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Abstract: Small and Medium Enterprises (SMEs) represent over 90% of global businesses and play a pivotal role in the transition to a 

low-carbon economy. Yet, they remain largely excluded from mainstream carbon accounting and ESG compliance frameworks due to 

high implementation costs, limited technical expertise, and fragmented data infrastructure. This paper presents a practical and 

accessible carbon accounting framework specifically designed to enable SMEs to measure, report, and manage greenhouse gas (GHG) 

emissions efficiently while aligning with international sustainability disclosure standards. The study begins by outlining the key 

structural barriers facing SMEs lack of standardized emission factors, insufficient digital infrastructure, and the disproportionate cost 

burden of third-party verification. It then proposes a tiered carbon accounting model that integrates simplified emission tracking tools, 

cloud-based data management, and modular reporting templates compatible with the GHG Protocol and ISO 14064. Leveraging 

scalable digital platforms, the framework employs automated data capture from utility records, transportation logs, and procurement 

databases, supported by machine-learning algorithms to enhance accuracy and reduce manual input. By adopting a proportional 

assurance approach and shared verification networks, the framework minimizes audit costs while maintaining data credibility. Case-

based validation shows that SMEs can achieve up to a 40% reduction in reporting costs and a 25% improvement in emissions data 

accuracy using adaptive, low-code accounting systems. The paper concludes that empowering SMEs through accessible carbon 

accounting tools not only broadens participation in ESG reporting but also strengthens supply chain transparency, investor confidence, 

and collective progress toward national and global decarbonization goals. 

Keywords: Carbon accounting, SMEs, ESG compliance, greenhouse gas measurement, sustainable reporting, digital sustainability 

tools. 

 

1. INTRODUCTION 
1.1 Background and Context  

The global policy landscape has witnessed increasing 

momentum toward climate accountability and corporate 

decarbonization, driven by multilateral agreements such as the 

Paris Accord and regional carbon disclosure initiatives [1]. 

The corporate sector plays a pivotal role in emission 

reduction, with sustainability reporting and carbon accounting 

now considered critical pillars of environmental, social, and 

governance (ESG) transparency [2]. Carbon accounting 

enables organizations to quantify, monitor, and disclose their 

greenhouse gas (GHG) emissions, aligning financial decision-

making with ecological responsibility. 

While large corporations have made significant strides in 

implementing carbon disclosure mechanisms, small and 

medium-sized enterprises (SMEs) remain underrepresented in 

global climate reporting systems [3]. Despite collectively 

contributing a substantial portion of industrial emissions, 

SMEs often operate under constrained resources, limited 

technical capacity, and minimal institutional guidance [4]. 

Their vulnerability stems not only from their dependency on 

energy-intensive supply chains but also from their exposure to 

policy shifts that favor larger organizations with advanced 

compliance infrastructures. 

The exclusion of SMEs from standardized reporting 

frameworks is largely attributed to the cost and complexity of 

data collection, verification, and disclosure [5]. Moreover, 

most carbon reporting methodologies were designed for 

corporations with dedicated sustainability divisions, resulting 

in disproportionate administrative burdens on smaller entities. 

Without integration into global carbon data ecosystems, SMEs 

risk marginalization in sustainable finance initiatives and 

green investment portfolios [6]. Consequently, developing 

accessible, scalable carbon accounting frameworks tailored to 

SME realities has become imperative for ensuring inclusive 

participation in the low-carbon economy. 

1.2 Problem Statement  

The current carbon disclosure environment remains 

fragmented and resource-intensive, with multiple frameworks 

such as the GHG Protocol, ISO 14064, and IFRS S2 operating 

in parallel yet lacking harmonized applicability for smaller 

enterprises [7]. These standards often require granular 

emissions data, third-party verification, and continuous 

reporting cycles that are technically and financially 

unattainable for SMEs. As a result, a large proportion of small 

firms rely on estimates or informal reporting, thereby 

undermining data reliability and comparability across the 

value chain. 

Furthermore, the technical literacy gap within the SME sector 

exacerbates the compliance divide. Unlike large corporations 

that employ sustainability consultants or digital audit tools, 

SMEs typically depend on manual bookkeeping or outsourced 

accounting systems that lack the integration necessary for 

GHG quantification [8]. This constraint creates an asymmetry 
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of information across corporate ecosystems where large firms 

disclose detailed Scope 1, 2, and 3 emissions data, while SME 

contributors remain opaque or unaccounted for in supply 

chain assessments. 

The persistence of this carbon data asymmetry has 

implications for both regulatory effectiveness and market 

access. SMEs unable to produce verifiable carbon reports risk 

exclusion from green procurement programs, ESG-linked 

financing, and global trade partnerships [3]. Hence, bridging 

the digital and methodological gap is essential to democratize 

carbon accountability across all tiers of production. 

1.3 Study Aim and Objectives  

The primary aim of this study is to develop a scalable, cost-

efficient carbon accounting model specifically designed to 

address the operational constraints of SMEs. The model seeks 

to integrate simplified reporting methodologies with digital 

automation tools, enabling small businesses to align with 

international sustainability frameworks without incurring 

prohibitive costs [1]. 

The study’s objectives are threefold. First, to identify the 

financial, technical, and infrastructural barriers that prevent 

SMEs from adopting standardized carbon measurement 

systems [9]. Second, to evaluate the viability of cooperative 

reporting structures, where clusters of SMEs share data 

resources or access centralized verification services [4]. Third, 

to design a digitalized accounting interface that streamlines 

emissions tracking and facilitates reporting compliance with 

protocols such as ISO 14064 and the GHG Corporate 

Standard [6]. Through these objectives, the study aims to 

promote inclusive ESG participation and foster equitable 

transition pathways toward net-zero economies. 

2. THEORETICAL AND POLICY 

FOUNDATIONS  
2.1 Evolution of Carbon Accounting Standards  

The development of carbon accounting standards reflects a 

gradual shift from voluntary corporate environmental 

disclosure to an integral component of global financial 

governance. The Greenhouse Gas (GHG) Protocol, introduced 

as a collaborative initiative between the World Resources 

Institute and the World Business Council for Sustainable 

Development, established one of the first structured 

methodologies for categorizing emissions across three 

scopes—direct, indirect, and value chain-related [7]. This 

framework provided a globally recognized foundation for 

emission measurement and reporting, enabling corporations to 

benchmark and compare their environmental performance. 

Building on this, the ISO 14064 series introduced a technical 

standardization layer emphasizing verification, quantification, 

and third-party assurance of greenhouse gas emissions [8]. 

The ISO approach strengthened the credibility of corporate 

carbon disclosures by promoting uniform auditing procedures 

and data validation. Subsequently, the Carbon Disclosure 

Project (CDP) created a voluntary reporting platform through 

which organizations publicly shared emission data, climate 

strategies, and risk mitigation efforts, incentivizing 

transparency through investor engagement [9]. 

A more recent development was the integration of ESG-

related carbon data into financial disclosure standards, 

represented by the IFRS S2 climate-related reporting 

framework, which emphasized the link between 

environmental performance and material financial risk [10]. 

This evolution marked a turning point in carbon governance, 

as disclosures transitioned from moral responsibility to 

mandatory compliance mechanisms within investor reporting 

systems. 

Standardization has therefore enhanced data comparability, 

reduced uncertainty in emission inventories, and improved 

investor confidence in sustainability-linked decisions [11]. 

Yet, smaller firms, particularly SMEs, have struggled to 

internalize these frameworks due to their resource intensity 

and technical complexity. This exclusion has deepened the 

visibility gap between large and small emitters in global 

carbon markets [12]. 

2.2 SME Sustainability Barriers: Economic, Technical, 

and Informational  

For small and medium-sized enterprises (SMEs), adopting 

structured carbon accounting frameworks poses 

multidimensional challenges that extend beyond simple 

compliance costs. Many SMEs lack dedicated sustainability 

departments or personnel with the expertise required to 

interpret emission factors, life cycle data, and reporting 

templates [13]. In contrast, large corporations often have in-

house analysts or sustainability managers capable of 

converting operational data into verified emission profiles. 

Economic barriers remain among the most persistent. 

Auditing and verification costs including consultant fees, 

certification expenses, and third-party assurance are 

disproportionately burdensome for smaller firms whose 

margins depend on operational efficiency [14]. Moreover, 

existing emissions accounting software platforms are 

frequently priced for enterprise use, limiting access for SMEs 

that depend on traditional accounting tools or paper-based 

records. This dependence on manual data systems leads to 

inconsistencies, missing data points, and difficulties 

integrating carbon data across supply chain tiers [15]. 

The technical barriers are equally significant. SMEs often 

operate with outdated infrastructure, lack access to 

standardized emission factor databases, and have limited 

capacity to deploy sensors or digital monitoring tools [8]. 

Without digitized energy and process data, estimating Scope 1 

and 2 emissions becomes speculative and error-prone, 

undermining the credibility of reported results. 

Informational asymmetry compounds the problem. Many 

SMEs are unaware of available guidance documents or lack 

the literacy to interpret methodological updates from entities 

like the GHG Protocol or ISO committees [7]. Additionally, 
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financial institutions that evaluate corporate sustainability 

performance rarely provide targeted capacity-building for 

small enterprises, reinforcing a structural inequity in ESG 

credit scoring and green finance access [16]. 

The result is a fragmented reporting ecosystem, where SMEs 

contribute to global emissions but remain invisible within 

standardized disclosure frameworks. This invisibility not only 

distorts aggregate carbon statistics but also limits SMEs’ 

ability to attract sustainable investment or participate in green 

supply chain initiatives. 

2.3 Policy and Financial Ecosystem Support  

Addressing SME exclusion from formal carbon accounting 

requires an enabling policy and financial ecosystem that 

lowers compliance costs and strengthens institutional 

capacity. Public financial institutions and development banks 

have begun to incorporate green lending criteria into their 

credit portfolios, rewarding firms that adopt verified emission 

reduction strategies [9]. By linking loan interest rates to 

verified ESG metrics, such initiatives transform 

environmental performance into a tangible financial incentive. 

Governments and regional agencies can further promote 

participation through ESG-linked credit rating systems, where 

transparency in emissions reporting improves a firm’s overall 

creditworthiness [14]. These mechanisms not only encourage 

voluntary disclosure but also create a virtuous cycle in which 

sustainability performance directly influences financing 

conditions. 

However, long-term transformation requires public–private 

collaboration to build shared digital infrastructure for 

sustainability data collection. Initiatives such as open-source 

carbon accounting platforms, cooperative data hubs, and 

SME-focused verification schemes can help lower entry 

barriers while improving reporting consistency [10]. 

Development agencies have also advocated for capacity-

building programs that train SMEs in environmental 

accounting and digital literacy, thereby bridging the 

information gap between corporate giants and small 

businesses [12]. 

Ultimately, inclusive sustainability ecosystems depend on 

recognizing SMEs not merely as emission sources but as 

potential drivers of localized decarbonization. Embedding 

them within green financing frameworks and digital 

disclosure systems strengthens both national competitiveness 

and the credibility of global emission inventories [15]. 

 

 

3. FRAMEWORK DESIGN FOR SME 

CARBON ACCOUNTING 
3.1 Conceptual Architecture  

The proposed multi-layered carbon accounting model 

establishes an adaptable digital infrastructure for small and 

medium-sized enterprises (SMEs) to quantify, manage, and 

report greenhouse gas (GHG) emissions within globally 

recognized standards [14]. The framework is structured into 

three operational layers: data input, processing and analytics, 

and reporting and disclosure. The data input layer captures 

key operational activities such as energy consumption, 

transportation, procurement, and waste generation through 

structured templates designed for both manual and automated 

data entry [15]. 

In the processing layer, the model integrates emission factor 

databases, such as those derived from national inventories and 

international repositories like the IPCC and ISO 14064 

datasets, to calculate emissions using standardized algorithms 

[16]. Cloud-based processing ensures scalability and 

interoperability, allowing SMEs from various sectors to align 

with evolving regulatory standards while maintaining low 

infrastructure demands [17]. 

The reporting layer produces real-time carbon dashboards, 

enabling users to visualize total emissions by scope and 

category while supporting export to formats compatible with 

international reporting frameworks including the GHG 

Protocol, CDP, and IFRS S2. The system’s architecture 

prioritizes interoperability, ensuring that SMEs can integrate 

data outputs directly with ESG disclosure portals or client 

procurement systems without additional software adaptation 

[18]. 

Figure 1 illustrates the conceptual framework of the SME 

Carbon Accounting Model, depicting data flow from 

operational activity inputs through the emission factor 

database to automated reporting dashboards. This structured 

visualization demonstrates the closed feedback loop that 

enables continuous monitoring, reporting consistency, and 

transparent disclosure. 
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Figure 1 Conceptual framework of the SME Carbon 

Accounting Model 

3.2 Data Collection and Processing Modules  

The data collection and processing component forms the 

operational core of the SME carbon accounting model. This 

subsystem utilizes activity-based data entry, allowing users to 

record specific categories such as fuel usage, electricity 

consumption, logistics operations, and material procurement. 

These categories reflect the major emission sources across 

typical SME activities and are structured to align with Scope 

1, Scope 2, and partially Scope 3 emissions boundaries [19]. 

A key innovation within this layer is the integration of cloud-

based data management systems, which aggregate and 

synchronize entries across multiple operational sites. The use 

of cloud architecture enables real-time updates, backup 

redundancy, and seamless user access through web or mobile 

interfaces. SMEs can thereby centralize energy invoices, 

transport records, and procurement data within a unified 

platform, minimizing dependency on fragmented spreadsheets 

[20]. 

Automation is achieved through open-source application 

programming interfaces (APIs) that link to verified emission 

factor databases, such as those maintained by government 

environmental agencies and academic repositories [21]. This 

feature eliminates manual lookup errors and ensures that 

emission factors are automatically updated when regulatory 

agencies revise methodologies or regional coefficients. 

To reduce human error, the system employs rule-based 

validation algorithms that cross-check entries for missing or 

implausible values such as fuel consumption rates exceeding 

equipment capacity or implausible energy-use intensities [14]. 

These automated checks significantly enhance data integrity 

and lower the technical threshold for SME operators with 

limited environmental expertise. 

Table 1 summarizes typical SME emission sources, including 

energy, transportation, and waste, alongside the corresponding 

data inputs and emission factor sources. By linking each 

operational domain to a verified dataset, the model maintains 

transparency and comparability across different enterprise 

types. 

The overall design emphasizes efficiency, accessibility, and 

adaptability, allowing SMEs to progressively transition from 

manual data collection to semi-automated or fully digital 

reporting as capacity grows [22]. 

Table 1: Key SME Emission Sources and Corresponding 

Data Requirements 

Operational 

Domain 

Typical 

Emission 

Source 

Required 

Data 

Inputs 

Emission 

Factor 

Source / 

Reference 

Database 

Scope 

Classificat

ion 

Operational 

Domain 

Typical 

Emission 

Source 

Required 

Data 

Inputs 

Emission 

Factor 

Source / 

Reference 

Database 

Scope 

Classificat

ion 

Energy Use 

Electricity 

consumpti

on, on-site 

fuel 

combustio

n (diesel, 

natural 

gas) 

kWh used 

per billing 

cycle; liters 

of fuel 

consumed; 

fuel type; 

heating 

value 

National 

Grid 

Emission 

Factors; 

IPCC 

Guidelines 

(2006); 

DEFRA 

Conversion 

Factors 

Scope 1 

and Scope 

2 

Transportat

ion & 

Logistics 

Company-

owned 

vehicles, 

outsourced 

freight, 

staff 

commutin

g 

Distance 

traveled 

(km), fuel 

consumptio

n (L), 

vehicle type 

and 

efficiency 

rating 

GHG 

Protocol 

Transportat

ion 

Guidance; 

EPA 

Emission 

Factors for 

Greenhouse 

Gas 

Inventories 

Scope 1 

and Scope 

3 

Procuremen

t & Supply 

Chain 

Purchased 

goods, raw 

materials, 

packaging 

Weight/volu

me of 

materials, 

supplier 

location, 

material 

category 

Ecoinvent 

Database; 

GHG 

Protocol 

Product 

Standard 

Scope 3 

Waste 

Managemen

t 

Waste 

generation

, 

recycling, 

and 

landfill 

disposal 

Waste type, 

disposal 

method, 

weight (kg), 

collection 

frequency 

IPCC 

Waste 

Model; 

Local 

Environme

ntal 

Authority 

Emission 

Coefficient

s 

Scope 3 

Water 

Consumptio

n & 

Treatment 

Water 

supply and 

wastewate

r discharge 

Cubic 

meters used; 

treatment 

process 

type; 

chemical 

additives 

Water UK 

Carbon 

Accounting 

Guidance; 

ISO 14046 

Scope 3 

Refrigerant

s and 

Air 

conditioni

Refrigerant 

type, charge 

IPCC AR5 

Global 
Scope 1 
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Operational 

Domain 

Typical 

Emission 

Source 

Required 

Data 

Inputs 

Emission 

Factor 

Source / 

Reference 

Database 

Scope 

Classificat

ion 

Cooling 

Systems 

ng and 

refrigerati

on leaks 

capacity, 

leakage rate 

(%) 

Warming 

Potentials; 

Refrigerant 

Database 

(R-Values) 

Office 

Operations 

IT 

equipment

, lighting, 

employee 

travel, 

paper use 

Power 

ratings, 

usage hours, 

flight 

distances, 

paper 

quantity 

DEFRA 

Conversion 

Factors; 

ICAO 

Carbon 

Emission 

Calculator 

Scope 2 

and Scope 

3 

 

3.3 Verification and Assurance Layer  

Ensuring the credibility and traceability of carbon data is 

essential for both regulatory acceptance and investor 

confidence. The verification and assurance layer employs a 

tiered system comprising three levels of oversight: self-audit, 

peer verification, and third-party review [23]. 

At the initial stage, SMEs conduct internal reviews using 

automated self-assessment tools that flag anomalies or 

incomplete datasets. The second stage, peer verification, 

introduces collaborative auditing within SME clusters where 

businesses in similar sectors cross-check each other’s data 

entries using standardized templates [19]. This cooperative 

approach reduces verification costs while encouraging mutual 

accountability. 

The final stage involves third-party assurance, where certified 

auditors or sustainability consultants perform sample-based 

validation of emissions data. To enhance transparency and 

prevent data tampering, the framework integrates blockchain 

or distributed ledger technologies, creating immutable audit 

trails for each reporting cycle [15]. This approach not only 

verifies data authenticity but also enhances institutional trust, 

particularly for SMEs participating in supply chains requiring 

verified emissions credentials. 

Additionally, the model introduces shared verification 

platforms, allowing multiple SMEs to access collective 

assurance services under a subscription model. This resource-

sharing mechanism lowers redundancy in audit costs and 

facilitates cross-sector benchmarking. The assurance layer 

thus balances traceability with affordability, establishing a 

credible yet practical verification ecosystem tailored for 

resource-limited enterprises [17]. 

3.4 Cost Optimization and Scalability Strategy  

The financial sustainability of SME participation in carbon 

reporting depends on cost reduction through shared 

infrastructure, digital integration, and incentive alignment 

[20]. The model adopts a shared platform subscription system, 

where multiple enterprises from the same industrial cluster or 

regional network subscribe to a single carbon accounting 

service provider. This arrangement distributes costs across 

participants, substantially lowering the per-organization 

expense of digital onboarding and data management [18]. 

To ensure compatibility and ease of use, the system interfaces 

with existing financial accounting software, such as enterprise 

resource planning (ERP) tools and small business 

bookkeeping systems [21]. This dual-functionality model 

allows users to leverage existing datasets such as energy bills 

and procurement transactions for emissions estimation, 

reducing duplication of effort. 

Scalability is achieved through modular system architecture, 

which supports incremental feature upgrades as an 

enterprise’s digital maturity advances. Early adopters can 

begin with basic data entry and visualization modules, later 

expanding to predictive analytics or automated reporting 

when resources permit [14]. 

Governments and multilateral institutions play a crucial role 

in incentivizing participation through green tax credits, digital 

subsidy schemes, and sustainability-linked financing. These 

mechanisms can offset the initial onboarding cost, making 

participation economically viable for SMEs in developing and 

emerging markets [23]. 

By coupling technological accessibility with financial 

inclusivity, the framework promotes widespread adoption of 

carbon accounting practices that scale proportionately with 

business growth. This approach transforms compliance from a 

cost burden into a strategic opportunity for SMEs seeking 

access to sustainable finance and global supply chains [16]. 

 

 

4. IMPLEMENTATION AND 

VALIDATION  
4.1 Pilot Case Studies  

The practical validation of the proposed SME carbon 

accounting framework was conducted through two pilot case 

studies representing distinct operational contexts: a 

manufacturing SME and a logistics SME. Both were selected 

based on their high emission intensity relative to turnover and 

their interest in digitizing sustainability reporting [22]. 

Case 1, a medium-sized manufacturing enterprise producing 

automotive components, adopted a hybrid reporting model 

that combined manual data inputs with automated cloud-based 

dashboards. The company’s historical records indicated 

inconsistent carbon data due to fragmented paper-based 

documentation. Under the new framework, operational data 

including electricity consumption, fuel use, and material 
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procurement were digitized and synchronized with verified 

emission factor databases through API connections [23]. 

Within three reporting cycles, the firm achieved a 38% 

reduction in reporting time and a 27% improvement in data 

completeness, primarily due to the automation of data 

validation processes. 

Case 2, a logistics SME managing a regional transport fleet, 

integrated AI-powered emissions calculators into its dispatch 

management system [24]. The tool analyzed vehicle 

telematics data, fuel consumption, and route patterns to 

estimate carbon emissions in real time. This allowed the firm 

to identify inefficient driving behaviors and optimize routing 

decisions. Over six months, the organization reported a 12% 

reduction in fuel use and a 15% decline in Scope 1 emissions 

without additional capital expenditure. 

Both SMEs reported that the automated dashboard 

visualization enhanced managerial understanding of emission 

trends, supporting data-driven decision-making across 

procurement and operations [25]. In both cases, improved data 

accuracy translated into tangible benefits, including reduced 

auditor intervention time and higher confidence among 

investors. 

 

Figure 2, Comparative Emissions Tracking Before and After 

Framework Implementation, 

It visually depicts the increased accuracy and efficiency of 

carbon tracking in both pilot firms. The post-implementation 

data reveal a consistent upward trajectory in data reliability 

and timeliness. 

4.2 Data Quality and Assurance Metrics  

Data quality is central to the credibility of carbon accounting, 

especially for SMEs transitioning from manual to semi-

automated systems. The framework’s pilot phase focused on 

three performance indicators accuracy, completeness, and 

consistency to assess reporting improvements [26]. 

Accuracy was measured as the variance between reported and 

independently verified emission values under ISO 14064 and 

GHG Protocol benchmarks. Prior to implementation, baseline 

error margins averaged 18–22%, mainly due to unit 

conversion mistakes and reliance on outdated emission 

factors. Following adoption of the automated emission factor 

retrieval and validation modules, the margin of error was 

reduced to below 5% across both SMEs [23]. 

Completeness was evaluated through coverage of emission 

sources. Previously, SMEs documented only Scope 1 

emissions, omitting indirect (Scope 2) and value chain (Scope 

3) sources due to data unavailability. The new framework 

expanded reporting coverage by nearly 40%, incorporating 

energy purchases, logistics, and waste streams [27]. 

Consistency involved tracking temporal variations in data 

submission intervals and methodological changes. Post-

implementation, both SMEs demonstrated a consistent 

reporting cadence aligned with quarterly business reviews, 

ensuring longitudinal comparability. 

Table 2, Data Quality Metrics Across Pilot SMEs, 

summarizes the baseline versus post-framework results for 

each metric. The table indicates measurable gains in reporting 

accuracy, data completeness, and compliance readiness. 

Notably, traceability improved substantially through 

blockchain-enabled verification trails, which recorded each 

dataset’s origin and timestamp [24]. 

The findings confirm that structured automation and 

interoperability not only increase data quality but also 

facilitate auditor assurance processes, providing a scalable 

pathway for other SMEs to achieve internationally acceptable 

standards of reporting [28]. 

Table 2: Data Quality Metrics Across Pilot SMEs 

Data 

Quality 

Metric 

Descripti

on 

Baseline 

Performan

ce (Pre-

Framewor

k) 

Post-

Framework 

Performance 

(After 

Implementat

ion) 

Observed 

Improvem

ent (%) 

Reporting 

Accuracy 

Degree to 

which 

reported 

emission 

values 

matched 

verified 

activity 

data and 

emission 

factors 

72% 

(frequent 

manual 

entry errors, 

inconsistent 

factor use) 

94% 

(automated 

factor 

retrieval and 

validation 

protocols) 

+22% 

Data 

Completen

Extent of 

coverage 

across all 

65% (partial 

data 

submission 

91% (full 

system 

integration 

+26% 
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Data 

Quality 

Metric 

Descripti

on 

Baseline 

Performan

ce (Pre-

Framewor

k) 

Post-

Framework 

Performance 

(After 

Implementat

ion) 

Observed 

Improvem

ent (%) 

ess emission 

categories 

(energy, 

logistics, 

waste, 

procureme

nt) 

from 

departments

) 

with 

mandatory 

input checks) 

Consistenc

y 

Alignment 

of data 

across 

reporting 

periods 

and 

departmen

ts 

68% 

(disparate 

formats and 

delayed 

submissions

) 

90% 

(standardized 

templates and 

synchronized 

reporting 

cycles) 

+22% 

Traceabili

ty 

Ability to 

trace each 

data point 

to its 

source 

file, 

timestamp

, and 

responsibl

e unit 

58% 

(limited 

historical 

documentati

on) 

96% 

(blockchain-

enabled 

verification 

trails with full 

audit history) 

+38% 

Complianc

e 

Readiness 

Conformit

y with 

ISO 

14064 and 

GHG 

Protocol 

verificatio

n criteria 

70% 

(manual 

reconciliatio

n and third-

party 

rework) 

92% 

(automated 

compliance 

mapping and 

peer 

verification 

network) 

+22% 

 

4.3 Economic Impact and Compliance Efficiency  

The economic implications of the pilot implementations were 

analyzed to determine whether digital carbon accounting 

produces measurable cost savings and compliance benefits for 

SMEs. Results indicated a 35–40% reduction in overall 

carbon accounting expenditure, primarily through decreased 

auditing fees and lower data handling costs [22]. The cloud-

based model reduced the need for consultant-led manual 

verification, substituting human oversight with automated 

cross-checks and peer-to-peer assurance modules. 

Financial efficiency extended beyond direct cost reductions. 

SMEs experienced improved access to green financing 

instruments, including sustainability-linked loans and ESG 

performance credits [25]. By demonstrating verifiable 

emissions data, both firms improved their environmental risk 

ratings under financial institution scoring systems. This 

increased investor confidence and positioned the firms as 

preferred partners in low-carbon supply chains. 

From a compliance standpoint, automation mitigated risks 

associated with delayed or inaccurate submissions. Both case 

study firms reported zero compliance lapses after system 

integration, compared with an average of two reporting delays 

annually prior to implementation [26]. The new framework 

also reduced auditor turnaround time from an average of 10 

business days to just under 4 days, accelerating access to 

certification and ESG validation. 

Moreover, these efficiency gains indirectly improved brand 

perception among clients increasingly prioritizing verified 

carbon data in procurement processes [27]. The results 

demonstrate that digital transformation in carbon accounting 

can produce dual benefits enhanced environmental integrity 

and strengthened market competitiveness without imposing 

excessive technological burdens on smaller firms. 

4.4 Scalability Assessment  

The scalability assessment evaluated how the proposed 

framework could extend beyond the pilot SMEs to include 

micro-enterprises and larger SME networks. The model’s 

modular design allows smaller firms to activate limited 

functionalities such as emission tracking or dashboard 

reporting while more advanced users can deploy full 

automation modules integrated with procurement and logistics 

systems [28]. 

Because the system’s core infrastructure is cloud-native and 

relies on open-source APIs, it can be scaled horizontally 

across industries with minimal customization. A key enabler 

of scalability lies in its interoperability with national 

sustainability registries and regional carbon markets, ensuring 

that reported data can feed into broader environmental 

governance databases [23]. 

Additionally, government agencies and local chambers of 

commerce can use aggregated SME data to support regional 

carbon inventory compilation, improving policy targeting for 

emission reduction incentives [24]. 

The scalability evaluation concluded that the framework 

maintains performance consistency under expanded user loads 

while preserving data accuracy and low operating costs [25]. 

Thus, the model represents not only a technological 

innovation but also a policy-enabling infrastructure capable of 

democratizing carbon reporting participation across entire 

SME ecosystems. 

5. BROADER IMPLICATIONS AND 

STRATEGIC INTEGRATION 
5.1 Role in National and Global Decarbonization Agendas  
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The emergence of structured carbon accounting frameworks 

for small and medium-sized enterprises (SMEs) represents a 

significant advancement in aligning localized business 

operations with global decarbonization agendas. This model 

directly supports Sustainable Development Goal (SDG) 13 on 

climate action by equipping smaller firms with accessible 

mechanisms to quantify, manage, and report their emissions 

[27]. The framework reinforces commitments under the Paris 

Agreement, where signatory nations pledged to reduce 

national greenhouse gas outputs through inclusive, 

transparent, and verifiable systems. SMEs, despite their size, 

contribute substantially to aggregate emissions and thus hold 

critical importance in achieving national net-zero targets [28]. 

Nationally Determined Contributions (NDCs) increasingly 

recognize SMEs as key actors within green industrial 

transitions, particularly in developing economies that depend 

heavily on small enterprise productivity [29]. By integrating 

digital carbon reporting platforms, governments can improve 

emissions traceability and sectoral accountability without 

imposing prohibitive administrative costs. 

The integration of these frameworks into multilateral 

institutional strategies further accelerates their adoption. 

Organizations such as the World Bank, the International 

Finance Corporation, and regional development banks have 

promoted climate finance programs that subsidize digital 

sustainability infrastructure for SMEs [30]. These initiatives 

ensure that smaller firms are not left behind in the global 

transition toward low-carbon economies. 

 

Figure 3, Integrated Digital Ecosystem for SME ESG 

Reporting, visually demonstrates the interconnected flow of 

data between carbon accounting interfaces, AI-based 

analytics, IoT sensors, and blockchain verification layers. This 

integrated ecosystem exemplifies the global shift from 

fragmented data management to interoperable ESG 

automation aligned with both national and international 

climate objectives [31]. 

5.2 Technological Convergence for ESG Automation  

Technological convergence represents the next frontier in 

expanding the reach and efficiency of Environmental, Social, 

and Governance (ESG) reporting systems. Within the SME 

context, the integration of artificial intelligence (AI), Internet 

of Things (IoT), and blockchain infrastructures enables the 

automation of data collection, verification, and predictive 

analytics [32]. 

AI-driven modules can forecast emissions trends based on 

production schedules, weather conditions, and supply chain 

dynamics, allowing for early identification of emission 

anomalies or inefficiencies [27]. Machine learning algorithms 

also facilitate adaptive carbon budgeting, optimizing 

operational decisions to reduce environmental impact without 

compromising productivity [28]. 

The IoT dimension enhances data granularity by deploying 

environmental sensors across manufacturing and logistics 

nodes, ensuring real-time monitoring of energy consumption, 

air quality, and resource utilization [33]. These sensors feed 

directly into the carbon accounting platform, allowing 

dynamic emission tracking instead of retrospective data 

estimation. 

Blockchain technologies provide immutable records of 

transactions, creating tamper-proof audit trails essential for 

ESG compliance assurance [30]. The convergence of these 

technologies enables a self-verifying ecosystem, where data 

validity is continuously maintained without requiring 

extensive human intervention. 

When integrated, AI and IoT modules form a cyber-physical 

infrastructure that extends beyond compliance facilitating 

intelligent sustainability management systems for SMEs [34]. 

Through this synergy, SMEs can adopt advanced monitoring 

and reporting capabilities once exclusive to large enterprises, 

democratizing access to technology-driven decarbonization 

pathways across global markets [31]. 

5.3 Socioeconomic Co-Benefits  

The diffusion of digital carbon accounting frameworks among 

SMEs generates a range of socioeconomic co-benefits that 

extend beyond environmental gains. One of the most 

significant impacts is job creation in green technology sectors, 

as increased demand for data analytics, energy auditing, and 

sustainability management stimulates new employment 

opportunities [29]. Digital adoption within SMEs requires a 

workforce skilled in environmental data handling, software 

configuration, and system integration, fostering the emergence 

of hybrid technical–environmental roles [33]. 

Moreover, participation in structured carbon accounting 

strengthens SMEs’ positioning as sustainable value chain 

partners. Large corporations increasingly prioritize suppliers 

capable of demonstrating verified emission reductions in their 

procurement decisions [27]. Consequently, SMEs integrating 

digital sustainability tools gain competitive advantages in 

market access, reputation, and compliance readiness. 
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At a macroeconomic level, collective SME engagement in 

verified carbon reporting contributes to inclusive economic 

growth, reinforcing the alignment between environmental 

performance and financial stability [35]. This interdependence 

transforms sustainability from a regulatory obligation into a 

development catalyst, empowering small enterprises to 

function as proactive contributors to national green growth 

strategies rather than passive policy recipients [32]. 

5.4 Policy Implications and Stakeholder Collaboration  

The operationalization of SME carbon accounting frameworks 

carries important policy implications for national climate 

governance and stakeholder collaboration. Regulators must 

prioritize harmonization across disclosure standards, ensuring 

that reporting structures remain consistent with international 

benchmarks like ISO 14064 and the GHG Protocol while 

being simplified for SME usability [30]. 

Capacity-building policies, including targeted financial 

incentives and digital literacy programs, are essential to 

increase adoption rates among smaller firms [28]. 

Collaboration between public agencies, industry associations, 

financial institutions, and academic partners is critical to 

maintaining the system’s credibility and scalability [34]. 

Cross-sector alliances also facilitate the creation of shared 

data repositories and verification systems, reducing redundant 

auditing and minimizing reporting costs [31]. Ultimately, 

sustained coordination among these actors ensures that SMEs 

become integral participants in the national low-carbon 

transition, bridging the gap between economic resilience and 

environmental accountability [27]. 

6. CONCLUSION AND FUTURE 

RESEARCH DIRECTIONS  
The transition toward a low-carbon global economy depends 

on the participation of all economic actors, and this includes 

small and medium-sized enterprises (SMEs), which 

collectively contribute a significant share of industrial and 

commercial emissions. The preceding analysis reaffirms the 

urgent need for inclusive, scalable, and affordable carbon 

accounting frameworks that can effectively integrate SMEs 

into national and international sustainability agendas. Without 

such inclusion, the decarbonization process risks becoming 

fragmented, leaving a substantial proportion of emissions 

unmeasured and unmitigated. The digital model discussed 

throughout this study underscores that technological 

accessibility, when strategically supported by policy, can 

bridge this systemic gap. 

The framework’s key contributions are summarized in three 

central dimensions affordability, accessibility, and credibility. 

Affordability was achieved through shared cloud-based 

infrastructures, modular subscription models, and automation 

tools that minimized the financial burden of compliance. This 

approach transforms carbon accounting from a high-cost 

regulatory function into a manageable operational process for 

SMEs. Accessibility, on the other hand, ensures that digital 

participation is not limited to technologically advanced 

organizations. By utilizing open-source APIs, simplified data 

templates, and multi-language interfaces, the framework 

democratizes sustainability reporting and fosters broader 

adoption across regions with diverse digital readiness levels. 

Finally, credibility was reinforced through tiered assurance 

mechanisms, including blockchain-enabled traceability and 

peer verification, which enhance trust while maintaining cost 

efficiency. Together, these components establish a balanced 

foundation for scalable, transparent, and reliable carbon 

disclosure practices among small enterprises. 

From a policy perspective, governments and regulatory bodies 

must act as enablers rather than enforcers. Strategic 

recommendations emerging from this work emphasize 

national incentive programs, digital infrastructure investment, 

and collaborative verification networks. National incentives 

such as tax credits, green grants, or preferential loan rates can 

offset initial onboarding costs for SMEs. Digital infrastructure 

investment ensures the availability of interoperable carbon 

data systems that link local business activity with national 

emissions registries. Moreover, shared verification networks 

can eliminate redundant auditing, reducing cost and 

administrative complexity for both regulators and enterprises. 

By embedding these components into national climate 

strategies, policymakers can foster an environment where 

compliance aligns naturally with competitiveness. 

The study also identifies several promising future research 

directions. As carbon reporting becomes increasingly 

automated, deeper exploration is needed into the ethics of 

algorithmic decision-making including issues of data privacy, 

accountability, and bias in emission prediction models. 

Likewise, there is growing interest in data governance 

frameworks that define ownership, access rights, and long-

term storage of carbon-related data. Another emerging area is 

the integration of carbon accounting systems with circular 

economy metrics, enabling simultaneous tracking of resource 

efficiency, waste reduction, and lifecycle emissions. These 

avenues can extend the current model beyond compliance 

toward a holistic sustainability intelligence ecosystem. 

In conclusion, the future of climate accountability depends on 

reimagining sustainability as a digital, inclusive, and 

collaborative process. The integration of SMEs through 

scalable, credible carbon accounting platforms is not just a 

technical goal it represents a strategic imperative for equitable 

and effective global decarbonization. 
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