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Abstract

The integration of Artificial Intelligence (AI) into business operations is increasingly influencing
Environmental, Social, and Governance (ESG) outcomes. This study investigates the relationship between Al
adoption and ESG performance among firms in Haryana, covering both manufacturing and service sectors.
While prior research largely establishes a positive association between Al and ESG improvements, it often fails
to address causality. This research advances the literature by examining the bidirectional causal relationship
between Al adoption and ESG performance. It posits that Al not only enhances ESG outcomes but is also
shaped by firms’ sustainability orientation and regulatory context. Due to the absence of direct indicators, proxy
variables are constructed to measure Al adoption and ESG dimensions. The study employs a game-theoretic
framework, integrating Stackelberg competition and Bayesian evolutionary models, to capture strategic
decision-making under uncertainty. Empirical methods such as a modified Difference-in-Differences (DiD)
model and Propensity Score Matching (PSM) are used to establish causality and control for selection bias.

Keywords: Artificial Intelligence, ESG, Sustainability, Haryana.

1. Introduction

Environmental, Social, and Governance (ESG) metrics have increasingly become critical benchmarks for
assessing corporate sustainability, ethical responsibility, and long-term value creation. ESG frameworks enable
stakeholders—including investors, regulators, and consumers—to evaluate how firms manage environmental
risks, social responsibilities, and governance practices. In the Indian context, and particularly in emerging
industrial regions such as Haryana, ESG compliance is gaining importance due to rising regulatory scrutiny,
environmental concerns, and stakeholder awareness (Pauzuoliené & Derkach, 2024). Firms are now expected
not only to generate profits but also to demonstrate accountability in reducing carbon emissions, ensuring fair
labor practices, and maintaining transparent governance systems.

Parallel to this shift, Artificial Intelligence (Al) has emerged as a transformative technological force, reshaping
business operations across sectors. Al-driven tools such as machine learning, predictive analytics, and
automation systems enable firms to optimize resource utilization, enhance operational efficiency, and make
data-driven strategic decisions (Wamba et al., 2024). In the context of ESG, Al has shown significant potential
in improving environmental performance through energy optimization and emission reduction, strengthening
social outcomes by enhancing workplace safety and reducing bias in decision-making, and improving
governance through real-time monitoring, fraud detection, and regulatory compliance mechanisms (Huang et al.,
2024).

The intersection of Al and ESG is thus becoming a focal area of academic and policy interest. Existing literature
largely highlights a positive association between Al adoption and improved ESG performance; however, most
studies remain limited to correlation-based analysis (Xie & Wu, 2025). This creates a critical research gap in
understanding whether AI adoption directly drives ESG improvements or whether firms with strong ESG
orientations are more inclined to adopt Al technologies.
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Addressing this gap, the present study examines the causal and strategic relationship between Al and ESG
performance among firms in Haryana, a region characterized by a diverse industrial base comprising both
formal and informal enterprises. Given the absence of direct indicators for Al adoption and comprehensive ESG
metrics, the study employs proxy variables to construct measurable indices. Furthermore, it integrates game-
theoretic frameworks, including Stackelberg and Bayesian models, to analyze strategic firm behavior under
competitive and regulatory pressures (Bateh, 2023). Empirically, the study utilizes methods such as Difference-
in-Differences (DiD) and Propensity Score Matching (PSM) to establish causality and control for selection bias.
By combining theoretical rigor with empirical analysis, this research aims to provide a deeper understanding of
how AI can be leveraged to drive sustainable and responsible business practices in the regional context of
Haryana.

2. Theoretical Framework

This study adopts an integrated theoretical approach by combining the Structure—Conduct—Performance (SCP)
paradigm with advanced game-theoretic models to analyze the causal and strategic relationship between
Artificial Intelligence (Al) adoption and ESG performance among firms in Haryana. This hybrid framework
enables a comprehensive understanding of both market-driven behavior and strategic firm interactions under
conditions of uncertainty and competition.

2.1 Structure—Conduct—Performance (SCP) Paradigm

The Structure—Conduct—Performance (SCP) paradigm serves as a foundational framework in industrial
organization, positing that the structure of a market (e.g., competition, concentration, regulatory environment)
influences firm conduct (e.g., investment decisions, innovation strategies), which in turn determines
performance outcomes such as profitability, efficiency, and sustainability (Lelissa & Kuhil, 2018).

In the context of this study, ESG performance is conceptualized as a key dimension of firm performance, while
Al adoption is treated as a strategic component of firm conduct. Market structure variables—such as industry
type, firm size, and regulatory pressures—are expected to shape the extent to which firms invest in Al-driven
technologies for sustainability.

However, the SCP model has limitations in explaining dynamic and strategic decision-making, as it assumes
firms respond passively to external market conditions. In reality, firms actively anticipate competitors’ actions
and adjust their strategies accordingly. To address this limitation, this study integrates game theory, which
provides a more nuanced and dynamic lens for analysing firm behavior.

2.2 Game Theory Models

Game theory is employed to capture the strategic interactions among firms as they decide whether and how to
adopt Al technologies to enhance ESG performance. In regions like Haryana, where firms operate under varying
levels of regulation and resource constraints, strategic decision-making becomes critical.

2.2.1 Stackelberg Model (Leader—Follower Dynamics)

The Stackelberg competition model is used to analyze sequential decision-making among firms, distinguishing
between early adopters (leaders) and late adopters (followers). In this framework, leading firms make the first
move by investing in Al technologies, thereby influencing market standards and shaping competitors’ responses.

Early adopters benefit from:
e First-mover advantages
e Enhanced ESG reputation

e  Greater regulatory compliance
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Follower firms, in turn, optimize their strategies based on the observed actions of leaders. This dynamic is
particularly relevant in Haryana’s industrial clusters, where large firms often set technological and sustainability
benchmarks for smaller firms (Zhang et al., 2023).

The Stackelberg model thus helps explain how Al diffusion occurs across industries and how competitive
pressures drive ESG-oriented innovation.

2.2.2 Bayesian Game (Uncertainty and Belief Formation)

Al adoption decisions are often made under uncertainty, particularly regarding costs, returns, and ESG
outcomes. The Bayesian game framework incorporates this uncertainty by modeling firms’ decisions based on
subjective beliefs about the benefits of Al and the actions of other firms.

In this study:

e  Firms update their beliefs over time based on new information

e Decisions are influenced by expectations of regulatory changes and market trends
e Risk perception plays a critical role in adoption

For example, smaller or informal firms in Haryana may hesitate to adopt Al due to uncertainty about returns,
while firms with stronger ESG commitments may perceive Al as a strategic necessity. Bayesian models thus
capture the role of information asymmetry and learning in shaping Al adoption decisions (Zhu & Weyant,
2003).

2.2.3 Evolutionary Game Model (Dynamic Adoption Behavior)

While the Stackelberg and Bayesian models capture static and belief-based decision-making, the evolutionary
game model explains how Al adoption evolves over time within a population of firms.

In this framework:

e Firms are divided into adopters and non-adopters

o Strategies evolve based on relative payoffs

o  Successful strategies (e.g., Al adoption leading to better ESG outcomes) become dominant over time

This model is particularly useful in analysing long-term industry trends, where firms gradually shift toward Al
adoption as its benefits become evident. It also highlights the role of:

e Policy incentives
e  Competitive pressure
e Demonstration effects

In the Haryana context, this approach helps explain how Al-driven ESG practices diffuse across formal and
informal sectors, eventually leading to equilibrium where adoption stabilizes (Ma & Wang, 2024).

2.3 Integrated Framework

By combining SCP with game-theoretic models, this study develops a multi-layered analytical framework:
e  SCP explains how external market conditions influence firm behavior

e Stackelberg model captures competitive leadership dynamics

e Bayesian game incorporates uncertainty and belief updates

e Evolutionary game model explains long-term adoption patterns
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This integrated approach enables a deeper understanding of the causal and strategic interplay between Al
adoption and ESG performance, particularly in a diverse and evolving industrial ecosystem like Haryana.

3. Hypotheses

The formulation of hypotheses in this study is grounded in the theoretical integration of the Structure—Conduct—
Performance (SCP) paradigm and game-theoretic models, along with emerging empirical literature on the
relationship between Artificial Intelligence (AI) and Environmental, Social, and Governance (ESG)
performance. Given the structural diversity of firms in Haryana—ranging from highly regulated formal
enterprises to resource-constrained informal units—it is important to examine how Al adoption interacts with
ESG outcomes across different institutional contexts.

H1: AI Adoption and ESG Performance in Formal Sector Firms

Formal sector firms typically operate within well-defined regulatory frameworks and are subject to greater
scrutiny from stakeholders, including investors, government agencies, and consumers. These firms are more
likely to adopt advanced technologies such as Al due to better access to financial resources, skilled human
capital, and institutional support. Within the SCP framework, such firms demonstrate proactive conduct by
integrating Al into their operations, which in turn enhances their performance, particularly along ESG
dimensions.

Al adoption enables formal firms to significantly improve environmental efficiency by optimizing energy
consumption, reducing emissions, and enhancing waste management systems. In the social dimension, Al
contributes to improved workplace safety, employee monitoring, and fair decision-making processes by
reducing human biases. From a governance perspective, Al strengthens transparency, compliance, and risk
management through real-time data analytics and automated reporting systems (Wamba et al., 2024; Huang et
al., 2024).

Furthermore, formal firms often face ESG disclosure requirements and sustainability reporting mandates, which
incentivize them to leverage Al for better performance and compliance. Empirical studies have consistently
found a positive association between Al adoption and ESG performance, particularly in regulated and capital-
intensive sectors (Xie & Wu, 2025). Therefore, it is hypothesized that:

H1: Al adoption positively influences ESG performance in formal sector firms.
H2: Bidirectional Causality between Al and ESG in Informal Sector Firms

In contrast to formal firms, informal sector enterprises operate with limited regulatory oversight, constrained
financial resources, and lower technological capabilities. As a result, Al adoption in this sector is not only a
function of technological readiness but also influenced by broader socio-economic and institutional factors.

The relationship between Al and ESG in informal firms is expected to be bidirectional. On one hand, adoption
of Al technologies can enhance ESG performance by improving resource efficiency, enabling better labour
management, and promoting basic compliance practices. On the other hand, firms that already exhibit relatively
better ESG practices—such as structured labour management, basic environmental compliance, or semi-formal
governance systems—are more likely to adopt Al due to their readiness and strategic orientation.

This dual relationship can be explained through game-theoretic reasoning, particularly under conditions of
uncertainty and resource constraints. Informal firms continuously update their strategies based on perceived
benefits, peer behavior, and policy signals. As highlighted in Bayesian and evolutionary game frameworks,
firms with better ESG positioning may perceive Al adoption as less risky and more beneficial, thereby
increasing the likelihood of adoption over time (Zhu & Weyant, 2003; Ma & Wang, 2024).

Additionally, policy interventions, financial incentives, and competitive pressures may gradually push informal
firms toward both ESG compliance and Al adoption, reinforcing this two-way interaction. Unlike formal firms,
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where causality is more unidirectional, informal firms exhibit a feedback loop between Al adoption and ESG
performance.
Thus, it is hypothesized that:

H2: Al adoption and ESG performance exhibit a bidirectional causal relationship in informal sector firms.

4. Research Objectives

e Measure Al and ESG using proxies
e  Analyze causal relationships

e Comparing across sectors

e  Provide policy insights

5. Methodology

This study adopts a quantitative and empirical research design to examine the causal and strategic relationship
between Artificial Intelligence (AI) adoption and ESG performance among firms in Haryana. Given the absence
of direct indicators for Al adoption and standardized ESG scores, the methodology relies on proxy-based
measurement, rigorous data processing, and advanced econometric techniques.

6. Results and Discussion (With Theoretical Linkages)

Table 1: Descriptive Statistics

Variable Mean | Std. Dev. | Min | Max
ESG Score 0.58 0.14 0.22 | 0.89
Al Adoption (Dummy) | 0.46 0.49 0 1
Firm Size 2.31 1.02 1 4
Investment (X Lakhs) 145 220 5 1500

Interpretation (SCP Perspective)

The descriptive statistics indicate moderate ESG performance across firms, with nearly 46% of firms adopting
Al technologies. Larger firms with higher investment levels show a greater tendency toward Al adoption. This
aligns with the Structure—Conduct—Performance (SCP) paradigm, where market structure (firm size, capital
availability) influences firm conduct (Al adoption), ultimately shaping performance (ESG outcomes) (Lelissa &
Kuhil, 2018).

Table 2: Correlation Matrix

Variable ESG Score | Al Adoption | Firm Size | Investment

ESG Score 1.00

Al Adoption | 0.42%** 1.00

Firm Size 0.38%** 0.45%** 1.00

Investment 0.40%** 0.5]1*** 1.00

Note: ***p < (.01
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Interpretation (Preliminary Evidence)

The positive and significant correlation between Al adoption and ESG performance provides initial support for
HI1. However, correlation alone does not imply causation, necessitating further econometric analysis. The strong
association between firm size and Al adoption also reflects resource-based advantages, consistent with SCP
assumptions.

Table 3: Regression Results (Baseline Model)
Dependent Variable: ESG Score

Variables Coefficient | Std. Error | t-value

Al Adoption | 0.127%%* 0.021 6.05

Firm Size 0.056** 0.018 3.11

Investment | 0.0003** 0.0001 2.75

Constant 0.312%** 0.045 6.93
Rz2=0.41

Interpretation (SCP + Strategic Conduct)

The regression results demonstrate that Al adoption has a positive and statistically significant impact on ESG
performance, confirming H1. This finding reinforces the SCP framework, where firm conduct (Al adoption)
directly enhances performance outcomes (ESG score).

From a strategic perspective, Al serves as a capability-enhancing tool, enabling firms to optimize environmental
processes, improve governance transparency, and strengthen social outcomes (Wamba et al., 2024).

Table 4: Difference-in-Differences (DiD) Results

Variables Coefficient | Std. Error | Significance
Al Adoption 0.085%* 0.032 v

Post Period 0.041 0.028 X

Al x Post (DiD Effect) | 0.112%** 0.036 NS

R2=0.47

Interpretation (Causal Inference + Theory)

The positive and significant DiD interaction term confirms a causal relationship between Al adoption and ESG
performance. This goes beyond correlation and establishes that Al adoption actively drives ESG improvements.

From a game-theoretic perspective, this result reflects strategic investment behavior, where firms adopt Al not
only for efficiency but also to gain competitive and reputational advantages. Early adopters (leaders) influence
industry practices, consistent with the Stackelberg model (Zhang et al., 2023).

Table 5: Propensity Score Matching (PSM) Results

Group ESG Score (Mean) | Difference | t-stat

Al-Adopting Firms | 0.64

Non-Adopting Firms | 0.53 0.1 %% 4.82
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Interpretation (Robustness Check)

The PSM results confirm that even after controlling for firm characteristics, Al-adopting firms exhibit
significantly higher ESG performance. This strengthens the validity of the findings and eliminates selection bias
concerns (Jing & Zhang, 2024).

Table 6: Sector-wise Analysis

Sector Al Impact on ESG | Significance
Manufacturing | 0.135%%* High
Services 0.098** Moderate
Informal 0.072* Low

Interpretation (Industry Dynamics + Game Theory)

The impact of Al on ESG is strongest in manufacturing sectors due to higher regulatory pressure and
environmental intensity. In informal sectors, the effect is weaker but still present.

This reflects heterogeneous strategic behavior, where firms in different sectors adopt Al based on cost-benefit
analysis and competitive dynamics, consistent with evolutionary game theory (Ma & Wang, 2024).

Table 7: Formal vs Informal Sector Comparison

Sector Type | Al — ESG Impact | ESG — Al Likelihood

Formal Strong Moderate

Informal Moderate Strong

Interpretation (Bidirectional Causality — H2)

The results reveal a unidirectional relationship in formal firms and a bidirectional relationship in informal
firms.

e In formal firms — Al drives ESG improvements
e Ininformal firms — ESG readiness influences Al adoption

This supports H2 and aligns with Bayesian and evolutionary game models, where firms update strategies
based on beliefs, resources, and peer behavior (Zhu & Weyant, 2003).

The results collectively validate the integrated framework:
e SCP Paradigm: Market structure — Al adoption — ESG performance
e  Game Theory: Strategic interaction — Al diffusion — dynamic ESG outcomes

Together, they demonstrate that Al adoption is not merely a technological choice, but a strategic decision
shaped by competition, uncertainty, and institutional context.

7. Conclusion

Artificial Intelligence (AI) emerges as a critical enabler in enhancing Environmental, Social, and Governance
(ESQG) performance by improving operational efficiency, strengthening transparency, and enabling data-driven
sustainability practices. Firms leveraging Al technologies are better equipped to optimize resource utilization,
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reduce environmental footprints, and ensure compliance with evolving governance standards. These findings are
consistent with recent empirical evidence suggesting that Al-driven capabilities significantly contribute to
improved sustainability and organizational performance (Wamba et al., 2024; Xie & Wu, 2025).

The study further establishes a bidirectional relationship between Al and ESG, particularly pronounced in the
informal sector. While Al adoption drives improvements in ESG outcomes through enhanced monitoring and
predictive analytics, firms with higher ESG orientation are also more likely to adopt Al technologies to maintain
competitiveness and stakeholder trust. This feedback loop reflects the dynamic interaction highlighted in
evolutionary and Bayesian game theory models, where firms continuously update their strategies based on
market signals, institutional pressures, and peer behavior (Zhu & Weyant, 2003; Ma & Wang, 2024).

However, the diffusion of Al-driven ESG practices remains uneven, especially in informal sector firms in
regions such as Haryana. These firms often face constraints related to limited financial resources, lack of
technological infrastructure, and low awareness of ESG frameworks. As a result, despite the potential benefits,
Al adoption remains suboptimal in these segments.

In this context, policy intervention becomes essential. Government and institutional support in the form of
financial incentives, digital infrastructure development, training programs, and ESG compliance frameworks
can significantly accelerate Al adoption. Policies promoting digital inclusion and sustainability reporting
standards can help bridge the gap between formal and informal sectors, ensuring more inclusive and widespread
ESG integration. Prior research also emphasizes that regulatory support and institutional frameworks play a
crucial role in fostering sustainable technological adoption (Pauzuoliené & Derkach, 2024).

Overall, the study highlights that Al is not merely a technological tool but a strategic driver of sustainable
transformation. Its effective integration with ESG practices can create long-term value for firms, stakeholders,
and the broader economy, particularly in emerging markets like India.
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