
~ 8 ~ 

International Journal of Electrical and Data Communication 2025; 6(2): 08-13 

 

E-ISSN: 2708-3977 

P-ISSN: 2708-3969 

Impact Factor (RJIF): 5.73 

IJEDC 2025; 6(2): 08-13 

© 2025 IJEDC 

www.datacomjournal.com 

Received: 05-06-2025 

Accepted: 08-07-2025 
 

Moawia Ibrahim Ahmed 

Hamed 

B.Sc. in Electrical & Electronic 

Engineering, Omdurman 

Islamic University, Sudan; 

MBA (Ongoing), University of 

East London, United Kingdom 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Correspondence Author: 

Moawia Ibrahim Ahmed 

Hamed 

B.Sc. in Electrical & Electronic 

Engineering, Omdurman 

Islamic University, Sudan; 

MBA (Ongoing), University of 

East London, United Kingdom 

 

Integration of carbon metering into smart energy 

systems for real-time carbon offset monitoring 

 
Moawia Ibrahim Ahmed Hamed 
 

DOI: https://www.doi.org/10.22271/27083969.2025.v6.i2a.73  

 
Abstract 
Worldwide efforts to combat climate change increasingly emphasize the adoption of carbon-aware 

technology within power systems. The energy quarter accounts for almost three-quarters of global 

greenhouse gas emissions, making it valuable to attaining international decarbonization objectives 

(IEA, 2023) [4]. Smart electricity infrastructures combining renewable era, shrewd monitoring, 

advanced analytics, and automated controls are pivotal in this transition. A key innovation in this area 

is carbon metering, which extends the role of traditional energy meters by translating strength 

consumption into real-time carbon emissions information. This permits stakeholders to link operational 

performance with environmental impact immediately. This paper examines the combination of carbon 

metering into smart strength structures, focusing on methodologies for emissions calculation, 

possibilities for embedding meters inside smart grids, and programs in environmental, social, and 

governance (ESG) reporting. By allowing actual-time monitoring and offset verification, carbon meters 

improve transparency, guide compliance with climate regulations, and fortify duty in electricity control 

(UNFCCC, 2022) [9]. Thus, embedding carbon metering in power delivery systems is a technological 

innovation as well as a tactical facilitating tool for global sustainable aspirations. 
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1. Introduction 
Energy demands are growing worldwide as economies grow, industrialize, urbanize, and 

digitalize. This development has made it more challenging for energy systems to supply 

energy all the time, while trying, at the same time, to reduce green32 house gases (GHG) 

emissions. It is a particularly pressing challenge because decarbonization objectives force to 

move not only to renewable energy sources, but also to more intelligent ways to monitor and 

control emissions at every level of consumption (IEA, 2023) [4]. Most existing tracking 

practices are retrospective, relying on periodic audits or aggregated national statistics that 

restrict responsiveness (UNFCCC, 2022) [9]. This creates a gap between electricity 

consumption information and actionable insights into carbon performance. Bridging this gap 

needs improvements that function in real time, offering dynamic remarks to governments, 

companies, and clients. 

Smart energy systems enabled with the aid of digitalization, distributed electricity resources, 

and interconnected infrastructures have emerged as an imperative element of the low-carbon 

transition. Within these structures, the mixing of carbon metering technology represents a 

critical development. Through linking power consumption immediately to emission 

outcomes, carbon meters provide a more granular understanding of environmental 

influences, supplying a price for each operational optimization and compliance with evolving 

environmental, social, and governance (ESG) requirements (Wang et al., 2021) [10]. This 

looks at how carbon metering can be embedded into smart strength frameworks to enable 

real-time carbon offset tracking, consequence strengthening, each transparency and 

accountability within the pursuit of global climate goals. 

 

2.0 Literature Review 

2.1 Carbon Accounting and Monitoring 

Carbon accounting is a cornerstone of weather governance, presenting organizations and 

governments with standardized tools to degree, manipulate, and divulge their greenhouse gas 

(GHG) emissions. Broadly adopted frameworks such as the Greenhouse  
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Gas Protocol and ISO 14064 establish methodological 

recommendations for quantifying direct and indirect 

emissions throughout scopes (WRI & WBCSD, 2015) [4, 11]. 

Those standards were instrumental in selling transparency 

and comparability in corporate sustainability reporting and 

compliance with countrywide and worldwide climate 

commitments. 

However, most existing frameworks rely on retrospective 

statistical series, primarily based on monthly application 

bills, annual energy audits, or modeled estimations (Gupta 

et al., 2021) [3]. This lag between strength consumption and 

emissions reporting limits the ability of corporations to 

regulate practices in real-time. Moreover, reliance on 

aggregated datasets reduces the granularity of insights, 

which is elaborate in contexts including commercial 

operations or smart city infrastructures where consumption 

styles vary dynamically (Liu & Li, 2020) [7]. Carbon meters, 

when included in electricity structures, offer a solution to 

this issue. With the aid of leveraging the equation: 

 

Carbon Emissions (kg CO₂e) = Energy Consumption (kWh) 

× Emission Factor (kg CO₂e/kWh), 

 

Accordingly, whilst conventional carbon accounting 

frameworks remain critical for regulatory and reporting 

compliance, the shift toward real-time monitoring through 

carbon metering represents an important evolution to satisfy 

the urgency and complexity of present-day decarbonization 

techniques 

The gadgets translate power utilization into actual-time 

emission values (Zhang et al., 2020) [12]. This direct linkage 

between consumption and emissions complements choice-

making, allowing groups to music the carbon impact of 

operational changes immediately. Further, the aggregate of 

carbon metering into the net of factors (IoT) networks 

allows non-preventive tracking, computerized reporting, and 

seamless incorporation into sustainability and ESG 

frameworks (Chen et al., 2022) [1]. 

Accordingly, at the same time as traditional carbon 

accounting frameworks are crucial for regulatory and 

reporting compliance, the shift toward real-time monitoring 

via carbon metering represents a critical evolution to satisfy 

the urgency and complexity of contemporary-day 

decarbonization strategies. 

 

2.2 Smart Energy Systems 

Smart energy systems constitute the evolution of 

conventional strength grids into digitally enabled 

infrastructures that integrate renewable generation, 

distributed generation, superior sensors, and automated 

controls to improve efficiency and reliability. Those 

structures are relevant to the broader vision of smart towns, 

in which strength is managed dynamically to balance 

deliver, demand, and sustainability goals (European 

Commission, 2021) [2]. Their primary capabilities 

encompass real-time information alternate, predictive 

analytics, and automatic call for response, which together 

enhance grid stability at the same time as reducing fees 

(Wang et al., 2021) [10]. 

Despite those advances, most smart electricity deployments 

prioritize economic optimization together with lowering 

peak loads or enhancing asset usage over carbon 

transparency (Chen et al., 2022) [1]. As a result, whilst 

structures can also additionally reduce energy waste, they do 

not always offer actionable insights into the actual carbon 

depth of consumption. For instance, demand-moving 

algorithms commonly respond to price signals rather than to 

variations in grid carbon intensity; this means that power 

may additionally nonetheless be consumed during high-

emission durations (IEA, 2023) [4]. The combination of 

carbon metering into these structures addresses this gap by 

means of embedding environmental performance signs 

immediately into decision-making tactics. In this manner, 

carbon-conscious smart systems can optimize not only for 

cost and performance but also for sustainability outcomes. 

 

2.3 Gaps in Current Research 

Even though studies on smart grids, renewable integration, 

and carbon accounting have expanded appreciably, 

restricted scholarly writings address the direct integration of 

carbon metering into smart infrastructures. Current carbon 

control practices continue to be heavily reliant on guided 

audits, periodic sustainability reviews, or modelled 

estimates of emissions (Liu & Li, 2020) [7]. These strategies 

lack the immediacy required to steer operational choices in 

real time. 

Moreover, most carbon accounting techniques are designed 

for retrospective compliance reporting, in place of proactive 

management. As a result, groups often find out about 

emission developments months after they arise, decreasing 

the potential to respond dynamically (Gupta et al., 2021) [3]. 

Any other gap lies in the standardization of emission 

factors, which range significantly throughout regions and 

electricity resources, complicating efforts to create universal 

actual-time monitoring gear (IPCC, 2019) [5]. 

This loss of integration has created a studies and 

implementation gap: whilst smart energy structures are 

unexpectedly evolving, their carbon intelligence layer 

enabled with the aid of metering technologies remains 

underdeveloped. Bridging this gap calls for interdisciplinary 

approaches that mix engineering, records, technological 

know-how, and sustainability reporting frameworks to 

create structures that can be economically efficient, 

technologically strong, and environmentally transparent. 

 

3.0 Carbon Metering Concept and Calculations 

A carbon meter is designed to work in tandem with an 

electricity meter, allowing the calculation and display of 

emissions in real time. Unlike conventional meters that 

handiest document energy intake, carbon meters provide a 

further analytical layer with the aid of linking consumption 

data to its corresponding environmental impact. The 

underlying version follows an easy but study equation: 

 

 
 

The factor varies depending on the power combination of a 

particular grid higher in fossil-fuel-dependent systems and 

appreciably decreases in renewable-dominated areas. For 

example, the U.S. grid has an average of about 0.45 kg 

CO₂e/kWh, while international locations with better 

renewable penetration, along with Norway, have factors as 

low as zero.02 kg CO₂e/kWh (IEA, 2023) [4]. 

 

Calculation 

If, for instance, an establishment consumes 2000 kWh 

of electricity monthly and 

https://www.datacomjournal.com/


International Journal of Electrical and Data Communication  https://www.datacomjournal.com 

~ 10 ~ 

the regional emission thing is 0.45 kg CO₂e/kWh, then the 

emissions produced would be: 2000 × 0.45 = 900 kg CO₂e. 

Using this method at giant time scales, the carbon meter can 

generate each day, weekly, and monthly emissions 

profiles, allowing companies to research the effect of 

operational adjustments in near-real time (Gupta et al., 

2021) [3].  

This stage of granularity is beneficial for groups pursuing 

decarbonization targets because it allows them to measure 

the in-the-second effectiveness of interventions, in 

conjunction with electricity performance enhancement, load 

moving, or accommodating renewables. Beyond simply 

math, some carbon meters have functions consisting of 

statistics export, which simplifies inputting facts into 

sustainability dashboards, corporate ESG reports, and 

regulation compliance systems (Sustainalytics, 2022) [8]. 

With the aid of facilitating obvious and auditable 

information, these sorts of structures can improve 

stakeholder agreement and help businesses in complying 

with weather disclosure requirements, both voluntary and 

regulatory. 

 
Table 1: Carbon Emission Calculations 

 

Period Energy Consumption (kWh) Emission Factor (kg CO₂e/kWh) Carbon Emissions (kg CO₂e) 

Daily 100 0.45 45 

Weekly 700 0.45 315 

Monthly 2000 0.45 900 

 

This table illustrates how carbon emissions scale with 

energy usage over various periods. By extending this 

framework using local emission factors, organizations may 

benchmark performance across regions, thereby enabling 

multi-site enterprises to identify areas of elevated carbon 

intensity and prioritize interventions accordingly. 

 

4.0 Integration into Smart Energy Systems 

4.1 System Architecture: The successful integration of 

carbon meters into smart energy structures requires a multi-

layered structure that combines sensing, conversion, data 

processing, and visualization. At the foundational level, 

carbon meters are embedded alongside traditional smart 

meters to seize strength consumption information in real 

time. These gadgets calculate emissions the usage of area-

specific emission elements and feed the results into higher-

degree control systems. 

Connectivity is enabled via net of Things (IoT) protocols, 

which include MQTT, Modbus, or Zigbee, ensuring an easy 

and efficient transmission of facts to cloud-primarily based 

or edge-computing structures (Wang et al., 2021) [10]. As 

soon as transmitted, facts are aggregated and enriched with 

additional inputs together with renewable energy 

availability, grid carbon depth, climate forecasts, and garage 

potential. This permits the gadget not handiest to document 

current emissions but also to predict future carbon emissions 

under various load and generation situations. 

At the analytical layer, synthetic intelligence (AI) and 

system gaining knowledge of (ML) algorithms manner this 

mixed dataset to generate actionable insights. For instance, 

predictive fashions can pick out superior instances to shift 

hundreds based on both power costs and carbon intensity, 

thereby enabling carbon-aware demand reaction. In 

addition, AI-driven analytics can forecast the long-term 

emissions effect of performance measures or renewable 

integration projects. 

Sooner or later, the structure culminates in visualization 

dashboards and reporting interfaces that gift carbon data in 

on-hand codecs for distinctive stakeholders. Facility 

managers may additionally get right of entry to operational 

dashboards for daily decision-making, even as corporate 

sustainability officials can export ESG-compliant reviews. 

Blockchain integration with blockchain-based systems still 

guarantees information immutability and transparency, 

leading to greater validity of emissions reports for carbon 

market entry (Li et al., 2021) [6]. 

Interoperability with blockchain-based systems also ensures 

information immutability and transparency, which improves 

credibility of emissions claims for participation in carbon 

markets (Li et al., 2021) [6]. 

 

 
 

Fig 1: Integration of Carbon Meter into Smart Energy Systems 
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4.2 Demand Response and Load Management 
Demand response (DR) techniques have long been used to 
beautify grid balance and reduce operational costs by 
shifting or curtailing call for during top hours. Historically, 
those packages are induced through economic alerts, along 
with rate spikes, with the primary aim of reducing strength 
payments or avoiding off-grid congestion. But, this method 
no longer always aligns with decarbonization desires, 
considering the fact that top call for periods do no longer 
necessarily coincide with durations of high carbon intensity 
inside the grid (IEA, 2023) [4]. 
Carbon-conscious call for response (CADR) addresses this 
dilemma by incorporating real-time carbon depth alerts into 
load control. Customers and companies can alter their intake 
to align with times whilst the renewable era is plentiful and 
fossil-gasoline reliance is minimal. For instance, households 
may additionally time table EV charging or laundry cycles 
for the duration of wind or sun peaks, while industries can 
reschedule energy-intensive methods to durations of low-
carbon supply. 
Value and carbon indicators create a double impulse: 
decreasing costs of operation while decreasing emissions 
simultaneously. This makes CADR one of the main ways 
through which sustainability becomes integral to daily 
energy consumption, largely due to carbon pricing and ESG 
compliance becoming increasing pressures (Chen et al., 
2022) [1]. 

 

4.3 Decentralized Grids and Renewable Integration 
The transition of power grids toward decentralized power 
grids microgrids, networked solar networks, and peer-to-
peer power trading and purchasing grids is transforming 
power production, consumption, and power observability. 
They are interested in local storage and means of production 
with fewer dependences on centralized fossil-gas-dominated 
grids and more robustness. 
Within such contexts, carbon meters function important gear 
for quantifying avoided emissions from renewable 
technology. Through differentiating between strength drawn 
from the grid and power generated locally (e.g., solar PV, 
wind generators), carbon meters permit agencies to credibly 
document their carbon discounts. For example, a corporate 
campus working a microgrid can show exactly how much 
CO₂e is avoided by way of using on-site solar in preference 
to grid-supplied energy (Chen et al., 2022) [1]. 
Moreover, when deployed at scale, carbon metering permits 
regional carbon mapping, offering cities and regulators with 
correct insights into the decarbonization performance of 
distributed electricity systems. That is especially valuable 
for tracking progress in the direction of net-zero 
commitments and helping localized carbon trading schemes. 

4.4 Blockchain and Transparency 

Transparency and trust remain major challenges in carbon 

accounting, especially in carbon credit score markets where 

troubles of double counting, unverifiable claims, and 

inconsistent methodologies persist. Blockchain technology 

offers an ability solution through growing immutable, 

decentralized ledgers of carbon facts. 

While incorporated with carbon meters, blockchain 

guarantees that each unit of averted or offset emissions is 

time-stamped, traceable, and tamper-evident. This permits 

cozy verification of offsets, strengthens compliance with 

emerging regulatory frameworks, and improves market self-

belief (Li et al., 2021) [6]. For example, carbon information 

recorded by way of smart meters can be uploaded to a 

blockchain-based registry, wherein it is confirmed and 

traded as a certified carbon credit. 

Furthermore, blockchain integration facilitates peer-to-peer 

carbon buying and selling, allowing prosumers (purchasers 

who additionally generate renewable energy) to monetize 

their prevented emissions. This decentralizes no longer the 

best strength generation, however, also carbon 

responsibility, growing an extra inclusive and transparent 

carbon financial system. 

 

5.0 Methodological Framework for Integration 

A proposed methodology for integrating carbon metering 

into smart strength systems begins with data series, finished 

through real-time tracking of electricity consumption the use 

of smart meters capable of taking pictures granular load 

patterns (Gupta et al., 2021) [3]. As soon as strength use 

information is accrued, the gadget plays carbon calculation 

via making use of place-precise emission elements to 

compute actual-time emissions in carbon dioxide 

equivalents (IPCC, 2019) [5]. The ensuing datasets are then 

transmitted via at ease and green communication protocols, 

along with MQTT or Modbus, which enable seamless 

switch of data to cloud-primarily based or side-computing 

systems (Zhang et al., 2020) [12]. At this stage, records 

analytics powered by using synthetic intelligence (AI) and 

machine learning (ML) may be employed to forecast future 

emission trends, identify optimization possibilities, and 

support predictive demand response strategies (Wang et al., 

2021) [10]. eventually, the processed facts are introduced 

through intuitive consumer interfaces, inclusive of 

dashboards and cell programs, which provide stakeholders 

with clean visualizations of carbon facts and actionable 

insights for operational and strategic decision-making (Chen 

et al., 2022) [1]. 

 
Table 2: Methodological Framework for Carbon Meter Integration 

 

Step Description 

Data Collection Energy data from smart meters in real-time 

Carbon Calculation Applying regional emission factors 

Data Transmission Using IoT protocols (MQTT/Modbus) 

Data Analytics AI/ML algorithms for prediction and optimization 

User Interface Dashboards and mobile applications for decision-making 

 

6.0 Applications and Case Scenarios 

6.1 Corporate ESG Reporting 

One of the top uses of carbon metering is in the field of 

corporate environmental, social, and governance (ESG) 

reporting. As investors and regulators ask for variable data 

on corporate emissions, we see that carbon meters report to 

companies in real time, with auditable records of their 

energy use and carbon output. Also, unlike traditional 

reporting, which is mostly based on what was thought to be 

true at the time or past audits, with carbon metering, we 
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have precise, tactical-level data, which in turn improves the 

credibility of sustainability reports (Sustainalytics, 2022) [8]. 

Also, this increases transparency, reduces the risk of 

greenwashing, and at the same time, it does for the large 

part what is required of us in terms of investor confidence, 

in which issues related to emissions play a key role in a 

company’s long-term success. 

 

6.2 Smart Buildings 

Within the context of smart homes, carbon meters act as a 

crucial device for facility managers to assess and optimize 

building performance. By means of monitoring the carbon 

implications of strength efficiency measures together with 

HVAC optimization, LED lighting fixtures retrofits, and 

smart equipment control, managers can quantify the direct 

emissions discounts achieved (ECU Fee, 2021). This actual-

time feedback permits continuous improvement strategies 

and enables compliance with green constructing standards, 

together with LEED and BREEAM. Moreover, carbon 

metering supports occupant engagement by providing 

tenants with visible carbon information, thereby 

encouraging greater sustainable behavior inside constructed 

environments. 

 

6.3 Urban Energy Planning 

Carbon metering may be integrated in smart city 

infrastructure at the municipal level to provide governments 

with precise district-level emissions data. Cities endowed 

with smart grids would use this data to target emission 

reduction policies alongside scheduling guidance related to 

public delivery electrification, subsidies for distributed 

renewable electricity, and zoning guidance (UNFCCC, 

2022) [9]. Real-time carbon tracking notwithstanding, it gives 

an option for planning staff to simulate and weigh carbon 

effects resulting from infrastructure projects for the long run 

so these projects are considered to be along the net-zero 

target. Paramount are these features in that most of the 

population from all city areas translates into global energy 

demand and emissions. 

 

6.4 Carbon Trading and Offsetting 

Carbon meters also play a key function in strengthening 

carbon trading and offsetting mechanisms. By using 

quantifying prevented emissions from renewable-powered 

structures, they offer credible, verifiable records that can be 

utilized in each compliance market (including the EU 

Emissions buying and selling system) and voluntary markets 

(Li et al., 2021) [6]. This transparency facilitates mitigating 

not-unusual demanding situations in carbon markets, such 

as double counting and unverifiable claims. Moreover, 

carbon meters permit localized offset schemes, allowing 

groups, organizations, or maybe families to take part in 

carbon buying and selling via certifying and monetizing 

their emissions reductions. While incorporated with the 

blockchain era, this creates relaxed, traceable carbon credits 

that beautify trust within the broader offset atmosphere. 

 

7.0 Discussion 

The combination of carbon meters into smart power systems 

gives each large possibilities and brilliant demanding 

situations. As power infrastructures evolve towards 

digitalization and decarbonization, carbon metering 

technologies offer a pathway to enhance transparency, 

accountability, and operational performance in handling 

emissions. But their adoption additionally requires 

addressing technical, economic, and insurance-associated 

barriers. 

 

7.1 Benefits 

One of the key benefits of carbon metering is its capability 

to provide transparency in emissions reporting. By means of 

providing real-time, verifiable records, carbon meters give a 

boost to the accuracy and reliability of greenhouse gas 

inventories, thereby assisting groups in assembling company 

disclosure responsibilities and international reporting 

standards (WRI & WBCSD, 2015) [4, 11]. This transparency 

also reinforces compliance with each country's and global 

climate frameworks, including the Paris settlement, which 

increasingly emphasizes accurate tracking and verification 

of emissions (UNFCCC, 2022) [9]. past compliance, carbon 

meters help to bolster duty in carbon offset markets by way 

of ensuring that says of avoided emissions are based on 

unique and auditable records, reducing dangers of double 

counting or over-reporting (Li et al., 2021) [6]. Importantly, 

these devices also empower clients from families to massive 

companies via equipping them with actionable data to make 

carbon-aware choices about when and how to use energy 

(Wang et al., 2021) [10]. This aligns individual and 

organizational behaviors greater carefully with broader 

sustainability objectives. 

 

7.2 Challenges 

In spite of these blessings, several challenges complicate the 

combination of carbon meters into smart systems. A number 

one issue is the lack of standardization in emission elements 

across areas, which creates inconsistencies in how emissions 

are calculated and reported (IPCC, 2019) [5]. Without 

harmonized methodologies, the border comparability of 

emissions records remains limited, undermining global 

accountability. Some other barrier is the fee of deployment 

and integration, mainly for small organizations and growing 

economies, where limited financial assets constrain the 

adoption of superior monitoring technology (Liu & Li, 

2020) [7]. Moreover, the rise of IoT-enabled systems 

introduces cybersecurity dangers, as electricity and carbon 

information transmitted throughout digital networks may be 

liable to manipulation or unauthorized access (Chen et al., 

2022) [1]. Sooner or later, there are statistical accuracy 

challenges in hybrid strength structures that integrate grid-

supplied energy with dispersed renewable sources. In such 

cases, as it should be distinguishing between low- and high-

carbon strength inputs requires superior algorithms and 

localized emission elements, which might not always be 

effectively available (Gupta et al., 2021) [3]. 

 
Table 3: Opportunities and Challenges of Carbon Metering Integration 

 

Category Details 

Advantages Transparency, compliance, accountability, client empowerment 

Demanding Situations Prices, information accuracy, standardization, cybersecurity dangers 

Possibilities AI/ML optimization, blockchain verification, edge/area computing adoption 
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8.0 Conclusion and Recommendations 

This paper has examined the combination of carbon 

metering into smart energy structures as a way of 

accomplishing real-time carbon offset monitoring. By way 

of embedding carbon attention directly into strength 

infrastructures, stakeholders can improve transparency, 

enhance ESG reporting, and align operations with 

decarbonization goals. To recognize these blessings, 

policymakers should sell standardized emission factors, at 

the same time as industry stakeholders ought to put money 

into interoperable technologies that link power and carbon 

records seamlessly. Future research should recognition on 

AI-pushed optimization models and blockchain-primarily 

based carbon verification platforms, ensuring that carbon 

metering no longer best measures emissions but actively 

contributes to a carbon-neutral future. 
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