enables decisions that reduce energy waste, increase the

utilization of low-carbon generation, and improve system

flexibility so that higher shares of variable renewables and

distributed resources can be accommodated reliably. The

strength and direction of environmental effects depend on

local marginal generation, network constraints, market rules,

and the extent to which digital control is actually exercised

rather than remaining a monitoring capability. This section

organizes the literature through a pathway lens that links

informatization-enabled functions to operational changes and

then to environmental impacts. Across pathways, the review

emphasizes how outcomes are measured and what contextual

factors condition the magnitude of benefits. Figure 3 orga-

nizes the subsequent synthesis by mapping six mitigation

pathways to representative informatization-enabled applica-

tions and commonly reported metrics. Table 2 summarizes

the dominant operational mechanisms, environmental link-

ages, and key dependencies associated with each mitigation

pathway, highlighting where emissions accounting choices

can change conclusions [51,52].

Figure 3. Mitigation pathways map and application taxonomy.

Table 2. Environmental mitigation pathways, applications, and metrics.

Mitigation

Pathway
Representative Applications

Primary Operational

Outcome

Environmental Metric

Linkage
Key Dependency/Assumption

Efficiency

Loss analytics, VVO/CVR,

feeder reconfiguration, theft

reduction

Lower delivered energy

required; reduced losses

kWh saved → CO₂e

avoided; reduced upstream

fuel/pollutants

Correct baseline; feeder/load

composition; marginal vs.

average emissions

Flexibility
Demand response, automated

load control, dynamic tariffs

Peak reduction; load

shifting; ramp support

Avoided peaker dispatch;

emissions shift across

hours

Carbon-intensity correlation

with control/price signals;

rebound risk

Renewable

integration

Wind/solar forecasting,

congestion management,

dynamic line rating

Lower curtailment;

reduced

redispatch/reserves

Curtailment ↓ → fossil

displacement

(context-dependent)

Network constraints modeled

correctly; reserve logic; market

rules

DER

coordination

DERMS/VPP aggregation,

smart inverter services, hosting

capacity analytics

Constraint-aware DER

dispatch and voltage

support

Higher DER utilization;

avoided upgrades and

balancing emissions

Telemetry quality;

interoperability; distribution

constraints visibility

Electrification

enabling

Managed EV charging,

carbon-aware charging,

sector-coupled flexibility

Peak mitigation; alignment

with low-carbon hours

Reduced marginal

emissions of new electric

load

Access to time/location carbon

signals; user participation

Reliability/re-

silience

FLISR, predictive maintenance,

microgrid control/islanding

Fewer/shorter outages;

faster restoration

Less backup diesel use;

reduced disruption-related

inefficiencies

Event frequency; backup

generator prevalence; extreme

weather patterns
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4.1. Efficiency Pathway: Loss Reduction, Volt-

age Optimization, andWasteMinimization

One of the most consistently reported channels through

which informatization mitigates environmental impacts is

operational efficiency. Losses in transmission and distri-

bution networks require additional generation upstream to

deliver the same amount of useful electricity to end users. In-

formatization increases visibility of loading, voltage profiles,

and abnormal conditions, enabling actions that reduce both

technical and non-technical losses. At the distribution level,

advanced metering infrastructure and feeder monitoring sup-

port more precise loss analytics and can help identify theft

and metering inaccuracies. Where non-technical losses are

substantial, improvements in measurement and verification

can translate into reduced wasted generation and improved

dispatch efficiency, even though the benefits are mediated

by institutional capacity to enforce interventions and by the

reliability of billing and collection systems [53].

Voltage and reactive power optimization is another cen-

tral application of informatization under the efficiency path-

way. Distribution management systems equipped with feeder

models and real-time measurements can coordinate voltage

regulators, capacitor banks, and smart inverter functions to

maintain voltages within limits while reducing reactive flows

and associated losses. In many studies, volt/VAR optimiza-

tion reduces losses and improves power factor, producing

avoided generation that can be converted to emissions re-

ductions when emissions factors are specified. A closely re-

lated practice, conservation voltage reduction, lowers feeder

voltage within acceptable bounds so that voltage-dependent

loads consume less energy. The environmental benefits of

conservation voltage reduction are therefore sensitive to local

load composition, especially the share of resistive and motor

loads, and to whether reduced energy use persists over time

or is partially offset by behavioral or operational rebound [54].

Efficiency-oriented informatization also includes net-

work reconfiguration based on real-time or near-real-time

conditions [55]. By changing switching states to balance loads

and shorten power flow paths, utilities can reduce losses and

alleviate local constraints. However, the benefits depend on

the accuracy of network topology models, the availability

of automated switching, and operational rules that prioritize

safety and reliability. In some contexts, reconfiguration may

be constrained by protection coordination or by limited ob-

servability, which reduces the frequency and confidence with

which such strategies can be deployed.

Environmental assessment under the efficiency path-

way often relies on converting energy savings into emis-

sions avoidance using average or marginal emissions factors.

This conversion can be straightforward in systems where

the marginal generator is known and relatively stable, but

it becomes more complex where dispatch is highly variable

across hours and seasons. The literature frequently reports

percentage loss reduction or energy saved, but cross-study

comparability is limited unless temporal resolution and base-

line conditions are made explicit. In addition, while effi-

ciency interventions generally provide net reductions in gen-

eration requirements, the net environmental outcome can

be influenced by how reduced demand affects unit commit-

ment decisions, which may shift dispatch among plants with

different emission intensities [16].

4.2. Flexibility Pathway: Demand Response,

Dynamic Tariffs, and Automated Load

Control

Demand-side flexibility becomes environmentally rele-

vant when it changes which generators operate at the margin

and when it reduces the need for high-emitting peaking re-

sources [56]. Informatization is a prerequisite for scalable

flexibility because it enables high-resolution measurement,

event signaling, automated control, and verification. The

literature on demand response spans industrial interruptible

loads, commercial building automation, and residential pro-

grams enabled by smart meters and connected devices. When

demand response reduces peak demand, it can displace peak-

ing plants that often have high marginal emissions and may

also be relatively inefficient. It can additionally defer net-

work investments, which have indirect environmental ben-

efits through reduced materials and construction, although

these effects are more difficult to quantify and are often

omitted from operational studies.

Dynamic pricing and time-varying tariffs represent an-

other informatization-enabled mechanism for shifting de-

mand. By providing price signals that reflect system con-

ditions, these tariffs can encourage consumption in periods

with lower costs and, potentially, lower carbon intensity. The

environmental effects, however, are not guaranteed. If price

signals do not correlate with carbon intensity, load shifting
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may reduce costs without reducing emissions. Moreover,

the effectiveness of dynamic tariffs depends on customer

responsiveness, the availability of automation, and behav-

ioral persistence over time. Where automation is widely

adopted, such as through smart thermostats or building man-

agement systems, response can be more predictable and can

support grid services beyond peak shaving, including ramp

management and ancillary services [57].

Automated demand response and transactive energy

concepts extend the flexibility pathway by enabling devices

or aggregators to respond to incentives in near-real time. In

principle, such systems can align flexible demand with re-

newable output, reduce curtailment, and lower emissions

associated with balancing. In practice, environmental per-

formance depends on measurement and verification meth-

ods, aggregation strategies, and constraints that prevent new

peaks or local congestion. The literature highlights that flex-

ibility can also introduce rebound effects, where deferred

consumption returns later with reduced efficiency or occurs

in higher-carbon periods [58]. Consequently, rigorous evalua-

tion requires time-resolved emissions accounting and careful

specification of baselines, particularly for applications that

shift rather than reduce total energy use.

Equity considerations intersect with flexibility out-

comes. Demand response and dynamic pricing can dispro-

portionately benefit customers who can invest in enabling

technologies or who have more flexible consumption pat-

terns, while exposing fewer flexible households to higher

volatility. These socio-technical dynamics are environmen-

tally consequential because they affect program participation

rates and the scalability of demand-side mitigation. Stud-

ies increasingly acknowledge that the design of incentives,

data access, and consumer protections influences not only

fairness but also the magnitude and reliability of emissions

reductions [59].

4.3. Renewable Integration Pathway: Forecast-

ing, Curtailment Reduction, and Conges-

tion Management

In high-renewable systems, informatization contributes

to mitigation by enabling higher utilization of wind and so-

lar resources and reducing the need for fossil balancing [60].

Forecasting is the most widely studied component of this

pathway. Improved short-term and very-short-term forecasts

for wind and solar can reduce forecast error penalties, lower

reserve procurement, and improve unit commitment. Better

forecasts can also reduce curtailment by increasing opera-

tor confidence in dispatching renewables and by reducing

the need for conservative operating margins. The magni-

tude of environmental benefit depends on which resources

are displaced when curtailment falls; in many systems, re-

duced curtailment primarily displaces fossil generation, but

in systems with high nuclear or hydro shares, displacement

patterns can be more complex.

Congestion management is another major mechanism.

Informatization supports advanced state estimation, dynamic

security assessment, and more granular constraint monitor-

ing, which can reduce unnecessary redispatch and allow

low-carbon generation to reach load centers [61]. Technolo-

gies such as dynamic line rating, enabled by weather and

conductor monitoring, can increase transfer capacity during

favorable conditions and reduce congestion-related curtail-

ment. However, the effectiveness of such measures depends

on how operational rules incorporate dynamic ratings and

how risk is managed under uncertainty. In some jurisdictions,

conservative adoption limits the realized benefits even when

technical capability exists.

The renewable integration pathway also includes the

coordination of flexible resources for balancing, such as

demand response, storage, and fast-ramping generators. In-

formatization provides the measurement and control founda-

tions for these resources to respond to variability, reducing

the emissions associated with inefficient cycling of thermal

units. Yet the literature shows that benefits can be limited

by market arrangements that do not reward flexibility ade-

quately, by interconnection constraints that delay deploy-

ment, or by lack of visibility into distribution-level con-

straints that restrict how much flexibility can be mobilized

safely [62].

Environmental evaluation in this pathway is particu-

larly sensitive to system modeling assumptions. Unit com-

mitment and economic dispatch models must capture reserve

requirements, ramp constraints, and network limits to accu-

rately represent how forecast improvements and congestion

relief translate into emissions changes [63,64]. Studies that

use simplified models may overestimate benefits by assum-

ing perfect substitutability between resources or by ignoring

constraints that drive curtailment. Consequently, evidence
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synthesis must distinguish between theoretical potential and

operationally feasible outcomes.

4.4. DER Coordination Pathway: Hosting Ca-

pacity, Inverter-Based Services, and Vir-

tual Power Plants

Distributed energy resources can reduce emissions by

displacing high-carbon generation, but their net system im-

pact depends on how they interact with network constraints

and operational needs [65]. Informatization enables DER co-

ordination through telemetry, aggregation, and dispatch plat-

forms that treat distributed devices as controllable assets

rather than passive injections. Hosting capacity analysis, sup-

ported by data and network models, helps utilities plan and

operate distribution systems to accommodate DERs without

triggering voltage violations, thermal overloads, or protec-

tion issues. By increasing hosting capacity, informatization

can accelerate renewable adoption and reduce curtailment

of distributed PV, particularly in feeders where voltage con-

straints would otherwise limit penetration.

Smart inverter capabilities are central to DER coordi-

nation because inverters can provide reactive power support,

voltage regulation, and, in some cases, fast frequency re-

sponse. Informatization determines whether these capabili-

ties are used in a coordinated, constraint-aware manner or

left as local controls with limited system optimization. When

coordinated effectively through DERMS or DMS functions,

inverter-based services can reduce losses, improve voltage

profiles, and reduce the need for utility-owned reactive power

equipment. Environmental benefits can arise by reducing

system inefficiencies and by enabling higher renewable uti-

lization, but the magnitude depends on control strategies and

the carbon intensity of displaced services [16].

Virtual power plants and aggregator models extend co-

ordination to the market level by combining many small

resources into dispatchable portfolios. Environmental miti-

gation occurs when aggregated DERs provide capacity, re-

serves, or balancing that displaces fossil-based services or

reduces renewable curtailment. However, aggregator dis-

patch must respect distribution network constraints, and the

governance of data exchange between utilities and third par-

ties becomes critical. If constraints are poorly represented,

DER dispatch can cause local congestion and increase losses,

potentially undermining both reliability and environmental

performance. The literature, therefore, emphasizes hierarchi-

cal or coordinated control architectures that integrate distri-

bution constraints into aggregation strategies [66].

DER coordination also has embodied and lifecycle di-

mensions. Increased deployment of inverters, communica-

tion modules, and control hardware adds to material foot-

prints and e-waste. While these impacts are typically small

relative to operational emissions benefits in high-carbon sys-

tems, they become more important as grids decarbonize and

as device replacement cycles accelerate. Robust assessment,

therefore, requires acknowledging that environmental miti-

gation through DER coordination is not solely about opera-

tional carbon reductions, but also about sustainable device

lifecycles and circularity strategies [13].

4.5. Electrification Enabling Pathway: Man-

aged EV Charging and Sector-Coupled

Flexibility

The electrification has been discussed as a response

measure on its own, although its effect on the environment

is relative to the carbon intensity of the electricity and to the

timing and location of new electric loads. These dynamics

are formed by informatization with the possibility of man-

aged charging, carbon-consciousness strategies that deter-

mine the price, and coordination of flexible electrified loads,

including heat pumps and industrial processes. Managed EV

charging has the potential to decrease peak demand and local

congestion by shifting charging to off-peak states, which

will decrease the requirement for peaking generation and de-

crease network losses caused by high loading. Charging can

be matched to the availability of low-carbon generation when

combined with time-varying information on carbon, enhanc-

ing the real use of renewables and lowering the emissions in

the system overall [67].

The idea of vehicle-to-grid opens the potential of EV

batteries serving as distributed grid services storage [68]. Ag-

gregation of vehicles, availability prediction, and charge-

discharge behavior control with the consideration of the

needs of drivers are necessary processes in the context of in-

formatization. The possible environmental advantages are a

decreased curtailment of renewable sources, fewer emissions

of ancillary services, and prevented Peaker operation. Never-

theless, practical limitations are also mentioned in literature:

the battery degradation issues can lessen the participation or
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have some further lifecycle effects, the market regulations

might not compensate for services sufficiently, and distribu-

tion limitations can limit discharge in overcrowded regions.

Therefore, the environmental argument of V2G is highly

situational and, in many cases, more questionable than the

argument of controlled unidirectional charging.

Transport is not the only place where sector-coupled

flexibility occurs. Demand flexibility can be provided by

heat pumps, thermal storage, and industrial loads under elec-

trification, which can be used to facilitate renewable integra-

tion, although this also requires measurement, control, and

incentive structures like those needed by demand response.

Once again, the environmental impact is determined by the

presence or absence of flexibility shifting demand to the

lower-carbon periods and the general increase or decrease in

energy consumption. Peaks in the electrified heating loads

during colder climates, such as winter, may be formed; the

impact of informatization-enabled control on these peaks is

contingent on the overall generation mix by season and the

ability of different loads to interact [69].

4.6. Reliability and Resilience Pathway: Au-

tomation, Predictive Maintenance, and Mi-

crogrid Control

Reliability and resilience are usually driven by social

and economic interests; however, they also affect the environ-

ment, which manifests itself in disruptions. Informatization

is known to enhance reliability with the help of automation,

e.g., FLISR, better outage management, and better situa-

tional awareness. Shorter recovery times mean shorter times

customers will be dependent on the use of backup gener-

ators, which are usually diesel-based and emit more emis-

sions compared to grid electricity. It also has the potential

to lower emergency operational practices, such as ineffi-

cient cycling and rapid-start generation, which may increase

emissions during the recovery periods. Although these en-

vironmental impacts are indirect and episodic, they may be

very important in areas where outages occur regularly or

where outage-prone critical facilities are highly dependent

on backup generation [70].

Predictive maintenance and condition-based asset man-

agement have an impact on the environment in terms of

the prolonged lifespan of assets and the minimization of

disastrous failures. Monitoring of transformers, breakers,

and lines helps the utility to plan maintenance more ef-

fectively, prevent emergency replacement, and minimize

material-intensive interventions [71]. These advantages are

more easily defined in terms of indices of reliability and cost

reductions than in terms of emissions, but are directly con-

nected with material throughput reduction and minimized

operational disruption.

Another unique aspect of the resilience pathway is mi-

crogrids and controlled islanding. Microgrids with informa-

tization are able to be autonomous, to balance between local

generation and local storage, and to give priority to critical

loads when the grid is inaccessible. Microgrids will poten-

tially decrease the use of diesel backup in the event that they

effectively incorporate renewables and storage, yet they are

also likely to increase the use of diesel in the event that re-

newable capacity is limited or the control measures do not

include an emissions-focused approach to reliability. It is

thus noted in the literature that the microgrid environmen-

tal performance lies in the asset composition and operation

policies, and that informatization is the factor that offers the

leverage to optimize these policies in the case that proper

resources are at hand [72].

4.7. Measurement Approaches and Cross-

Cutting Determinants of Mitigation Per-

formance

Across pathways, the reported environmental perfor-

mance of informatization-enabled applications is shaped by

how impacts are measured and by structural determinants

that differ across regions. Studies commonly use operational

proxies such as energy savings, loss reduction, peak reduc-

tion, curtailment reduction, and reliability improvements,

then translate these proxies into emissions impacts using

emissions factors [73]. The validity of this translation depends

on temporal resolution and on whether marginal emissions

are represented. Applications that change timing rather than

totals require particularly careful accounting, and the most

informative studies use time- and location-specific emissions

signals or dispatch models that capture marginal changes.

Contextual determinants explain much of the variabil-

ity in findings. Carbon intensity at the margin is a dominant

factor: the same energy-saving intervention yields larger

emissions reductions in systems where marginal generation

is fossil-heavy. Network constraints and topology matter for

294



Journal of Environmental & Earth Sciences | Volume 08 | Issue 02 | February 2026

distribution-level interventions, where local congestion or

voltage limits can constrain the usable flexibility from DERs

and electrified loads. Market design influences whether flex-

ibility and DER services are economically dispatched and

whether curtailment reduction is valued. Institutional capac-

ity and data governance shape the feasibility of large-scale

deployment, particularly for programs that require customer

participation, cross-entity coordination, or extensive data

sharing [36].

Taken together, the pathway perspective clarifies that

informatization is most environmentally impactful when it

converts data into reliable control actions that either reduce

waste, increase low-carbon utilization, or substitute flexi-

ble resources for carbon-intensive balancing and peaking [74].

The following section builds on this foundation by synthe-

sizing evidence across world regions, comparing application

maturity and reported outcomes in different grid contexts,

and identifyingwhere the environmental case for informatiza-

tion is strongest and where it remains contingent or uncertain.

5. Global and Regional Evidence Syn-

thesis

The environmental value of grid informatization is cap-

tured in a wide range of literature, written in engineering

of power systems, energy economics, and applied environ-

mental assessment [16,75]. The quality of evidence and the

practice of reporting depend greatly on geographical loca-

tion and field of application. In other settings, the results

are measured by field deployments where the operational

change is measured, and in other settings, the literature is

filled with modeling studies that approximate the potential

effects under the assumed adoption and control performance.

It is a synthesis of the evidence base around the whole world,

a comparison of how the results of mitigation can be seen in

world regions, and the explanation of the contextual determi-

nants in which the message of environmental performance

and the generalizability of results are the most important

factors.

5.1. Structure and Distribution of the Evidence

Base

The world literature is imbalanced both in the geo-

graphical and the application spheres. Research on advanced

metering infrastructure, demand response, dynamic tariffs,

and distribution automation is mainly represented by studies

out of North American and European literature, to the effect

that the region was studied earlier in previous deployment

cycles and that research environments have a more mature

data ecosystem and regulatory environments conducive to

pilot evaluation. The East Asian region has a strong focus on

large-scale grid modernization, wide-area monitoring, and

scale-based digital coordination of both transmission and

distribution expansion, and in most instances, with reliabil-

ity, system security, and scale-based renewable integration

having thematic focus. Loss reduction, theft detection, rev-

enue protection, and access-oriented modernization that are

common in South Asia, Latin America, and Africa are more

prevalent in the evidence.

In practice, the most visible empirical evidence is usu-

ally found in areas where informatization interventions are

operationalized in a program with measurable and verifiable

demand, e.g., demand response events or voltage optimiza-

tion rollouts, and where utilities or regulators have reports

on evaluation published or have datasets to be analyzed. On

the other hand, the multi-actor coordination characteristic

of applications, e.g., DER aggregation under network con-

straints, carbon-aware dispatch across sectors, or large-scale

interoperability among vendors, is more typically simulated

and studied through scenario studies, since it is practically

challenging to test how large fields work in the real world.

Consequently, the evidence base tends to be rather confident

in the direction of effect of core efficiency applications and

basic flexibility applications, and displays broader ranges

of uncertainty for advanced orchestration applications and

market-integrated applications [76,77].

There are three general ways of approaching the liter-

ature. The former incorporates empirical assessments that

deduce effects of deployments, pilots, or even operational

histories, with many being concerned with energy conser-

vation, peak reduction, indices of reliability, or even cur-

tailment variation. The second is engineering simulations,

which are powered by the flow of power, optimal power flow,

unit commitment, or co-simulations to approximate opera-

tional effects under specified conditions. The latter contains

built-in evaluations that connect the operational output to

emissions through marginal emissions estimation or dispatch

modeling, or time-varying emissions indicators, and occa-
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sionally also partial lifecycle evaluations. The diversity of

such approaches makes it difficult to directly compare the

numbers, but also shows the pattern of qualitative uniformity

with regard to where informatization is more likely to con-

tribute to environmental benefits and where a contingent or

two-sided effect can be observed.

5.2. Global Patterns in Reported Outcomes

across Mitigation Pathways

Literature indicates that when synthesized on a global

scale, informatization offers environmental benefits in the

most reliable way with interventions that minimize wasted

energy, reduce peak-based dispatch, or lessen renewable cur-

tailment [78]. These results are manifested again and again

in different contexts due to the basis of their behavior in

physical systems: losses must be generated, peaks require

capacity and ramping, and curtailment of lost low-carbon

energy. The informatization enhances the effectiveness of

the operator to identify and respond to such inefficiencies.

Another constant pattern of the efficiency pathway is

that benefits have a close relationship with baseline inef-

ficiency [79]. Systems that have greater technical losses or

limited voltage management or a large non-technical loss

will be more likely to demonstrate large potential gains from

the improved sensing, analytics, and specific control. Con-

versely, already well-optimized systems having already low

losses can also be improved, similar to other systems; how-

ever, the improvements are incremental, and they can be

more responsive to implementation quality and local feeder

features. Research also indicates that efficiency gains can

be long-lived when integrated into the regular processes in

terms of DMS-based optimization, but they can be lost when

model maintenance, topology accuracy, or calibration of

devices are ignored.

In the flexibility pathway, demand response and time-

varying tariffs tend to exhibit operational effects that are

easily measured, although unwinding these effects into a

reduction of emissions depends on the marginal generation

that is displaced. Most of the literature suggests the view that

peak reduction has the capacity to reduce emissions in those

systems in which peak periods are covered by low-efficiency

or high-emitting units, and where reduced peaks can change

the unit commitment decisions and not just change the dis-

patch among two similar units [80]. In situations where emis-

sions intensity is highly time varying, flexibility can provide

significant mitigation benefits through consumption shifting

to low-carbon times, but only in cases where price or con-

trol signals are associated with carbon conditions. The most

common mistake in studies based on average annual emis-

sions factors to estimate the value of load-shifting involves

overstating or mischaracterizing such effects; time-resolved

accounting is more likely to show that the benefits of emis-

sions can switch sign with time of year when load is shifted.

Proper forecasting, reduction of congestion, and curtail-

ment are continuously reported as high-leverage measures in

systems with heavy wind and solar effective integration [81].

The most compelling case can be found in those systems

where the curtailment is not trivial and where the lack of

renewable usage is curtailed by operational constraints and

not by a lack of resources. The intensity of the emission

reduction, however, will be determined by the occurrence of

the reduced curtailment, which displaces fossil generation or

other low-carbon resources. The marginal displacement can

be more complicated in systems where the hydro or nuclear

share size is large, and the benefits can be observed in the

form of lower costs or higher reliability instead of the huge

and obvious changes in emissions.

It is also a common finding of DER coordination stud-

ies that coordinated control may enhance voltage profiles,

decrease local overload risks, and potentially enhance DER

hosting capacity, to enable higher renewable uptake and

prevent emissions through displaced conventional genera-

tion [20]. However, it is also recognized in the literature that

DER advantages are less linear than basic efficiency mea-

sures since they require interoperability, constraint-conscious

orchestration, and harmonizing market incentives with the

requirements of the system. Experiments based on ideal

controllability and complete engagement usually show huge

possible benefits, and real field tests usually highlight the

practical constraints of telemetry, customer dynamics, and

regulatory constraints between utilities and 3rd party aggre-

gators.

Applications in electrification, particularly managed

EV charging, are receiving a significant amount of research

focus and developing a growing body of evidence that digital

coordination has the potential to alleviate local grid stress

and reposition demand in ways more conducive to environ-

mental impact. Nonetheless, the overall attenuated effect is
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very responsive to the carbon intensity signal and adoption

pattern. Charging can just be transferred to another period

of high-carbon without carbon-conscious scheduling. Using

properly designed signals and automation, the literature rec-

ommends that charging can be timed with renewable supply

and system requirements; however, at a large scale, it takes

strong communications, customer engagement models, and

cautious management of distribution bottlenecks [14,82].

Emissions Applications Resilience applications are

harder to synthesize in terms of emissions because most

of their benefits are episodic, and tied to extreme events, and

not to everyday operation. It is, however, suggested in the lit-

erature that the minimization of outage and the acceleration

of restoration can help to decrease the use of backup diesel

generation and the emission of emissions which correlate

with interrupted activities [83]. In places where outages are

prevalent and backup generation is widespread, informatiza-

tion can also bring material environmental co-benefits when

reliability is the main reason.

5.3. Regional Profiles and Dominant Environ-

mental Drivers

Regional synthesis clarifies that the same informatiza-

tion technology can play different roles depending on sys-

tem context and institutional design. In North America, a

large portion of evidence centers on AMI-enabled analytics,

demand response, and distribution automation, frequently

framed through peak reduction, reliability, and customer par-

ticipation. Environmental benefits often appear via reduced

peaker dispatch and improved system efficiency, but results

differ across balancing authorities because marginal emis-

sions and market structures vary widely. The literature also

emphasizes the growing importance of DER aggregation and

managed EV charging, with environmental outcomes increas-

ingly linked to distribution constraint management and the

availability of time-varying signals [20]. Table 3 consolidates

the regional comparison by linking dominant drivers, typi-

cal informatization maturity, and the mitigation mechanisms

most likely to deliver near-term environmental gains in each

context.

In Europe, research frequently foregrounds renewable

integration, flexibility markets, and cross-border balancing.

Informatization is often evaluated through its ability to re-

duce curtailment, improve balancing efficiency, and sup-

port distribution-level active network management. Because

many European systems already have relatively lower aver-

age emissions intensity compared with fossil-dominant grids,

the marginal emissions story becomes especially important,

and the literature increasingly shifts from annual-average ac-

counting toward time-resolved and location-specific perspec-

tives. Europe’s policy environment also motivates attention

to data governance, interoperability, and consumer protec-

tions, which shape the scalability of flexibility programs and

the legitimacy of high-resolution data use [84].

Table 3. Regional comparison of informatization priorities and environmental implications.

Region (Illustrative)
Dominant

Grid/Environment Driver

Typical Informatization

Maturity

Most Emphasized

Applications
Main Constraints

Environmental “Best Bet”

Mechanisms

North America
Peak management, DER

growth, reliability

Medium–high, uneven by

utility

DR, AMI analytics,

distribution automation, VPP

pilots

Fragmented

markets/regulation;

heterogeneous carbon

intensity

Peak shaving that displaces

peakers; DER aggregation

where constraints are modeled

Europe
High renewables, flexibility

markets, interconnection
High in many countries

Active network management,

congestion/curtailment

reduction, smart tariffs

Data governance/consent;

distribution constraints

Curtailment reduction +

flexibility aligned with

time-varying low-carbon

supply

China/East Asia

Large-scale modernization,

transmission expansion, rapid

renewable growth

High (large programs)

Wide-area monitoring,

congestion management,

dispatch optimization

Evaluation transparency;

regional heterogeneity

Congestion relief enabling

renewable delivery;

system-wide forecast/dispatch

improvements

South Asia (e.g., India)
High distribution losses,

reliability, rapid load growth

Growing, foundational in

many areas

Smart metering, loss/theft

reduction, automation pilots

Utility finances; institutional

capacity; communications

gaps

Loss/non-technical loss

reduction; reliability

improvements that reduce

backup diesel

Latin America

Mixed generation (often

hydro), loss reduction,

resilience

Medium, variable
Distribution automation, loss

analytics, DER integration

Regulatory heterogeneity;

investment constraints

Loss reduction; targeted DER

hosting capacity

improvements

Africa (diverse

contexts)

Access, mini-grids, diesel

displacement, revenue

sustainability

Uneven; leapfrogging

opportunities

Mobile-enabled metering,

microgrids, modular

monitoring/control

Connectivity; financing;

capacity building

Diesel displacement via

hybrid microgrids + reliable

revenue/ops enabled by

informatization
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The evidence base in China and certain East Asia en-

compasses much research on grid modernization on a large

scale, extensive coverage, and orchestration of intensive

infrastructure development with increasing renewable in-

filtration [85]. The advantages to the environment are com-

monly presented with the system security and reliability,

which represent the challenges of operationalizing large re-

newable bases along long-distance transmission corridors

and irregular load distribution in regions. The importance

of informatization in the field of congestion management,

dynamic evaluation of system constraints, and enhanced dis-

patch under uncertainty is often emphasized in the studies.

The literature is also influenced by the scale benefit of in-

tegrated planning and rollout, although it may be less clear

on evaluation baselines, so it is more difficult to make cross-

study comparisons.

In South Asia, and especially in India, distribution

losses, reduction of theft, modernization of meters, and reli-

ability issues are usually the priorities of the studies [86]. The

green applicability of informatization is commonly mani-

fested in the form of decreased wasted production and en-

hanced capacity management, and the more encompassing

decarbonization is connected to the incorporation of renew-

able sources and the adaptation to the fast increase in demand.

Since these factors, such as institutional capacity, tariff struc-

ture, and financial limitations, are so dominant, it is common

in the literature to find that technical potential is contingent

on governance, cost recovery, and practical enforceability of

interventions based on analytics.

In Latin America, the evidence usually focuses on loss

minimization, distributed solar integration, and resiliency to

weather disruptions. The assessment of informatization is

in the form of better visibility and manageability of distribu-

tion networks, such as feeder automation or targeted voltage

control. The environmental gains may be high with fossil

generation continuing to provide the margin in lots of hours,

yet results in different countries are inconsistent as a result

of various hydro shares, degrees of interconnection, and the

structure of regulation [87].

The literature in most African settings identifies in-

formatization as a possible leapfrogging route by using

mobile-enabled meters, modular control systems, and mini-

grid or microgrid utilization [88]. The environmental aspect

often entails the minimization of the use of diesel production

in remote or erratic grid locales by facilitating hybrid re-

newable source production to work effectively and enhance

the collection of revenue to maintain the businesses. The

relative sparsity of evidence in peer-reviewed form relative

to other areas and the situation-specific nature of findings

are also evident, but the literature is consistent in its findings

that connect the close relationship between informatization,

operational sustainability, and emissions-intensive backup

generation.

5.4. Determinants of Environmental Perfor-

mance across Contexts

Across regions, several determinants repeatedly ex-

plain why the same class of informatization intervention

yields different mitigation outcomes [89]. The most influen-

tial determinant is the marginal emissions profile. Informa-

tization changes operations at specific times and locations,

so environmental outcomes depend on which units are dis-

placed and on how dispatch responds to altered load, losses,

or curtailment. Systems with fossil-heavy marginal genera-

tion typically show larger emissions reductions for a given

energy-saving or curtailment-reducing intervention than sys-

tems where marginal generation is already low-carbon.

Network constraints and topology form a second de-

terminant, particularly for distribution-level applications [90].

Voltage constraints, thermal limits, and protection coordina-

tion can restrict the usable flexibility of DERs and electrified

loads. Where distribution models are incomplete or topology

is uncertain, operators may avoid active control, reducing

realized benefits relative to theoretical potential. Informati-

zation can mitigate this by improving network models and

state estimation, but the quality of underlying asset data and

the institutional processes for maintaining models become

critical.

A third determinant is the market design and regulatory

incentives [91]. Flexibility and DER coordination frequently

demand systems of compensation that are system-valuing

and motivating to participate in. In the case of flat tariffs,

weak incentives, and informatization can lead to better ob-

servability but not cause behavior change. In contrast, in

markets that offer ancillary benefits to capacity, flexible de-

mand, and ancillary services, informatization can scale the

benefits of the environment through mobilizing the private

assets in a manner beneficial to replacing the fossil balanc-
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ing. Governance of data is also an issue as several developed

applications demand data interchange among utilities, ag-

gregators, and consumers; restrictive data regulations may

reduce scalability, whereas lax privacy regulations may de-

stroy trust and engagement.

The fourth determinant is institutional capacity, which

influences the quality of implementation, cybersecurity pos-

ture, and capabilities to transform analytics into action [60].

Under conditions of financial strains or the disintegration

of utilities in the areas, informatization initiatives can be di-

rected at metering and revenue defense as the antecedent to

wider operational streamlining. Even without a higher-order

specimen like DER or carbon-aware dispatch, this can cut

environmental costs both in waste and in maintenance, and

achieve higher-order specimens like DER orchestration or

carbon-wise dispatch in time.

5.5. Transferability, Scalability, and the Gap

between Potential and Realized Impacts

The literature distinguishes implicitly between techni-

cal potential and realized outcomes. Many modeling studies

present high mitigation potential under assumptions of full

adoption, perfect communication, and high controllability.

Field evidence more often reveals the friction points that

determine realized benefits: incomplete device enrollment,

behavioral heterogeneity, telemetry gaps, delayed interop-

erability, and conservative operational practices driven by

safety and liability. Scalability therefore depends on whether

informatization architectures are designed for long-term in-

tegration rather than as isolated pilots [92].

Transferability across regions requires careful atten-

tion to both physical and institutional similarity. Efficiency

applications such as loss reduction and voltage optimiza-

tion are comparatively transferable because they leverage

universal physical principles, but even here, the magnitude

depends on baseline conditions and device availability. Flex-

ibility programs are less transferable because they rely on

tariff structures, consumer behavior, and enabling technolo-

gies that vary widely. Renewable integration and congestion

management results transfer most reliably when system char-

acteristics are comparable, such as renewable penetration

levels, interconnection strength, and market dispatch rules.

DER coordination and VPP findings are among the least

transferable without deep contextualization because they are

shaped by distribution constraints, interconnection rules, and

the division of roles between utilities and third parties [20,93].

Scalability also involves the lifecycle sustainability of

digital infrastructure. As grids decarbonize, the operational

emissions savings per unit of informatization may decline, in-

creasing the relative importance of embodied impacts, device

lifetimes, and circularity. Regions that deploy informatiza-

tion at scale must therefore align technical roadmaps with

procurement standards, upgrade cycles, and end-of-life man-

agement to preserve net environmental gains [94].

Overall, global evidence supports the view that grid

informatization can materially mitigate environmental im-

pacts, but the strongest and most consistent benefits arise in

applications where digital capability directly reduces waste,

displaces high-emitting marginal resources, or increases uti-

lization of low-carbon generation under real operational

constraints. Variability in findings is largely explained by

marginal emissions profiles, network constraints, market

design, and institutional capacity, rather than by the informa-

tization technologies alone [94]. These insights motivate the

focus of the next section on trade-offs, risks, and governance:

the same factors that shape realized mitigation outcomes also

determine whether informatization remains reliable, equi-

table, and environmentally net-positive when deployed at

scale.

6. Trade-Offs, Risks, and Gover-

nance for Sustainable Informatiza-

tion

It is the quality of grid informatization that is often

introduced as an environmental enabler, as it can enhance

efficiency, release flexibility, and expand the use of low-

carbon resources [67]. But informatization also brings with it

new trade-offs, which determine the achievement of these

benefits, and whether any of them are net environmental ben-

efits in the entire system lifecycle. These trade-offs do not

lie on the periphery. They include the material and energy

imprints of digital infrastructure, the energy consumption of

computing and communications, the allocation of costs and

benefits throughout society, and the cyber-physical risks that

come with greater connectivity and automation. It is through

governance, policy, regulation, standards, and institutional

practices that, to a large degree, dictate whether informa-
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tization enhances system performance and environmental

performance or generates weak dependencies and unfair re-

sults. This paragraph summarizes the significant trade-offs

and risks that have been found in the literature and explains

the governance terms that can facilitate environmentally sus-

tainable grid informatization.

6.1. Embodied Impacts, Material Footprints,

and Device Lifecycles

The environmental assessment of informatization often

prioritizes operational emissions reductions, but the hard-

ware required for digitalization has embodied impacts as-

sociated with material extraction, manufacturing, logistics,

and end-of-life treatment. Smart meters, sensors, commu-

nications equipment, control devices, and supporting data

infrastructure each carry embodied carbon and resource foot-

prints, including metals, plastics, and in some cases, rare or

critical materials embedded in electronics. These impacts can

be modest compared with the operational emissions reduc-

tions achieved in carbon-intensive systems, but they become

increasingly important as grids decarbonize and as opera-

tional emissions decline. In low-carbon systems, the net

environmental advantage of informatization depends more

strongly on extending device lifetimes, avoiding unneces-

sary replacement cycles, and ensuring that digital upgrades

remain modular rather than requiring wholesale hardware

refresh [67].

One of the key sustainability concerns is therefore de-

vice lifecycle management. Mass implementation of meters

and sensors generates synchronized pulses of end-of-life

equipment after 10 years, particularly when communication

standards change, or when firmware maintenance is discon-

tinued. This invites threats of early obsolescence and lock-in,

where owning proprietary ecosystems motivates us to up-

grade instead of making repairs or upgrades. The literature

postulates that these impacts can be mediated through pro-

curement practices and technical specifications by focusing

on interoperability, firmware, and long-term support commit-

ments. Meanwhile, rapid innovation and long infrastructure

lifetimes inherently conflict with each other: power system

assets are generally decades long, whereas ICT cycles are

years long. Green informatization needs governance systems

that would balance these timescales and ensure that environ-

mental loads are not pushed off the emission of operations

onto the fast track of material flows [95].

6.2. ICT Operational Energy Use and the Car-

bon Footprint of Computation

Informatization increases electricity use within the

grid's own digital nervous system. Communications net-

works, field devices, gateways, servers, and data centers

consume energy continuously, and advanced analytics can

introduce additional compute loads. While the energy inten-

sity of grid ICT is typically small relative to total electricity

delivered, its absolute magnitude grows as device popula-

tions scale and as more functions shift toward high-frequency

data collection and real-time optimization. The environmen-

tal significance of ICT energy use depends on the carbon

intensity of the electricity powering these systems and on

whether computing resources are provisioned efficiently [96].

Architectural choices affect this footprint. Cloud-

centric designs can offer efficiency through shared infras-

tructure and modern cooling and power management, but

they may increase data transport demands and create depen-

dencies on remote services. Edge computing can reduce

bandwidth and latency and improve resilience, but it can

also increase the number of always-on devices and compli-

cate lifecycle management. The sustainability challenge is

not to choose a single architecture universally, but to align

compute placement with operational needs and to avoid over-

collecting and over-processing data when it does not im-

prove control outcomes. As carbon-aware computing and

procurement of low-carbon data center services becomemore

common, governance can further reduce the footprint of in-

formatization by aligning ICT operations with low-carbon

electricity availability and by specifying efficiency require-

ments for vendors and service providers [97].

6.3. E-Waste, Circularity, and End-of-Life
Governance

Digitalization increases the volume and diversity of

electronic waste in the power sector [98]. Unlike traditional

grid equipment, many informatization devices contain com-

plex electronic assemblies that are difficult to refurbish or

recycle, and the value of recovered materials may not jus-

tify collection and processing without a supportive policy.

The risk is that large deployments of meters, sensors, and
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communications devices create a growing stream of e-waste

that is handled inconsistently across jurisdictions, potentially

shifting environmental burdens to regions with weaker waste

governance.

Circularity strategies make sustainable informatization

take center stage. These plans involve the development of

devices that can be disassembled, the standardization of parts

among suppliers, repair and remodeling, and the develop-

ment of reverse logistics to gather back the used devices. Nei-

ther do they need a lack of clarity on responsibility. Specif-

ically, utilities, vendors and regulators have to decide who

is responsible for taking care of end-of-life management

and how to recoup expenses. The governance mechanisms

that have often been discussed are the extended producer re-

sponsibility frameworks and the procurement requirements

towards recyclability and take-back programs, although their

implementation differs greatly. According to the literature, in

the absence of explicit end-of-life policies, informatization

may unwillingly contribute to environmental burdens despite

causing a reduction in operational emissions, especially with

the increase of deployment [99].

6.4. Rebound Effects and Behavioral Re-

sponses That Erode Mitigation Benefits

Efficiency and flexibility programs that are made fea-

sible by informatization may cause rebound effects, which

decrease the net environmental benefits [16]. An increase in

efficiency reduces the expenditure of electricity, thus con-

sumption can also rise to compensate for some of the energy

saving. Dynamic tariffs and demand response can influence

consumption in such a manner that minimizes costs without

minimizing emissions because the load that is shifted will

be in periods of greater carbon intensity. On the same note,

offering close feedback to the customers regarding consump-

tion can, at first, drop demand, but the impacts can diminish

in the long term as they may reduce engagement or as house-

holds may introduce new electricity-saving appliances as

savings are earned.

Environmental performance is thus related to behavior

and socio-technical responses [100]. Programs that operate

voluntarily or customer focus or where tariffs are compli-

cated to understand may be subject to participation decay

and unequal reactions. Response can be stabilized by au-

tomation, though it creates barriers to its own adoption, and

could concentrate benefits in the hands of individuals who

can afford enabling devices. According to the literature,

strong measurement and verification, well-considered in-

centives, and open communication have an impact on the

persistence and fairness of program effects. In the case

of environmental accounting, the implication is that the as-

sumptions of static savings are often unrealistic; the credible

accounting and assessment of the environment needs lon-

gitudinal assessment and the accounting of emissions over

time, especially when the interventions do not reduce the

load, but redistribute it.

6.5. Equity, Affordability, and Energy Justice

in Digital Grid Transitions

The allocation of the informatization costs and benefits

is not even [79]. Dynamic pricing can make customers more

vulnerable to volatility and can negatively affect households

with limited flexibility, which can include medical equipment

users, fixed work schedules, or poor building performance.

There is a risk of the participation of demand response being

biased to richer households (with smart appliances, EV, or

flexible loads), and to customers with building automation

systems. On the other hand, less-connected communities or

communities with lower access to digital devices may not

have access to new opportunities, and this forms a digital

divide in who can enjoy the benefits of flexible markets,

rebates, or lower bills.

These equity processes are important to the outcomes

of the environment as they affect the level of adoption and

political legitimacy. In case informatization policies are seen

as unfair, involvement and control will be undermined, and

the possibility of mitigation will be curtailed. On the other

hand, the inclusive design can increase participation and

make resources of flexibility more dependable. The litera-

ture highlights the fact that equity can be achieved by special

subsidies for enabling technologies, anti-bill shock measures,

designing default tariffs to create minimum harm, and design-

ing programs to place a premium on non-energy benefits like

comfort and health. Privacy protection and consent are also

a part of governance and may be especially critical to vulner-

able groups that might be more likely to become victims of

data abuse [101].
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6.6. Cybersecurity and the Environmental Im-

plications of Cyber-Physical Risk

One of the most significant threats posed by informati-

zation is cybersecurity, since it may have a direct impact on

reliability and operational efficiency [102]. Cyber incidents

may also impact the performance of the system negatively,

drive the operator into conservative operation, and provoke

an outage as the grid operation becomes increasingly de-

pendent on data integrity and automated control. The en-

vironmental effects occur in a variety of ways, and they

can include: outages can lead to greater dependence upon

diesel backup power; disruption can lead to redispatch to

less efficient or higher-emitting units; and lack of control

over DER coordination can lead to an increase in curtail-

ment or decrease the availability of low-carbon flexibility.

Conceived cybersecurity risk may inhibit data spreading and

interoperability even in the absence of large-scale incidents,

delaying the implementation of advanced applications with

environmental advantages. Figure 4 puts informatization

into the net-benefit context, where the operational mitiga-

tion benefits received should outweigh the footprints and

mitigation-based risks associated with lifecycles.

Figure 4. Net-benefit boundary and trade-off diagram for sustainable informatization.

The literature underscores that cybersecurity must be

embedded into system architecture through defense-in-depth,

secure authentication and authorization, robust patch man-

agement, segmentation of critical systems, and monitoring

for anomalies [47]. Cybersecurity also interacts with supply

chain governance, as vulnerabilities in devices and software

can propagate through the system. Because many informati-

zation devices are deployed at scale and remain in the field

for long periods, the ability to provide secure updates over

time becomes a sustainability issue: insecure devices may be

decommissioned prematurely, increasing e-waste and embod-

ied impacts, or may remain in operation as persistent vulner-

abilities. Governance frameworks that mandate security-by-

design, require vendor transparency, and support coordinated

vulnerability disclosure are therefore closely linked to both

reliability and environmental sustainability.

6.7. Data Governance, Interoperability, and In-

stitutional Coordination

Most of the most useful applications in informatization

that can be helpful to the environment rely on the exchange

of data beyond the organizational boundaries. DER coordina-

tion involves distributing operational constraints between the

distribution utilities and aggregators [103]. Carbon-conscious

charging and optimization of flexibility can necessitate ac-

cess to time- and location-dependent carbon signals. Plan-

ning integration needs information regarding the network

assets, load profiles, and DER performance. These flows

may be stalled by privacy, commercial sensitivities, or frag-

mented institutional responsibilities unless the data is man-

aged coherently.

Good governance is a balanced governance that weighs
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between being open and being secure [104]. It establishes the

ownership of data, the allowed use, and other standards of

anonymization, aggregation, and consent. It also defines ac-

cess controls that can enable innovation and not compromise

security. Interoperability is an essential complement to gov-

ernance, since the ability to access data is not of much use

when it is stored in non-compatible formats or proprietary

interfaces. According to them, standardized information

models and protocols provide the ability to upgrade modu-

larly, less vendor lock-in, and a wider range of analytics and

control application ecosystem. The literature indicates that

interoperability enhances faster rates of environmental gains,

as it reduces integration expenses and also allows utilities

to implement best-of-breed solutions instead of having to

function within monolithic vendor ecosystems.

Institutional coordination is equally important [104]. In-

formatization often spans transmission and distribution re-

sponsibilities, involves regulators and market operators, and

depends on third-party service providers. Governance must

therefore resolve role boundaries and accountability. For

example, if an aggregator controls DERs that can affect dis-

tribution constraints, utilities need visibility and control safe-

guards; if utilities control customer devices, customers need

transparency and protections. Clarifying accountability for

performance, failures, and data misuse influences trust and

adoption at scale.

6.8. Regulatory and PolicyMechanisms forVer-

ifiable Net Environmental Benefits

Because informatization benefits can be diffuse

and context-dependent, regulatory design strongly affects

whether investments translate into environmental mitiga-

tion. Traditional cost-of-service regulation can discourage

innovation if utilities are not rewarded for performance im-

provements or if benefits accrue outside the utility balance

sheet. Performance-based regulation and incentive mecha-

nisms that value loss reduction, peak reduction, reliability,

and emissions mitigation can align utility incentives with en-

vironmental outcomes. Similarly, well-designed flexibility

markets can remunerate demand response and DER services,

increasing participation and enabling informatization plat-

forms to operate at scale [105].

Verification is central to credible policy. Measurement

and verification protocols for demand response, energy savings,

and DER services determine whether reported environmental

benefits are real. Where possible, verification should incorpo-

rate time-resolved emissions accounting, particularly for load-

shifting applications, and should avoid reliance on static annual

average emissions factors. Policymakers can also encourage

lifecycle sustainability by incorporating embodied emissions,

recyclability, and end-of-life obligations into procurement stan-

dards and regulatory approvals, ensuring that informatization

does not create hidden environmental burdens [106].

Lastly, there is governance that should deal with se-

quencing [107]. What are given as basic steps in other contexts,

including the quality of asset data, basic communications

coverage, and reliablemetering, are some preconditions to ad-

vanced applications. Any policy that drives high-complexity

platforms without these underpinnings runs the risk of not

performing and being publicly criticized. On the other hand,

policies that regard the modernization of metering as the

objective can overlook major mitigation prospects of the

coordinated DER control and electrification management.

Literature is also increasingly backing up incremental strate-

gies of capability development that ensure interoperability

and security at the very beginning. Table 4 converts the

discussion in the trade-off into a checklist that is based on

governance-oriented and defines the mitigation measures

that can be implemented in practice, the responsible stake-

holders, and the monitoring indicators that can be applied to

guarantee that the net-positive results are achieved.

6.9. Integrating Trade-Offs into Research and

Deployment Decisions

The above-presented trade-offs suggest that it is not pos-

sible to assess sustainable informatization only in the context

of its operational emission reduction potential. Net environ-

mental benefit shows reliance on the impact of lifecycle, ICT

operational footprint, resilience and cybersecurity posture,

fairness, and legitimacy of programs, which are based on

customer involvement and use of data. To researchers, this

encourages more integrated approaches that combine power

system models with time-resolved emissions estimation and

life cycle evaluation, as well as include behavior dynamics

and governance limitations. It implies that practitioners and

policymakers need to incorporate environmental goals into

informatization roadmaps by using performance metrics, in-

teroperability and security specifics, and circularity-based
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procurement and end-of-life policies [108].

Overall, informatization brings about great mitigation

opportunities and, at the same time, gives rise to new depen-

dencies and risks that can undermine benefits if not managed.

The governance models emphasizing security-by-design, in-

teroperability, fair access, strict verification, and life-cycle

sustainability are essential to maintaining the fact that in-

formatization becomes a net-positive contributor to envi-

ronmental mitigation by scaling up smart grid deployments

across the world. These lessons are summarized at the end

and made into general lessons and specific priorities for util-

ities, regulators, and researchers.

Table 4. Trade-offs, risks, and governance checklist for net-positive informatization.

Issue Category
Risk to Net Environmental

Benefit

Governance/Technical

Mitigation

Primary

Stakeholders

Suggested Monitoring

Indicators

Embodied

impacts

Hardware footprint offsets

operational savings in

low-carbon grids

Lifecycle procurement,

modular upgrades, long support

windows

Utilities, regulators,

vendors

Device lifetime; embodied

CO₂e reporting;

replacement rates

ICT energy use
Computing/communications

emissions grow with scale

Efficient architectures

(edge/cloud balance),

carbon-aware computing

Utilities, IT providers

ICT kWh/yr; data center

carbon intensity; data

volume per control benefit

E-

waste/circularity

End-of-life burdens, informal

disposal

Take-back programs,

repair/refurbish, EPR policies

Regulators, vendors,

waste sector

Collection rate; recycling

yield; hazardous disposal

compliance

Rebound effects

Savings erode due to behavior

or load shifting to

higher-carbon hours

Time-resolved MRV; program

redesign; persistence studies

Utilities, regulators,

researchers

Persistence of kWh/peak

impacts; emissions by

hour; participation decay

Equity &

affordability

Benefits skew to digitally

enabled customers; bill shocks

Protections, targeted subsidies,

inclusive program design
Regulators, utilities

Participation by

income/tenure; bill

volatility; opt-out rates

Cybersecurity
Outages/redispatch/curtailment

from attacks or vulnerabilities

Security-by-design, patch

governance, segmentation,

audits

Utilities, vendors,

regulators

Patch latency; incident

frequency; critical asset

exposure

Interoperability &

lock-in

Proprietary ecosystems raise

costs and shorten lifetimes

Open standards, interoperable

interfaces, vendor-neutral

procurement

Utilities, regulators

% assets

standards-compliant;

integration costs;

multi-vendor operability

Verification

(MRV)

Over-claiming impacts

undermines credibility and

policy

Standard MRV protocols;

marginal emissions accounting

Regulators, utilities,

ISO/RTOs

Verified vs. claimed

savings; methodology

transparency score

7. Conclusion

The informatization of grids is transforming the ability

of electricity systems to assist in the mitigation of the en-

vironment. The informatization layer transforms data into

operational flexibility and efficiency by making it observable

at the distribution end, rather than the bulk power networks,

and allowing more granular and faster control as well as

more coordinated control. It is clear from the synthesis of

the evidence across the world that the most reliable gains for

the environment are achieved where informatization directly

lowers waste or enhances the use of low-carbon resources in

practice. Loss minimization, volt/VAR optimization, conser-

vation voltage reduction, and automation of the distribution

system demonstrate time and again significant gains in en-

ergy efficiency and operations in even systems with large

baseline losses or outdated instrumentation. Digitally en-

abled flexibility (e.g., demand response and other forms)

can provide significant mitigation in cases where it causes

decreased peak-driven dispatch of units with high emissions,

or in cases where it brings consumption levels into agree-

ment with time-varying low-carbon supply; but its emissions

effects are much more susceptible in the cases of margins of

generation and load shifting evaluation with time-resolved

carbon indicators instead of annual averages. Forecasting,

congestion management, and reduction of curtailment be-

come the high-leverage paths in high-renewable systems,

particularly when informatization is coupled with flexible

resources and market arrangements that make the resources

valued and mobilized. DER interaction using DERMS and
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virtual power plant architectures spreads the potential of mit-

igation by making distributed devices visible in the form

of high constraint-aware system resources, but the resulting

benefit highly relies on interoperability, quality of telemetry,

visibility of the distribution network, and optimizations of

incentives among the utilities, aggregators, and consumers.

The rapidly expanding opportunities of managed EV charg-

ing and other electrification-facilitated (flexibility) can be

considered based on carbon-conscious scheduling, distribu-

tion constraint management, and long-term engagement on

a large scale.

One of the central ideas of the global comparison is

that informatization is not a homogeneous solution that has

homogeneous results. The fact that digital technologies are

present does not influence environmental performance, but

the environment where they are implemented does. The

main factors influencing whether informatization will dis-

place, curtailment will be reduced, or simply change energy

use without producing a net effect are marginal emissions in-

tensity, network constraints, market design, and institutional

capacity. In lower- and middle-income environments where

higher modernization and lower loss reduction, increased

revenue protection, and better reliability may be conditional

on environmental co-benefits may be vastly lower wastage

and mitigated dependence on emissions-intensive backup

power as informatization effects. Flexibility orchestration,

carbon-conscious operation, and DERs and electrified loads

increasingly feature in the focus of benefits in mature and

lower-carbon systems, and the governance, access to data,

and interoperability of these systems are giving a greater role

in the determination of benefits.

It is also revealed in the review that net environmental

benefit cannot be assumed. The process of informatization

stepped into the aspects of material and energy footprint

in meters, sensors, communications systems, and computer

infrastructure; increased the rate of replacing electronics,

exerted demands on e-waste and circularity, and posed cyber-

physical risks capable of compromising reliability and even

indirectly leading to increased emissions using flexible re-

sources. Scalability is also conditional on social acceptance

and equity issues, such as privacy, digital inclusion, cost,

and benefits distributions in dynamic tariffs and flexibility

programs. Such trade-offs ensure that governance is a de-

termining factor in the continued informatization, being an

environmentally favorable shift. Environmental enablers

are security-by-design, strong data governance, and interop-

erability standards, since they facilitate a durable, scalable

implementation of the applications providing the mitigation.

It has a number of implications for practice and policy.

To support the long-lived platforms, informatization should

be ordered to align with the needs of systems, starting with

foundational observability and data quality where they are

lacking, and, at the same time, to be interoperable and de-

signed to be long-lived. Second, time- and location-sensitive

emissions accounting should be used to assess environmental

performance whenever there is load shifting, integration of

renewable, or flexibility; annual average emissions factors

should not be relied on because they may misattribute and

may hide the locations of the greatest benefits. Third, verifi-

cation protocols must be reinforced in a way that allows the

reported savings and flexibility effects to be represented as

the effect of causal participation and behavioral dynamics in

realistic participation and behavioral settings. Fourth, pro-

curement and regulatory supervision ought to be supported

by lifecycle sustainability by including upgradability, long-

term security support, device repairability, and end-of-life

take-back or recycling pathways, which will better prevent

the operation emissions reductions from being neutralized

by the increasing material burdens. Lastly, safeguards of

equity, such as the protection of bills, the availability of en-

abling technologies, transparent consent processes, and the

program design, should be perceived as a part of mitigation

since they determine participation and the validity of digital

grid transitions.

In the case of research, the results indicate that there

should be a greater examination of integrated and comparable

evaluation techniques. The next generation of work should

engagemore regularly in power system operational modeling,

as well as the time-resolved marginal emissions estimation

and the material and lifecycle assessment of digital infrastruc-

ture. There should also be more focus on large-scale empiri-

cal evaluation, reproducible datasets, and benchmarks that

could compare the results between regions and applications.

With the continuous development of AI-based analytics and

automation, operational trustworthiness, resilience in the

case of rare events, and auditable decision-making ought to

be a primary research focus, especially when environmental

goals are integrated into control loops.
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On the whole, grid informatization can be described

as a facilitating platform for environmentally optimal power

systems, and not an individual climate solution. Informati-

zation, through sound architecture, secure and interoperable

data practices, plausible measurement and verification, and

consideration of lifecycle, equity effects when applied can

materially decrease environmental burdens by decreasing

losses, peaking and balancing, which are carbon-intensive,

curtailment, and coordination of the distributed and electri-

fied resources that define modern grids. This multinational

outlook of the present review emphasizes the fact that the

greatest benefits will be received when informatization is ad-

justed to local limitations and is conditioned by those gover-

nance models that would turn digital potential into long-term

and measurable environmental results.
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