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+ The digital marketplace: unveiling the key drivers of purchase intentions for Gen Z o

by Pratiksha Tiwari, Md Inzmamul Hague

Abstract: Understanding the impact of digital marketing on Generation Z is vital for businesses to
stay competitive. This study explores how strategies like search engine optimisation (SEQ), social
media marketing (SMM), referral marketing, content marketing (CM) and influencer marketing (IM)
influence Gen Z's purchase intentions. Using a structured questionnaire, data were analysed
through exploratory and confirmatory factor analysis. Results reveal that influencer and referral
marketing significantly impact purchase intention, emphasising the role of social influence. While
social media and content marketing also contribute, their effect is comparatively lower. The study
offers valuable insights into Gen Z's digital consumption patterns and highlights the need for
businesses to prioritise influencer collaborations and referral networks. These findings not only
guide marketers in crafting targeted campaigns but also enrich the broader understanding of
evolving consumer behaviour in the digital era.
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Abstract

The widespread adoption of digital platforms has revolutionized the retail industry in India, with
grocery delivery apps as a major platform for consumer expenditure. The current study
investigates customer attitude towards grocery apps in the Delhi NCR, a descriptive study based
on 584 responses collected from grocery app users in Delhi NCR, supplemented with secondary
information from industry reports and academic studies. SPSS is used for data analysis. Result
shows that Dependent Variable: Actual Use is dependent on the Predictors and Constant), Ease
of Use, Perceived Usefulness and, Behavioural Intent of customers. Limitation of the study is
cross sectional data, long term study may vary the results. Future scope is to study on more
demographics.

Keywords: Customer, Perception, Grocery, Apps, Delhi, NCR

Introduction

The growth of internet penetration, low-cost smartphones, and digital payment systems has
tremendously revolutionized the way consumers purchase groceries in India. The Indian online
grocery market was worth about USD 11.4 billion in 2024 and is forecasted to reach USD 96.3
billion by 2033 at a Compound Annual Growth Rate (CAGR) of around 25.4% between 2025
and 2033 (IMARC Group, 2024). The development is being driven by rising urbanization, hectic
lifestyles, growing aspirations for convenience, and the spread of quick commerce models. Delhi
NCR, as a large metropolitan area, offers an ideal soil for diffusion of grocery applications.
Consumers here have access to more than one app-based grocery platform with home delivery,
real-time tracking, and offers/discounts, thereby pushing the competition fierce. Nevertheless,
even though the market size and adoption are growing impressively, there are some factors
influencing customer perception convenience, trust in the service, perceived quality of the
product, usability of the app, reliability of delivery, pricing, and effectiveness of promotion.

A number of recent empirical studies have investigated determinants of online grocery shopping
behavior in India. For instance, a study on consumer perception and purchase intention in
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Chennai established that ease of use, trust, product quality, and promotional offers play
important roles in influencing purchase intentions (Rosli et al., 2025). Another research aimed at
determining factors influencing customer satisfaction among online grocery platforms pointed
out that time savings and convenience are significantly related to satisfaction and later repeat
purchase intention (Tomar et al., 2024). Besides, research comparing rural, urban, and
metropolitan users indicates disparities in perception of offers, attitude, and intention towards
utilizing grocery apps. Metro users would be more concerned with app usability and reliability,
while non-metro users would be more price and promotion sensitive (Khatter & Sharma, 2023).
The objective of this research is to specifically investigate customer perception of grocery apps
in the Delhi NCR area. It seeks to determine the factors that most significantly impact user
perception, evaluate how these relate to satisfaction and loyalty, and consider demographic
variation (age, income, usage frequency) in perceptions. The results seek to contribute insights
for app providers to enhance customer experience and policymakers looking to influence digital
retail ecosystems.

Literature review

The expansion and structural transformation of online food retailing in India have occurred
quickly, fueled by increasing smartphone penetration, enhanced logistics, and shifting consumer
time-use behavior. Industry reports point out that models of quick-commerce (Q-commerce)
have taken a majority share of e-grocery orders and are transforming consumer demand for
delivery speed and ease. These macro trends place an environment where grocery apps need to
battle for velocity, dependability, and general user experience (Bain & Company, 2025). An
ongoing trend in empirical evidence is that convenience and time-saving continue to be leading
causes of adoption and repeat usage. Various studies in Indian cities establish that perceived
usefulness — frequently measured as convenience, time saved, and purchasing ease — reliably
predicts intention to use grocery apps and satisfaction. Research conducted post-pandemic also
indicates that convenience moderates with health/safety issues (earlier pandemic-related) but has
continued to matter even as mobility lockdowns were relaxed (Akhtar et al., (2025).

Service quality and delivery reliability consistently come to the fore as drivers of customer
perception. Factor analysis and structural model studies converge on delivery performance, order
accuracy, returns/exchange policy, and responsiveness of customer service as key predictors of
satisfaction. Delays in delivery, product substitution without permission, or negligent handling of
perishables through poor cold chains are frequently cited pain points that disproportionately
impact perceived service quality. These performance factors tend to moderate the app
interface/usability and total satisfaction relationship (Mustikasari & Astuti, 2021). Product
quality and range — especially for fresh food and perishables — are key to trust and perceived
value. Online grocery sites are judged not only on speed and cost but on whether or not the app
can consistently provide fresh, high-quality products. Studies on platform-specific perceptions
(e.g., BigBasket) in metro areas like Delhi NCR show that product quality, depth of assortment,
and brand trust play an important role in driving repeat purchase and loyalty (Banu, 2023).

Pricing, promotion, and perceived financial value continue to be significant but operate alongside
long-run views of sustainability and equity. Quick-commerce participants have often used
dramatic discounts and below-cost prices to acquire market share; industry analysts and some
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scholars comment that deep discounting can raise short-run take-up but might negatively affect
beliefs regarding long-run service viability, and it has triggered regulatory/antitrust attention.
Consumers are price-conscious but also balance perceived quality and dependability against cost
savings. User interface (Ul)/user experience (UX) and app technical reliability also influence
perceptions, particularly in metro markets. Research indicates that simple navigation, low
friction during checkout, multiple payment methods, and clear communication (order tracking,
approximate delivery time) boost perceived ease of use and trust. Younger, urban consumers
focus more on speed and UI/UX, whereas other demographic groups may focus on price or
freshness of the product. Demographic and geographical differences are also identified in the
literature: metro users (such as Delhi NCR) focus more on speed, app functionality, and
dependability, whereas non-metro and value-conscious groups may focus on discounts and
fundamental affordability. Various city-level research and surveys support that income,
household size, and frequency of shopping moderate the significance of individual attributes
(e.g., delivery time versus price). Historical studies of Delhi NCR offer baseline comparisons
revealing changing preferences since previous market entrances (Garg & Saxena, 2018). Lastly,
recent studies examine the experiential and emotional aspects of grocery app usage: sentiment
analysis and customer loyalty research of Q-commerce platforms indicate that while speed is a
catalyst for initial usage, long-term loyalty hinges on a combination of reliability, perceived
fairness (pricing and substitution rules), and brand integrity. The Q-commerce growth narrative
introduces further workforce management and quality control issues for platforms that indirectly
influence customer perception when lapses in operations do occur (Akshay, 2025).

Customer perception

Customer perception of grocery apps is shaped by a combination of functional, experiential and
technological factors. For residents of Delhi-NCR — a dense, time-pressed, digitally connected
metro area — perceptions are strongly influenced by convenience, delivery performance, product
quality (especially for fresh produce), pricing/promotions, trust and app usability.

. Convenience and time benefits: City consumers often name convenience and time
savings as key drivers of grocery app usage; appeal intensifies as platforms minimize trip time,
substitute search and queuing within stores, and allow consumers to shop beyond conventional
store hours. Delhi-NCR consumers, with long commuting and hectic lifestyles, find such
convenience benefits extremely relevant to working families and two-income households (Shroff
et al., 2024).

. Delivery experience (speed, reliability, last-mile): Speed and reliability are at the heart of
perception. Quick-commerce (10—15 minute) services have recast expectations in Indian metros,
putting a premium on ultra-fast fulfilment — but also increasing customer sensitivity to failure
(slow or missing items) which can rapidly erode trust (Reuters, 2024). Empirical research
indicates last-mile quality (on-time delivery, correct orders, condition of perishables) mediates
overall satisfaction and repeat use intention (Briiggemann & Olbrich, 2023).

. Product freshness & quality (particularly produce): The quality of fresh products is a
crucial perception determinant. Users assessing grocery apps rate platforms not only on speed
but on dependability of product description and quality of delivered produce. Poor experience
with rotten or low-quality products lowers future adoption even if convenience is optimal (Shroff
et al., 2024; Stecuta, Wolniak, & Aydin, 2024).
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o Perceived risk, safety, and trust: Trust (secure payment, open refund and substitution
procedures, security of data) is still a gating factor. Adoption during the pandemic lowered
perceived risk for much of the user base, but retention over the longer term relies on regular
delivery and simple grievance resolution; those who find it difficult (refund delays, uneven
refunds) are likely to churn (Briiggemann & Olbrich, 2023).

o Value perception, promotions and price: : Price sensitivity is very high in India;
competitive promotions, loyalty rewards and real-time price adjustment heavily influence value
perceptions. But heavy discounting can be a double-edged sword — it induces trial but also
encourages hopes of continuing low prices, which quick-commerce players have not been able to
maintain profitably (Reuters, 2024; Shroff et al., 2024).

o App usability, personalization & technology: UI/UX — simple search, retained lists,
concise substitution rules, order tracking, and customized recommendations—impacts perceived
usefulness and ease of use, which are predictors of adoption (Stecuta et al., 2024). New tech (Al
recs, voice interaction, improved search, and realtime inventory) enhances perception if it works
consistently; buggy or wrong features lower trust.

Regression

Regression analysis here is applied to predict the strength and direction of associations between
customer-perception measures (e.g., perceived convenience, perceived freshness, reliability of
delivery, ease of app use, trust, price/value) and outcomes (e.g., overall satisfaction, repurchase,
frequency of use); to control for potential confounders (household size, income, age, tech-
savviness); and to develop predictive models to determine the characteristics most highly linked
to positive perceptions and ongoing app use in the Delhi-NCR market (James et al., 2013;
Gelman & Hill, 2007).

Delhi-NCR

Delhi-NCR consumers are heterogeneous: a combination of young professionals, families, and
older shoppers with differing comfort with technology. Delhi-NCR user studies (such as
platform-specific research in BigBasket) show that though convenience and delivery are
important across segments, frequency of purchase, household size and income act as mediators
for what's most important: families value freshness of produce and assured delivery windows,
whereas single- and dual-professionals value speed and app convenience (A study on consumer
perception of Big Basket in Delhi-NCR, 2023). To enhance customer perception and retention in
Delhi-NCR, apps must focus on: reliable last-mile operations and honest communication; quality
control for perishables (photo verification, easy returns); transparent, consistent pricing and
environmentally sustainable loyalty incentives; sharp UX for fast repeat purchases (saved lists,
subscriptions); and strong customer support for refunds/substitutions. Investments in local micro-
fulfilment nodes and precise inventory visibility are likely to reap the greatest perceptual benefits
in the metro environment (Reuters, 2024; Shroff et al., 2024; Stecuta et al., 2024).

Grocery Apps

Grocery apps are web and mobile platforms through which consumers can browse, order, pay for,
and get household food and grocery products without visiting a retail store. In India it
encompasses two broad business models: (a) classic e-grocery/full-basket models that carry
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larger stocks and deliver orders in hours to days (e.g., BigBasket, JioMart) and (b) quick-
commerce / dark-store players that offer delivery in minutes (e.g., Blinkit, Zepto, Swiggy
Instamart, Dunzo). These models exist together and differentiate in metros such as Delhi—-NCR,
and each influences customer perception in a different way since they compromise on assortment,
price and freshness with speed and convenience (Reuters, 2024; USDA FAS report, 2025).
Indian online grocery penetration has increased dramatically since the pandemic, with the online
grocery market worth low-single-digit billions of USD in 2024 and expected to expand strongly
over the course of the decade; quick-commerce represented a considerable and increasing
proportion of e-grocery orders in recent years. This build-up of structure defines customer
expectations — particularly from young urban Delhites in Delhi-NCR — who increasingly
perceive app-based grocery shopping as the new norm and frequently the preferred mode for
ease, speed and digital payments. In Delhi-NCR consumers typically face both full-basket
players (BigBasket, JioMart) as well as fast delivery players (Blinkit, Zepto, Instamart).
Competition has mounted: fast-commerce companies expanded market share quickly by
increasing dark-store footprints and intense promotion, squeezing incumbents and eliciting
strategic responses (acquisitions, BB Now-style fast options, or investments in micro-fulfilment).
Such competitive turnover is discernible in market reports and recent company performance
notes for FY2024-FY?25.

Actual use

Actual use refers to self-reported or observed behavior — how frequently and in what manner
people actually order on grocery apps (frequency, type of order, size of basket, timing, and
retention), as opposed to declared intentions or attitudinal measures. Measuring use in a Delhi—
NCR context is important since measures of behaviour tend to differ from intention measures
(e.g., respondents may state preference for convenience but actually use kirana stores for some
purchases). Following is a thesis-ready overview of what to measure, why, typical Indian (and
Delhi—-NCR) patterns, and how to analyze actual-use data.

Behavioral intention

Behavioral intention (BI) refers to an individual's stated willingness or intention to execute a
behaviour — in this case: to use or keep on using grocery apps (e.g., "I plan to shop for groceries
through app within the next month"). In consumer research BI is significant inasmuch as it links
attitudes/perceptions and usage; most theoretical frameworks (Theory of Planned Behavior,
TAM/UTAUT) regard BI as the proximal predictor of adoption and long-term use (Ajzen, 1991;
Davis, 1989). For Delhi-NCR grocery apps, the measurement of BI is useful in forecasting
future demand, retention estimation, and the crafting of interventions to turn trial users (usually
obtained through promotions) into regular customers (Arora et al., 2022; Shroff et al., 2024).

Perceived utility

Perceived usefulness (also frequently synonymously called perceived usefulness) is the extent to
which customers feel that employing a system increases their shopping performance or simplifies
their lives (Davis, 1989). Perceived usefulness in grocery apps is directly related to customers'
perceived value of time savings, convenience, available broad assortment, personalized
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promotions, and less physical effort than conventional shopping. In the context of Delhi—NCR,
where life in the cities is urban, rapid, and long-commuting, the value of grocery apps is
typically framed by how quickly they can offer instant or time-slotted deliveries, cut back on
store trips, and assure product availability (Shroff et al., 2024).

Ease of use

The perceived ease of use (PEOU) is the extent to which an individual holds the belief that the
use of a technology will be effort-free; it is a fundamental concept in the Technology Acceptance
Model (TAM) and a direct precursor to perceived usefulness and behavioural intention in most
technology-adoption models (Davis, 1989). In supermarket apps, PEOU reflects how easy the
app is to learn and use (searching, ordering, payment, tracking, and returns) and influences both
first-time adoption and repeated use among Delhi—-NCR consumers.

Table 1: Correlations for Customer perception in grocery Apps in Delhi NCR
AU Beh Intent PU EU
Pearson Correlation | AU 1.000 .824 757 879
Beh Intent .824 1.000 594 675
PU 157 .594 1.000 .560
EU .879 675 .560 1.000
Sig. (1-tailed) AU . .000 .000 .000
Beh Intent .000 . .000 .000
PU .000 .000 . .000
EU .000 .000 .000 .
N AU 584 584 584 584
Beh Intent 584 584 584 584
PU 584 584 584 584
EU 584 584 584 584

Table 1 shows Correlations for Customer perception in grocery Apps in Delhi NCR, N=584,
Actual Use(1.000) is positively high level of correlation with on the Predictors and Constant),
Ease of Use(.879), Perceived Usefulness(.757) and, Behavioural Intent of customers(.824)

Table 2: Model Summary for Customer perception in grocery

Apps in Delhi NCR
Model R R Square Adjusted R Std. Error of
Square the Estimate
1 .9592 920 920 31659

a. Predictors: (Constant), EU, PU, Beh Intent

Table 2 shows Model Summary for Customer perception in grocery Apps in Delhi, R=.959, R
Square=.920, which shows all independent variables jointly show high correlation with
dependent variable

Table 3: ANOVA? for Customer perception in grocery Apps in Delhi NCR

Model Sum of df Mean Square F Sig.
Squares
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1 Regression 671.069 3 223.690 | 2231.836 .000°
Residual 58.132 580 .100
Total 729.200 583

a. Dependent Variable: AU

b. Predictors: (Constant), EU, PU, Beh Intent

Table 3 shows ANOVA for Customer perception in grocery Apps in Delhi NCR, F=2231.836,
showing Sig=0, which shows significant association between dependent and independent

variables.
Table 4 Coefficients® for Customer perception in grocery Apps in Delhi NCR
Model Unstandardized Coefficients | Standardized t Sig.
Coefficients
B Std. Error Beta
1 (Constant) .001 .013 .081 936
Beh Intent .308 .017 310 18.237 .000
PU 262 .014 288 19.050 .000
EU 554 .018 .508 30.804 .000

a. Dependent Variable: AU

Table 4 shows Coefficients for Customer perception in grocery Apps in Delhi NCR,
Standardized Coefficients Beta is significant for independent variables

Table 5: Descri

tive Statistics for Customer perception in grocery Apps in Delhi NCR

N Minimu | Maximu Mean Std.
m m Deviation

PUI 584 1 5 2.68 1.136
PU2 584 1 5 3.05 1.183
PU3 584 1 5 2.96 1.306
EUI 584 1 5 3.28 1.436
EU2 584 1 5 3.26 1.304
EU3 584 1 5 4.17 1.394
EU4 584 1 5 3.70 1.620
EU5S 584 1 5 3.82 1.488
AU1 584 1 5 2.89 1.350
AU2 584 1 5 2.83 1.347
AU3 584 1 5 3.37 1.386
AU4 584 1 5 2.66 1.182
Beh Intentl 584 1 5 3.40 1.404
Beh Intent2 584 1 5 2.59 1.150
Beh Intent3 584 1 5 2.75 1.114
Beh Intent4 584 1 5 3.17 1.204
Valid N 584

(listwise)
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Table 5 shows descriptive statistics for Customer perception in grocery Apps in Delhi NCR, for
every statement N=584, which shows there is no missing frequency, Min=1 and Max=>5 shows
linear scaling on 5 points, Mean=more than 2.50 and Standard deviation more than 1

Conclusion

The study identifies several predictors that influence a customer's decision to use a grocery
app:This is a descriptive study that analyzes customer perceptions of grocery apps in the Delhi
NCR region. It's based on data collected from 584 grocery app users. The researchers used SPSS
to analyze the data and the results show that the actual use of grocery apps is dependent on
several factors.Ease of Use: This refers to how simple and intuitive the app's interface is for the
user. If an app is easy to navigate, it's more likely to be used, Perceived Usefulness: This is the
degree to which a user believes using a specific app will improve their shopping experience or
make their life easier. For example, if a user thinks an app saves them time or money, they'll find
it more useful and Behavioral Intent: This is a user's intention or plan to use the app in the future.
A positive behavioral intent directly correlates with actual use. The study concludes that these
three factors ease of use, perceived usefulness, and behavioral intent—are significant predictors
of the actual use of a grocery app. Essentially, if an app is easy to use and is perceived as useful,
it will likely lead to a user's intention to use it, which then translates into actual usage.

Limitations and Future Scope

The study has a key limitation: it used cross-sectional data, meaning the data was collected at a
single point in time. This makes it difficult to see long-term trends or changes in customer
behavior. Future research could address this by conducting a long-term study to see if the results
vary over time. The study also suggests that future research should include a wider range of
demographics to get a more comprehensive understanding of the market.
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Highlights

o ESG rating quality significantly increases corporate valuation, with credible and verified ESG
disclosures contributing to higher Price-to-Book (P/B) ratios.

e ESG inconsistency weakens the valuation effect, confirming that reliability and transparency
of sustainability information are critical for investor confidence.

o The study demonstrates that ESG credibility—not ESG scores alone—is a key determinant of how
capital markets interpret and price sustainability performance.

Abstract

Environmental, Social, and Governance (ESG) ratings have become influential indicators shaping how
investors assess corporate value. This study examines the role of ESG rating quality and credibility in
influencing Price-to-Book (P/B) ratio valuation, a widely used metric that reflects how strongly markets
value firms relative to their underlying assets. Recent evidence suggests that credible ESG ratings enhance
investor confidence by signalling transparency, responsible governance, and reduced non-financial risks.
When ESG scores are reliable and supported by rigorous verification, firms tend to achieve higher P/B
ratios because investors perceive stronger prospects for sustainable growth. In contrast, inconsistent or
weakly validated ESG assessments limit this valuation effect, even when firms demonstrate strong
sustainability performance. These findings highlight that the informational integrity of ESG ratings—
rather than the ratings alone—is central to how capital markets interpret sustainability disclosures and
incorporate them into valuation decisions.

Keywords: ESG ratings, corporate valuation, price-to-book ratio, sustainability transparency

1. INTRODUCTION

ESG assessments are now important measures for determining a profile's feasibility and likelihood of future
income creation [1]. Investors are increasingly depending on ESG studies to supplement traditional
finances since businesses with strong ESG practices show better agility, mitigation, and

input from stakeholders [2, 3]. According to recent research, environmentally friendly corporate candor
reduces data inequalities and fosters consistent profitability by improving firm standing and reducing
encountering ecology and social concerns [4-6]. As investors incorporate green criteria into investments,
ESG ratings have become important determinants of a company's attraction to prospective financiers
seeking to fit with global legal [7, 8].
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Despite their increasing popularity, ESG ratings continue to face criticism due to uneven assessments,
subjective scoring techniques, and insufficient verification of basic disclosures [9— 11]. Because rating
consequence variability often reflects methodology divergence rather than real sustainability disparities,
investors attempting to interpret ESG indications within valuation models confront uncertainty [12].
These discrepancies can distort investment decisions and undermine confidence in claimed sustainable
performance, especially when companies selectively adopt disclosure frameworks that permit unverified
information [13, 14]. Because of concerns regarding fraudulent advertising and subjective assessment,
the usefulness of ESG indicators as reliable valuation tools continues to be questioned [15].

Corporate appraisal techniques have incorporated metrics that assess strategic success over time [16].
Investors are increasingly using monetary metrics such as valuation, business value, and the book value
(P/B) ratio to assess firm quality and management integrity [17]. Reliable ESG ratings communicate
operational efficacy, regulatory ability, and reputation stability—qualities strongly associated with long-
term economic advantage—and consequently result in higher valuation outcomes, according to recent
study [18]. However, when ESG ratings are poor or inconsistent, buyers are less likely to assign superior
valuations, which raises valuation uncertainty and encourages skepticism about sustainability promises
[19].

How ESG data is integrated into value is also influenced by the efficacy of the inspection and verification
procedures that support sustainability disclosures. According to research, external assurance boosts the
credibility of stated ESG performance by reducing the likelihood of selective or erroneous [20]. As
regulatory bodies enforce more sustainability reporting requirements, the reliability of ESG assessments
depends more and more on trustworthy outside validation. This is important for valuation since investors
are becoming more adept at differentiating between businesses that are genuinely sustainable and the ones
that utilize symbolic marketing techniques.

In this case, rating consistency becomes a crucial element influencing market responses and shareholder
Views.

Despite the rapid growth of ESG research, several uncertainties remain regarding how rating credibility
affects the movement of ecological information into business valuation outcomes. Although earlier
research has recognized the relationship involving sustainability performance and company value, few
studies have examined the moderating influences of rating uniformity, confirmation quality, and data
integrity. Understanding these mechanisms is necessary to develop more trustworthy appraisal methods
that consider financial as well as non-financial accomplishments characteristics. In order to provide new
insights into how environmental signals affect investor projections and capital market behavior, this study
investigates the effect of ESG rating validity on valuation outcomes as indicated by the P/B ratio.

1.1 Novel Contributions

The novel contributions of this study are:

1. Introduces a valuation model showing how ESG rating credibility directly shapes Price-to- Book (P/B)
outcomes.

2. Demonstrates that verification quality and consistency of ESG ratings exert stronger valuation
influence than ESG scores alone.

3. Highlights the central role of informational integrity in reducing greenwashing risk and improving
market interpretation of sustainability disclosures.
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2. Literature Review

The existing body of research examining the relationship between ESG ratings and corporate valuation
reveals a rapidly evolving landscape, with recent studies emphasizing both the financial relevance of
sustainability indicators and the challenges posed by rating inconsistency and verification quality. Table
1 shows summary of research gaps.

Using a wavelet-enhanced quantile regression approach, Yadav and Asongu (2025) [21] investigate how
ESG performance mitigates the effect of financial distress on firm value among Indian companies. Higher
ESG scores considerably increase resilience during times of financial distress, according to their study,
which is based on data from 512 listed companies between 2012 and 2023. They highlight the stabilizing
effect of sustainability practices by identifying ESG score thresholds above which financial distress no
longer has a negative impact on firm valuation. The results highlight ESG as a value-preserving
mechanism and a strategic buffer, with useful implications for corporate policy and sustainable finance
targeted at coordinating resilience with more general environmental objectives.

Zheng and Feng (2025) [22] use a double fixed-effects model across 14,873 A-share companies to examine
the impact of ESG performance on corporate value in Chinese listed firms. According to their findings,
dual green innovation—both exploratory and exploitative—acts as a major mediator between strong ESG
performance and firm value. They also note that the value-enhancing impact of ESG varies by life-cycle
stage and is more pronounced for declining firms. The study provides insights for managers and
policymakers looking to enhance ESG-value integration by showing that ESG not only fosters innovation-
driven development but also significantly contributes to sustainable economic transformation.

In order to determine how ESG factors are integrated into valuation models, Bancel et al. (2025)

[23] examine survey responses from more than 300 European financial professionals. According to their
research, internal corporate employees are less likely to incorporate ESG considerations than external
stakeholders like advisors and consultants. ESG adoption in valuation practices is not significantly
impacted by ongoing worries about the quality of ESG data. According to the study, the most popular way
to incorporate ESG factors into valuation is by changing the discount rate, which reflects the changing
significance of sustainability risk in financial modeling.

Zhao et al. (2025) [24] examine the causal relationship between ESG performance and firm value in
Chinese industrial companies using a two-way fixed effects model covering the years 2012— 2023. They
find that R&D spending acts as a negative moderator in the strong positive correlation between firm value
and ESG performance. Green technological innovation's rise to prominence as a mediating factor suggests
that ESG practices encourage innovation pathways that ultimately improve valuation. Small, low-growth,
non-state-owned companies benefit the most from ESG initiatives, according to their heterogeneity
analysis. The study provides a comprehensive understanding of how ESG improves enterprise value and
industrial settings' capacity for innovation.

Table 1: Summary of Research Gaps in Existing Literature

Ref. [Author(s) Methodology Key Findings Research Gap
No.
Wavelet-enhanced ESG performance reduces thelDoes not examine ESG
Yadav &jquantile regression onjnegative impact of financialjrating quality, verification,
[21] J|Asongu (2025)|512 Indian listed firms|distress; identifies = ESGlor market- based valuation|
(2012-2023) thresholds  that  enhancejmetrics like P/B ratio.
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resilience.
ESG performance increases|Focuses on ESQ|
Zheng & FengDouble  fixed-effects|firm value via exploratory andjperformance, not rating
[22] [(2025) model on 14,873 A-exploitative green innovation.|credibility or consistency
share firms effects on corporate]
valuation.

Survey of  300HESG is increasingly|Lacks empirical testing of]

[23] [Bancel et al.[European financejintegrated into valuation; how ESG verification
(2025) professionals discount rate adjustments arefand data quality affect
most used. valuation outcomes.
Ref. |[Author(s) [Methodology Key Findings Research Gap
No.
ESG improves firm value;[No evaluation of]
Zhao et al[Two-way fixedlgreen innovation mediates|finconsistent ESG ratings
[24] 1(2025) effects model (2012 |the effect; R&D negativelyjas a moderator of the
2023) moderates. ESG—valuation
irelationship.
Panel regression|ESG performancelNo link made between|
lAnanzeh et al.jacross multiplejpositively affects dividendESG  credibility  and
[25] 1(2025) countries (2010- yield and payout ratios;finvestor valuation|
2020) impact varies with firm lifejpremiums.
cycle.
Identifies a  nonlinearfNo focus on rating
Chau et al.Gaussian Copulaj(cubic) relationshipjcredibility vs. rating score,
[26] [(2025) estimation across 12jbetween ESG scores an L‘IOI' use of P/B ratio as

countries firm value, moderated by|valuation metric.
institutional quality.

ESG increases access to[Does not integrate market
Panel data on Chinesejcredit by improvingjvaluation effects or the

—_

[27] [Yang et a
(2025) listed firms transparency and reducingfimpact of ESG rating
risk. inconsistencies.

ESG disclosure offsetsjDoes not analyze cross-
Alomair &OLS and  fixed-negative valuation impactsjprovider = ESG  rating

[28] [Metwally effects regressionjof tax avoidance; enhances|inconsistencies of|
(2025) (Egypt) transparency and trust. verification quality.
Environmental taxesfNo evaluation of how
[29] [Peng et al|Panel data analysisfimprove ESG performance;jpolicy-driven ESG
(2025) (2012-2022) impact weaker in pollutinglimprovements  translate
firms. into market valuation.
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GPT-4-based Does not link readability
Shimamura etjreadability scoring of [Higher readability leads toj— rating credibility —
[30] f[al. (2025) U.S. sustainabilityjhigher ESG scores andjfirm valuation, leaving]
reports lower rating divergence. |valuation channel
unexplored.

2.1 Research gaps

Although recent studies increasingly highlight the relevance of ESG ratings in shaping corporate
valuation, significant gaps remain in understanding how the credibility, verification quality, and
consistency of these ratings influence market-based valuation outcomes. Much of the existing research
focuses on the direct relationship between ESG performance and firm value, yet limited attention has been
given to how informational integrity—such as rating reliability, cross-provider consistency, and audit-
supported verification—affects investor interpretation and valuation precision. The majority of prior work
assumes that ESG scores are inherently comparable and trustworthy, overlooking the distortions caused
by methodological divergence, selective disclosure, and greenwashing. Furthermore, evidence is scarce
on how these credibility-related factors interact with valuation measures like the Price-to-Book ratio,
which capture market expectations rather than operational performance alone. This creates a critical need
to investigate whether rating credibility strengthens or weakens the transmission of ESG information into
corporate valuation, particularly in markets where sustainability reporting standards are rapidly evolving.
2.2 Problem Statement

Despite the growing reliance on Environmental, Social, and Governance (ESG) ratings in investment
decisions, significant concerns persist regarding their reliability, consistency, and credibility across rating
providers. Variations in rating methodologies, limited verification mechanisms, and susceptibility to
greenwashing create uncertainty in how markets interpret ESG signals, often leading to inconsistent
valuation outcomes. This inconsistency poses a challenge for investors seeking accurate sustainability
indicators and for firms attempting to demonstrate genuine ESG performance. Therefore, understanding
how the credibility and informational integrity of ESG ratings influence corporate valuation—particularly
through market-based measures such as the Price-to-Book ratio—remains a critical gap requiring
systematic investigation.

3. Objectives

The novel objectives of this study are:

1. To examine how ESG rating quality and credibility influence corporate valuation using the Price-to-
Book (P/B) ratio.

2. To assess the extent to which verification and consistency of ESG ratings shape investor confidence
and market perception.

3. To identify whether weak or inconsistent ESG assessments weaken the relationship between
sustainability performance and firm valuation.

3.1 Research questions

Based on the study objectives, the following research questions are proposed:

RQ1: How does the quality and credibility of ESG ratings influence corporate valuation measured through
the Price-to-Book (P/B) ratio?
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RQ2: To what extent do verification mechanisms and consistency across ESG rating providers shape
investor confidence and market perception?

RQ3: Does weak or inconsistent ESG assessment reduce the strength of the relationship between
sustainability performance and corporate valuation?

3.2 Hypothesis

Hypothesis 1 (H1): ESG Rating Quality — P/B Ratio

PBR=0+B1ESGQ+e

Null Hypothesis (HO01):

B1=0

ESG rating quality and credibility have no significant effect on the P/B ratio.

Alternative Hypothesis (H1.):

B1>0

Higher ESG rating quality and credibility have a positive and significant effect on the P/B ratio.
Hypothesis 2 (H2): Verification & Consistency — Investor Confidence

[C=0+B2VER+€

Where IC = Investor Confidence / Market Perception

Null Hypothesis (H0:):

B2=0

Verification and consistency of ESG ratings do not significantly influence investor confidence.
Alternative Hypothesis (H1:):

B2>0

Stronger verification and higher consistency significantly enhance investor confidence and market
perception.

Hypothesis 3 (H3): Inconsistent ESG Ratings — Moderation Effect

PBR=0+p3 (SPXINC)+e

Null Hypothesis (HO0s):

B3=0

Inconsistent ESG ratings do not moderate the relationship between sustainability performance and
corporate valuation.

Alternative Hypothesis (H1s):

B3<0

Inconsistent ESG ratings negatively moderate the relationship between sustainability
performance and corporate valuation.

These equations use common notation:

e PBR = Price-to-Book Ratio

e ESGQ = ESG Rating Quality & Credibility

¢ VER = Verification & Consistency of ESG Ratings

e SP = Sustainability Performance

e INC = Inconsistent / Weak ESG Rating Credibility

e B = Effect coefficient
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4. Research Methodology

£ ESG RATINGS
(E, S, G SCORES)

« Transparency
« Gavernance Quality
» Nan-financial Risk Signals
l Rating Credibllity
INFORMATIONAL
INTEGRITY OF
ESG RATINGS

« Verification {Audit / External
Assuranca)

« Consistency across Providers

» Reduced Greenwashing Risk

l Market Interprretation

| INVESTOR PERCEPTION & |
MARKET CONFIDENCE

. | = Higher trust in disclosures
..i « Lower valuation uncertainty

= Stronger sustainabllity
expectations

l Valuation Effect

PRICE-TO-BOOK (P/B) RATIO|

T P/B B Ratio when ESG ratings
are credible

4 P/B B Ratio when ESG ratings
are inconsistent

Figure 1: Conceptual Workflow of ESG Rating Credibility and Its Influence on Corporate
Valuation
Figure 1 illustrates the methodological workflow showing how ESG ratings, through their informational
integrity and verification quality, shape investor perception and ultimately influence corporate valuation
measured by the Price-to-Book (P/B) ratio. The diagram highlights the sequential mechanism linking
rating credibility to market confidence and resulting valuation outcomes.

4.1 Research Design

This study adopts a quantitative research design to examine the impact of ESG rating quality and
credibility on corporate valuation, measured through the Price-to-Book (P/B) ratio. The design follows an
explanatory approach, aiming to identify causal and moderating relationships between ESG-related
variables and market-based valuation outcomes. Panel data regression techniques are employed to capture
temporal variations and firm-specific heterogeneity, ensuring robust estimation of effects across multiple
years. The study integrates primary ESG rating indicators, verification attributes, and firm-level financial
metrics to construct an empirical framework capable of evaluating how rating credibility influences
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investor perception and valuation signals. This design is appropriate for testing hypotheses grounded in
stakeholder theory and signalling theory, offering a structured method to quantify the transmission of ESG
information into corporate value.

4.2 Data Collection

This study utilizes secondary data collected from publicly listed firms where ESG ratings, financial
statements, and market valuation metrics are consistently available. ESG rating information is obtained
from reputable databases that provide detailed scores across environmental, social, and governance pillars,
along with indicators of rating verification and disclosure quality. Financial data, including Price-to-Book
(P/B) ratios and firm characteristics, are sourced from audited annual reports and recognized financial
databases. The dataset is structured as a balanced panel covering multiple years to capture variations in
ESG performance and valuation outcomes over time. Firms with missing data, inconsistent reporting, or
unverifiable ESG disclosures are excluded to ensure data integrity and analytical reliability. This approach
enables a comprehensive and comparable dataset suitable for empirical testing.

4.3 Variables and Measurement

The study includes three primary categories of variables as shown in Table 2:

1. Dependent Variable: Corporate valuation, measured using the Price-to-Book (P/B) ratio.

2. Independent Variable: ESG Rating Quality (ESGQ), operationalized as composite scores adjusted
for credibility indicators such as verification status, consistency across rating agencies, and disclosure
transparency.

3. Moderating Variable: ESG Inconsistency (INC), representing divergences in rating outcomes or lack
of external assurance.

4. Control variables: Firm size, leverage, profitability, and industry classification, which are commonly
used to account for structural differences in firm valuation. All variables are standardized and tested
for multicollinearity before model estimation to ensure validity.

Table 2: Variables and Measurement

Category Variable Measurement / Definition

Dependent Price-to-Book Market value of equity divided by book value of equity;
Variable Ratio (PBR) reflects market-based corporate valuation.

Independent  |[ESG RatinglComposite ESG score adjusted for rating credibility|
Variable Quality (ESGQ) |indicators, including verification status, rating consistency,

and disclosure transparency.

Moderating ESG Inconsistency|Degree of divergence across ESG rating providers or
Variable (INC) absence of external assurance indicating weak credibility.
Control Firm Size (SIZE) |Natural logarithm of total assets.

Variables

Leverage (LEV)  |Total debt divided by total assets.
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Profitability (ROA) [Net income divided by total assets.

Industry Dummy variables representing industry groups to control
Classification for structural variation.
(IND)

4.4 Model Specification

To analyze the relationship between ESG rating credibility and corporate valuation, the study employs
panel regression models with firm-fixed and time-fixed effects. The baseline model evaluates the direct
effect of ESG rating quality on the P/B ratio:

PBRjt U0 [0 hESGQjt [ UXj¢ O Ui [ Ce O e

The moderation model incorporates ESG inconsistency to test whether weak verification weakens the
ESG—valuation relationship:

PBRjt U0 O 01ESGQjt [ H2INCjt U H3(ESGQjt U INCyt ) U OXje U 0O O e [ it

Where shocks.

Xt represents control variables, [J;

captures firm-specific effects, and [J;
controls for time
This model structure is appropriate for isolating causal effects in sustainability-valuation research.

4.5 Sampling Technique

A purposive sampling technique is used to select firms with consistently available ESG data and complete
financial records over the study period. The sample includes companies across diverse industries to ensure
generalizability, while firms with partial disclosures or irregular reporting are excluded. This sampling
strategy improves internal validity and ensures that the final dataset captures meaningful variation in ESG
credibility and valuation outcomes.

4.6 Data Analysis Methods

This study employs a series of quantitative data analysis techniques to evaluate the relationship between
ESG rating credibility and corporate valuation. Panel regression models with firm-fixed and time-fixed
effects are used to control for unobserved heterogeneity and macroeconomic variations over the study
period. Prior to model estimation, the dataset is examined for missing values, outliers, and non-stationarity
to ensure statistical robustness. Variance Inflation Factor (VIF) tests are conducted to detect
multicollinearity among explanatory variables, while

correlation diagnostics confirm the direction and strength of variable associations. The analysis proceeds
with baseline regression to assess the direct effect of ESG rating quality on the Price-to- Book ratio,
followed by a moderation model that incorporates ESG inconsistency to identify changes in the ESG—
valuation relationship. Robust standard errors are applied to account for heteroscedasticity and serial
correlation, ensuring reliable statistical inference. All analyses are performed using established
econometric software suitable for panel data modeling.

4.7 Validity and Reliability

To ensure the validity and reliability of the empirical analysis, several methodological checks were
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incorporated throughout the study. Construct validity was strengthened by using well-established and
widely recognized measures of ESG rating quality, firm valuation, and financial controls sourced from
credible databases. Content validity was enhanced by incorporating multiple indicators of ESG credibility,
including verification, rating consistency, and disclosure transparency, thereby capturing the
multidimensional nature of ESG assessments. Reliability was ensured through the use of standardized
variable definitions, consistent measurement procedures, and multi-year panel data that reduce random
fluctuations. Internal reliability was evaluated using multicollinearity diagnostics, with Variance Inflation
Factor (VIF) values confirming that predictor variables were not excessively correlated. Model robustness
was further verified through alternative specifications, sensitivity checks, and the application of
heteroscedasticity-robust standard errors. Together, these procedures ensure that the findings are
statistically sound, replicable, and supportive of strong inferential validity.

5. Results and Discussion
5.1 Descriptive Statistics
Table 3 presents the descriptive statistics of the variables used in the analysis. The mean Price-to- Book
(P/B) ratio of 2.41 indicates that, on average, firms in the sample are valued significantly above their book
value, reflecting positive investor sentiment. ESG Rating Quality (ESGQ) shows a moderate mean score
of 56.74 with considerable variation, suggesting substantial differences in sustainability performance and
disclosure across firms. ESG Inconsistency (INC) displays a mean of 0.37, indicating noticeable
divergence in ratings among providers, which highlights credibility challenges within ESG assessments.
Firm size, leverage, and profitability exhibit reasonable dispersion, reflecting structural heterogeneity
across companies. Overall, the descriptive statistics confirm adequate variability and distribution across
variables, supporting the suitability of the dataset for panel regression and moderation analysis.

Table 3: Descriptive Statistics

Variable Mean Std. Dev. Minimum Maximum
Price-to-Book Ratio (PBR) 2.41 1.32 0.58 6.89

ESG Rating Quality (ESGQ) 56.74 14.81 22.10 89.40

ESG Inconsistency (INC) 0.37 0.21 0.05 0.91

Firm Size (SIZE) 0.84 1.12 7.20 12.45
Leverage (LEV) 0.41 0.19 0.07 0.88
Profitability (ROA) 0.082 0.047 —0.12 0.19
Industry Classification (IND) — — 0 1

5.2 Correlation Analysis

Table 4 presents the correlation coefficients among the key variables. The results show a positive
correlation between ESG Rating Quality (ESGQ) and the Price-to-Book Ratio (PBR), suggesting that
firms with stronger and more credible ESG ratings tend to exhibit higher market valuations. ESG
Inconsistency (INC) is negatively correlated with both ESGQ and PBR, indicating that divergence across
ESG rating providers or weak verification tends to reduce valuation benefits. The control variables
demonstrate expected relationships: firm size shows a mild positive correlation with valuation, while
leverage is negatively correlated with PBR, reflecting the higher financial risk associated with more
leveraged firms. Profitability (ROA) has a moderate positive association with valuation, consistent with
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financial performance theory. Overall, the correlation results provide preliminary support for the
hypothesized relationships and indicate no severe multicollinearity concerns.

Table 4: Correlation Matrix

\Variables PBR ESGQ INC SIZE LEV ROA
PBR 1

ESGQ 0.42 1

INC —0.28 —0.33 1

SIZE 0.19 0.24 —0.05 1

LEV —0.21 —0.12 0.18 —0.31 1

ROA 0.36 0.29 —0.17 0.14 —0.26 1

5.3 Regression Results (Baseline Model)
Table 5: Regression Results (Baseline Model)
(Dependent Variable: Price-to-Book Ratio — PBR)

Variables Coefficient () Std. Error [t- Value |p-Value
ESG Rating Quality (ESGQ) [0.184 0.042 4.38 0.000%***
Firm Size (SIZE) 0.097 0.031 3.12 0.002%*
Leverage (LEV) —0.263 0.058 —4.52  [0.000%**
Profitability (ROA) 1.476 0.394 3.74 0.000%***
Industry Controls (IND) Included — — —
Constant 0.912 0.284 3.21 0.001%**

Variables Coefficient () Std. Error [t- Valuejp-Value

R? 0.47

Adjusted R? 0.45

Observations (approx.) 1,200 firm-year data

points

Notes: *** p <0.01, ** p <0.05

Table 5 reports the baseline regression estimates assessing the direct effect of ESG Rating Quality (ESGQ)
on corporate valuation. The results show that ESGQ has a positive and statistically significant coefficient
(B=0.184, p < 0.01), indicating that firms with higher and more credible ESG ratings tend to achieve
higher Price-to-Book (P/B) ratios. This supports the hypothesis that sustainability-related information
enhances market valuation by improving investor perception and signaling reduced non-financial risk.
Control variables behave as expected: firm size exhibits a positive association with valuation, while
leverage shows a strong negative relationship, reflecting the valuation penalties imposed on highly
indebted firms. Profitability remains a strong positive predictor of firm value, consistent with financial
performance theory. Overall, the baseline model demonstrates that ESG rating quality plays an important
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and independent role in shaping market-based corporate valuations.

5.4 Moderation Analysis
Table 6: Moderation Analysis (Dependent Variable: Price-to-Book Ratio — PBR)
Variables Coefficient () Std. Error t- Valuelp-Value
ESG Rating Quality (ESGQ) [0.162 0.046 3.52  0.000%***
ESG Inconsistency (INC) —0.218 0.067 —3.25  0.001**
Variables Coefficient () Std. Error t- Valuejp-Value
ESGQ x INC (Interaction|-0.147 0.052 —2.82  0.005%**
Term)
Firm Size (SIZE) 0.091 0.030 3.01 0.003**
Leverage (LEV) —0.241 0.061 —3.95  0.000%**
Profitability (ROA) 1.384 0.412 3.36  |0.001**
Industry Controls (IND) Included — — —
Constant 1.004 0.301 3.33  |0.001**
R> 0.53
Adjusted R? 0.51
Observations (approx.) 1,200 firm-year data
points

Notes: *** p <0.01, ** p <0.05

Table 6 presents the results of the moderation analysis examining whether ESG inconsistency weakens
the relationship between ESG Rating Quality (ESGQ) and corporate valuation. The interaction term ESGQ
x INC is negative and statistically significant (f =—0.147, p <0.01), indicating that when ESG ratings are
inconsistent or weakly verified, the positive effect of ESGQ on the Price-to-Book (P/B) ratio is
significantly reduced. This suggests that investors discount sustainability information when credibility is
uncertain, weakening the valuation benefits of high ESG performance. The main effect of ESG
Inconsistency (INC) is also negative, confirming that unreliable or divergent ratings reduce firm valuation
independently. Control variables retain expected signs and significance, reinforcing the robustness of the
model. Overall, the findings provide strong evidence that rating credibility plays a central role in
determining how ESG information translates into market-based valuation outcomes.
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5.5 Robustness Checks

Table 7 presents a series of robustness checks conducted to ensure the stability and reliability of the
empirical findings. Re-estimating the model using a Random Effects specification produced coefficient
patterns consistent with the fixed-effects model, confirming that ESG Rating Quality (ESGQ) remains a
significant positive predictor of corporate valuation. When an alternative valuation measure, the Market-
to-Sales ratio, was employed, the positive association persisted, demonstrating that the results are not
sensitive to the choice of valuation metric. Outlier removal through winsorization did not materially
change the significance or direction of key variables, further supporting model robustness. Variance
Inflation Factor (VIF) results confirmed the absence of multicollinearity, while heteroscedasticity-robust
standard errors preserved statistical significance across all key coefficients. Additionally, lagging ESGQ
by one year yielded similar results, indicating that the ESG—valuation relationship remains stable over time.
Collectively, these checks strengthen confidence in the reliability and validity of the study’s conclusions.

Table 7: Robustness Checks

Robustness Test Method Applied Key Findings
Model Re-estimation (Random{Random Effects PanelESGQ remains positive and significant;
Effects) Regression direction unchanged.
Alternative Valuation Measure [Market-to-Sales Ratio ESGQ shows consistent positive effect on
(M/S) valuation.
Excluding Outliers Winsorization at 1% Coefficients stable; interaction effect
and 99% remains negative.
Multicollinearity Check Variance Inflation FactorjAll VIF wvalues < 3, indicating no
(VIF) multicollinearity issues.
Heteroscedasticity Correction |Robust Standard Errors  |Significance levels remain stable and
robust.
Lagged ESGQ Variable ESGQ lagged by one year |[Lagged ESGQ remains positive and
significant.

5.6 Hypothesis test results

Table 8 summarizes the outcomes of the hypothesis testing conducted through the baseline and moderation
regression analyses. The results indicate that all three hypotheses are supported. The positive and highly
significant coefficient for ESG Rating Quality (p < 0.01) confirms H1, demonstrating that stronger and
more credible ESG ratings enhance firm valuation. H2 is supported through the significance of
verification- and consistency-related indicators, which show a positive influence on investor confidence
and valuation outcomes. The interaction term capturing ESG inconsistency is negative and statistically
significant (p < 0.01), supporting H3 by indicating that inconsistent or poorly verified ESG assessments
weaken the positive ESG—valuation relationship. Together, these findings underscore the importance of
rating credibility and informational integrity in determining how ESG signals translate into market-based
corporate valuation.

Table 8: Hypothesis Test Results

Hypothesis [Statement Expected [Observed |p-Value [Result
Sign Sign
H1 ESG Rating Quality (ESGQ)|Positive (+) [Positive (+) |0.000*** |Supported
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positively affects the P/B ratio. V4
Verification and consistency of ESG|Positive (+) Supported
H?2 ratings enhance investor confidence Positive (+) [0.001** |/
and market perception.
ESG  inconsistency  negatively[Negative (—{Negative (—) Supported
H3 moderates the relationship between) 0.005** |/
ESGQ and P/B ratio.

Notes: *** p <0.01, ** p <0.05

5.7 Discussion

The findings of this study provide compelling evidence that the credibility and consistency of ESG ratings
play a critical role in shaping corporate valuation outcomes. The positive and significant effect of ESG
rating quality on the Price-to-Book (P/B) ratio indicates that investors reward firms whose sustainability
disclosures are transparent, externally verified, and consistent across rating agencies. Conversely, the
moderating effect of ESG inconsistency demonstrates that divergence in ratings weakens the valuation
premium typically associated with ESG performance, highlighting that investors are sensitive not only to
ESG scores but also to the reliability of the underlying rating process. These results collectively reinforce
the notion that ESG credibility functions as a market signal, improving investor confidence, reducing
perceived information asymmetry, and ultimately enhancing firm value. The interplay between ESG
quality and inconsistency further underscores the importance of robust disclosure systems and harmonized
rating methodologies in capital markets.

5.7.1 Interpretation of Key Findings

The findings of this study demonstrate that ESG rating quality plays a significant and positive role in
shaping corporate valuation, as reflected in the Price-to-Book (P/B) ratio. Higher-quality ESG ratings
enhance investor confidence by signalling stronger governance structures, responsible environmental
performance, and transparent social practices. The results also highlight that ESG inconsistency weakens
the valuation effect of ESG scores, suggesting that investors penalize firms with conflicting or insufficiently
verified ESG information. This indicates that the credibility and reliability of sustainability assessments
are just as important as the ratings themselves. The moderation results further confirm that in environments
of low rating reliability, the market becomes less responsive to ESG signals. Collectively, the key findings
suggest that capital markets increasingly reward firms that provide clear, consistent, and verifiable
sustainability disclosures, reinforcing the importance of ESG integrity in driving valuation outcomes.
5.7.2 Comparison with Existing Literature

The results of this study show strong alignment with several recent empirical and conceptual contributions
on ESG and firm value. For instance, the positive impact of ESG performance on corporate valuation is
consistent with Zheng and Feng (2025) [22], who demonstrate that ESG initiatives enhance firm value
through innovation-driven mechanisms. Similarly, Zhao et al. (2025) [24] report that ESG practices
promote green technological innovation, thereby improving firm value—a finding reflected here in the
significant positive coefficient for ESG rating quality. The moderating role of ESG inconsistency aligns
with Yadav and Asongu (2025) [21], who highlight how ESG thresholds shape the resilience of firms
under financial distress. Furthermore, the valuation sensitivity to ESG credibility parallels the observations
of Bancel et al. (2025) [23], who note that financial professionals increasingly incorporate ESG
considerations when supported by reliable data. The relationship between ESG disclosure quality and
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financial outcomes also resonates with Alomair and Metwally (2025) [28], who find that transparent ESG
disclosure can reverse negative financial signals such as tax avoidance. These parallels reinforce that the
credibility and verification of ESG information critically influence how capital markets interpret and price
sustainability performance.

Table 9 summarizes how the findings of the present study align closely with established evidence,
reinforcing that credible, transparent, and consistent ESG ratings are essential drivers of positive corporate
valuation outcomes.

Table 9: Comparison with Existing Literature

Study Reference |[Key Findings in Literature / Present Study

Zheng & FenglESG performance enhances firm value through dual green innovation|
(2025) [22] pathways.

Zhao et al. (2025)[ESG promotes green technology innovation and increases enterprise value.
[24]
Yadav & AsongulESG thresholds strengthen firm resilience under financial distress.
(2025) [21]
Bancel et al. Reliable ESG data increases adoption of ESG factors in valuation decisions.
(2025) [23]

Study Reference |[Key Findings in Literature / Present Study

Alomair &
Metwally (2025) |ESG disclosure improves firm value by offsetting negative financial signals.
[28]

Present Study|[ESG rating quality significantly increases the P/B ratio, while ESG|
(2025) inconsistency weakens the ESG-valuation relationship; credibility,
transparency, and verification are critical for valuation impact.

5.7.3 Limitations

1. The study depends on secondary ESG rating databases, which may contain methodological biases and
inconsistencies across rating providers.

2. Using Price-to-Book (P/B) ratio as the primary valuation measure may not fully capture intangible or
long-term sustainability value.

3. Firms with incomplete ESG disclosures were excluded, potentially creating sample selection bias
toward larger or more transparent companies.

4. Although panel regression techniques reduce endogeneity concerns, causal relationships cannot be
definitively established.

5. The moderating effect of ESG inconsistency may differ across countries, industries, or regulatory
environments, limiting generalizability.

5.7.4 Theoretical and Practical Implications Theoretical Implications

1. Reinforces signalling theory by demonstrating that credible ESG information acts as a positive
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signal to investors, enhancing valuation outcomes.

2. Extends stakeholder theory by showing that transparent and consistent ESG practices strengthen
stakeholder trust and long-term firm value.

3. Highlights that ESG credibility—rather than ESG scores alone—is a key construct influencing
capital market reactions.

4. Adds to valuation theory by integrating ESG verification and rating consistency as determinants
of market-based valuation metrics such as P/B ratio.

5. Contributes to sustainability accounting literature by emphasizing the role of disclosure integrity in
shaping financial performance interpretations.

Practical Implications

1. Firms should improve verification, accuracy, and consistency in ESG reporting to gain valuation
premiums and investor trust.

2. Sustainability managers can use the findings to prioritize transparent disclosure practices and reduce
perceived greenwashing risks.

3. Investors can rely on ESG credibility indicators to differentiate between genuinely sustainable
firms and those with unreliable ESG claims.

4. Rating agencies may incorporate stricter quality checks and harmonized methodologies to enhance
reliability of ESG assessments.

5. Corporate boards can integrate ESG credibility metrics into risk management and strategic planning for
stronger market positioning.

Conclusion

This study provides empirical evidence that ESG rating quality significantly enhances corporate valuation,
demonstrating that firms with transparent, consistent, and credible sustainability disclosures achieve
higher Price-to-Book (P/B) ratios. The findings reveal that investors assign valuation premiums to
companies with strong ESG credibility, while inconsistencies or lack of verification weaken the impact of
ESG information on market perceptions. The moderation results confirm that ESG inconsistency
diminishes the positive ESG—valuation relationship, emphasizing the central role of informational integrity
in sustainability reporting. The regression analysis shows that ESG rating quality increases the P/B ratio by
approximately 18.4%, while ESG inconsistency reduces this effect by 14.7%. Overall, the study reinforces
that ESG credibility—not merely ESG scores—serves as a crucial driver of investor confidence and
valuation outcomes in contemporary capital markets.

Future work:
Future research can incorporate cross-country datasets and alternative valuation metrics to explore how
regulatory environments influence the ESG—valuation relationship.
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Abstract

Artificial Intelligence (Al) is revolutionizing financial decision-making by enhancing predictive
accuracy, operational efficiency, and customer inclusion across banking, investment, and risk
management sectors. This study analyzes the dual nature of AI’s impact its opportunities in
improving credit scoring accuracy by up to 15%, boosting fraud detection efficiency by 20-25%,
and reducing loan approval times by nearly 70% alongside the risks of bias, opacity, and
systemic instability. Using a mixed-method research design, the study evaluates quantitative
performance data from leading banks and fintech firms (2018-2024) and qualitative insights
from regulatory frameworks such as the EU Al Act (2024) and RBI Digital Lending Guidelines
(2023). Findings reveal that AI enhances financial performance and inclusiveness but
necessitates robust governance, transparency, and fairness auditing. The paper concludes that
sustainable Al adoption in finance requires a balance between innovation, ethical responsibility,
and regulatory compliance.

Keywords: Artificial Intelligence, Financial Decision Making, Credit Scoring, Fraud Detection,
Responsible Al

1. Introduction

Artificial intelligence (Al) is reshaping financial decision-making by augmenting or automating
judgments in lending, investing, trading, risk management, and compliance, enabled by abundant
digital data, inexpensive computing, and advances in machine learning (ML) and, more recently,
generative Al (GAI). Across the industry, adoption has accelerated from roughly one-half of
firms using Al routinely to about three-quarters reporting active use cases by 2024, with many
financial institutions now shifting from pilots to scaled deployments that target measurable
revenue lift and cost/productivity gains (McKinsey, 2024, 2025). In retail and SME credit, ML
models extract nonlinear signals from bureau files, transactions, and consented alternative data to
improve default prediction and expand access for thin-file borrowers; in markets, Al supports
idea generation from unstructured text and optimizes execution; in wealth, robo-advice
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personalizes portfolios and tax-loss harvesting; and in control functions, anomaly detection and
graph learning raise fraud/AML effectiveness while reducing false positives (FSB, 2024; BIS,
2024). Yet this wave introduces material risks that alter the production function of financial
decisions: opaque models complicate accountability and explainability; correlated model
behaviors can amplify procyclicality and propagate through interconnections; data drift
undermines reliability; adversarial and cybersecurity threats expand the attack surface; and
biased data can entrench unfair outcomes if left unmanaged (ECB, 2024; FSB, 2024).
Supervisors and standard-setters have responded by clarifying that existing conduct and
prudential obligations apply irrespective of the technology and by issuing Al-specific
expectations e.g., the European Securities and Markets Authority’s May 30, 2024 statement that
firms’ management bodies remain fully responsible for Al-mediated decisions under MiFID and
must ensure oversight, testing, and client-interest safeguards; these expectations dovetail with the
emerging EU Al Act obligations for high-risk financial use cases (ESMA, 2024; Goodwin, 2024;
U.S. CRS, 2024). Central banks and supervisors likewise highlight opportunities efficiency and
better risk assessment while urging robust governance, documentation, and monitoring to contain
model, operational, and systemic risks (BIS, 2024; BIS, 2025). Against this backdrop, this paper
examines how Al can deliver economically meaningful improvements in predictive performance,
decision quality, and customer outcomes without compromising fairness, resilience, or
compliance, arguing for a “responsible AI” frontier that jointly optimizes value creation and risk
controls through model documentation, human-in-the-loop oversight, drift detection, and stress
testing aligned with evolving regulatory guidance (BIS, 2024; ESMA, 2024; FSB, 2024;
McKinsey, 2025).

2. Review of Literature

A rapidly expanding body of scholarship examines how artificial intelligence (Al) and machine
learning (ML) reshape core financial decisions across lending, investing, trading, and control
functions. In empirical asset pricing, Gu, Kelly, and Xiu (2020) demonstrate that flexible ML
estimators materially improve the prediction of risk premia relative to traditional linear methods,
with economically meaningful gains that persist out of sample; subsequent cross-market studies
corroborate improvements when models capture nonlinearities and interactions among
characteristics (e.g., global and European replications). These results have reframed return
forecasting as a model-selection and regularization problem under high dimensionality,
emphasizing rigorous cross-validation and honest evaluation to avoid overfitting.

In retail and SME credit, systematic reviews find that tree ensembles and deep learning
frequently outperform logistic regression for probability-of-default (PD) estimation, especially
when fed transaction-level and behavioral features; however, representativeness of training data,
temporal validation, and class imbalance remain persistent concerns (Noriega et al., 2023). A
central debate is whether ML amplifies or mitigates disparities across protected groups. Using
U.S. mortgage data, Fuster, Goldsmith-Pinkham, Ramadorai, and Walther (2022) document that
lenders’ adoption of ML reallocation rules can increase approval rates overall yet generate
distributional changes that are “predictably unequal,” sharpening the policy need to measure both
efficiency and fairness at deployment. Concurrent methodological work on the “fairness of credit
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scoring” highlights trade-offs among error-rate parity, calibration, and economic optimality,
suggesting that fairness constraints must be tailored to legal context and business objectives.

On the investment and trading side, ML now permeates signal discovery and execution. Survey
and review articles report accelerating use of deep learning including recurrent, convolutional,
and transformer architectures for price forecasting, order book modeling, and policy learning for
execution; while evidence often shows backtest improvements, authors stress the fragility of
results to transaction costs, market impact, and regime shifts (Bhuiyan et al., 2025; AFM, 2023).
Regulators and market-structure researchers also flag emergent-behavior risks: reinforcement-
learning agents can crowd on similar policies and, in simulations, even exhibit collusive
dynamics an area drawing heightened supervisory attention and motivating guardrails in live
environments.

In wealth management, robo-advisory research has evolved from descriptive taxonomies to
assessments of suitability, personalization, and behavioral outcomes. Recent systematic reviews
map four streams business models, algorithms, investor behavior, and regulation arguing that
while robo-advisors lower fees and scale basic portfolio management, they do not automatically
eliminate behavioral frictions (Cardillo et al., 2024). Behavioral-finance-oriented syntheses
similarly conclude that automation can standardize rebalancing and tax-loss harvesting, yet
investor biases and disclosure quality still shape realized outcomes, underscoring the need for
human-in-the-loop designs and clearer client communications.

Control functions—fraud detection, anti-money-laundering (AML), and compliance are a focal
area where AI’s pattern-recognition strengths translate into tangible value. Comprehensive
reviews show that graph neural networks (GNNs) and hybrid sequence graph models
substantially improve detection of collusive rings and mule networks relative to siloed, rule-
based systems; taxonomies now distinguish architecture choices, training regimes, and
evaluation protocols suitable for highly imbalanced, streaming data (Motie et al., 2024). At the
same time, the literature cautions that GNNs’ performance can be brittle under distribution shift,
calling for continual-learning pipelines and explicit robustness testing before production.

A parallel risk and governance literature interrogates opacity, robustness, and security of
financial Al Studies of adversarial machine learning for time-series and tabular models find that
even small, targeted perturbations can degrade classifiers used in fraud and risk scoring,
motivating adversarial training, outlier-exposure schemes, and red-team evaluations as part of
model risk management (Gallagher et al., 2022; Vadillo et al., 2025). Broader surveys link
robustness to privacy and data-protection concerns, noting that tabular-domain attacks and
defenses lag behind computer vision in maturity. Collectively, this stream aligns with
supervisory guidance emphasizing documentation, monitoring for drift, and human oversight of
high-impact models.

Synthesizing across domains, the literature supports three converging claims. First, ML can
deliver statistically and economically significant improvements in predictive and decision quality
when evaluated with realistic costs and constraints (Gu et al., 2020; Bhuiyan et al., 2025).
Second, these gains come with governance obligations: fairness metrics must be co-optimized
with performance in consumer finance (Fuster et al., 2022), execution and market-microstructure
effects must be accounted for in trading (AFM, 2023), and robustness to adversaries and drift is a
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prerequisite in fraud/AML (Motie et al., 2024; Gallagher et al., 2022). Third, the frontier appears
“responsible-Al constrained”: institutions that integrate model documentation, bias testing, stress
testing, and human-in-the-loop review are better positioned to capture Al’s value while
complying with evolving regulatory expectations.

3. Research Objectives and Questions

Objective 1: Quantify AI’s incremental value in core financial decisions (e.g., credit approval,
portfolio allocation, fraud detection) relative to strong baselines.

Objective 2: Measure and manage the risks bias, instability, opacity, adversarial vulnerability,
and systemic externalities.

Objective 3: Propose and test a governance framework that integrates performance with fairness,
explainability, and robustness.

Research Questions

1. By how much does Al improve predictive performance and economic outcomes versus
conventional models?

2. What are the fairness and stability costs associated with the performance gains?

3. Which governance controls most effectively reduce risk without eroding value?
Hypotheses

. H1 (Performance): Al models deliver statistically and economically significant gains in
predictive accuracy and decision utility.

. H2 (Fairness—Performance Frontier): Improvements in accuracy can be achieved
without materially worsening fairness metrics when appropriately constrained.

. H3 (Robustness): Models with robust training and monitoring exhibit smaller

degradation under drift and adversarial perturbations.

4. Methodology

The methodological framework for this study on “Artificial Intelligence in Financial Decision
Making: Opportunities and Risks” is designed to ensure a rigorous, scientific, and reproducible
approach. It combines both qualitative and quantitative research techniques to analyze how Al
enhances decision accuracy, efficiency, and inclusiveness in financial operations, while also
examining the risks that arise from bias, opacity, and instability. The methodology section is
divided into key sub-sections: Research Design, Data Sources, Sample Selection, Tools and
Techniques, Variables and Metrics, Analytical Framework, and Ethical Considerations.

4.1 Research Design

The research follows a descriptive and analytical design aimed at understanding the current and
emerging role of Al in financial decision making. The descriptive aspect explains how Al
technologies such as machine learning (ML), natural language processing (NLP), and deep
learning (DL) are used in credit scoring, trading, and risk management. The analytical
component evaluates these Al tools using measurable indicators like predictive accuracy, return
on investment (ROI), and error reduction.

The study adopts a mixed-methods approach:
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. Quantitative analysis is used to evaluate performance improvements using secondary data
on Al adoption and efficiency metrics.
. Qualitative analysis involves reviewing policy reports, academic literature, and expert

commentary to understand governance, ethical, and regulatory dimensions.

This combination helps balance numerical precision with interpretive depth (Creswell, 2014).
The design is non-experimental but relies on real-world datasets and case studies, aligning with
the exploratory evaluative tradition of financial-technology research (Bryman, 2016).

4.2 Data Sources
The study primarily utilizes secondary data collected from credible and authenticated sources,
such as:

1. Financial institutions and market reports (e.g., Reserve Bank of India, BIS, IMF, and
World Bank databases).

2. Corporate case studies on Al adoption in banking and fintech companies (e.g., HDFC
Bank, JPMorgan Chase, Paytm, and Ant Financial).

3. Scholarly databases including Scopus, Web of Science, and ScienceDirect for peer-
reviewed literature.

4. Government and regulatory documents (e.g., RBI’s 2024 report on Digital Lending and

Al in Risk Assessment).

For empirical validation, performance data from Al-based credit scoring and trading algorithms
are collected to compare predictive accuracy against traditional regression-based models.

The time frame for data collection spans 2018-2024, ensuring the inclusion of both pre- and
post-pandemic Al acceleration phases in finance.

4.3 Sample Selection
A purposive sampling method is used to identify institutions and datasets that demonstrate
measurable Al interventions in financial decision making. The selected samples include:

. 10 commercial banks and 5 fintech firms operating in India and abroad that have
integrated Al in credit, investment, or fraud detection.
. Three Al-driven decision domains: (a) Credit risk scoring, (b) Portfolio management,

and (c) Fraud and AML detection.
This cross-sectional selection allows comparisons across financial subsectors and functional
contexts.

5. Data Analysis and Interpretation

The data analysis and interpretation stage serves as the empirical core of the study “Artificial
Intelligence in Financial Decision Making: Opportunities and Risks.” This section presents a
detailed evaluation of how Al-driven systems improve the efficiency, accuracy, and
inclusiveness of financial decisions compared with traditional models, while also revealing
associated risks such as algorithmic bias, data drift, and explainability challenges. The analysis is
based on both quantitative data (Al model performance indicators) and qualitative insights
(expert interviews, policy reports, and case analyses).

5.1 Quantitative Data Analysis
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The quantitative phase focuses on evaluating AI’s impact on three main financial domains credit
risk management, investment and portfolio optimization, and fraud detection and prevention. The
comparative analysis used conventional statistical models (e.g., logistic regression) as baselines
and advanced Al algorithms (e.g., random forests, neural networks, and gradient boosting) as
experimental models.

5.1.1 Credit Risk Management

Data from ten commercial banks and five fintech firms between 2018 and 2024 were analyzed to
assess Al’s effect on credit approval decisions. Al-enabled credit scoring systems achieved a
significant 6-8% increase in predictive accuracy over traditional models, measured using the
Area Under the ROC Curve (AUC) metric. For instance, Al models achieved an average AUC of
0.88 compared to 0.81 for logistic regression, indicating superior discrimination between good
and bad borrowers.

Furthermore, the use of alternative data (e.g., utility payments, social behavior, and transaction
histories) expanded financial inclusion by enabling credit access to previously “thin-file”
borrowers. However, fairness metrics revealed that disparate impact ratios across gender and
income groups persisted, emphasizing the need for fairness-aware retraining and model
explainability (Fuster et al., 2022; Noriega et al., 2023).

5.1.2 Investment and Portfolio Optimization

In the domain of wealth management, Al-driven robo-advisory systems were analyzed using
simulated portfolio data for 5,000 retail investors. Al-based optimization models achieved
average annual returns 1.2% higher than human-managed portfolios while maintaining a lower
volatility ratio. The Sharpe ratio improved from 0.78 (traditional) to 1.04 (Al-based), confirming
enhanced risk-adjusted performance.

However, interpretability challenges were observed: clients and advisors often lacked a clear
understanding of how Al recommended specific asset allocations. Behavioral finance studies
also indicated a psychological trust gap, as some investors perceived automated decisions as less
empathetic or context-aware (Cardillo et al., 2024). This underlines the importance of human-in-
the-loop oversight and hybrid advisory models combining Al insights with expert judgment.

5.1.3 Fraud Detection and Prevention

Fraud detection data from leading payment processors and banks demonstrated that Al models,
particularly graph neural networks (GNNs) and recurrent neural networks (RNNs), significantly
reduced false positives in detecting fraudulent transactions. The Al models achieved an F1-score
of 0.93, compared to 0.81 in traditional rule-based systems, indicating better balance between
recall and precision.

Additionally, the detection latency dropped by approximately 40%, meaning fraudulent patterns
were flagged in near real-time. Yet, robustness tests revealed that under data drift (changing
customer behavior patterns), model accuracy degraded by 10-15%, emphasizing the need for
continuous retraining and monitoring (Motie et al., 2024).

5.2 Qualitative Analysis
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To complement the quantitative findings, qualitative analysis was conducted using content
review and expert interviews with 15 professionals (bank executives, data scientists, and
regulators). Thematic coding identified four major opportunity themes and three dominant risk
themes:

. Opportunity Themes: Efficiency improvement, cost reduction, enhanced customer
targeting, and financial inclusion.
. Risk Themes: Data bias, regulatory uncertainty, and opacity in model reasoning.

Participants widely agreed that Al systems improve decision consistency and scalability but
noted that lack of transparency in deep learning models erodes accountability. Regulatory
officers emphasized the need for “explainable Al (XAI)” frameworks and auditable model
governance systems to maintain trust and compliance with central bank norms (BIS, 2024; ECB,
2024).

5.3 Comparative Interpretation

The integrated interpretation reveals that Al contributes substantially to performance gains in
financial decision-making but also amplifies systemic and ethical risks. Across all sectors studied,
Al outperformed traditional models in predictive accuracy, efficiency, and fraud detection.
However, interpretability and fairness remained major challenges, especially in credit decisions.

Table 1. Comparative Summary of Results

Domain Traditional Model | Al Model (Avg. | Performance | Key Risk
(Avg. Performance) | Performance) Gain Observed

Credit Scoring | AUC = 0.81 AUC =0.88 +7% Algorithmic

Bias

Portfolio Sharpe Ratio =0.78 | Sharpe Ratio = |+33% Lack of

Optimization 1.04 Explainability

Fraud F1=0.81 F1=0.93 +12% Data Drift

Detection Vulnerability

Interpretation: The results illustrate that Al not only enhances decision performance but also
redefines institutional risk. In credit and portfolio domains, Al supports better capital allocation,
while in fraud detection, it reduces operational losses. However, without fairness constraints and
robust governance, these gains could create ethical and systemic fragilities, confirming the
hypothesis that “Al improves accuracy but not necessarily fairness.”

5.4 Discussion of Findings

The findings align with global empirical literature. Gu, Kelly, and Xiu (2020) confirmed that ML
models improve financial predictions under nonlinear conditions, while Fuster et al. (2022)
found evidence that Al-based credit systems can produce unintended biases if fairness is not
explicitly managed. Similarly, studies by Bhuiyan, Rahman, and Alazab (2025) show that
algorithmic trading systems driven by deep learning outperform traditional quantitative strategies
but may induce herding behavior, leading to market instability.

From a policy perspective, these results reinforce the “responsible AI” framework advocated by
the Financial Stability Board (2024) and the European Central Bank (2024), emphasizing
continuous monitoring, explainability, and accountability. The integration of human expertise

42




European Economic Letters
ISSN 2323-5233

Vol 15, Issue 2s (2025)
http://eelet.org.uk

remains indispensable to validate Al outcomes, particularly in high-stakes decisions involving
credit access or investment risk.
Figure 1: Comparison of Traditional vs AI Models in Financial Decision Making
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The first bar chart provides a comparative analysis of the performance of traditional financial
decision-making models and Al-based models across three major domains credit scoring,
portfolio optimization, and fraud detection. The graph clearly indicates that Al models
outperform traditional systems in all areas of measurement. In credit scoring, Al models
achieved an average AUC score of 0.88, surpassing the traditional logistic regression model
(0.81), thereby improving predictive accuracy by approximately 7%. Similarly, in portfolio
optimization, Al-based robo-advisory systems recorded a Sharpe ratio of 1.04, compared to 0.78
in human-managed portfolios, demonstrating stronger risk-adjusted returns. The largest
performance gap is visible in fraud detection, where Al-driven algorithms such as graph neural
networks achieved an F1-score of 0.93, compared to 0.81 in traditional rule-based systems.

This graphical comparison highlights that Al enhances financial performance by leveraging non-
linear data relationships and high-dimensional learning capabilities (Gu et al., 2020; Motie et al.,
2024). However, it also reinforces the importance of model governance, since higher
performance can mask embedded biases or data instability. Overall, the chart confirms that while
Al adoption significantly boosts decision accuracy and efficiency, these gains must be balanced
with accountability and interpretability.

Figure 2: Relative Contribution to Performance Gains by Domain
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Fraud Detection

Credit Scoring

63.5%

Portfolio Optimization

The second chart a pie diagram depicts the relative contribution of performance gains achieved
by Al across the three financial sectors. It reveals that portfolio optimization contributes the
largest share of performance improvement (33%), followed by fraud detection (12%), and credit
scoring (7%). This suggests that investment management and portfolio construction have
benefited most from Al integration, primarily because of machine learning’s capacity to process
vast, complex, and real-time market data for portfolio rebalancing and risk forecasting.

In contrast, the more modest gains in credit scoring indicate that AI’s success in this area is
tempered by data sensitivity, fairness considerations, and regulatory constraints, particularly
regarding demographic bias and transparency (Fuster et al., 2022; Noriega et al., 2023). Similarly,
fraud detection yields consistent yet moderate improvements due to challenges in maintaining
accuracy under data drift conditions. This graph therefore implies that AI’s benefits are domain-
specific highest where data volume and speed are critical, and moderate where fairness and
interpretability must be prioritized.

6. Al Opportunities in Finance

Artificial Intelligence (Al) has revolutionized the global financial ecosystem by introducing data-
driven decision-making, process automation, and real-time risk intelligence. Financial
institutions ranging from commercial banks to fintech firms are increasingly integrating Al
technologies such as machine learning (ML), natural language processing (NLP), and deep
learning (DL) into their operations to enhance accuracy, efficiency, and inclusivity. This section
explores the major opportunities of Al in finance, supported by empirical data and structured
tables that illustrate measurable benefits across different financial sectors.

6.1 Al in Credit Risk Assessment and Lending

Al presents a major opportunity to transform credit scoring and lending by moving beyond static
demographic or income-based models to dynamic, behavior-based decision systems. Traditional
credit assessment models often rely on limited financial histories, excluding millions of “thin-
file” borrowers. Al models, however, analyze alternative data sources including transaction
behavior, mobile payment history, and utility bills to assess creditworthiness more
comprehensively.

According to McKinsey (2024), financial institutions that adopted Al-driven credit systems
reported up to a 25% improvement in default prediction accuracy and a 15-20% reduction in
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loan processing time. For instance, Indian banks using Al credit models under RBI’s “Digital
Lending Framework™ have expanded loan accessibility to micro and small enterprises, improving
financial inclusion indices.

Table 2. AI Impact on Credit Risk Assessment

Indicator Traditional Al-Driven % Key Opportunity
System System Improvement

Default  Prediction | 78% 88-90% +15% Enhanced risk

Accuracy prediction

Loan Approval | 4-7 days 1-2 days —70% Faster decision-

Turnaround Time making

Inclusion of Thin- | <10% 35-40% +300% Financial inclusion

File Borrowers

Cost of Risk (CoR) 2.4% 1.8% —25% Reduced non-

performing loans

Al thereby enables data-driven lending, improves capital efficiency, and expands access to
underserved segments while reducing manual bias and operational inefficiencies.

6.2 Al in Investment and Portfolio Management

Al is transforming investment analysis and portfolio optimization by leveraging predictive
analytics, sentiment analysis, and algorithmic trading. Al systems process massive unstructured
data (news, social media, ESG reports) to forecast market trends and rebalance portfolios
automatically. Robo-advisors, for example, use deep learning to recommend personalized
investment strategies based on individual risk profiles and market volatility.

Empirical studies (Gu, Kelly, & Xiu, 2020; Cardillo et al., 2024) show that portfolios managed
by Al achieve higher Sharpe ratios and lower volatility than human-managed funds. Major
financial institutions such as BlackRock and Vanguard report up to 3040 basis point
improvements in annual returns due to Al-enhanced analytics.

Table 3. Comparative Analysis of Al in Portfolio Management

Performance Traditional Al-Based Robo- | % Gain | Opportunity Created

Metric Advisory Advisory

Annual Return 8.2% 9.6% +17% Improved return
optimization

Sharpe Ratio 0.78 1.04 +33% Better risk-adjusted
performance

Rebalancing Quarterly Dynamic (Real- | +200% | Continuous

Frequency time) optimization

Client Reach (per | 100-200 >5,000 +2500% | Scalable

advisor) personalization

The integration of AI allows dynamic, adaptive, and low-cost wealth management,
democratizing access to professional financial advice.
6.3 Al in Fraud Detection and Anti-Money Laundering (AML)
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Al’s predictive and pattern-recognition capabilities make it invaluable for fraud prevention and
AML. Traditional rule-based systems are reactive and generate high false positives. Al systems,
particularly graph neural networks (GNNs) and recurrent neural networks (RNNs), detect hidden
relationships among entities and identify anomalous transactions proactively.

Studies (Motie et al., 2024) show that Al-based fraud detection achieves up to 92-95% detection
accuracy, reducing operational losses by nearly 30% annually. Moreover, real-time fraud
detection through AI minimizes financial crime and improves compliance with FATF and RBI
guidelines.

Table 4. Al Effectiveness in Fraud and AML Systems

Parameter Traditional Al- % Key Benefit
Rule-Based Enhanced | Improvement

Detection Accuracy | 82% 94% +14% Better anomaly
detection

False Positive Rate | 18% 6% —67% Improved customer
experience

Response Time 2-3 minutes <30 —85% Real-time detection

seconds
Annual Fraud Loss | — 25-30% — Operational cost
Reduction savings

Thus, Al strengthens the security infrastructure of financial systems, enhancing resilience against
cyber and fraudulent activities.

6.4 Al in Financial Forecasting and Risk Management

Al’s predictive analytics are revolutionizing financial forecasting by improving accuracy in
predicting credit defaults, liquidity shortages, and market volatility. Deep learning algorithms
such as LSTMs (Long Short-Term Memory networks) model non-linear temporal relationships
in financial data, outperforming traditional econometric models.

Al also supports stress testing and scenario analysis, allowing central banks and financial
institutions to simulate macroeconomic shocks with greater precision. For instance, the European
Central Bank (2024) found that Al-enhanced risk models reduced forecasting errors by 25-30%
compared to standard VAR or ARIMA models.

Table 5. Al vs. Traditional Risk Forecasting Models

Model Type Average Adaptability to | Scenario Key Advantage
Forecast Data Drift Simulation
Error Ability
Traditional 22% Low Static Linear and lag-
Econometric limited
(ARIMA, VAR)
Machine Learning | 15% Medium Moderate Handles  non-
(Random Forest, linearity
XGBoost)
Deep Learning | 10% High Dynamic Real-time,
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(LSTM, Transformer) adaptive

forecasting

Al-based forecasting provides decision-makers with timely, adaptive, and robust insights for
strategic planning and regulatory compliance.

6.5 Al in Customer Experience and Financial Inclusion

Al-powered chatbots, voice assistants, and personalized recommendation engines have enhanced
customer experience through 24/7 engagement and intelligent support. In India, digital-first
banks such as HDFC and ICICI employ Al chatbots (Eva, iPal) to handle 70-80% of customer
service queries, reducing operational costs and improving customer satisfaction.

Additionally, Al-driven microfinance platforms such as Tala and KreditBee use behavioral and
smartphone data to extend microloans to previously unbanked populations. According to the
World Bank (2023), Al-based lending tools have expanded credit access to over 300 million
individuals globally, particularly in developing economies.

7. Risk Taxonomy and Failure Modes

While Artificial Intelligence (AI) presents transformative opportunities in finance, it
simultaneously introduces new layers of risk, uncertainty, and systemic vulnerability. As
financial institutions increasingly rely on Al-driven models for credit assessment, investment,
trading, and compliance, the potential for unintended consequences grows. These risks ranging
from algorithmic bias to market instability must be classified systematically to ensure robust
governance and sustainable deployment. This section provides a comprehensive taxonomy of Al
risks in financial decision making, followed by a detailed discussion of key failure modes
observed across global financial systems.

7.1 Understanding AI Risk Taxonomy

A risk taxonomy helps categorize and evaluate various types of failures that Al systems can
cause in finance. The taxonomy presented here is structured into eight primary categories, each
corresponding to a distinct risk domain: data, model, explainability, fairness, operational,
systemic, cyber, and regulatory/legal.

Table 6. Al Risk Taxonomy in Financial Decision-Making

Risk Category Definition Typical  Failure | Examples in Finance
Mode
1. Data Risk Risks arising from poor | Data drift, sampling | Credit  scoring  models

data quality,
incompleteness, or bias.

bias, or leakage.

overestimate default risk for
underrepresented groups.

2. Model Risk

Errors due to incorrect

Model degradation,

Algorithmic trading system

model design, | adversarial misprices volatility.
overfitting, or | manipulation.
instability.
3. Explainability | Lack of interpretability | “Black box” | Deep learning model denies
Risk leading to  opaque | outcomes with no |a loan with no rationale
decisions. human traceability. | provided.
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4. Fairness Risk | Disparate treatment or | Proxy bias and | ML credit models
impact across | hidden correlation. | disproportionately  reject
demographic groups. women or minorities.

5. Operational | Failures in process | Automation bias, | Robo-advisor executes

Risk integration, automation, | feedback loop | erroneous orders due to
or monitoring. eITors. input bug.

6. Systemic Risk | Collective behavior | Model herding, | Multiple funds using similar
causing market | flash crashes. Al signals trigger
instability or contagion. synchronized sell-offs.

7. Cyber and | Threats from  data | Adversarial attacks, | Hackers extract sensitive

Privacy Risk breaches, model theft, | model inversion. data from model
or manipulation. parameters.

8.  Regulatory | Non-compliance  with | Violations of | Lack of transparency in

and Legal Risk | Al, data, or consumer | GDPR, RBI, or | algorithmic trading
protection laws. ESMA norms. decisions.

This taxonomy provides a structured foundation for identifying and mitigating Al risks within a
financial institution’s governance framework.

7.2 Data Risk

Al systems are only as reliable as the data they are trained on. Data quality, representativeness,
and timeliness directly influence model performance. In financial contexts, biased datasets can
lead to systematic discrimination in credit scoring or loan approvals. For example, Fuster et al.
(2022) found that machine learning models used in mortgage lending in the U.S. amplified racial
disparities because they inherited bias from historical lending data.

Another form of data risk arises from data drift, where changing economic conditions or
customer behavior degrade model accuracy. For instance, during the COVID-19 pandemic,
previously reliable risk factors (e.g., employment stability) shifted rapidly, rendering pre-trained
models obsolete. Continuous monitoring, retraining, and data governance frameworks are
essential to mitigate such risks (BIS, 2024).

7.3 Model Risk

Model risk refers to failures resulting from design flaws, overfitting, or lack of robustness.
Financial Al models often perform exceptionally in training but fail in real-world conditions due
to over-optimization or lack of transparency in feature importance. Algorithmic trading models
are particularly vulnerable to adversarial conditions for example, false signals created by
manipulated data can trigger automated transactions, leading to market anomalies or flash
crashes.

To counter model risk, institutions are encouraged to maintain model validation teams, conduct
backtesting and stress-testing, and use ensemble methods for stability (Gu et al., 2020).

7.4 Explainability and Fairness Risks

AT’s “black-box” nature poses major challenges to explainability, which is crucial for regulatory
compliance and customer trust. Financial decisions especially credit denials or investment
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recommendations must be traceable and justifiable. Lack of interpretability can erode
accountability and lead to legal and reputational damages.

Closely tied to explainability is fairness risk, which occurs when models produce systematically
unequal outcomes across demographic groups. Studies such as Noriega et al. (2023) emphasize
that fairness must be treated as a quantitative objective alongside accuracy. Financial institutions
are adopting Explainable Al (XAI) tools like SHAP and LIME to visualize feature contributions,
though these are only partial solutions.

Table 7. Fairness and Explainability Trade-offs in AI Finance

Model Type Accuracy Explainability Fairness Mitigation Strategy
Level Level Risk

Logistic Moderate High Low Use as baseline for

Regression transparency.

Random Forest | High Moderate Medium Apply SHAP value
interpretation.

Deep Neural | Very High Low High Use post-hoc explanation +

Network bias audits.

Gradient High Medium Medium Combine with fairness

Boosting constraints.

This table demonstrates that accuracy and fairness often exist in tension. A balanced governance
strategy must therefore include fairness-aware training and post-model audits to mitigate bias.

7.5 Operational and Systemic Risks

Operational risk arises when Al systems malfunction due to inadequate monitoring or human
oversight. Automation bias where employees over-rely on algorithmic outputs can cause costly
decision errors. Similarly, inadequate version control or data-pipeline failures may propagate
wrong predictions across systems.

At the macro level, systemic risk emerges when multiple financial institutions deploy similar Al
models, leading to correlated decision-making. Such homogeneity can amplify market volatility.
For instance, algorithmic trading models responding to similar signals have been linked to flash
crashes, such as the 2010 U.S. event. Central banks (ECB, 2024) now warn that collective model
behavior could pose new channels of systemic contagion.

7.6 Cybersecurity and Privacy Risks

Al models depend on massive data collection, making them targets for cyberattacks and data
leaks. Techniques such as model inversion allow attackers to reconstruct sensitive information
(e.g., personal or financial data) from trained models. Additionally, adversarial attacks small
perturbations to input data can mislead financial classifiers into making incorrect predictions.

To mitigate these threats, regulators like BIS (2024) recommend implementing zero-trust
architectures, robust encryption, and adversarial training to improve Al resilience.

7.7 Regulatory and Legal Risks

Financial Al must comply with a mosaic of regulations including the EU Al Act (2024), GDPR,
and Reserve Bank of India (RBI) Digital Lending Guidelines (2023). Violations may result in

49



European Economic Letters
ISSN 2323-5233

Vol 15, Issue 2s (2025)
http://eelet.org.uk

fines, license revocation, or reputational damage. ESMA (2024) explicitly requires that Al in
investment services maintains full explainability and human oversight. Non-compliance
represents one of the most critical emerging failure modes for global financial firms adopting Al

systems.

7.8 Summary of Failure Modes
Table 8. Major Failure Modes of AI Systems in Finance

Failure Mode Underlying Cause Impact on Financial | Preventive Strategy
System

Model Overfitting | Poor validation, | Poor  generalization, | Cross-validation, model
excessive complexity | loss of capital regularization

Algorithmic Bias Historical or | Discrimination, Fairness-aware training,
unbalanced data regulatory risk audit trails

Data Drift Environmental change | Accuracy degradation | Continuous monitoring,

retraining

Lack of | Complex  black-box | Loss of trust and | XAl methods,

Explainability models compliance documentation

Systemic Herding | Model similarity | Market instability Model diversity, stress
across firms testing

Adversarial Data  poisoning or | Financial fraud, cyber | Adversarial defense

Attacks manipulation breaches frameworks

Regulatory  Non- | Lack of documentation | Legal penalties Model governance and

Compliance or audit compliance audits

This taxonomy highlights that AI risks are multidimensional and interconnected. Effective
governance must therefore integrate technical validation, human oversight, regulatory alignment,
and ethical principles into every stage of the Al lifecycle.

8. Conclusion

Artificial Intelligence (AI) has emerged as one of the most transformative forces in modern
finance, redefining how decisions are made, risks are managed, and customers are served. The
overall analysis of this research “Artificial Intelligence in Financial Decision Making:
Opportunities and Risks” demonstrates that Al is not merely a technological enhancement but a
structural shift in the global financial ecosystem. Across credit risk management, investment
optimization, fraud detection, and customer engagement, Al has consistently improved
predictive accuracy, operational efficiency, and inclusiveness. Empirical evidence from global
institutions such as the World Bank (2023), European Central Bank (2024), and Financial
Stability Board (2024) confirms that the integration of Al has led to measurable improvements in
financial performance: credit scoring accuracy has increased by up to 15%, fraud detection rates
by over 20%, and decision turnaround times have been reduced by 70-80% in digitally advanced
banking systems. Such gains underline AI’s role as a catalyst for productivity, cost efficiency,
and financial inclusion, especially in emerging economies like India where digital transformation
and fintech adoption are accelerating under regulatory frameworks such as the RBI’s 2023
Digital Lending Guidelines.
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However, the same technological dynamism that enables efficiency also introduces new and
complex risks. The study’s risk taxonomy revealed that Al-based financial systems are
inherently vulnerable to data bias, opacity, algorithmic instability, and systemic concentration
effects. Models trained on biased or incomplete datasets can reproduce or even amplify existing
inequalities particularly in credit and insurance decisions. Research by Fuster et al. (2022) found
that algorithmic lending systems in the U.S. produced unequal approval rates across
demographic groups, despite improving overall accuracy. Similarly, Motie et al. (2024)
highlighted that fraud detection models, though efficient, lose up to 15% accuracy under data
drift conditions if not retrained frequently. Moreover, as institutions increasingly rely on similar
Al models and data sources, systemic risk emerges where simultaneous model failures or
feedback loops could destabilize markets. The European Central Bank (2024) and Bank for
International Settlements (2024) have already cautioned that Al-driven herding behavior may
amplify market volatility, necessitating tighter oversight and diversity in model design.

Another critical insight from this research is the persistent trade-off between accuracy,
explainability, and fairness. Deep learning models often deliver higher predictive power but
operate as opaque “black boxes,” challenging compliance with transparency mandates such as
the EU AI Act (2024) and GDPR. Institutions adopting Al must therefore move from
performance-centric evaluation to a Responsible Al (RAI) paradigm, emphasizing fairness,
accountability, transparency, and ethics (FATE). The adoption of explainable Al (XAI) tools
such as SHAP and LIME, combined with fairness-aware training and regular audits, is essential
to bridge this gap.

The interpretation of data across multiple financial domains confirms that AI’s long-term value
is maximized when technical innovation is coupled with robust governance. For example, banks
employing integrated Al governance frameworks have reported up to a 40% reduction in model-
related compliance issues and improved regulatory trust scores (McKinsey, 2025). Similarly,
financial firms implementing hybrid “human-in-the-loop” systems where human judgment
supervises algorithmic recommendations demonstrate fewer operational errors and greater
accountability. Thus, the evolution of Al in finance should not be viewed as replacing human
intelligence but as augmenting it with precision, scalability, and data depth.

In the context of developing economies, Al holds enormous potential for promoting financial
inclusion and equitable growth. Through predictive credit analytics and digital micro-lending, Al
is empowering low-income households and small entrepreneurs with easier access to credit,
contributing directly to the UN Sustainable Development Goals (SDG 8: Decent Work and
Economic Growth; SDG 9: Industry, Innovation, and Infrastructure). The World Bank (2023)
reports that Al-driven lending and mobile-based financial services have already extended formal
credit access to more than 300 million previously unbanked individuals worldwide, including a
significant population in South and Southeast Asia. Such evidence underscores Al’s role not just
as an economic tool, but as an instrument for inclusive and sustainable development.

In conclusion, Al in financial decision-making represents both an opportunity and a
responsibility. Its promise lies in harnessing predictive intelligence to improve accuracy, reduce

51



European Economic Letters
ISSN 2323-5233

Vol 15, Issue 2s (2025)
http://eelet.org.uk

fraud, and democratize finance; its peril lies in unchecked automation, bias propagation, and
systemic fragility. To secure the benefits and minimize the risks, policymakers and financial
institutions must establish comprehensive Al governance frameworks encompassing transparent
documentation, fairness auditing, adversarial testing, and ethical oversight. Future research
should focus on developing hybrid Al-human decision ecosystems, integrating explainable deep
learning with human expertise and domain ethics. As global finance advances toward a fully
data-driven paradigm, the guiding principle must remain clear—AlI should serve as a tool for
human-centered finance, fostering trust, inclusion, and resilience in an increasingly algorithmic
world.
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ABSTRACT

Environmental, Social, and Governance (ESG) investment analytics has matured from
screening-based exclusions to integrated, multi-objective portfolio construction that explicitly
quantifies sustainability—financial trade-offs. This paper develops a rigorous framework for
sustainable portfolio optimization that (1) characterizes ESG data uncertainty and provider
divergence, (2) integrates ESG indicators within mean—variance and multi-objective
optimization formulations, and (3) leverages machine-learing methods to extract material ESG
signals and to enhance return and risk forecasts. We propose an uncertainty-aware ESG penalty
term that augments classical mean—variance optimization and show how varying the ESG-
aversion parameter produces a continuum from financially-efficient to sustainability-efficient
allocations. To account for heterogeneous ESG data and methodological differences across
providers, we incorporate ensemble ESG scoring and robust optimization techniques, and we
evaluate performance using out-of-sample backtests across multiple markets and time horizons.
The framework is extended to a multi-objective evolutionary solver that jointly optimizes
expected return, downside risk (CVaR), and aggregated ESG impact metrics, while an
explainability modulemaps portfolioexposuresto material E, S, and G drivers. Empirical results
indicate that (i) accounting explicitly for ESG uncertainty meaningfully alters allocations, (ii)
ML-drivenindicator selectionimproves forecastingaccuracy and portfolio ex -post sustainability
profiles, and (iii) regulatory developments and methodological biases in ESG scoring critically
influence risk—return—sustainability trade-offs. The paper closes with a discussion of
implementation challenges, data governance, and directions for future research...
Keywords: ESG analytics; sustainable portfolio optimization; robust optimization; machine
learning; multi-objective evolutionary algorithms; explainability.

1. INTRODUCTION:

Sustainable finance has emerged as a central paradigm in
contemporary investment theory and practice, driven by
heightened awareness of climate change, social
inequality, corporate accountability, and long-term
systemic risk. Within this paradigm, Environmental,
Social, and Governance (ESG) considerations have
evolved from peripheral ethical screens into core
determinants of capital allocation decisions. Institutional
investors, asset managers, regulators, and policymakers
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increasingly recognize that traditional risk—retun
frameworks, when applied in isolation, may fail to capture
non-financial risks that materially affect portfolio
performance, resilience, and long-term value creation. As
aresult, ESG investment analytics has gained prominence
as a methodological bridge between financial
optimization and sustainability objectives.

Despite its growing adoption, ESG-based investing
presents substantial analytical challenges. ESG data is
inherently multidimensional, heterogeneous, and subject
to measurement error, methodological divergence, and
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disclosure bias. Different ESG rating providers often
assign materially inconsistent scores to the same firm,
reflecting divergent indicator selection, weighting
schemes, and normative assumptions. This lack of
consensus complicates portfolio construction, risk
management, and performance attribution, particularly
when ESG metrics are directly embedded into
optimization models. Moreover, the dynamic nature of
ESG risks, such as transition risk related to
decarbonization or governance failures, introduces
temporal instability that is insufficiently addressed by
static optimization techniques.

From a quantitative perspective, the integration of ESG
considerations into portfolio optimization necessitates
extensions to classical financial theory. Mean—variance
optimization, while foundational, does not naturally
accommodate sustainability objectives or stakeholder
preferences beyond expected return and volatility. Recent
advances in robust optimization, downside risk measures,
and multi-objective evolutionary algorithms provide
promising avenues for reconciling financial efficiency
with sustainability efficiency. Concurrently, machine
learning techniques enable the extraction of material ESG
signals from high-dimensional datasets, improving
forecasting accuracy and supporting adaptive portfolio
strategies. However, the literature remains fragmented,
with limited consensus on best practices for ESG
integration, uncertainty treatment, and performance
evaluation.

This research positions ESG investment analytics as a
formal decision-support system for sustainable portfolio
optimization. By synthesizing financial economics,
operations research, and data science, the paper seeks to
develop an analytically rigorous and practically
implementable framework that accounts for ESG
uncertainty, investor preferences, and regulatory
constraints. Indoingso, it contributes to the growingbody
of literature that reframes sustainability not as a constraint
on performance,butas an integral dimensionoflong-term
portfolio optimization.

Overview

This paper provides a comprehensive analytical treatment
of ESG-driven portfolio optimization. It begins by
examining the theoretical foundations of ESG investing
and the limitations of conventional portfolio theory when
applied to sustainability-oriented investment objectives.
The study then introduces a unified optimization
framework that embeds ESG metrics into both mean—
variance and multi-objective formulations, allowing
investors to navigate explicit trade-offs between financial
performance and sustainability impact. Special emphasis
is placed on handling ESG data uncertainty through
ensemble scoring, robustness techniques, and explainable
modeling approaches.

Scope and Objectives

The scope of this research encompasses listed equity
portfolios with publicly available ESG disclosures and
third-party ESG ratings, though the proposed framework
is extensible to other asset classes. The primary objectives
of the study are threefold. First, to analytically

neityand
J

uncertainty on portfolio construction and risk—return
outcomes. Second, to develop and evaluate optimization
models that jointly account for expected return, risk
(including downside risk), and ESG performance. Third,
to assess the role of machine learning and explainable
analytics in improving ESG signal extraction, portfolio
transparency, and decision robustness. The study aims to
provide both theoretical insights and practical guidance
for sustainable investment practitioners.

Author Motivations

The motivation for this research arises from the observed
gap between the rapid growth of ESG-labelled investment
products and the relative immaturity of their underlying
analytical foundations. While ESG considerations are
widely promoted in practice, their quantitative integration
often relies on ad hoc constraints or simplistic screening
rules thatmay undermine both financial and sustainability
objectives. Furthermore, increasing regulatory scrutiny
and concerns over greenwashing underscore the need for
transparent, data-driven, and methodologically sound
ESG analytics. The authors are motivated to address these
shortcomings by proposing a framework that is rigorous,
interpretable, and adaptable to evolving data and
regulatory environments.

Paper Structure

The remainder of the paper is organized as follows.
Section II reviews the relevant literature on ESG data,
ESG scoring methodologies, and sustainable portfolio
optimization models. Section III presents the proposed
analytical framework, including ESG-augmented mean—
variance optimization, robust formulations, and multi-
objective extensions. Section IV  discusses the
incorporation of machine learning techniques for ESG
signal extraction and forecasting. Section V reports
empirical results and performance evaluation across
multiple scenarios. Section VI addresses implementation
challenges, regulatory implications, and limitations.
Finally, Section VIIconcludesthe paperwith key findings
and directions for future research, emphasizing the role of
ESG analytics in shaping resilient and sustainable
investment strategies.

2. LITERATURE REVIEW

The academic literature on ESG investing and sustainable
portfolio optimization has expanded rapidly over the last
decade, reflecting the growing institutionalization of
sustainability considerations in capital markets. Early
contributions primarily examined the relationship
between ESG performance and financial returns, while
more recent studies focus on methodological integration
of ESG metrics into quantitative portfolio optimization
frameworks. This section synthesizes the literature across
four interrelated streams: ESG performance and financial
outcomes, ESG data and rating heterogeneity, ESG-
integrated portfolio optimization models, and the
emergingrole of machine learningand advanced analytics
in sustainable finance.

A substantial body of empirical research investigates
whether ESG considerations enhance, detract from, or are
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neutral to financial performance. Foundational meta-
analyses, such as Friede et al. [17], aggregated evidence
from thousands of studies and concluded that the majority
report non-negative or positive relationships between
ESG performance and corporate financial outcomes.
Subsequent meta-studies and systematic reviews refined
these findings, emphasizing that the ESG—performance
relationship is context-dependent, varying across regions,
sectors, market cycles, and ESG dimensions [ 16]. Recent
empirical work further suggests that ESG effects are more
pronounced over longer investment horizons and during
periods of heightened market stress, where governance
quality and environmental risk exposure play critical roles
in downside risk mitigation.

More recent literature has shifted attention from
correlation analysis toward causality and forecasting,
Studies such as Dinca [5] analyze how ESG indicators
influence analysts’ earnings forecasts and risk
assessments, demonstrating that material ESG factors can
improve predictiveaccuracy when appropriately modeled.
However, these studies also highlight that naive inclusion
of ESG scores may dilute financial signals due to noise,
redundancy, and methodological inconsistencies across
data providers.

The second major stream of literature addresses ESG data
quality, disclosure practices, and rating divergence.
Multiple studies document substantial disagreement
among ESG rating agencies, with correlations between
providers often significantly lower than those observed
for credit ratings [13]. Systematic reviews covering the
period 2020-2025 emphasize that ESG rating divergence
arises from differences in indicator selection, weighting
schemes, normalization procedures, and underlying
normative assumptions [1]. This divergence poses a
critical challenge for portfoliooptimization, as investment
decisions become highly sensitive to the chosen ESG data
source. Regulatory responses, including enhanced
disclosure standards and anti-greenwashing rules, aim to
improve transparency but have yet to resolve fundamental
methodological heterogeneity [14].

Several authors propose ensemble or aggregation
approaches to mitigate ESG rating disagreement. Recent
studies argue that combining multiple ESG scores can
reduce idiosyncratic bias and improve robustness, though
the choice of aggregation method remains largely ad hoc
[2]. Despite these advances, most portfolio optimization
models continue to rely on single-provider ESG scores,
implicitly assuming measurement accuracy and stability
that empirical evidence does not support.

The third stream of literature focuses on ESG-integrated
portfolio optimization. Early approaches employed
negative screening or simple ESG constraints within
mean—variance frameworks. While computationally
tractable, such modelstreat sustainability as an exogenous
restriction rather than an endogenous optimization
objective. More recent contributions extend classical
portfolio theory by incorporating ESG scores directly into
the objective function, either through penalty terms or
augmented utility functions [10]. These models allow
investors to express explicit trade-offs between return,

risk, and sustainability, generating ESG-efficient frontiers
analogous to the classical efficient frontier.

Multi-objective optimization has gained particular
prominence in this context. Steuer and Utz [18§]
formalized the concept of sustainability-efficient
frontiers, enabling simultaneous optimization of financial
and ESG objectives without reducing sustainability to a
scalar constraint. Subsequent refinements and critiques
demonstrate that the shape and stability of these frontiers
are highly sensitive to ESG score construction and risk
measures employed [11]. Extensions incorporating
downside risk measures such as Conditional Valueat Risk
(CVaR) further enhance realism, especially for
sustainability-oriented investors concerned with tail risks
and systemic shocks [6].

Robust optimization approaches represent another
important advancement. By explicitly modeling
uncertainty in returns, risks, and ESG scores, robust
frameworks seek to improve out-of-sample performance
and allocation stability [2]. However, existingrobust ESG
portfolio models often assume symmetric uncertainty or
rely on simplistic uncertainty sets, limiting their ability to
capture the complex, structured uncertainty inherent in
ESG data.

The fourth and most recent stream of literature explores
the application of machine learning and advanced
analyticsto ESG investing. Machine learning techniques
are increasingly used for ESG score prediction,
materiality assessment, and return forecasting [3], [8].
These studies demonstrate that non-linear models can
identify latent ESG factors and interactions overlooked by
traditional econometric approaches. Artificial intelligence
has also been applied to real-time ESG monitoring,
controversy detection, and dynamic portfolio rebalancing
[12]. Despite these advances, concerns regarding model
interpretability and regulatory compliance persist,
particularly in institutional investment contexts where
explainability is essential.

Recent studies attempt to address these concerns by
integratingexplainable Altechniques with ESGanalytics,
linking portfolio decisions to underlying environmental,
social, and governance drivers [9]. However, most
existing models treat machine learning outputs as inputs
to conventional optimization frameworks, without fully
integrating predictive uncertainty, ESG uncertainty, and
investor preferences into a unified decision-making
system.

Research Gap

Although the literature on ESG investing and sustainable
portfolio optimization is extensive, several critical gaps
remain. First, there is a lack of unified frameworks that
simultaneously address ESG data heterogeneity,
uncertainty, and optimization in a coherent and
analytically rigorous manner. Most studies focus on either
ESG data quality or portfolio optimization, but rarely
integrate both dimensions systematically. Second,
existing optimization models often rely on static ESG
scores, neglecting temporal dynamics, uncertainty
propagation, and the endogenous impact of ESG
estimation error on portfolio risk and performance. Third,

while machine learninag methads show nramise in FQG
o
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signal extraction, their integration into optimization
frameworks remains fragmented, with limited attention to
explainability and robustness. Finally, regulatory
developments and concems over greenwashing are
seldom incorporated into quantitative models, despite
their growing relevance for sustainable investment
practice.

This paper addresses these gaps by proposing an
uncertainty-aware, ESG-integrated portfolio optimization
framework that combines robust optimization, multi-
objective decision-making, and explainable machine
learning. By explicitly modeling ESG uncertainty and
investor sustainability preferences, the study advances
both the theoretical and practical foundations of ESG
investment analytics.

3. ESG-Augmented  Portfolio  Optimization
Framework: Mathematical Modelling

This section develops arigorous mathematical framework
for integrating Environmental, Social, and Governance
(ESG)  considerations into classical portfolio
optimization. Let a financial market consist of N risky
assets, indexed by i = 1,2, ..., N. Let the portfolio weight
vector be denoted by

w= (W, Wy, .., wy)T,

where w; represents the proportion of total capital
allocated to asset i, subject to the full-investment
constraint

N
w; = 1, W; >0 Vi
—

L

3.1 Classical Mean-Variance Benchmark

Let p = (q,H, -, 1y) " denote the vector of expected
asset returns and £ € R¥*N the covariance matrix of
returns. The classical Markowitz mean-variance portfolio
optimization problem is given by

minw'Xw st. wp>pf, 1Tw=1,
w

where p* is the target expected return. While optimal in a
purely financial sense, this formulation neglects
sustainability risks and non-financial externalities that are
increasingly recognized as material to long-term portfolio
performance.

3.2 ESG Score Representation and Aggregation

Let E}, S;, G; denote the normalized environmental, social,
and governance scores of asset i, respectively. These
scores are assumed to be scaled to the unit interval [0,1].
A composite ESG score for asset i is constructed as

ESGL = (ZEEL- + aSSi + (XG Gi’
where ag, ag,a; = 0 and ap + ag + a; = 1, reflecting
investor-specific sustainability preferences.

At the portfolio level, the aggregate ESG score is
expressed as a linear functional of portfolio weights:

N
ESG, = Z w; ESG, = wTe,
i=1

where e = (ESGy, ..., ESGy) ™.

3.3 ESG-Augmented Mean-Variance Optimization

To endogenize sustainability within  portfolio
construction, an ESG penalty (or reward) term is
incorporated directly into the objective function. The
ESG-augmented optimization problem is formulated as

mnw'Ew — Aw'p + y(w'e—e)?,
w

where

A controls risk-return trade-offs,
y = 0 represents ESG aversion (or preference) intensity,
and

e denotes a target ESG level.

This quadratic formulation yields a convex optimization
problem under standard assumptions on X. By varying y,
the investor traces a continuum of portfolios ranging from
purely financial efficiency to sustainability-dominant
allocations, thereby generating an ESG-efficient
frontier.

3.4 Modeling ESG Uncertainty and Provider Divergence

Given the documented divergence across ESG rating
providers, ESG scores are modeled as stochastic
variables:

€=e+g
where € ~ V' (0, Q) captures estimation uncertainty and
methodological noise.
A robust ESG-aware optimization problemis thendefined
as
min max[w Zw— AwTp+ y(w' (e + €))],
w €U

where U = {&:]| € |,< 8} defines an uncertainty set of
radius 6.
This formulation penalizes portfolios that rely excessively
on assets with unstable or unreliable ESG scores,
enhancing allocation robustness and out-of-sample
stability.

3.5 Downside Risk Extension Using CVaR

To account for tail risk, Conditional Value at Risk (CVaR)
at confidencelevel § € (0,1) is incorporated. Let L (w, &)
denote portfolio loss under scenario £.CVaR isdefinedas

CVaRg(w) = rg&iﬂ{l n+ 11—ﬁIE(max{L(w,§) —n,0})|
The integrated optimization problem becomes

min CVaRg(w) —Aw 'p+yw'e.
4. Multi-Objective ESG Portfolio Optimization and
Performance Evaluation

While scalarized ESG penalties provide analytical
tractability, they impose implicit trade-offs that may
obscure investor preferences. This section advances a
multi-objective formulation that treats return, risk, and

sustainability as co-equal objectives.
4.1 Multi-Objective Optimization Model

The sustainable portfolio optimization problem is defined
as:
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max  (f; (W), f,(W), f3(w))
where f;(w) =w'n (Expected Return),
f,(w)=—-wTEZw (Risk),
fz(w)=wTe (ESG Score).
Solutions are evaluated using Pareto optimality. A
portfolio w* is Pareto-efficient if no other feasible

portfolio improves one objective without worsening at
least one other.

4.2 Evolutionary Solution Strategy

Given the non-linearity and dimensionality of the
problem, evolutionary algorithms such as NSGA-II are
employed. The population-based optimization evolves
candidate portfolios using selection, crossover, and
mutation operators, converging toward a sustainability-
efficient frontier.

4.3 ESG Performance Metrics

Portfolio-level ESG performance is decomposed to
enhance interpretability. Let

N N N
Ep ZZWiEi' Sp =zwi5i’ Gp =ZW,:GL'.
i=1 i=1 i=1

These components allow granular attribution of
sustainability performance.

Table 1: Summary of Portfolio-Level ESG Metrics

Mathematical

Metric Expression Interpretation

Environmental YwiE; Climate and

Score resource
exposure

Social Score Yw;S; Labor and
societal impact

Governance Yw;G; Board  quality

Score and transparency

Composite ESG >.w;ESG; Overall
sustainability
profile

- Mean-Variance

Social

Envifonmental

Figure 1. Multicolour radar chart representing ESG
decomposition (Environmental, Social, and
Governance dimensions) for the Mean—Variance

portfolio, illustrating relatively balanced but lower
sustainability exposure.

4.4 Financial Performance and Stability Indicators

Financial robustness is evaluated using multiple
indicators.

Table 2: Risk-Return Performance Measures

Measure Formula
Portfolio Return wn
Portfolio Variance wIw
Sharpe Ratio wip—r1
VWTIw
CVaR CVaRg(w)

——— ESG-Constrained

Social

Environmental

Figure 2. Polar bar chart visualizing ESG component
strengths for the ESG-Constrained portfolio,
highlighting selective improvement across
environmental, social, and governance dimensions under
hard sustainability constraints.

4.5 Discussion of Trade-Off Dynamics

Empirical evaluation across ESG-aversion parameters
reveals non-linear trade-offs. Moderate ESG integration
often improves downside risk characteristics, while
excessively stringent ESG targets may reduce
diversification and elevate volatility. These findings
underscore the necessity of explicitly modeling ESG
preferences rather than relying on heuristic screening
rules.

5. Empirical Analysis, Model Implementation, and
Results Discussion

This section empirically evaluates the proposed ESG-
integrated portfolio optimization framework using data-
driven experimentation, numerical simulations, and
comparative performance analysis. The objective is to
assess the financial efficiency, sustainability
effectiveness, and robustness of ESG-aware portfolios
relative to traditional benchmarks.

5.1 Data Description and Preprocessing

The empirical analysis considers a universe of N publicly
listed equities drawn from diversified sectors. For each
asset i, historical return data 7; . over T periods is used to
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estimate expected returns and covariance. Expected
returns are computed as

T
1
W= TZ Tits

t=1

while the covariance matrix is estimated as

T
1
L= m;(ru - Hi)(’}',t - #j)-

ESG datais obtained from multiple providers to capture
rating divergence. For each asset, provider-specific ESG

scores ESGER) are aggregated using an ensemble
estimator:
K

K
ESGS™ = Z w, ESGH, Z we =1,
k=1

k=1
where w, reflects provider credibility and data coverage.

Table 3: Descriptive Statistics of Financial and ESG

Variables
Std.
Variable Mean | Dev. Min | Max
Annual Return (g;) | 0.112 | 0.084 - 041
0.19
Volatility (o;) 0.267 | 0.091 0.12 | 0.54
Environmental 0.61 | 0.14 0.22 | 0.89

Score (E;)

Social Score (S;) 0.58 | 0.17 0.19 | 0.91

Governance Score | 0.64 | 0.13 0.31 1 093
(Gy)

= ESG-Augmented

Envifonmental

Figure 3. Filled dashed radar chart showing ESG
performance of the ESG-Augmented portfolio,
demonstrating superior and well-distributed
sustainability outcomes achieved through soft ESG
integration.

5.2 Portfolio Construction Scenarios

Three portfolio strategies are constructed for comparative
evaluation:

Classical Mean-Variance Portfolio (MVP)
ESG-Constrained Portfolio (Hard Constraint)

Proposed ESG-Augmented Robust Portfolio (Soft
Integration)

The ESG-constrained portfolio enforces

w'e>e,
while the proposed model embeds ESG directly into the
objective:

minw ' Iw—Aw Ty +yw'e.
w

Table 4: Portfolio-Level Financial Performance

Comparison

Expected Sharpe
Portfolio Type | Return Volatility | Ratio
Mean-Variance | 0.137 0.294 0.466
ESG- 0.129 0.281 0.459
Constrained
ESG- 0.134 0.266 0.504
Augmented
(Proposed)

The results indicate that soft ESG integration improves
risk-adjusted performance relative to both the classical
and constrained models.

5.3 ESG Performance Attribution

Portfolio sustainability outcomes are evaluated by
decomposing ESG scores into environmental, social, and
governance dimensions.

Table 5: Portfolio ESG Decomposition Analysis

Composite
Portfolio E, | S | G, | ESG

Mean-Variance | 0.54 | 0.51 | 0.56 | 0.537

ESG- 0.68 | 0.65] 0.69 | 0.673
Constrained
ESG- 0711069 | 0.73 | 0.710
Augmented

The ESG-augmented portfolio achieves the highest
sustainability score without sacrificing financial
efficiency, confirming the effectiveness of endogenous
ESG modeling.

5.4 Downside Risk and Tail Performance
To assess downside protection, CVaR at confidence level

B = 0.95 is computed as:

1
— - _ +
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Table 6: Downside Risk Comparison Using CVaR

Portfolio VaR (95%) | CVaR (95%)
Mean-Variance | -0.238 -0.317
ESG-Constrained | -0.221 -0.298
ESG-Augmented | -0.207 -0.271

Lower tail losses observed in the ESG-augmented
portfolio indicate improved resilience during adverse
market conditions.

5.5 Robustness to ESG Uncertainty

To test robustness, ESG scores are perturbed within an
uncertainty radius §:

€=e+g |ell,<6.
Table 7: Allocation Stability under ESG Score

Perturbations

Weight Turnover | ESG
Portfolio (%) Variance
ESG- 18.6 0.0142
Constrained
ESG- 93 0.0068
Augmented

The proposed model exhibits significantly lower turnover
and ESG volatility, validating the benefits of robust ESG

integration.
17.5
150
125
100
15
5.0
Return  \Volatiity Sharpe  CVaR  Tumover 25
0.0

Figure 4. Multicolour heatmap comparing financial
performance and risk indicators (expected return,
volatility, Sharpe ratio, CVaR, and portfolio turnover)
across portfolio construction strategies, derived from
Tables 4, 6, and 7.

MvP

ESG-Constrained

ESG-Augmented

ESG-Augmented |

ESG-Constrained ¢

ESG Variance Turnover

Figure S. Bubble-style heatmap illustrating robustness

under ESG score uncertainty, where bubble size reflects

magnitude of ESG variance and allocation turnover,

emphasizing superior stability of the ESG-Augmented
portfolio.

6. Specific Outcomes, Implementation Challenges, and
Future Research Directions

6.1 Key Outcomes of the Study

Thisresearch yields several substantive outcomes. First, it
demonstrates that ESG integration through objective-
function augmentation produces superior risk-adjusted
and sustainability-adjusted portfolio outcomes compared
to exclusionary or constraint-based methods. Second, the
incorporation of ESG uncertainty materially alters optimal
allocations, highlighting the inadequacy of deterministic
ESG scores. Third, ESG-aware portfolios exhibit
enhanced downside risk protection, supporting the
hypothesis that sustainability factors act as implicit risk
mitigators over long horizons.

6.2 Practical and Methodological Challenges

Despite its advantages, the proposed framework faces
several challenges. ESG data remains heterogeneous,
incomplete, and subject to frequent methodological
revisions. The reliance on third-party ESG providers
introduces model risk and potential regulatory exposure,
particularly under emerging anti-greenwashing rules.
Computational complexity also increases with multi-
objective and robust formulations, posing scalability
issues for large asset universes and high-frequency
rebalancing strategies. Furthermore, while explainability
is improved through ESG decomposition, full
transparency of machine learning-enhanced ESG
forecasts remains an open concern for institutional
adoption.

6.3 Future Research Directions

Future research may extend this framework along
multiple dimensions. Dynamic ESGmodelingusingtime-
varying state-space representations could capture
sustainability momentum and controversy shocks.
Integration with climate stress testing and transition-risk
scenarios would enhance regulatory relevance. Further
work may also explore hybrid human-Aldecision systems
that combine expert judgment with algorithmic ESG
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optimization. Finally, extending the framework to multi-
asset portfolios, including fixed income and alternative
assets, represents a promising avenue for holistic
sustainable investment analytics.

3. CONCLUSION

This study develops a comprehensive, uncertainty-aware
ESG investment analytics framework that advances
sustainable portfolio optimization beyond traditional
screening and constraint-based approaches. By
embedding ESG considerations directly into the
optimization objective and accounting for rating
divergence, downside risk, and robustness, the proposed
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