n®a
TILBURG ¢ %%f ¢ UNIVERSITY
IYI

Optimal Portfolio Allocation with ESG

Dynamics: A Stochastic Approach
by

Jan Tobias van Schaik
221857

MSc Quantitative Finance and Actuarial Science

A thesis submitted in partial fulfillment of the requirements

for the degree of Master of Science in Quantitative Finance and Actuarial Science

Tilburg School of Economics and Management

Tilburg University

Supervisor: Christoph Hambel
Second Reader: Henk Keffert



Contents

Introduction
Literature Review

Data
3.1 Data Description . . . . . . .. ..

3.2 Summary Statistics . . . . . . ...

Empirical Analysis

4.1 Regression Analysis . . . . . . . ..
4.2 Estimation of pug . . . . . ..o
4.3 Regression Checks . . . . .. . .. . .
44 Estimationof og . . . . . . ... e

4.5 Time Series Analysis for the ESG Scores . . . . . . .. .. ... ... .. ...

Theoretical Model

5.1 Portfolio Optimization Model . . . . . . . ... ... ... ... ... ...,
5.1.1 Value Function . . . . . .. ... ...
5.1.2 Wealth Dynamics . . . . . .. .. .. .. ... ... ...
5.1.3 Dynamics of ESG Scores (6; and 0py) . . . . ... .. ... ... ..

5.2 Hamilton-Jacobi-Bellman Equation . . . . . . .. .. ... ... ... ...,

5.3 Optimal Investment Strategy . . . . . . . . .. .. ... .. ... ...,

5.4 Limitations of Geometric Brownian Motion for 6; . . . . . . .. . . ... ..

5.5 Simulation Framework . . . . . . . . .. .. ... L L
5.5.1 Discrete Implementation of Model Dynamics . . . . ... ... ...

5.5.2  Simulation Setup . . . . . . ...

10

13
13
14
15
16
16

18



Results

6.1 Empirical Results

6.1.1 Regression Analysis . . . .. ... ... Lo
6.1.2 Time Series Analysis . . . . . . . . ...
6.2 Theoretical Results . . . . . . . . ... . o
6.2.1 Closed-Form Solution . . . ... ... ... ... .. .........

6.3 Scenario Analysis

Conclusion

Appendix

36
36
36
40
42
42
44

48

52



Acknowledgments

With this thesis, I finish my Master’s degree in Quantitative Finance & Actuarial Sci-
ence, marking the end of my time at Tilburg University. I am grateful to my supervisor,
Christoph Hambel, for his helpful feedback and guidance throughout the process. I also
want to thank Tilburg University for the education and facilities, as well as Zhejiang Uni-
versity in Hangzhou, China, where I had the chance to spend a large part of my time
working on this thesis.

A special thank you goes to my parents and grandmother for their support and for giving
me the opportunity to pursue my studies. I also want to thank my friends—those I've met
during my Bachelor’s in International Business Administration, my Master’s in Quantita-
tive Finance & Actuarial Science, and in my personal life in Tilburg—for the good times

and the support.



Management Summary

Sustainable investing has become a critical topic in financial decision-making, with investors
increasingly considering Environmental, Social, and Governance (ESG) factors in portfolio
allocation (Global Sustainable Investment Alliance, 2022). This thesis develops a stochastic
portfolio optimization model that integrates ESG preferences using a Hamilton-Jacobi-
Bellman framework. The model seeks to determine an optimal asset allocation strategy
that balances financial returns and ESG considerations while maintaining a mathematically
rigorous foundation.

The ESG scores of assets are modeled as a Geometric Brownian Motion, reflecting their
uncertain yet persistent nature in financial markets. The investment strategy is derived an-
alytically, providing a closed-form solution for portfolio weights over time. The key finding
is that the optimal allocation strategy remains constant over time, meaning that investors
do not need to dynamically adjust their portfolio in response to ESG fluctuations. This
stability is advantageous because it minimizes transaction costs and ensures a consistent
approach to sustainable investing.

Empirical validation is performed using stock return and ESG score data, combined with
Fama-French five-factor regressions to assess the financial impact of ESG factors. The
results confirm that ESG preferences significantly influence portfolio decisions, leading to
different allocations depending on an investor’s risk aversion and sustainability preferences.
This thesis contributes to the field of responsible investing by bridging financial optimiza-
tion theory with ESG considerations in a novel way. The analytical framework provides
a foundation for future research, which could explore alternative ESG dynamics, such as
mean-reverting processes, or incorporate additional market frictions like transaction costs

and liquidity constraints.



1 Introduction

The integration of Environmental, Social, and Governance (ESG) factors in financial
decision-making has gained significant traction in recent years (Global Sustainable In-
vestment Alliance, 2022). Investors are increasingly incorporating sustainability criteria
into their investment strategies, reflecting both regulatory pressures and shifting societal
preferences. The role of ESG in asset pricing, portfolio construction, and risk management
has been widely studied (Albuquerque et al., 2019; Giese et al., 2019; Pastor et al., 2021;
Pedersen et al., 2021), yet optimal allocation strategies that balance financial returns with
ESG considerations remain an active area of research.

ESG investing has demonstrated its ability to influence financial performance, both posi-
tively and negatively. Empirical studies suggest that companies with strong ESG profiles
exhibit lower risk and more stable returns (Giese et al., 2019), yet trade-offs exist between
ESG considerations and financial objectives (Pedersen et al., 2021). The challenge for in-
vestors is to optimally allocate capital in a manner that aligns with both sustainability
goals and expected financial returns.

While traditional portfolio optimization models focus on maximizing expected utility based
on risk and return, they often neglect ESG preferences (Markowitz, 1952; Merton, 1969).
This research aims to develop a stochastic optimization framework that explicitly incorpo-
rates ESG factors into portfolio allocation. A key challenge is modeling the dynamics of
ESG scores and their interaction with asset prices, given their stochastic nature.

The primary objectives of this research are to model the dynamics of ESG scores using
a stochastic process, specifically a Geometric Brownian Motion, to develop a theoretical
framework for portfolio optimization that integrates ESG preferences, to derive an analyti-

cal solution using the Hamilton-Jacobi-Bellman equation, to conduct empirical analysis on



historical ESG scores and stock returns to estimate key parameters, and to simulate and
analyze the optimal allocation strategy under varying investor preferences.
Based on these objectives, the central research question of this thesis is formulated as

follows.

“How can a stochastic portfolio optimization framework be developed that integrates ESG
factors to optimize asset allocation while balancing financial returns and sustainability

preferences?”

This research employs a combination of empirical and theoretical methods. The empirical
component estimates the ESG dynamics and the characteristics of the stock return using
regression and time series models. The theoretical component formulates the portfolio
optimization problem as a stochastic control problem, solved using the Hamilton-Jacobi-
Bellman equation.

This study contributes to the literature by developing a stochastic model for ESG scores and
integrating it into a portfolio optimization framework, providing an analytical solution to
the ESG-based portfolio allocation problem, offering empirical insights into the interaction
between ESG scores and stock returns, and highlighting the implications of ESG investing
for risk-return trade-offs.

The remainder of this thesis is structured as follows. Chapter 2 reviews the existing lit-
erature on ESG investing, portfolio optimization, and stochastic modeling. Chapter 3
describes the data set and data preparation and provides important insights in the data.
Chapter 4 presents the empirical methods used to estimate key parameters. Chapter 5
presents the theoretical framework, including the stochastic modeling of ESG scores and
the formulation of the optimization problem. Chapter 6 discusses the results of the em-
pirical and theoretical analyses. Chapter 7 concludes the thesis with key takeaways and

suggestions for future research.



2 Literature Review

The integration of ESG factors into financial decision-making has gained increasing atten-
tion in both academic research (Albuquerque et al., 2019; Giese et al., 2019; Péstor et al.,
2021; Pedersen et al., 2021) and investment practice (Global Sustainable Investment Al-
liance, 2022). Investors are no longer solely focused on financial returns but also consider
broader sustainability and risk mitigation aspects in their portfolios. As regulatory frame-
works evolve and investor demand for ESG-aligned assets increases, the role of ESG factors
in asset pricing, portfolio construction, and corporate financial performance is becoming
more significant (Friede et al., 2015; Pastor et al., 2021). This section reviews the empirical
evidence on ESG and financial performance, explores how ESG preferences can be incor-
porated into utility-based decision-making, and presents the theoretical advancements in
ESG portfolio optimization.

Empirical research suggests that ESG factors influence both stock returns and firm risk.
Friede et al. (2015) provide one of the most extensive meta-analyses in the field, aggregat-
ing findings from over 2200 individual studies. They conclude that approximately 90% of
studies report either a neutral or positive relationship between ESG and corporate financial
performance (CFP), with the majority showing a statistically significant positive correla-
tion. Their findings indicate that ESG considerations are not necessarily a constraint on
returns but may enhance long-term value creation, particularly in emerging markets and
asset classes such as corporate bonds and sustainable real estate.

Pastor et al. (2021) extend this empirical evidence by developing a tractable equilibrium
model that demonstrates how ESG preferences influence asset prices, portfolio holdings,
and real economic outcomes. They show that green stocks have lower expected returns

due to investors’ preferences and their climate risk-hedging properties, but these stocks can



outperform when ESG concerns unexpectedly increase. Additionally, sustainable investing
leads to greener corporate behavior and a positive social impact by shifting investments
from brown to green firms (Pastor et al., 2021).

Aswani et al. (2024) find that prior findings linking carbon emissions to returns are primar-
ily driven by vendor-estimated emissions, which correlate with firm fundamentals rather
than actual carbon performance. They argue that scaling emissions by firm size provides a
more reliable measure, as unscaled emissions are mechanically correlated with productivity
and size.

From a risk management perspective, ESG factors can enhance financial stability. Giese
et al. (2019) analyze ESG scores within a discounted cash flow framework and identify
three key transmission channels: (1) the cash-flow channel, where firms with strong ESG
practices exhibit more stable earnings and operational efficiency; (2) the idiosyncratic risk
channel, where ESG mitigates firm-specific risks such as legal disputes or reputational
damage, leading to lower downside risk; and (3) the valuation channel, where ESG inte-
gration results in a lower cost of capital and higher firm valuations. Their findings support
the argument that ESG considerations provide risk-mitigation benefits, particularly for
long-term investors.

Engle et al. (2020) further explore how ESG factors interact with financial markets by
constructing hedge portfolios that mitigate exposure to climate risk. Some studies high-
light potential challenges and trade-offs in responsible investing. Kruger (2015) examines
how stock markets react to corporate events and find that negative incidents, such as
governance failures or environmental controversies, lead to significant stock price declines,
whereas positive news does not always generate strong market reactions. This asymmetric
pricing effect suggests that investors penalize poor performance more than they reward

improvements. Furthermore, Bolton and Kacperczyk (2021) investigate the role of carbon



emissions in asset pricing and find that firms with higher carbon dioxide emissions earn
higher expected returns. Their results indicate that investors demand compensation for
exposure to climate risk, creating a carbon premium that challenges the assumption that
investing in ESG improves financial performance.

Albuquerque et al. (2019) develop an industry equilibrium model in which Corporate Social
Responsibility (CSR) serves as a product differentiation strategy, leading to higher profit
margins, lower systematic risk and increased firm value. Their empirical analysis supports
this mechanism and shows that firms with higher CSR have a lower cost of equity, which
can reduce overall portfolio risk.

Investor preferences for ESG can be integrated into portfolio models through utility func-
tions. Epstein and Zin (1989) introduce recursive utility functions that separate risk aver-
sion from intertemporal substitution, allowing investors to optimize their portfolios based
on both financial returns and sustainabilit objectives. Abel (1990) further develops habit
formation models, suggesting that investors’ preferences evolve dynamically based on past
investment experiences. These models provide a theoretical foundation for understanding
the behavioral dynamics of ESG investing beyond traditional risk-return considerations.
A major contribution to ESG portfolio theory is the ESG-efficient frontier developed by
Pedersen et al. (2021). Their model extends the traditional mean-variance framework by
explicitly incorporating ESG preferences into portfolio selection. They demonstrate that
ESG factors influence asset pricing through two mechanisms: (1) fundamental information,
where ESG reflects firm quality and risk exposure, and (2) investor preferences, where
demand for ESG-aligned assets alters equilibrium returns. Their key result is a four-fund
separation theorem, where the optimal ESG portfolio is constructed as a combination of:
1. The risk-free asset (safe investments), 2. The traditional tangency portfolio (optimal

risk-return trade-off), 3. The minimum-variance portfolio (low-risk assets), and 4. An



ESG-tilted tangency portfolio (a sustainability-adjusted efficient portfolio).

This framework allows investors to allocate capital based on both financial and sustain-
ability considerations, showing that responsible investing can be optimal even within a
risk-return framework. Their empirical findings confirm that ESG considerations impact
equilibrium asset prices, affecting expected returns and risk premia (Pedersen et al., 2021).
Overall, the literature highlights the increasing role of ESG in financial decision-making,
asset pricing, and portfolio optimization. Empirical studies support the notion that ESG
factors enhance risk-adjusted returns, although challenges such as measurement inconsis-
tencies, sector biases, and the carbon premium effect remain. Theoretical advancements in
utility-based ESG investing and the ESG-efficient frontier provide a robust foundation for
integrating sustainability preferences into investment decisions. As ESG investing contin-
ues to evolve, understanding these dynamics will be crucial for investors seeking to balance

financial performance with sustainability goals.



3 Data

In this research, we utilize a comprehensive dataset to examine the relationship between
ESG scores and stock returns, alongside traditional financial factors. This section pro-
vides details on the data sources, preprocessing steps, statistical properties and summary

statistics.

3.1 Data Description

This research utilizes historical data from S&P 500 companies to analyze the relationship
between ESG scores and stock returns. The stock price data, sourced from Refinitiv, spans
monthly prices from 2011 to December 2023, while ESG scores, also obtained from Refinitiv,
cover the period from 2010 to 2022. Additionally, the Fama-French 5 factors—market
return, size (SMB), value (HML), profitability (RMW), and investment style (CMA )—were
sourced from the Kenneth French online data library and are included in the model to
explain stock returns alongside the ESG factor. The risk-free rate (Rf), which is used to
calculate excess returns, was also sourced from the Kenneth French online data library.
This ensures consistency in the financial data used for the analysis, aligning the risk-free
rate with the Fama-French factors for a cohesive approach.

From the 500 companies in the S&P 500, 386 were included in the analysis. This selection
was made based on the availability of complete data for both ESG scores and stock prices,
ensuring that the dataset used for analysis was free from missing values.

In preparing the data for analysis, since ESG scores are typically reported annually, they
were expanded to a monthly frequency to match the stock price data. This was done by
repeating the annual ESG score for each month within the respective year, allowing for a

consistent temporal alignment with the stock prices.



The analysis period was set from April 2011 to December 2023 for stock prices, while the
ESG scores cover January 2010 to December 2022. This difference in the time period is
due to the lagged use of ESG scores, as they are typically published annually in March
and used from April onwards. For example, the ESG score for 2010 is published in March
2011 and used in investment decisions starting from April 2011. This results in a lag of
approximately 15 months from the end of the year for which the ESG score applies to when
it begins to impact investment decisions.

The Fama-French factors were synchronized with the stock price data by aligning the
dates, ensuring that all datasets were consistent in terms of time frequency and coverage.
These steps ensured that the data were thoroughly prepared and aligned, providing a solid

foundation for the models and analyses presented in this research.

3.2 Summary Statistics

In this section, we present the summary statistics of some key variables used in our analysis:
the ESG scores and the FF5 factors.
Table 1 shows the number of companies periods and the distribution of companies across

industries.

10



Table 1: Number of Companies, Periods, and Companies per Industry

Industry Number of Companies
Communication Services 12
Consumer Discretionary 43
Consumer Staples 28
Energy 17
Financials 99
Health Care 46
Industrials 54
Information Technology 53
Materials 22
Real Estate 26
Utilities 29
Total 386

Table 2 presents the yearly summary statistics of the ESG scores.

Table 2: Yearly Summary Statistics of the ESG Scores
Year Mean Median StdDev Min Max P25 P75
2010  49.17 48.38 20.04 2.81 95.16 32.89 65.85
2011 50.90 50.41 19.82 2.96 92.54 35.75 67.17
2012  51.45 51.16 19.19 1.90 91.31 36.60 67.40
2013  52.28 52.36 18.80 2.49 92.28 38.85 67.78
2014  53.17 53.94 18.13 2.46 92.39 39.07 67.67
2015  56.62 57.51 17.29 5.81 92.84 43.65 70.06
2016  59.32 60.62 16.33 15.45 91.29 46.72 71.31
2017  61.94 63.29 15.67 14.18 92.01 51.59 72.97
2018  63.44 65.53 15.24 20.87 93.03 52.49 74.54
2019  65.38 67.18 14.23 23.81 92.85 55.95 76.08
2020  66.89 69.49 13.94 22.39 93.24 59.15 76.90
2021  68.17 69.96 12.86 23.88 92.77 60.72 77.18
2022  68.81 70.62 11.77 24.80 91.71 61.90 77.13

Table 3 shows the drift () and volatility (og) of raw ESG scores across industries and

the average py and oy over all companies.
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Table 3: ESG Drift and Volatility per Industry
Industry ) g
Communication Services 0.0050 0.0153
Consumer Discretionary  0.0040  0.0127

Consumer Staples 0.0019 0.0083
Energy 0.0028 0.0111
Financials 0.0037 0.0125
Health Care 0.0049 0.0161
Industrials 0.0050 0.0353
Information Technology  0.0038  0.0148
Materials 0.0032 0.0105
Real Estate 0.0074 0.0325
Utilities 0.0020  0.0098
Mean 0.0041 0.01947

Table 4 presents the summary statistics of the FF5 factors.

Table 4: Summary Statistics of FF5 Factors
Mkt-RF SMB HML RMW CMA RF
Mean 0.998 -0.106  -0.095  0.321 0.019 0.00077
Median 1.270 -0.060 -0.370  0.300 -0.110 0.00010
StdDev 4.394 2.671  3.378 2.035 2.163  0.00120

Min -13.380 -8.280 -13.830 -4.760 -6.810 0.00000
Max 13.650 7.320 12.880  7.200 7.740  0.00470
P25 -1.600 -1.900 -1.845 -1.183 -1.375 0.00000
P75 3.410 1.438  1.405 1.555 1.250  0.00130

These tables provide insights into the characteristics of the dataset, including trends in

ESG scores, variation across industries, and the distribution of factor returns over time.
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4 Empirical Analysis

This section presents the methodological framework used to investigate the relationship
between ESG factors and asset returns. First, a regression analysis incorporating an ESG
component is performed to estimate the drift of asset returns. Next, the volatility is
derived from the historical data. Finally, the upward trend in ESG scores is investigated
to determine the most appropriate dynamics, such as a Geometric Brownian Motion, for
the analytical model. This empirical analysis estimates key parameters that are then

incorporated into the analytical model.

4.1 Regression Analysis

The regression analysis in this study serves two primary purposes. Firstly, it investigates
whether there exists a meaningful relationship between ESG factors and asset returns. By
integrating ESG scores into an extended version of the Fama-French 5-factor model (Fama
& French, 2015), the analysis provides insights into how sustainability practices influence
financial performance while accounting for established risk factors. Subsequently, it is used
to estimate the drift term (ug) for each asset, which represents the expected return needed
for simulations in the analytical model.

The extended Fama-French model is expressed as follows:

R;; — Tg = o + BiMkt - Mkt-Rf; + 8; smp - SMB; + 5; pmr - HMLi+
Birmw - RMW; + 3; oma - CMA; + B gsa - ESGi—15 + €54,

where the left-hand side, R;; — r{ , represents the historical excess return of asset i at

time ¢, defined as the return above the risk-free rate. The terms on the right-hand side
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include established risk factors as well as an ESG component. Specifically, the model
accounts for market exposure (Mkt-Rf;), size (SMBy), value (HML,), profitability (RMW,),
and investment style (CMA;), which are the traditional components of the Fama-French
5-factor model. To extend this framework, a lagged ESG score (ESG;_15) is added to
capture the influence of sustainable practices on asset returns. This lagged ESG factor
reflects the practical delay between the publication of ESG scores and their incorporation
into investment decisions, ensuring that the model captures the financial impact of ESG
practices in a realistic manner.

Each coefficient in the regression represents the sensitivity of the asset’s return to a spe-
cific factor. The coefficients 3; vk, 8, sMB, Bi,HML, Bi RMW, Bi,cMa measure the exposure of
asset 7 to the traditional risk factors, while 3; sg captures the sensitivity to ESG consid-
erations. The intercept term «; accounts for any return component that is not explained
by the included factors, and the residual term ¢; ; captures the unexplained variation in re-
turns. Estimating these coefficients allows us to decompose asset returns into components
attributable to systematic risks, ESG considerations, and idiosyncratic effects.

The inclusion of the ESG component enables the analysis to explore whether ESG scores
have a statistically significant relationship with asset returns. By examining the signif-
icance and magnitude of ; gsq, we can evaluate whether ESG considerations influence
financial performance beyond what is captured by traditional risk factors. This is critical

for understanding the potential role of sustainability in asset pricing.

4.2 Estimation of ug

In addition to investigating the relationship between ESG factors and asset returns, the
regression model is also used to estimate the drift term (ug) for each asset. The drift term

represents the expected growth rate of the asset’s price over time and is a key input for
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the simulation of stock prices in the analytical model. Once the regression coefficients are
estimated, p is calculated by applying these coefficients to the historical averages of the
corresponding factors. This process combines the intercept («;) and the sensitivity to each

factor (/) with their historical averages (E[:]) to obtain the expected return for asset i:

fii = o + Binke - E[Mkt-Rf] + 8; smp - E[SMB] 4 8; aur - E[HML]+
52‘,RMW . E[RMW] + ,Bi,CMA . E[CMA] + Bi,ESG . E[ESG].

In this equation, E[-] represents the historical average of each factor over the period of anal-
ysis. The resulting fi; reflects the asset’s expected return, incorporating both systematic
risks and the specific influence of ESG factors. This estimated drift term is subsequently

used in the analytical model to simulate stock price dynamics.

4.3 Regression Checks

To ensure the reliability and validity of the regression model, several diagnostic tests were
performed. The White test was used to check for heteroscedasticity, ensuring that the
variance of the residuals remains constant across all levels of the independent variables. A
violation of this assumption would indicate heteroscedasticity, potentially leading to inefhi-
cient coefficient estimates. The Durbin-Watson test was conducted to detect the presence
of autocorrelation in the residuals, which would violate the assumption of independence.
This is particularly important when working with time series data, as residual autocor-
relation can distort the standard errors of the coefficients. Additionally, the normality of
the residuals was assessed using visual inspection through a histogram, ensuring that the
residuals are approximately normally distributed—a key assumption for hypothesis testing

in ordinary least squares regression. Finally, the linearity assumption was evaluated by
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examining scatter plots of residuals versus predicted values to confirm that the model ade-
quately captures the linear relationship between the dependent and independent variables.
These diagnostic tests collectively ensured that the regression results are robust and the

estimated coefficients can be interpreted with confidence.

4.4 Estimation of og

The volatility (og) of each asset is estimated directly from the historical monthly log-returns
(log(St+1/St)) for each stock. The standard deviation of these returns provides a measure
of the asset’s total variability, capturing both systematic and idiosyncratic risks. This
approach ensures that the estimated volatility reflects the real-world fluctuations in asset
prices. Together with the estimated drift (ug), these volatilities (0g) form the foundation
for the stochastic modeling of asset prices, enabling the analytical solution to be tested

under realistic conditions.

4.5 Time Series Analysis for the ESG Scores

Understanding the dynamics of ESG scores is crucial for modeling their impact on financial
decision-making. To analyze the evolution of ESG scores over time, we investigate their
historical trends and stationarity properties. This allows us to determine whether ESG
scores exhibit predictable patterns or stochastic behavior that can be effectively captured.
First, we examine whether ESG scores follow a systematic upward trend. To assess this, we
analyze the historical ESG data. We observe a clear upward trend, representing continuous
growth.

To determine whether ESG scores follow a stationary or non-stationary process, we conduct
the Augmented Dickey-Fuller (ADF) test.

The results indicate that ESG scores are non-stationary, implying that they exhibit per-

16



sistent long-term trends. This finding motivates the use of a model that incorporates a
positive drift component to reflect the continuous growth in ESG performance.

Given these findings, we model ESG scores using a Geometric Brownian Motion, which
allows for both systematic growth and stochastic fluctuations. A Geometric Brownian
Motion includes a drift term (ug), representing the expected growth rate of ESG scores,
and a volatility term (oy), capturing the variability in ESG score changes. These parameters
are estimated from historical data, where pg is computed as the average monthly return of

ESG scores, and oy is calculated as the standard deviation of these returns.

17



5 Theoretical Model

In this section, we present the theoretical framework that supports the portfolio opti-
mization model. The objective is to derive an optimal investment strategy that balances
financial returns with ESG performance. First, we introduce the general setup and utility
specification. Next, we detail the stochastic processes governing wealth and the portfolio
ESG score, and we derive the optimal portfolio allocation using the Hamilton-Jacobi-
Bellman equation. Furthermore, we consider the possibility of modeling ESG scores as a
mean-reverting process and discuss the simulation framework that will later be used to

evaluate the model’s performance.

5.1 Portfolio Optimization Model

The model seeks to determine the optimal investment strategy for an investor who aims to
maximize overall utility, which depends on both wealth (W;) and the portfolio ESG score
(Opy).

The modeling approach follows the intertemporal portfolio optimization framework in-
troduced by Merton (1969), who demonstrated how investors dynamically adjust their
portfolios to maximize expected utility over time in a continuous-time setting.

To integrate ESG considerations into investment decisions, the portfolio ESG score (6p;)
is modeled as a Geometric Brownian Motion. This modeling choice reflects the observed
behavior of ESG scores, which exhibit long-term growth trends combined with stochastic
fluctuations.

The initial focus is on a simplified portfolio comprising a single risky asset and a risk-free
asset. This setup allows for the derivation of an analytical solution, which serves as the

foundational case for understanding the dynamics of the model. The framework is then
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extended to include N risky assets with varying ESG characteristics. This generalization
introduces diversification into the model, allowing the investor to account for differences
in the sustainability performance of individual assets.

The optimization process is guided by the investor’s utility function, which explicitly bal-
ances preferences for wealth and ESG performance. This utility function enables the in-
vestor to make structured trade-offs between financial returns and sustainability objectives,
ultimately determining the optimal allocation strategy for the portfolio.

The Hamilton-Jacobi-Bellman (HJB) equation is employed to solve this dynamic opti-
mization problem, following the principles of continuous-time optimization as in Merton
(1969).

By solving the Hamilton-Jacobi-Bellman equation, we derive the optimal allocation strat-
egy for 7, ensuring that the investor achieves the highest possible utility given their prefer-
ences, the stochastic nature of the market, and the dynamics of ESG scores. This analytical
solution provides valuable insights into how investors balance traditional financial perfor-

mance with sustainability objectives under varying market conditions.

5.1.1 Value Function

The Value Function J(W4, 0p;, t) represents the maximum expected utility that an investor
can achieve from time ¢ onward, given their current wealth W; and the portfolio ESG score
Op;. It reflects the investor’s optimal dynamic decisions over time, balancing preferences
for financial returns and ESG considerations.

The portfolio ESG score 6p; represents the weighted ESG performance of the investor’s

portfolio. For the single-asset case, this simplifies to:

Op+ = Ty,
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where m; is the proportion of wealth allocated to the risky asset, and 6, is the ESG score

of the single asset. In the multi-asset case, fp; generalizes to:

N
9P,t = g 7Tz‘,t9z‘,t7
i=1

where 7;; is the proportion of wealth allocated to the i-th asset, and 60;; is its ESG score.
This formulation ensures that the portfolio ESG score reflects the weighted contributions
of all assets based on their ESG characteristics and allocation proportions.

The Utility Function U(W;, 0p;) combines wealth and the portfolio ESG score into a Con-

stant Relative Risk Aversion (CRRA) Cobb-Douglas form (Cobb & Douglas, 1928):

(weap,)

U(Wtu ep,t) = 1 —

Y

where « represents the investor’s preference for wealth, 3 captures the preference for higher
portfolio ESG scores, and ~ is the coefficient of relative risk aversion. The parameters
satisfy a + 8 = 1, ensuring consistent weighting between wealth and ESG performance.

The Value Function J(Wy,0p;,t) aggregates the expected utility over time, incorporating

the investor’s preferences and market dynamics. It is defined as:

T
J(Wt7 0P,t7t) = SupE |:/ U(W87 HP,S)g(t) ds ’ Wta QP,t )
t

Tt

where T is the terminal time, ¢(t) is a general time-dependent function that discounts
utility, reflecting time preferences, 7 is the vector of allocations to the risky assets, and the

expectation E[] is taken over all possible future paths of W; and 6p;.
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For tractability, the model assumes a stationary solution of the form:

(weop,)

J(Wt, 9P,t7t> - g(t) 1—~

)

where ¢(t) captures the time-dependence and ensures consistency with the Hamilton-
Jacobi-Bellman equation.

The key parameters of the Utility Function are central to the investor’s decision-making
process. The parameters « and S define the trade-off between wealth and ESG considera-
tions. A higher « indicates a focus on financial returns, while a higher § reflects stronger
preferences for sustainability. The parameter v governs the investor’s risk preferences. For
~v > 1, the investor is risk-averse, while v = 1 corresponds to logarithmic utility, and v < 1
indicates risk-seeking behavior.

By incorporating 6p; into the utility and value functions, this model allows for dynamic
optimization that balances traditional financial goals with ESG objectives, providing a

flexible framework suitable for both single- and multi-asset portfolios.

5.1.2 Wealth Dynamics

The investor’s total wealth X; evolves over time based on their allocation to risky and
risk-free assets. A proportion 7y of the wealth is invested in the risky asset, while the
remaining proportion (1 — m;) is allocated to the risk-free asset, which yields a constant
return r. The dynamics of the wealth process depend on the evolution of the risky asset’s
price S¢, which follows a Geometric Brownian Motion.

For a single risky asset, the stock price dynamics are given by:

dSt = St [/LS dt + gs dWl,t] ,
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where pg is the expected return (or drift) of the risky asset, og is its volatility, and dW1 ;
represents a standard Brownian motion capturing the uncertainty in price movements. The
risky asset introduces stochasticity into the wealth dynamics.

The corresponding wealth dynamics are:
dX; =X, [T’ + 7Tt(/~LS — T')] dt + Xymiog dWl,t-

This equation shows that the change in wealth arises from the risk-free return r, the excess
return (ug — r) from the risky asset, and the volatility of the risky asset scaled by the
proportion 7.

For N risky assets, the model generalizes to a portfolio, with each risky asset .S; ; following

its own Geometric Brownian Motion:
dSt == St o) (“S dt + ZS dlet) .

Here, S; is the N x 1 vector of risky asset prices, pg is the N x 1 vector of expected returns
for these assets, and 3g is the N x N covariance matrix capturing the volatilities and
correlations of the assets. The symbol o denotes element-wise multiplication. The vector
dW 1 represents N independent standard Brownian motions, one for each asset.

The wealth dynamics for N risky assets are then expressed as:
dX, = X, [r+ =] (ug —rl)] dt + Xym{ g dW1,.

In this case, 7 is the N x 1 vector of proportions of wealth allocated to each risky asset,
and 1 is an N x 1 vector of ones used to distribute the risk-free rate r across all assets.

This equation highlights the aggregate impact of the portfolio’s expected excess returns
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and its exposure to stochastic shocks, weighted by the allocation vector ;.

In the single-asset case, the dynamics focus on one risky asset with its drift ug and volatil-
ity og. In the multi-asset case, these are replaced by the vector g, which contains the
expected returns of all N risky assets, and the covariance matrix g, which encodes the
volatilities (on the diagonal) and covariances (off-diagonal entries) of the asset returns.
This generalization maintains the structure of the single-asset case while allowing for di-

versified portfolios and the additional complexities introduced by multiple assets.

5.1.3 Dynamics of ESG Scores (¢; and 0p;)

The ESG score (6;) serves as a measure of the sustainability performance of assets and plays
a critical role in this model. It captures the investor’s preference for socially responsible
investments and directly influences the utility function. Modeling 6; appropriately is crucial
for accurately representing its behavior over time. In this model, we assume that ESG
scores follow a Geometric Brownian Motion. This choice is motivated by several key
factors.

First, ESG scores exhibit proportional growth, where changes are relative to their cur-
rent level. For instance, companies with lower initial ESG scores may experience larger
proportional improvements compared to companies with already high scores, reflecting di-
minishing returns on sustainability investments. A Geometric Brownian Motion naturally
captures this behavior, as its changes are scaled by the current value of 6;. Second, ESG
scores are subject to both predictable trends and random shocks. Predictable trends, such
as gradual improvements driven by corporate strategies or regulatory policies, are captured
by the drift term of the Geometric Brownian Motion. Random shocks, which arise from
events such as controversy or regulatory changes, are modeled through the stochastic term.

Third, the Geometric Brownian Motion aligns with empirical behaviors observed in histor-
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ical ESG data, which often show stochastic variability and upward trends, particularly in
industries with strong regulatory or market incentives for sustainability.

The Geometric Brownian Motion parameters, py (drift) and oy (volatility), offer flexibility
to represent different scenarios. A higher py reflects stronger trends in ESG improvement,
such as in industries with robust sustainability commitments, while a lower or negative
1y may represent stagnation or declines in ESG performance. Similarly, og captures the
uncertainty in the evolution of ESG, with higher values indicating greater unpredictability.
In the context of portfolios with multiple assets, the dynamics of ESG scores must also
account for the interrelationships between the scores of different assets. Inclusion of covari-
ances between asset-specific ESG scores introduces the possibility of diversification effects
in the portfolio ESG score.

The dynamics of the ESG scores, both for individual assets and the overall portfolio, are

described as follows. For a single asset, the ESG score evolves according to:

dOy = 0y [11g dt + o9 dWay]

where pg is the expected growth rate of the ESG score, gy represents the volatility, and
dWs; is a standard Brownian motion. This formulation ensures that 6; evolves propor-
tionally to its current level, with both deterministic and stochastic components.

For portfolios consisting of N assets, the ESG scores of individual assets are represented

by the vector 8¢, which follows:

df; = 0, o (”0 dt + X dWZt) s

where pg is an N x 1 vector of drift terms, 3y is an N x N covariance matrix capturing

the relationships between ESG scores, and dWy; is an N x 1 vector of Brownian motions.
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The element-wise product o ensures that the proportional dynamics are preserved for each
individual asset.
The portfolio ESG score (6p;) represents the weighted sustainability performance of the

portfolio and is a key component in the utility function. It is defined as:
0P,t = W?Ot + (]. — ]_Tﬂ't) . eRf,

where Op, is the ESG score of the risk-free asset.
In this model, we assume that the ESG score of the risk-free asset is g, = 0. This
reflects the idea that the risk-free asset does not contribute to the portfolio’s sustainability

performance. Consequently, the portfolio ESG score simplifies to:
Ops = 7} ;.

where 0; represents the vector of ESG scores for the individual assets in the portfolio and
weights determined by the allocation vector 7.

This assumption implies that the portfolio ESG score depends entirely on the allocations
to risky assets and their respective ESG scores. If a significant portion of the portfolio is
allocated to the risk-free asset (1 — 17w, > 0), the portfolio ESG score fp; will naturally
decrease.

While the choice of 0, = 0 simplifies the model, it introduces an important consideration:
investments in the risk-free asset effectively dilute the portfolio’s ESG score. This assump-
tion aligns with the idea that sustainability improvements are driven by investments in
risky assets with measurable ESG characteristics, rather than by allocations to risk-free
assets, which are treated as neutral in this framework.

In practice, this assumption incentivizes higher allocations to risky assets with high ESG
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scores for investors with strong sustainability preferences. The optimal allocation to risky
assets (m;) balances the trade-offs between financial risk, returns, and the portfolio’s ESG
performance, as captured by the utility function.

The dynamics of 0p; are given by:
_ T T
dipy = Opy [m] pydt + ) BgdWay] .

By adopting this framework, the model captures both the individual behavior of asset-
specific ESG scores and their aggregate impact on the portfolio. The use of Geometric
Brownian Motion dynamics ensures mathematical tractability while aligning with empirical
characteristics of ESG performance, such as non-negativity, proportional changes, and

exposure to both predictable trends and random shocks.

5.2 Hamilton-Jacobi-Bellman Equation

To determine the optimal portfolio allocation 7y, the Hamilton-Jacobi-Bellman equation

is formulated as:

0J
ZJ = sup {(‘)t + Ix X | 7] (g — 1) + 7| + Jgpep,tﬂ';rue
™t

1 1
+57x xX2n] SgPXgm, + ijgpgpel%ﬂj SoQ g 4 Jxo, Xi0psm, zstm}.

Here, Z is a constant scaling the value function J(X;,0p,t). The terminal condition for

the value function is:

(X067 7)1

J(Xr,0p7,T) = U(Xr,0p1) = —7— S

Y
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where oo + 8 = 1, ensuring a balance between the investor’s preferences for wealth (X;)
and ESG performance (6p;) and v > 0,7 # 1, representing the coefficient of relative risk
aversion.

The terms P, Q, and R capture the correlation structures between risky asset returns and

ESG scores:

e P is the N x N correlation matrix for risky asset returns, with elements P;; repre-

senting the correlation between the ¢-th and j-th risky assets.

e (Qis the N x N correlation matrix for ESG scores of assets, where ();; represents the

correlation between the i-th and j-th asset’s ESG scores.

e R isthe N x N matrix capturing correlations between the Brownian motions driving
the risky asset returns and the ESG scores. Specifically, R;; represents the correlation
between the i-th risky asset Brownian motion and the j-th ESG score Brownian

motion.

For example, P could take the form, with p; ; the correlation between risky asset 7 and j:

1 pi2 -+ piN
pr2 1 - pan

P=
/N paN oo 1]

If the Brownian motions driving the risky asset returns and the ESG scores are uncorre-
lated, R becomes the zero matrix. This simplifies the cross-term Jxg, and decouples the

dynamics of X; and 0p;.
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5.3 Optimal Investment Strategy

The objective is to derive the optimal portfolio allocation 7r; that maximizes the value
function J(Xy,0py,t).
To find 7}, we extract the terms in the Hamilton-Jacobi-Bellman equation that depend on

7r; and take the derivative:
IxXipg — rIx Xel + Jo0pipg + Ixx X7 EsPEsmy + Jopo,0%,20QTem,

+2JX9PX7§0P¢ZSR297T7§ =0.

This results in:

Aﬂ't = b,

where:

A= Jxx X{BsPXg + Jon0,05,20Q%0 + 2Jx0, X10p: X s Ry,
b= - (JXXtPJS - ’I“JXXt]. + J@PGRtue) .

Then the partial derivatives of J are substituted in this expression:

A = g() X0}, [(&— 1)aZsPEs + (5 - 1)556QE + 2a5(1 7)2SR29} .

b= —g(t) X707, [a(ps — 1) + Bug)

where @ = (1 —7), [ =p(1—+). The optimal 7} is then:

alps —r1) + Bpy '
(1 -a)aZsPXs+ (1 - 5)fXeQ%g — 2a5(1 — 7)EsR%y

*_
7rt_
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From the structure of the Hamilton-Jacobi-Bellman equation and the derivation of 7}, we
observe that 7} depends solely on the model parameters. Since these partial derivatives
do not explicitly depend on time ¢, 7} is constant over time. That means we can write
it as «v*. This is a direct consequence of the separable structure of the value function
J(X¢,0py,t), which assumes a specific functional form.

By substituting 7* back into the Hamilton-Jacobi-Bellman equation, we validate the con-
sistency of the solution and show that the value function J evolves as expected under the

given dynamics. We rewrite the Hamilton-Jacobi-Bellman equation as:

ZJ=(A+B+C+D+E+F+G)-J

where Z is a constant and the terms A to G correspond to the constant contributions from
the partial derivatives of J and their interactions with 7v*. The solution for 7* provides
a constant optimal allocation vector for the portfolio, balancing risk, return, and ESG
preferences. The result highlights the role of correlations between asset returns (P), ESG

scores (Q), and cross-effects (R) in determining the optimal weights.

5.4 Limitations of Geometric Brownian Motion for 6,

The use of a Geometric Brownian Motion to model ESG scores (#;) introduces certain limi-
tations. While a Geometric Brownian Motion captures proportional growth and stochastic
fluctuations effectively, it allows ESG scores to grow unboundedly over time. This can result
in unrealistic outcomes, as most ESG scoring frameworks cap scores at a maximum value,
such as 100. Furthermore, a Geometric Brownian Motion does not exhibit mean-reverting

behavior, which may better reflect the natural tendency of ESG scores to stabilize over
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time due to diminishing returns on sustainability improvements or regulatory constraints.
To address these limitations, the dynamics of 8; are redefined by applying an exponential

transformation to a mean-reverting process inspired by Vasicek (1977):
0, =e?, dZ; = K(Z* — Z;) dt + 07 dWay.

The Exponential Vasicek process ensures positivity and introduces mean-reversion, pre-
venting 0; from exceeding practical bounds. Here, x > 0 represents the speed of mean
reversion, Z* is the long-term mean of Z; = In(6;), and o is the volatility.

Using It6’s Lemma for 6; = e?*, the dynamics of 6; are derived as:

2

6, = 6, (In(6*) — In(6,)) dt + 2%9 dt + og dWay,
t

where g9 = 0;07. This formulation incorporates mean-reversion and adjusts for stochastic
fluctuations in 6;.

By Ito’s Lemma we find that the dynamics of §p become:

2
0

dept = Tt (915/{ (ID(Q*) — 111(975)) dt +
’ 20,

dt + og dWay
The wealth dynamics (X;) remain unchanged and follow:
dXt = Xt (T‘ + Wt(MS - T‘)) dt + Xtﬂ'tO'S dWl,t.

The Hamilton-Jacobi-Bellman equation for the value function J (X, 6, t) is formulated as:

- 07 * O'g
0= Sup {&t + Ix X (r + m(ps — r)) + Jp (9%; (In(6*) — In(6,)) + 7&)
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+§JxxXtQ7T?O'§~ + §J990'g + JXQXtﬂ'tO'Sagp}.

The terminal condition is defined as:
J(XTu eTu T) = U(XTa GT)a

where U (X7, 1) represents the utility derived from wealth X7 and the ESG score 01 at
the terminal time 7. While this terminal condition reflects the investor’s preferences, it
does not impose a specific functional form for J(Xj,6;,t). Consequently, a closed-form
solution for J cannot be derived, but the optimization process and first-order conditions
provide a practical framework for finding the optimal controls 7} .

By rewriting the model to use 6, as a state variable, the ESG dynamics become independent
of portfolio weights, enabling a more direct analysis of ESG trends and their impact on
utility. This reformulation simplifies the Hamilton-Jacobi-Bellman equation and aligns the
dynamics with the Exponential Vasicek process, ensuring positivity and realistic ESG score
behavior. The absence of a specific form for J(Xy, 0, t) highlights the complexity of the
problem, but the terminal condition J(Xr,07,T) = U(Xp,07) ensures alignment with

investor preferences.

5.5 Simulation Framework

This subsection presents the methodology for simulating the dynamics of ESG scores and
portfolio wealth over time. The simulations are designed to evaluate the behavior of the
theoretical model under varying conditions and to analyze the impact of different parameter
configurations and investment strategies on optimal allocation and investor utility.

The stochastic evolution of ESG scores and portfolio wealth is modeled using a Geometric

Brownian Motion for ESG scores and a wealth dynamic equation driven by optimal portfolio
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allocation. Parameter values for these simulations are derived from empirical analyses
to ensure alignment with realistic market behavior and historical trends. This approach
captures the interplay between ESG preferences and wealth growth, reflecting the inherent
uncertainty in both dimensions.

By bridging the empirical analysis with the theoretical model, this simulation framework
enables a comprehensive exploration of the model’s implications, contributing to a better

understanding of the relationship between ESG dynamics and investment decisions.

5.5.1 Discrete Implementation of Model Dynamics

The stochastic dynamics of ESG scores and portfolio wealth are defined in continuous
time. To implement these dynamics numerically, they are transformed into discrete-time
equations, allowing for simulation over a finite number of time steps. This section outlines
the discrete implementations of the ESG score dynamics and portfolio wealth evolution, as

well as the incorporation of correlation between the two processes in a multi-asset setting.

Discrete ESG Dynamics (6;) The ESG scores of individual assets, denoted as 6; =

(014,024, .-.,0Nn¢) T, follow a Geometric Brownian Motion, given by:
th = Bt @) (/J,gdt + Ugth) s

where pg is the vector of expected ESG drifts, og is the vector of ESG volatilities, and
dWy, is a vector of standard Brownian motions. The operator o denotes element-wise

multiplication. The discretized form used in simulations is:

1
0t11 =0 o0exp <(,u0 - 50'02)At + ag@Zt) ,
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where Z; is a vector of independent standard normal random variables. The ESG scores
evolve stochastically while maintaining their positive growth properties. ESG scores are
only updated once a year, remaining constant for 12 consecutive months before being

adjusted.

Discrete Portfolio ESG Score Dynamics (fp;) The portfolio-level ESG score, 0p;,

is defined as the weighted sum of individual asset ESG scores:
Ops = 7' 0.

Using the discretized ESG score dynamics, 0p; is updated at each time step based on the
changing asset-level ESG scores and portfolio weights. Given that portfolio allocations 7*
are constant in the analytical solution, the portfolio ESG score evolves as a function of the

ESG drifts, volatilities, and Brownian shocks applied to the asset-level ESG scores.

Discrete Wealth Dynamics (W;) The evolution of portfolio wealth follows:
AW, = W, [7’ vl (s — rl)] dt + Wyr | ogdWy,

where r is the risk-free rate, pug is the expected return vector of risky assets, og is the

volatility vector, and 7 represents the portfolio allocation. The discrete version is:
Wip1 = Wy (1 + 7TT<;,LS —r1)At + TI'T0'5\/ AtZt> ,

where Z; is a vector of standard normal random variables.
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Correlation Between ESG Scores and Portfolio Returns Correlations between
ESG scores (6¢) and portfolio returns (WW;) are incorporated by generating correlated Brow-
nian motions. Given two independent standard normal vectors, Z7 and Zs, the correlated

shocks are obtained as:

Zcorrelated,l I R Zl
Z R 1 Z
correlated,2 2

where R is the correlation matrix between stock returns and ESG scores. These correlated

shocks ensure that ESG scores and asset returns reflect realistic dependencies.

5.5.2 Simulation Setup

To numerically simulate the dynamics of ESG scores and portfolio wealth, a structured
simulation setup is implemented. This section describes the time horizon, discretization

scheme, number of simulations, and initialization of parameters.

Time Horizon and Discretization The simulations are conducted over a finite time
horizon of T' = 10 years, using monthly time steps. Since the ESG scores and portfolio
returns are already available as monthly observations, no further discretization is applied.
The discrete equations for ESG scores (6:) and portfolio wealth (1) are iteratively updated

at each time step, aligned with the available data frequency.

Number of Simulations To ensure robust statistical results, Ngpy, = 10,000 indepen-
dent simulations are performed. Each simulation generates a trajectory for both ESG
scores and portfolio wealth, allowing for the evaluation of average behavior and distribu-

tional properties.
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Initial Values The initial values for ESG scores and portfolio wealth are set as:
6o=X, Opo=7""X, Wy=100,

where X represents the last observed ESG score vector from historical data. The initial
portfolio ESG score, 0p, is determined by applying the optimal portfolio weights 7* to

the historical ESG scores.

Parameter Inputs The parameters used in the simulations, including pg, og, s, os,
r, and R, are derived from the empirical analysis described earlier. These values remain

fixed throughout the simulation process.

The simulation setup provides a structured and reproducible framework for numerically
evaluating the model. By integrating empirically derived parameters, a large number of
simulations, and appropriate initial values, the framework enables a detailed exploration

of the stochastic dynamics of ESG scores and portfolio wealth over time.
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6 Results

This section presents the main findings of the study, including both empirical and theoret-

ical results.

6.1 Empirical Results

To assess the influence of ESG scores on stock returns, we conduct an empirical analysis
based on historical data. This subsection presents the key findings from the regression and

time series analysis.

6.1.1 Regression Analysis

In this section, we present the results of the regression analysis using an extended version
of the Fama-French 5-factor model, which includes an additional ESG factor. The primary
objective of this analysis is to isolate and quantify the impact of ESG scores on stock returns
while controlling for the well-established Fama-French factors: market return (Mkt - Rf),
size (SMB), value (HML), profitability (RMW), and investment style (CMA). By including
the ESG factor alongside these traditional factors, we can assess whether and to what extent
ESG scores contribute to the overall expected return of a portfolio. This analysis is crucial
for understanding the role of sustainability metrics in financial performance and for guiding
investment strategies that incorporate ESG considerations.

Table 5 presents the estimated beta coefficients and their associated p-values for the in-
tercept and each factor in the model. The beta coefficients represent the sensitivity of the
stock returns to the respective factors, while the p-values indicate the statistical significance
of these coefficients.

The regression results indicate that all Fama-French factors, including market (Mkt - Rf),
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Table 5: Regression Results: Betas and p-values for FF5 and ESG Factors
Intercept Mkt - Rf SMB HML RMW CMA ESG

B -0.0028 0.0100 0.0012 0.0029 0.0009 -0.0012 -0.0009
p-value 0.000 0.000 0.000  0.000  0.000 0.000 0.002

size (SMB), value (HML), profitability (RMW), and investment style (CMA), have sta-
tistically significant impacts on stock returns. The market, size, value, and profitability
factors all exhibit positive beta coefficients, indicating that these factors contribute posi-
tively to returns. In contrast, the investment factor (CMA) has a negative beta, suggesting
a negative relationship with returns. The statistical significance of all factors strengthens
the robustness of the model and implies that these factors are meaningful in explaining
stock returns.

To visualize the variability across different factors, Figure 1 provides a boxplot of the beta
coeflicients for each factor, illustrating the spread and central tendency. The boxplot helps

demonstrate the consistency of the factor impacts across different companies.

Table 6: Statistics for ESG Betas
Mean StdDev Min Max Median

ESG Betas -0.0009 0.0055 -0.0166 0.0357 -0.0011

Table 6 represents the statistics for the beta of the ESG Score. The ESG factor has
a negative average beta of -0.0009, which indicates that, on average, stocks with higher
ESG scores may slightly underperform those with lower scores when all other factors are
held constant. However, this relationship is statistically significant, suggesting that ESG
considerations do influence stock returns in this context.

The descriptive statistics in Table 6 show that the ESG betas range from -0.0166 to 0.0357,

indicating a considerable variation in the influence of ESG scores on stock returns across
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different companies. The standard deviation of 0.0055 also suggests a notable spread in the
impact, which means that while the average influence is negative, there are cases where ESG
scores positively impact stock returns. This allows our model to incorporate both positive
and negative effects of ESG on portfolio returns, reflecting the diverse impact that ESG
factors can have on different companies. The spread in ESG betas may also be attributed
to industry-specific dynamics or varying investor perceptions of ESG performance. This
variation is also evident in Figure 1, which provides a boxplot of the beta coefficients
for each factor. The boxplot for ESG shows that the distribution contains both negative
and positive values, reinforcing the conclusion that ESG scores can have mixed effects on

returns.

Distribution of Betas for Each Factor
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Figure 1: Distribution of Betas for Each Factor

We present the diagnostic checks performed to ensure the validity of the regression model.
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These checks are crucial for confirming that the assumptions of linear regression are met.
To assess whether the residuals have constant variance, we performed the White test for ho-
moscedasticity. The average p-value for the White test is 0.263, which indicates that there
is no evidence of heteroscedasticity, and the assumption of constant variance is satisfied.
To check for the presence of autocorrelation in the residuals, we used the Durbin-Watson
statistic. The average Durbin-Watson statistic across all companies is 2.1653, which is
close to the ideal value of 2, indicating that there is no significant autocorrelation in the
residuals.

Figure 2 presents a scatter plot of residuals against predicted values to check the assump-
tion of linearity. The scatter plot shows no discernible pattern, which suggests that the

relationship between predictors and response is linear.
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Figure 2: Scatterplot of Residuals vs Predicted Values

Figure 3 provides a histogram of residuals, indicating that the residuals are approximately

normally distributed, which supports the assumption of normality.

39



x10* Histogram of Residual:
3 T T T T T T

25

Frequency
B

05

ol L . . n L . . |
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
Residual Value

Figure 3: Histogram of Residuals

The results of these diagnostic checks confirm that the regression model meets the key
assumptions for linear regression, including no significant heteroscedasticity, no autocor-
relation, linearity, and normally distributed residuals. This supports the reliability of the

regression results presented in this research.

6.1.2 Time Series Analysis

The historical ESG scores exhibit a clear upward trend over time, which is illustrated
in Figure 4. This upward trend indicates that companies are, on average, continuously
improving their sustainability practices. This trend can be attributed to increased regula-
tory pressure, investor expectations, and societal focus on sustainability. The plotted ESG

scores represent the average ESG score across all companies in the dataset.
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Average ESG Scores for All Companies per Year
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Figure 4: Average ESG scores over time, showing a clear upward trend.

The observed upward trend supports the use of a Geometric Brownian Motion for mod-
eling ESG scores, as it allows for a positive drift, representing continuous growth. This
characteristic is consistent with the trend seen in the historical data, where ESG scores
tend to increase over time.

We applied the Augmented Dickey-Fuller (ADF) test to each time series to assess its
stationarity. If a series was found to be non-stationary, we applied differencing (d = 1) to

achieve stationarity. Table 7 summarizes the ADF test results before and after differencing.

41



Table 7: Summary of ADF Test Results

Metric Value
Total Companies 386
Stationary After Differencing 363
Non-Stationary After Differencing 23
Mean p-Value (Original Series) 0.79141
Mean p-Value (First Difference) 0.012381
Min p-Value (First Difference) 0.001
Max p-Value (First Difference) 0.18613

The ADF test results indicate that, out of 386 companies, 363 became stationary after
first differencing (d = 1). This means that the majority of ESG score time series could be
converted into a stationary form, which is necessary for fitting ARIMA models. The mean
p-value for the original series was 0.79141, indicating non-stationarity, while after differ-
encing, it dropped to 0.012381, highlighting the improved stationarity. This supports the
use of a Geometric Brownian Motion, as the original non-stationary behavior is consistent
with a process that includes both a stochastic trend and a growth component, which a

Geometric Brownian Motion can effectively model.

6.2 Theoretical Results

This subsection presents the theoretical findings derived from the Hamilton-Jacobi-Bellman
framework. We analyze the optimal portfolio allocation under ESG preferences and eval-

uate how different model parameters influence investment decisions.

6.2.1 Closed-Form Solution

The optimal portfolio allocation 7* represents the balance between financial returns, ESG
preferences, and risk, as dictated by the model parameters and the interactions between

asset returns and ESG scores.
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ot = 04(115~_ Tl) + ﬁ“@ )
(1-a)aXsPXs+ (1—5)BXeQ%y —208(1 — )X REy

The constancy of 7v* greatly simplifies the problem, as the portfolio weights remain fixed
throughout the investment horizon, and no dynamic rebalancing is required.

The numerator of the expression for 7*, given by a(pg —71)+ Sug, captures the investor’s
trade-off between expected excess returns and ESG-driven benefits. The term pg — rl
represents the excess return of an asset over the risk-free rate. Higher values of ug imply
greater expected returns, making an asset more attractive from a traditional financial
standpoint. The investor’s preference for wealth, captured by «, determines the extent to
which excess returns influence the allocation decision.

The second component, uy, represents the expected change in the ESG score of an asset over
time. When py is high, it indicates that the asset is improving in terms of sustainability,
making it more attractive for ESG-conscious investors. The strength of this ESG preference
is determined by 3, implying that investors with a strong sustainability focus will allocate
more capital to assets with higher ESG drifts, even if their financial returns are not the
highest.

The denominator incorporates the risk structure of both financial returns and ESG dynam-
ics. The first term, (1—&)aXgPXg, reflects the sensitivity of the allocation to the variance
of asset returns. When asset returns exhibit high volatility, the optimal allocation tends to
be more conservative, particularly for risk-averse investors with high v. The second term,
(1-— B)BZ(;QZ(;, accounts for the risk associated with ESG scores, recognizing that ESG
dynamics can introduce uncertainty into the portfolio’s sustainability profile.

A key interaction term, —2af(1 — v)XgR¥y, captures the correlation between financial

returns and ESG scores. When asset returns and ESG scores are positively correlated
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(R > 0), an investor with ESG preferences benefits from allocating capital to assets with
high sustainability scores, as these assets tend to offer both financial and ESG advantages.
In this scenario, sustainable investments not only align with ethical considerations but also
contribute positively to financial performance, reinforcing the investor’s objectives.

Conversely, when returns and ESG scores are negatively correlated (R < 0), a trade-off
emerges between financial returns and sustainability. In this case, assets with higher ESG
scores tend to underperform financially, making it more costly for an investor to prioritize
sustainability. The extent to which an investor is willing to hold such assets depends on
their ESG preference parameter S relative to their preference for financial returns «. If S
is high, the investor may still allocate a significant portion of their wealth to ESG-friendly
assets despite lower financial returns. However, if o dominates, the investor will allocate

less to these assets, as their underperformance outweighs the sustainability benefits.

6.3 Scenario Analysis

Investors exhibit varying preferences when balancing financial returns and ESG consid-
erations, leading to different optimal allocation strategies. To explore these trade-offs,
we analyze how utility evolves under different configurations of @ and 5. By examining
multiple scenarios, we gain insights into how investor choices influence long-term portfolio

performance and the implications of prioritizing sustainability over pure financial gains.
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Average Portfolio ESG Score Over Time for Different ESG preferences
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Figure 5: Average Portfolio ESG Score Over Time for Different ESG Preferences.

Figure 5 shows the average portfolio ESG score for different values of @ and 3. The results
illustrate how increasing 8 (higher ESG preference) leads to a gradual increase in the
portfolio’s average ESG score, while o« = 1 (8 = 0) corresponds to a purely wealth-driven
strategy with no ESG considerations. The stepwise increases reflect the annual update of

ESG scores in the model, as defined by its dynamics.
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Figure 6: Impact of ESG Preferences on Utility Trajectories

Figure 6 illustrates the evolution of average utility over time for different configurations of
« and B, which represent preferences for wealth and ESG scores, respectively. The blue
line corresponds to o = 1.0 and 8 = 0, representing an investor focused solely on wealth
without consideration for ESG preferences. This configuration results in the highest utility
as it allows optimization purely for financial returns. The red line, associated with o = 0.9
and 8 = 0.1, introduces a small preference for ESG, leading to a slight reduction in utility
compared to the wealth-only scenario. This reflects the trade-off between financial re-
turns and incorporating ESG objectives. The yellow line, corresponding to a = 0.75 and
B = 0.25, represents a stronger emphasis on ESG preferences, which results in the lowest
utility among the three configurations. The utility reduction demonstrates the increasing

cost of prioritizing ESG factors over financial returns. Despite the differences in utility
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levels, all configurations exhibit steady growth over time, reflecting the cumulative bene-
fits of portfolio diversification. As [ increases, indicating a stronger preference for ESG,
the trade-off becomes more pronounced, with utility decreasing as the focus shifts from
financial returns to sustainability considerations.

The interaction between financial returns and ESG scores thus plays a crucial role in
shaping the optimal allocation. Investors must carefully assess the trade-offs involved,
considering not only their personal preferences but also the broader market dynamics that
influence the relationship between ESG performance and financial returns. Investors with
strong ESG preferences (high ) will allocate more to assets with high g, even if their
financial returns are moderate. Risk-averse investors (high ) will be more cautious in
their allocations, particularly when the volatility of returns or ESG scores is high. More-
over, the correlation between ESG and financial returns plays a crucial role: when ESG
improvements align with strong financial performance, sustainable investing becomes an
even more compelling strategy.

This formulation of 7* demonstrates that optimal portfolio selection is not merely a func-
tion of maximizing returns but involves a nuanced interplay between return expectations,
sustainability trends, risk aversion, and market dynamics. The investor’s preferences, as
captured by « and g, interact with the statistical properties of the assets to determine
the final allocation, making the model well-suited to describe the behavior of investors

incorporating ESG factors into their decision-making.
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7 Conclusion

The findings of this research highlight the practicality of a constant optimal portfolio
strategy 7" that remains independent of time. Through the integration of ESG scores
into portfolio allocation, this study has demonstrated that investors can balance financial
performance with sustainability preferences without requiring dynamic rebalancing. The
closed-form analytical solution derived using the Hamilton-Jacobi-Bellman equation con-
firms that 7* is determined solely by the underlying parameters of the model, making it
a stable and predictable strategy over the investment horizon. The empirical analysis of
historical ESG scores and stock returns has provided robust estimates for key model pa-
rameters, supporting the choice of a Geometric Brownian Motion for ESG dynamics. The
simulation results further reinforce the notion that a fixed optimal allocation can achieve
long-term sustainability and return objectives. By maintaining a time-invariant strategy,
investors avoid the complexity and transaction costs associated with frequent reallocation
while still aligning their portfolios with ESG considerations.

From a theoretical perspective, this research contributes to the growing field of ESG-
integrated asset pricing by demonstrating that ESG scores can be systematically incor-
porated into optimal portfolio decisions. The relationship between ESG scores and stock
returns, as captured through the empirical estimation of drift and volatility parameters,
suggests that ESG factors can play a meaningful role in investment decision-making. The
findings align with previous studies that highlight the impact of ESG on financial perfor-
mance (Giese et al., 2019; Pedersen et al., 2021) while providing a structured optimization
framework that is mathematically tractable.

For investors, the practical implication of a constant 7* strategy is the ability to adopt

a long-term perspective without continuously adjusting allocations. This is particularly
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relevant for institutional investors and ESG-focused funds, which seek stable investment
policies that integrate sustainability without excessive trading costs. Policymakers and
regulators may also find these insights valuable in developing guidelines that promote ESG
integration in financial markets without imposing burdensome reallocation requirements.

Despite these contributions, certain limitations should be acknowledged. The assumption
of a Geometric Brownian Motion for ESG scores, while empirically justified, may not cap-
ture all aspects of ESG evolution, particularly in response to abrupt policy changes or
market shocks. Additionally, while the model accounts for ESG preferences, it does not
explicitly consider liquidity constraints, transaction costs, or investor heterogeneity, which
could further refine the applicability of the results. Future research can extend this work
by exploring alternative ESG modeling approaches, such as mean-reverting processes, to
capture potential stationarity in ESG scores. Additionally, incorporating dynamic investor
preferences or multi-period optimization could offer further insights into how ESG consid-
erations evolve over time. Empirical studies analyzing the impact of different ESG policies
on portfolio performance could also enhance the practical applicability of the model.

In conclusion, this research establishes a rigorous framework for ESG-integrated portfolio
optimization, showing that a constant 7* strategy provides a stable, efficient, and theo-
retically grounded approach to sustainable investing. The findings support the integration
of ESG factors into investment decision-making while ensuring that optimal allocations
remain independent of time, thereby offering a robust and practical solution for long-term

investors.
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8 Appendix

1. Derivation Optimal 7* for Portfolio with a Single Asset, § follows a

Geometric Brownian Motion

Dynamics

dSt = St [,u,g dt + gs dWLt]
dfpy = Opy [pe dt + o9 dWo ]
dXt = Xt [T’ + 7Tt(,u,5’ - 7')] dt + XHTtO'S dWl,t

dep,t = Hp,t [ﬂtug dt 4+ miog dWQ’t]

Hamilton-Jacobi-Bellman Equation

oJ 1
ZJ = sup v + Ix Xymi(ps —r) + JopO0pemipg + Jx Xyr + 5]){fo7ng%
¢

1
+§J9P9P91237t71'§0'g + JXQPXtQP,tTFtQO'SUQp .

Terminal condition:

(X§00 )17

J(Xr,0pr, T) =U(Xr,0p7) = —7— 5

Y

All terms involving

1
Ix Xemi(ps — 1) + JopO0pimipg + §JXXXEW§U§+
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1
2 2 2 2
§J9P9P9P,tﬂ-t og + JXQPXtHP,tTFt T509p.

First Order Conditions

JxXt(/,LS — 7“) + Jgpepyt/w + JX)(XETFtO% + J9P9P9}23,t7rto-g + QJXQPXtQRtTFtO'So'gp =0.

T (Ixx X70% + Jopop07,05 + 2x0, Xi0p10500p) = — (Jx Xie(pus — 1) + JopOpspig) -

B IxXi(ps — 1) + Jo.0pt10
JxxXEG% + J9P9P612[’,t03 + 2JX‘9PXt9p7tO'509,O

Tt =

Partial Derivatives of J

(o))
Il
Q
_
|
2
=
Il
=
-
|
2

First-order derivatives:

Jx = g(t) - aX503 .
Jop = g(t) - BXF05,".
Second-order derivatives:

Jxx = g(t) - (& — 1) X720,

Jopop = 9(t) - BB — 1) X505,
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Cross-term derivative:
Txap = g(1) - aB(1 — ) X{ 1057
X0p = g(t) Oéﬁ( 7) t Pt *

Time derivative: 5
01 _ iy (K002
a7 1—~

Substituting the Partial Derivatives of V'
mi[9(t) (@ - DaXf05,0% + (B - 1)BX[05,03 +208(1 — 1) X053 o500p) | =
— gt (ax802 (us — 1) + BX6]
g AL Up (s — T t P,t:uﬁ .
Optimal 7*

o a(ps — 1) + Bug
(@ — Dao? + (B — 1)B03 + 2aB8(1 — y)osoep

Hamilton-Jacobi-Bellman Equation with 7*

ZJ = E‘FJXXHT (,us—r)JrJGPHp,tTr u9+JXXtr+§JXXXt27T 20§+§J9P9P91237t7r 203+JX9PXt0p7t7r 20509/).

Substituting the partial derivatives:

. . oJ
First term: 5

anbB

oJ . Xi0p,  Jt)(1—7)

9 _ - b _ J=AJ
90 T =T

o4



Second term: JxX;m*(ug —r)

Ix Xy (us —r) = g(t) - aXtd@gtﬂ'*(uS —r)=J-a(l—v)r

Third term: Jyp.0p;7 g

“(us —1r)=B-J.

JopOpsm* g = g(t) - BX{ 9pt7f po=J-B(l—v)m"ug=C-J

Fourth term: JxX;r

IxXir =g(t) - aXthgtr =J -al—9)r

Fifth term: 1JXX 2772‘2({%

1 . 1 5 1
S X XE2o% = g(t) - sa(a — )XP0p,m0% = J - Sa(l -

2

: .1 2 %2 2
Sixth term: 35Jy.0,0p,m 05

1 ¥ 1 &
§J9P9P0%,t7rt20—g = g(t) ' 56(6 - 1)X Qﬂ t7Tt 09 J- ﬁ(l -

Seventh term: JXQPXtHP’tﬂ'zQO'SO'Q,O

Ixop Xi0pmi2o509p = g(t)-aﬁ(l—’y)Xf‘Hgtﬂ'fUSagp = J-a(l

Conclusion

=D-J

V)@~ Dot = E - J.

(B~ Nri?of = F-J.

—9)B(1—y)m?0500p = G-J.

That means that we can rewrite the Hamilton-Jacobi-Bellman equation as:

ZJ=(A+B+C+D+E+F+G)-J
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2. Derivation Optimal 7* for Portfolio with N Assets, 0 follows a Geomet-

ric Brownian Motion

Dynamics

dS; =St o (pgdt + XsdWr )
e S;: N x 1 vector of asset prices.
e g N x 1 vector of drift rates of S.
e Yg: N x N matrix of volatilities and covariances.

o dWy: N x 1 vector of Brownian motions.

dOt = 0t o) (IJ,@ dt + 29 dWQ’t)

e 0;: N x 1 vector of ESG scores.
o g N x 1 vector of drift rates of 6.
e Xy: N x N matrix of volatilities and covariances for 6.

e dWy: N x 1 vector of Brownian motions.

dXe = Xi [r+ 7l (ng —r1)] dt + Xem! Tg dW

e X;: Scalar representing the total wealth at time t.

e 1: Risk-free rate.
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e . N x 1 vector of proportions of wealth invested in each risky asset at time t.
e 115 N x 1 vector of expected returns of the risky assets.

e 1: N x 1 vector of ones, used to multiply r across all assets.

e Xg: N x N matrix of volatilities and covariances of the risky assets.

e dWy;: N x 1 vector of Brownian motions.

dOps = Opy [ﬂ';‘rue dt + 1'%y dWa4)
e Op;: Scalar representing the portfolio ESG score at time .
e m: N x 1 vector of proportions of wealth invested in each asset at time t.
o py: N x 1 vector of drift rates for the ESG scores.
e Xy: N x N matrix of volatilities and covariances for the ESG scores.

e dWy;: N x 1 vector of Brownian motions, representing the uncertainty in the ESG

score dynamics.

Hamilton-Jacobi-Bellman Equation

0J
ZJ =sup {875 +Ix Xy |7 (g — 1) + | + Jo.0pi, pg
Tt

1 1
+57x xX2n] SgPXgm, + §J9P9P01237t7r: SoQ g 4 Jxo, Xi0psm, zstm}.
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Terminal condition:

(X§0% )1

J(Xr,0pr,T) =U(X1,0pT) = 1~

)

e P is the N x N correlation matrix for risky asset returns, where F;; represents the

correlation between the ¢-th and j-th risky assets.

e Q is the N x N correlation matrix for ESG scores of assets, where Q;; represents the

correlation between the i-th and j-th asset’s ESG score.

e R is the N x N correlation matrix representing the correlation between risky asset
Brownian motions and ESG score Brownian motions. Specifically, R;; represents the
correlation between the i-th Brownian motion of the risky asset return and the j-th

ESG Brownian motion.

All terms involving 7

1
JXXtTrtT(uS —rl)+ J9P6p7tﬂ'tT[J/9 + iJXXXfﬂtTESPZSﬂ't

1
+§J9P9P 0%, DoQTgm: + Jxo, Xi0py ] SgRSgm,.
First Order Conditions
IxXipg —rIx Xl + Jop0pupg + Ixx XPEsPSsmy + Jop0,07,50QTem,

+2Jx9, Xi0p 1 XsR¥gm; = 0.

We can write it as

Aﬂ't = b,
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where:

A= Ixx X[ EsPZg + Jpp0,05,50Q%0 + 2Jx0, Xe0p: D RSy,

b=—(JxXipg —rIx X1+ Jg,0pptp) -

Substituting the Partial Derivatives of V'

A= g() X0}, [(&— 1)aZsPEs + (5 - 1)556QE + 2a5(1 — ’7)25R29} .

b= —g(t) X707, [a(ps — 1) + Bug)

Optimal 7*

7F = (@—1)aZsPSs + (f — 1)8ZeQSg + 205(1 — v)ZSRZQ} !

- la(ps — 1) + Bl -

Hamilton-Jacobi-Bellman Equation with 7*

oJ
0J = o + Jx X [W*T(H,S —rl)+ 7“] + J9P9p’t7r*Tp,9

1 1
—|-§JX)(Xt27T*T25P257T* + EJQPQPG%DJTF*TEQQEQTF* + JXQPXtHP,tﬂ'*TESREQﬂ'*.

Substitute partial derivatives

First term:

apB
o . Xi0p, g1 -~
2 ) L J=A-J
a7 ®) 1—7 g(t) J J
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Second term:

IxXem* T (g —11) = g(t) - a X707 (g — 1) = J - a(l —y)m* (ug —r1) = B - J.

Third term:

JopOpum™ g = g(t) - 5X?91gt7f”ﬂ9 =J-Bl=y)m Ty =C-J.

Fourth term:

JxXyr =g(t) - aXthgtr =J-a(l—~)r=D-J.
Fifth term:
1 1 A
ijxxxfw”zspzsw* =g(t) - ja(a - DX{0), 7 T SgPEgn*
1
=J - ga(l =)@ - Nr* ' SgPYgn* = E - J.
Sixth term:
1 * * 1 o o 3 * *
§J9p9p9?s,t7f T2Q%m* = g(t) - SPB = 1)X; 0,7 5QTm
1 -
=J 5B =7)(B - D ' 2gQgn* = F - J.
Seventh term:
TxopXi0pym* T BgREgm* = g(t) - aB(1 — 1) X{0p 7" g REm”
=J-a(l—7)B(1 —y)r* T SgREyn* =G - J.

Conclusion

That means that we can rewrite the Hamilton-Jacobi-Bellman equation as:
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§J=(A+B+C+D+E+F+G)-J
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3. Derivation Optimal 7* for Portfolio with one asset, f follows an Expo-

nential Vasicek process

Dynamics

dS; = S; (/.LS dt + og dWl,t)
dX; =X, (T’ + 7rt(,u5 — T’)) dt + Xymog dlet

2
6, = Oy (In(6%) — In(6,)) dt + ;’7? dt + o dWa,
t

2
%0

dlgpt = Tt Hm (ln(ﬁ*) — ln(Ht)) dt +
’ 20,

dt + 0p dWZ,t .

To find the dynamics of 6;, we use Ité’s Lemma for the function 6; = e%t.

By It6’s Lemma:

() = (%) A2+ 5 1"(Z0) (d2,)?

Filling in f(Z;) = e?*, we find:
f,(Zt) — eZt, f”(Zt) — 6Zt
Using the dynamics of Z;:

dZt = K)(Z* - Zt) dt + (o34 dWQ,t
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We substitute f'(Z;), f"(Z:), and dZ;:
do; = €%t dZ, + %ezt 0% dt = 0, dZ; + %@ 0% dt
Replacing dZ;:
o, = 6, <n(z* — Zy) + ;U%) dt + 0107 dWa
The relationship between Z; and 6;, and between oz and oy is:
et =0, 7= In(6;), op=0607 = oy, oy=-—2 =02
Finally, express all Z; in terms of 6;:

2
d6; = Oy (In(6%) — In(6,)) dt + 20 dt + g AW,

20,
To find the dynamics of the portfolio ESG score 6p;, we use the definition:
9P,t = mby,
where 7; is assumed to be constant (i.e., dmy = 0). Applying the product rule:
dOp; = m dby.

Substitute the dynamics of 6;:

2
d0p, = m |0y (In(0%) — In(6,)) dt + 2%? dt + o9 dWo s | .
t
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Finally, rewrite the dynamics in terms of 0p;:

. Ops Wtdg
dp; = O0pyk [ In(0*) — In : dt + dt + mog dWo .
’ ’ Tt 20p7t ’

Derivative with respect to individual ESG Score:

e First-order derivative:
oJ 8;] 00,
00p 06, 89p7t'

Since 0p; = m0;, we have:

00, B i
aHP,t TFt.
Therefore:
01 _ 107
60P,t B Tt 60,5

e Second-order derivative:

%7 9 (10J
80}2315 N 89p,t Tt 80t '

)

Since m; is constant:

0%J 1 6%J

o, O
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e Cross-term between X; and 0p;:

%7 0 (10]
8Xt89p¢ N aXt Tt 89,5 .

Again, since m; is constant:

0%J 1 0%J

0X,00p;  m 0X,00;

Concluding;:

1 1 - 1 A A
Jxop = = Jxo = = g(t)aB(1 — ) X3 1xlgl !

Hamilton-Jacobi-Bellman Equation

- 07 * O'g
0= sup {8t + JJx Xy (r + me(ps — r)) +Jo (th (In(6*) — In(6;)) + 27%)

1 1
+§JX)(Xt27TtQO'% + 5.]990‘5 + JXQXtTFtO'SO'Qp}

Terminal condition:

(X§0p)!

J(Xr,0pr, T) =U(Xr,0p7) = —— 5

Y
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All terms involving

1
—JIx Xym(pus —r) + infoﬂfag; + JxoXimosogp

First Order Conditions

JxXt(MS — 7“) + JX)(XtQWtU?g + JX@XtUSO’gp =0

Optimal 7*

o Ix(us —r) + Jxgos00p
t Ixx X072
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