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ABSTRACT

The aim of this study is to evaluate the role of Indonesia’s ESG-based equities
(represented by ETF SRI-KEHATI) in achieving optimal portfolio diversification with
different asset classes, i.e. conventional assets (equities and government bonds),
safe-haven assets (gold), commodities (crude oil) and digital assets (Bitcoin). The data
used in the study was the daily return of each asset from January 2018 to December
2023, representing data from before, during and the recovery after the COVID-19
pandemic. The methodology consists of a four-step process using the Pruned Exact
Linear Time algorithm, the DCC-GARCH model and quadratic programming optimization.
The study implies that investment managers and investors can reduce investment risk
and balance their portfolios by including ESG-based assets in their portfolios. The study
also urges investment managers to more actively manage their portfolios through
rebalancing strategies. The results could also encourage policymakers to continue to
support sustainable financing initiatives.
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1. Introduction

In recent decades, much research has focused on sustainable and ESG-based investments. This has been
driven by various factors, firstly the increasingly evident impacts of climate change, coupled with an
increased focus on environmental ethics such as reducing carbon emissions, green energy and green
technology, which has led to increasing attention from various stakeholders towards ESG issues (Deloitte,
2020; Indriastuti & Chariri, 2021). One of the stakeholders is the institutional investors who are taking
measures to add SRI and ESG investments to their portfolio radar, accelerated by the COVID-19 pan-
demic, which encourages investors to do ‘the right thing’ (Morelli & Nesta, 2021). The capital market plays
an important role in providing a variety of new investment products related to sustainable responsible
investing (SRI) and ESG (Panagopoulos, 2023). ESG-based investments are expected to remain high in the
future and become a driving force for market growth. PWC predicts that ESG assets under management
will reach $34 trillion, or 21.5% of all global assets, by 2026 (Almubarak et al., 2023). Meanwhile,
Bloomberg estimates that ESG asset management could reach more than $53 trillion by 2025, account-
ing for a third of global asset management, while remaining dominated by developed markets
(Rumyantseva & Tarutko, 2022).

Current research in sustainable investing encompasses a variety of focus areas. Historically, Sharma
et al. (2022) showed that research in the 1980s and 1990s was predominantly concerned with themes of
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personal values such as ‘sacrifice; ‘morality; and ‘religion’. Meanwhile, in the 2000s the focus shifted to
more empirically oriented research, focusing on ‘activism, ‘sustainability; ‘stakeholders, and ‘financial per-
formance’ This study also showed that specific themes of sustainable and ESG-based investments account
for only 16 percent, while the rest is largely made up of socially responsible/ethical investments and
responsible/impact investments. This decade, research on ESG-based investing has focused primarily on
performance and comparing it to traditional investing.

Pedersen et al. (2021) propose a theory that demonstrates the potential costs and benefits of respon-
sible investing to reconcile opposing views on whether ESG promotes or detracts from performance.
However, numerous gaps remain. The conflicting results and measurement issues regarding performance
in empirical articles have been well documented by Abhayawansa and Mooneeapen (2022). The general
conclusion from the empirical literature is that there is no statistical difference in risk-adjusted perfor-
mance between ESG and conventional investing (Erragraguy & Revelli, 2015; Friede et al., 2015; Humphrey
& Lee, 2011). Although most of the empirical literature demonstrates that there is no significant differ-
ence in returns, there is a small but persistent trend suggesting that actively managed ESG portfolios
can generate additional returns (Sparkes & Cowton, 2004).

Despite a noticeable global shift towards sustainable practices, research on ESG investing in emerging
markets, particularly in Asia (with the exception of Japan, South Korea, Taiwan and Singapore), remains
strikingly sparse, accounting for just 5% of the literature (Sharma et al., 2022). There are only very limited
studies for Indonesia so far; One of them is the study by Robiyanto et al. (2023), which compares ESG-based
with conventional investments and shows that portfolios that take ESG into account can reduce investment
risk. The current trend towards sustainable and ESG-based investments as well as the limited studies in Asia
provide the fundamental basis for the importance of this research, namely the diversifying role of ESG
investments in dynamic portfolio asset allocation and its optimal performance analysis.

The aim of this study is to comprehensively shed light on the contribution of Indonesian ESG-based
equities to optimal portfolio diversification. Broadly speaking, diversification allows investors to reduce
their cumulative risk by integrating financial assets with typically weak positive correlations. Possible
declines in one asset category may be somewhat offset by upward movements in others (Diaz et al.,
2022). This study also contributes to the existing literature by providing a systematic approach to build-
ing a dynamic portfolio, which consists of combining Indonesian ESG-based assets with other different
asset classes, while taking into account active management of ESG portfolios in order to achieve a
achieve optimal portfolio performance. Thus, the present study extends the previous literature by raising
two general research questions. First, to what extent has ESG investing in Indonesia contributed to opti-
mal portfolio construction? Second, does the performance of different types of asset classes improve
when combined with local ESG-based assets?

To answer our research questions, we rely on daily data from six exchange-traded funds (ETFs) tied to
various assets from 2018 to 2023. The use of ETFs offers several advantages, in line with Dutta et al.
(2021) and Broadstock et al. (2021), while the time frame of the study was chosen to capture the insta-
bility associated with the outbreak of the COVID-19 pandemic, we divided the data from 2018 to 2023
into three time windows, namely pre-COVID-19, during COVID-19, and recovery. The ETFs in this study
cover multiple asset classes. First, equities and government bonds are used as proxies for traditional
investments in the equity and bond markets, respectively. Second, gold is used to represent assets tra-
ditionally considered safe havens. Thirdly, crude oil is a conventional commodity assets. Fourth, Bitcoin
is considered a proxy for new trends in digital assets. Fifth, investments in the Indonesian equity market
that address environmental concerns, i.e. ESG-based ETFs, represented by the ETF Sustainable and
Responsible Investment-KEHATI (SRI-KEHATI). The ETF consists of the SRI KEHATI equity index, which uses
the principles of sustainability, finance, good governance and environmental concerns as benchmarks.
The SRI-KEHATI equity index was launched by the Indonesian Stock Exchange (IDX) in collaboration with
Yayasan Keanekaragaman Hayati Indonesia (KEHATI, 2017; Kurniatama et al., 2021).

To achieve the aim of this study, our methodological approach is to examine the dynamic correlation
of optimal portfolios of alternative assets under consideration when ESG-based ETFs are included. Using
appropriate techniques, we examine the ability of this ETF asset to diversify and improve the perfor-
mance of a cross-asset portfolio over time. The dynamic method will help us to grasp the tendency of
stock fluctuations and somehow better simulate real situations according to the capital market dynamics
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(Ogata, 2012; Zinecker et al., 2016). We apply portfolio rebalancing with different frequencies based on
the minimum variance optimization method, which allows us to evaluate the portfolios for both risk and
return during three COVID window periods. To model the conditional co-moments between each pair of
asset returns, a DCC-GARCH is used as it is proven to be able to successfully estimate the time-varying
covariance matrices (Filis et al, 2011) and is very useful for formulation various dynamic portfolio rebal-
ancing scenarios (Diaz et al., 2022).

Various studies on the formation of cross-asset portfolios using a dynamic approach have been carried
out before using ESG-based assets in the Indonesian capital market. These studies were mainly con-
ducted by Robiyanto et al. (2021), which specifically examined the formation of cross-assets portfolio
between ESG-based equities and gold, and Robiyanto et al. (2023), which expands on previous studies
to include cryptocurrencies, gold, and bonds. However, to the best of the author’s knowledge, there is
no research on the paired portfolios between ESG-based ETFs (represented by ETF SRI-KEHATI) and the
individual other assets, namely blue-chip domestic equity ETFs, gold and crude oil ETFs, Treasury ETFs
and Bitcoin ETFs. The paired portfolio investments, which consist of only two assets, are often used in
certain strategies such as hedging or pair trading. In these strategies, investors use the relationship
between two specific assets to mitigate the risk or return of relative price movements. A paired portfolio
compared to a broader cross-asset portfolio can provide a better understanding of asset correlation and
is therefore more focused and suitable for specific trading or risk management objectives. Additionally,
this research provides portfolio rebalancing exercises that allow us to gain insight into whether actively
managing ESG portfolios provides better performance than passive investment in a single asset.

The study found that first, from a risk perspective, the time-varying volatilities of the individual asset
are much higher than the paired asset volatilities of ESG-based ETFs (represented by ETF SRI-KEHATI) and
any other asset, indicates that adding ESG-based asset can diversify and reduce investment risk. Second,
from a performance perspective, the addition of ESG-based assets improves portfolio performance for
almost all asset classes used in this study, especially during the COVID-19 pandemic, and suggests hedg-
ing functions of ESG-based assets to maintain optimal performance in the turbulent times. Third, the
dynamic performance of each paired asset is consistent regardless of rebalancing scenarios and window
times, demonstrating the robustness of the model. This study will contribute to the literature on
cross-asset portfolios in terms of the importance of dynamic portfolio formulation and provide a better
understanding of why investors support sustainable financing and why policymakers need to continue
to facilitate and promote sustainable financing initiatives.

The following sections of this study are organized as follows: The second section provides an overview
of the literature. The third section describes the data and methods used. The fourth section presents the
results, followed by discussions in the fifth section. The final section presents conclusions from the over-
all study.

2. Literature review

Portfolio theory has undergone significant development. Historically, its development can be traced from
traditional portfolio theory (TPT) to postmodern portfolio theory (PMPT), with modern portfolio theory
(MPT) serving as a crucial milestone (Lekovi¢, 2021). TPT focuses on analyzing individual securities with
a more subjective and non-systematic approach, making it less efficient at optimizing returns and risks.
MPT, developed based on the pioneering ideas of individuals such as Fama (1996) and Hakansson (1975),
offers a more analytical and systematic approach. MPT emphasizes the importance of diversification and
interaction between assets within a portfolio and aims to achieve the maximum expected return for any
given level of risk (risk-adjusted return). This theory views the portfolio as a holistic entity and not just
a collection of individual securities (Shefrin & Statman, 2000).

A portfolio includes a variety of asset types or financial instruments that are used to diversify risk by
dividing investments across a number of instruments (Sinchukov, 2022). At its core, diversification aims
to minimize risk in order to achieve optimal returns (Pourbabaee et al., 2016). Asset allocation is about
distributing investments across different asset classes, such as equities, bonds, and commodities that
make up the portfolio (Bresnan & Gelb, 1999). Asset allocation, a cornerstone of portfolio management,
navigates the complex landscape of financial markets using various methods (Manurung, 2016). Strategic
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asset allocation, based on a buy-and-hold philosophy, formulates asset proportions based on long-term
return expectations and risk tolerance, often based on fundamental analysis, and periodically rebalances
these fixed proportions (Diris et al., 2015). When transitioning to tactical asset allocation, this approach
provides flexibility by allowing temporary deviations from strategic allocation to optimize returns by
exploiting short-term market opportunities while remaining within investment guidelines (Faber, 2017).
At the same time, dynamic asset allocation, often driven by algorithmic models, continuously adapts to
market trends and seeks to maximize the value of positive market changes and mitigate negative impacts
through precise, timely asset reallocations, with the aim of improving risk-adjusted returns (Chang et al.,
2017). Portfolios constructed using different asset allocation strategies need to be rebalanced regularly
to maintain their desired target performance (Boyante et al., 2022).

A portfolio’s expected return is calculated as a weighted average of each stock’s expected return,
adjusted for risk or fluctuations. A notable advantage of the MPT approach and its derivatives is their
ability to design a portfolio with less risk than the total risk of the individual securities within it, thereby
creating an optimal portfolio. Diversifying the assets in a portfolio should at least reduce risk or increase
performance. Risk-adjusted return metrics are typically measured using Treynor, Sharpe, and Alpha Jensen
metrics (Manurung, 2016). According to the theory of risk-adjusted returns, ESG-based investments can
theoretically reduce risk by maximizing returns and thus act as diversification investments (Giese et al.,
2019). Integrating ESG aspects into portfolio management has attracted considerable attention due to its
potential impact on returns and risk reduction.

Today, there are only a limited number of studies that provide empirical evidence on the diversifying
properties of ESG-based assets. Arif et al. (2021) have uncovered a weak dynamic link between green
and conventional stock indices over time, implying diversification opportunities for investors who priori-
tize long-term investment horizons, particularly using data from developed countries. These results sup-
port both Breitung and Breitung and Candelon (2006) and Sharma et al. (2022) confirmed evidence of
bidirectional causality between sustainable and conventional indices in the short run, but did not observe
the same in the long run, with the econometric analysis firmly based on data from developed nations.
In other words, Ferrer et al. (2021) have shown that strategies combining clean energy stock indices and
general stocks offer no diversification or hedging benefits, while clean energy stock and green bond
could offer interesting diversification prospects, all underscored by data from advanced economies.

Moreover, Yousaf et al. (2022) were unable to identify robust empirical evidence across various quan-
tiles, designed to record extreme downturns in the S&P 500, to validate the safe-haven characteristic of
clean energy stocks, even when they are integrated with positions in the S&P 500, underscoring the
utilization of data derived exclusively from developed countries. Meanwhile, Diaz et al. (2022) concluded
that SRI-based assets play a role in diversifying and improving the financial performance of investment
portfolios with dynamic asset allocation strategies and certain rebalancing scenarios, especially when
combined with different asset classes such as conventional equities, government bonds, gold, crude oil,
and Bitcoin.

Overall, the literature review showed that there is a paucity of research examining the contribution of
ESG investments in generating dynamic, optimal investment portfolio diversification, especially during
the COVID-19 pandemic in Asian contexts, particularly in Indonesia.

3. Data and methodology
3.1. Data

The full data sample for each ETF asset consists of time series data with approximately +/- 1300 obser-
vations from January 2018 to December 2023. The data was obtained from relevant market authorities,
and it is available on the Bloomberg and Refinitiv Eikon Terminals, with all necessary rights and permis-
sions duly secured for its use. The daily close price data is first transformed into log-returns using the
following formula:

r =252*Iog(£j m
X

t-1
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Table 1. Data.

No ETF Ticker Asset class Proxy Exposure
1 Premier ETF SRI-KEHATI XISR.JK Equity ESG Equity Local
2 Premier ETF LQ-45 R-LQ45X.JK Equity Bluechip Equity Local
3 SPDR Gold Trust GLD Commodity Gold Global
4 United States Crude Oil ETF uso Commodity Crude oil Global
5 SPDR Bloomberg Barclays BWX Bond Government Bond Global

International Treasury Bond ETF
6 Grayscale Bitcoin Trust GBTC Cryptocurrency Bitcoin Global

This table reports ETF data across various asset classes, including equities, commodities, bonds, and bitcoin. It details each ETF's name, ticker
symbol, asset class, proxy, and geographic exposure. Data Source: Bloomberg and Refinitiv Eikon.

where r, represents the annualized log-return for all analyzed variables, X, is the price index at period t, and X,
denotes the price index from one day before. Local ETF data was converted into the same currency unit (US dollar).
The detailed data used in the analysis are available in Table 1.

An ETF is a type of mutual fund that trades on exchanges, similar to a stock, and is designed to track
an index, commodity, or compilation of assets, thereby providing broad investment exposure, typically
with lower fees and better liquidity, thus enabling investors to purchase or sell shares throughout the
trading day at market prices. In this study, both local and global ETFs are used, first, equities and Treasury
bonds as a proxy for conventional investments in the equity and fixed-income markets i.e. blue-chip
equity represented by ETF LQ45 and bond ETF (SPDR Bloomberg Barclays International Treasury Bonds
ETF). Second, gold (SPDR Gold Trust ETF) is used to represent assets traditionally considered safe havens.
Third, crude oil (United States Crude Oil ETF) represents conventional commodity assets. Fourth, Bitcoin
(Grayscale Bitcoin Trust ETF) is considered a proxy for new trends in digital assets which is both risky and
contemporary (Abdullah et al., 2022). Fifth, investment in the local equity market that include environ-
mental concerns, are represented by the SRI-KEHATI ETF.

3.2. Methodology

A four-step process is prepared to determine the contribution of ESG investments in achieving optimal
investment portfolio diversification, especially during the COVID-19 pandemic in Indonesia. First, we esti-
mate three COVID-19 window periods using the Pruned Exact Linear Time (PELT) algorithm. Second, we
calculate the various conditional volatilities, the conditional covariance matrix, and the conditional cor-
relations for the entire sample period using the DCC-GARCH model. Third, we estimate the dynamic
portfolio weights that minimize the variance of the respective portfolios from each asset type and the
ESG asset using a quadratic programming optimization. Fourth, we measure the portfolio returns of
three COVID-19 window periods using the Sharpe ratio. To increase robustness, several rebalancing sce-
narios are considered.

3.2.1. Change points detection

This research uses three different time periods: pre-COVID-19, COVID-19, and the recovery period of
COVID-19. To distinguish these periods, we use the PELT algorithm developed by Killick et al. (2012). This
algorithm efficiently detects change points in the variance of daily returns with a linear computational
cost (see Appendix A). Based on the detection of these change points, three time windows were deter-
mined. The pre-COVID-19 period extends from January 1, 2018 to February 26, 2020. The COVID-19
period begins on February 27, 2020 and ends on February 3, 2021. Meanwhile, the recovery period
begins on February 4. 2021 to December 31, 2023. See Figure 1 for more details on selecting these
time slots.

3.2.2. Conditional volatilities, conditional covariance matrix, and conditional correlations

The next step is to calculate the optimal asset allocation to put together the portfolio. One way to max-
imize returns while minimizing risk is through optimal asset allocation. This becomes increasingly rele-
vant as we consider sustainable investing trends, such as portfolios focused on ESG-based equities. To
address this complexity, this research utilizes the DCC-GARCH (Dynamic Conditional Correlation
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Figure 1. Changepoints on all assets.

Source: Author calculations.

This figure presents the changepoints of variance on all ETF assets based on the PELT algorithm. The determination of the research time
window is subjectively based on the ESG and LQ45 assets due to their exhibiting similar patterns of change.

Generalized Autoregressive Conditional Heteroscedasticity) model and quadratic programming to create
a dynamic optimal portfolio. DCC-GARCH, as an extension of the GARCH model, enables multivariate
analysis and is extremely useful in capturing correlated movements between different types of assets,
such as ESG, with other assets like gold, crude oil, or even Bitcoin. This model allows us to calculate the
conditional covariance matrix, which is a crucial input in quadratic programming to obtain optimal asset
allocation. This model allows us to calculate the conditional covariance matrix, which is a crucial input
in quadratic programming to achieve optimal asset allocation. This is crucial because the ideal asset
allocation continually changes according to market dynamics captured by the DCC-GARCH model
(Orskaug, 2009).

The basis for the formation of the DCC-GARCH model is GARCH itself, and the GJR-GARCH model was
selected in this study. The GJR-GARCH model was developed by Glosten et al. (1993). The GJR-GARCH
model is able to take into account asymmetric effects or leverage effects (situations in which volatility
tends to be higher when asset prices are falling than when they are rising). The following is the condi-
tional variance model of GJR-GARCH:

q p q
2 2 2 -2
o =0+ el +) ol +D S el 2
= = =

where S_; is a dummy variable that takes the value of 1 when ¢, is negative and 0 when ¢, is positive.
The model states that positive volatility (¢, > 0) and negative volatility (e, < 0) have different effects on
conditional variance. The leverage effect is detected in the model when vy is positive (Ngunyi et al., 2019).
The specification of GJR-GARCH in this study is the standard GJR-GARCH (1,1), which provides computa-
tional efficiency and ease of interpretation while capturing the key features of asset return dynamics
(Diaz et al., 2022).

The conditional covariance matrix is calculated from the DCC-GARCH model. Engle (2002) and Orskaug
(2009) state that the DCC-GARCH model is derived from the following equations:

h=H+& 3)
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where g, =H’z,

r=n x 1 matrix of returns from n variables used

u=n x 1 matrix of expected values from r

&= n x 1 matrix of time-varying residuals

H= nxn matrix of conditional covariance of ¢

z=n x 1 matrix of residuals distributed normally with a mean of zero and constant variance

The equation r, = 1, +¢&, represents the mean equation of the DCC-GARCH model. The residual con-
sists of conditional covariance (H,) and residuals with a zero mean and constant variance (z,).
Conditional covariance is also illustrated in the following equation. This equation includes the condi-
tional standard deviation (volatilities) and the conditional correlation of standardized residuals that
change over time.

H, =D\R.D,
o, O 0
T _ 0-2,1’
where D, —dlag{a,t} . 0 4
0 0 o

Note: H, = nxn matrix of conditional covariance at time t D= nxn matrix of conditional standard devi-
ation at time t R= nxn matrix of conditional correlation at time t.

3.2.3. The dynamic optimal weight of assets

To obtain the optimal asset allocation (dynamic optimal weights) with optimal returns at a tolerable level
of risk for the best combination of the ESG portfolio with other assets, quadratic programming can be
used. This is achieved by minimizing portfolio variance (Diaz et al, 2022; Manurung et al, 2021;
Sahamkhadam et al., 2018).

min(cr’fr ) =w,Hw,
We

n
constraint:» w, =1
i=1

where H, represents the conditional covariance matrix of dimensions nxn and w, is the vector of dynamic
optimal portfolio weights over time. The weights are subject to non-negativity constraints (w,, w,, ... w,
> 0). The optimal weights obtained are dynamic, that is, they are optimal at time t due to the presence
of a conditional covariance up to t.

3.2.4. Portfolio returns and performance measure
The performance of each portfolio combination formed is then evaluated using the Sharpe Ratio, a met-
ric that allows us to evaluate risk-adjusted returns (Sharpe, 1994):

where E | and o, are the mean and standard deviation of the portfolio returns in the period under
consideration. rf is the risk-free interest rate, which is obtained from the BI 7-day reverse repo rate
retrieved from Bank Indonesia (central bank) website.

This study also includes additional transaction scenarios to test the robustness of the research model.
The scenarios are created whereby an investor changes the proportion or weight of each asset in the
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portfolio over different time intervals (rebalancing scenarios). Portfolio rebalancing scenarios are catego-
rized into three scenarios: daily, weekly and monthly. With daily rebalancing, the weighting of each asset
changes every day. With weekly rebalancing, the weight of each asset changes every 5days. With monthly
rebalancing, the weight of each asset changes every 22days. Optimal weights are derived from the pre-
vious procedure, which includes quadratic optimization and DCC-GARCH. The daily optimal weights use
the weights of that particular day, while the weights for every 5th and 22nd days use the weights from
the end of the respective period.

4. Results
4.1. Descriptive analysis

All assets experienced fluctuations during the research period, with the greatest momentum occurring
in 2020. This year, almost all asset classes experienced simultaneous declines in daily closing prices, pos-
sibly due to the uncertainty created by the impact of the COVID-19 pandemic on global markets.
However, there are some notable features worth highlighting. First, gold appeared particularly resilient
during this period, showing a tendency to rise even in unstable market conditions. This strengthens its
reputation as a ‘safe haven’ that typically attracts investors in times of crisis. Secondly, government bonds
remained stable throughout the period, confirming their position as the lowest risk investment.
Additionally, there was exceptionally high volatility in crude oil and Bitcoin. At the time, crude oil was
severely affected by a sharp drop in demand and oversupply, while Bitcoin, a risky asset, offered high
returns despite extreme volatility (see Figure 2).

In Table 2, we present a summary of annualized log returns for six different ETF asset classes. Gold
had the highest average daily return over the sample period and Bitcoin had the highest volatility,
largely due to the sharp price fluctuations in 2021. As expected, government bonds and gold showed
the lowest volatility. Half of the assets recorded negative average returns, consistent with the sudden
price drops in early 2020 due to COVID-19. ESG-based equities ranked with the third highest average

Daily evolution of closing prices for considered ETFs.
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Figure 2. Daily movements of the closing price for considered ETFs.
Source: Author calculations.
This figure reports on the daily closing prices of the different ETF types under study. All price data are expressed in US dollars.

Table 2. Descriptive analysis of log returns.

ESG LQ45 Gold Crude Oil Bond Bitcoin
Mean 0.018 0.038 0.075 —0.087 —0.054 —0.046
Std.Dev. 4.945 4.570 2.480 7.600 1.557 14.795
Min —26.914 —27.349 -13.908 —73.557 —13.753 —73.964
Max 60.693 56.251 11.942 38.846 9.365 71.454
ADF Test 0.000 0.000 0.000 0.000 0.000 0.000

Source: Author calculations.

This table provides information on the main descriptive statistics of the log returns for ESG-based equities, LQ45, gold, crude oil, government
bonds, and bitcoin. The average return (Mean), the standard deviation (Std. Dev.), and the minimum and maximum value of the series are
presented in annualized terms. The ADF test provides the p-value for testing stationarity using the augmented Dickey-Fuller test.
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return with relatively low risk exposure. However, its potential as an alternative diversification asset is not
yet apparent. The p-value of the ADF statistic below 0.05 indicates that the data is stationary enough for
DCC-GARCH analysis at the 5% significance level.

4.2. Conditional volatilities dan conditional correlations

Calculating conditional volatilities and conditional correlations can provide insight into the potential for
constructing optimal asset allocations for the various asset classes selected in the study. An optimal asset
combination is typically created by combining high and low asset volatility with low correlation Figure
3 shows the conditional volatilities of different types of ETF assets from 2018 to 2023 resulting from the
GJR-GARCH (1,1) model. Before the pandemic, most assets showed relatively stable volatility, with nota-
ble exceptions being the significant rise in Bitcoin and crude oil in mid-2019. The declaration of a pan-
demic by the WHO in March 2020 triggered a spike in volatility across all asset classes, including those
that were traditionally more stable asset classes such as gold and government bonds. After May 2020,
volatility in financial markets began to recover to pre-pandemic levels, but certain volatility spikes con-
tinued to occur, particularly in Bitcoin and crude oil.

Table 3 presents a descriptive analysis showing significant differences in conditional volatility across
asset types across the sample period. Bitcoin is the asset with the highest average volatility, indicating
that it is the riskiest asset. In contrast, government bonds have the lowest average. ESG-based equities
have a moderate risk profile as they have lower volatility than crude oil and Bitcoin, but higher volatility
than treasuries and gold. However, ESG-based stocks have relatively higher volatility than LQ45.

Multivariate analysis using the DCC-GARCH model shows the conditional correlation between
ESG-based equities and other assets. The conditional correlations are shown in Figure 4 and their descrip-
tive statistics are shown in Table 4. Over time, ESG-based equities have exhibited a predominantly strong
positive correlation with LQ45, peaking in mid-2020 during the heightened uncertainty caused by the
COVID-19 outbreak. The correlation then weakens but continues to fluctuate. Meanwhile, correlations

Conditional Volatility

— Bitcoin

— ESG
— Gold
— Lads

30 oil
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Figure 3. Daily movements of conditional volatility for considered ETFs.

Source: Author calculations.

This figure reports the conditional volatilities obtained from modelling the marginal distributions of the different assets via GARCH specifica-
tions. All considered patterns are expressed in annual terms.

Table 3. Descriptive analysis of conditional volatilities.

ESG LQ45 Gold Crude Oil Bond Bitcoin
Mean 4,522 3.827 2.395 6.563 1.425 14.322
Std.Dev. 1.418 2.260 0.573 3.781 0.748 2.120
Min 3.447 0.915 1.658 3.966 0.669 11.620
Max 15.151 16.782 6.023 38.625 6.864 26.434

Source: Author calculations.
The table reports the key descriptive statistics of conditional volatilities for ESG-based equities, LQ45, gold, crude oil, government bonds, and
bitcoin.
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Time-varying Correlation
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Figure 4. Daily movements of conditional correlation for considered ETFs.

Source: Author calculations.
This figure presents the conditional correlation resulting from the DCC-GARCH estimations.

Table 4. Descriptive analysis of conditional correlations.

ESG-LQ45 ESG-Gold ESG-Oil ESG-Bond ESG-Bitcoin
Mean 0.548 0.075 0.099 0.086 0.082
Std.Dev. 0.168 0.025 0.033 0.037 0.021
Min -0.205 —-0.039 -0.13 —-0.243 —-0.054
Max 0.889 0.282 0.329 0.384 0.247

Source: Author calculations.
This table reports on the summary statistics of the conditional correlations among the paired assets: ESG-based equities and LQ45, ESG-based
equities and gold, ESG-based equities and crude oil, ESG-based equities and government bonds, and ESG-based equities and bitcoin.

between ESG-based equities and non-equity investments remain very low and move erratically over
this period.

ESG-based equities have a particularly strong correlation with LQ45 but have very low correlation with
other assets. The standard deviation of the correlation between ESG-based equities and LQ45 is the
highest, indicating significant potential co-movement of fluctuations. The fact that ESG-based stocks have
a low correlation with other assets points to their potential role as a diversification asset within invest-
ment portfolios.

4.3. The dynamic optimal weight of assets

As described in the methodology section, we divide the sample into three window periods, namely
pre-COVID-19, COVID-19 and recovery. We also integrate three different portfolio rebalancing scenarios:
daily (every trading day), weekly (every 5 trading days) and monthly (every 22 trading days). For daily
rebalancing, portfolio weights are recalibrated every trading day, accumulating +/-1300 minimum vari-
ance optimizations. Meanwhile, the weekly and monthly rebalancing strategies have accumulated +/-260
and +/-60 minimum variance optimizations, respectively.

Table 5 provides comprehensive summary statistics of the dynamic rebalancing of various portfolio
weights. Each panel provides data on the different rebalancing scenarios of each asset class pair. On
average, the three portfolio rebalancing scenarios in all different time periods show that there are no
obvious differences between all rebalancing scenarios. These results ensure the robustness of the research
model. In the pre-COVID-19 period, portfolio allocation ratios between ESG-based equities and other
asset classes showed that the average weighting of ESG-based equities was generally lower than that of
LQ45 equity, gold and treasuries, but higher than that of crude oil and Bitcoin. During the COVID-19
period, the average weighting of ESG-based stocks increases and dominates the portfolio at LQ45, while
gold, oil and bonds show a slight increase, with the exception of Bitcoin, which decreases slightly. As we
entered the recovery phase, the average weighting of ESG-based equities for LQ45 portfolios fell
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Figure 5. Portfolio weights 1-day rebalance scenario.

Source: Author calculations.

This figure presents the weight evolution for minimum variance portfolios constructed by combining the ETFs of each asset class and the ETF
of ESG-based equities over the study periods for the 1-day rebalance under constrained portfolios.

significantly and returned to around pre-COVID-19 levels, although gold, oil, bonds and Bitcoin saw mod-
est increases in allocations relative to pandemic period.

Figure 5 shows the dynamics of weighting in the minimum variance portfolio created by combining
ESG-based equities with LQ45, ESG-based equities with gold, ESG-based equities with crude oil,
ESG-based equities with government bonds, and ESG-based equities with Bitcoin across the entire sam-
ple for the daily rebalancing portfolio. The lowest weight for ESG-based equities are assigned to the
least risky assets, namely government bonds and gold, with ESG-based equities not necessarily contrib-
uting to risk reduction but rather to improving the risk-return ratio of the overall portfolio. The very
high weight of ESG-based equities is evident in portfolios with Bitcoin and crude oil, where ESG-based
equities play a crucial role in reducing portfolio risk. The low weight of ESG-based equities in the port-
folio with gold and government bonds, on the contrary, the very high weight of ESG-based equities in
the portfolio with Bitcoin are quite stable over time. Meanwhile, the weight composition of ESG-based
equities is observed to be the most unstable with crude oil and LQ45 portfolios. When applied to the
5-day and 22-day rebalancing scenarios, as shown in Figures 6 and 7 respectively, the dynamic weight
changes of each portfolio show only slightly different movements, supporting the robustness of the
results.
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Figure 6. Portfolio weights 5-day rebalance scenario.

Source: Author calculations.

This figure presents the weight evolution for minimum variance portfolios constructed by combining the ETFs of each asset class and the ETF
of ESG-based equities over the study periods for the 5-day rebalance under constrained portfolios.

4.4. Portfolio returns and performance

The performance measurement simulation in this study follows a dynamic asset allocation strategy in
which the weight of each asset actively fluctuates. The evaluation spans three time windows based on
the COVID-19 period and takes into account three rebalancing scenarios, providing a wide range of
information for various investment decisions. The Sharpe ratio is used as a measure for performance
evaluation, with the optimal portfolio being identified as the one with the highest risk-adjusted return.

Table 6 shows the portfolio performance evaluation with daily rebalancing scenario. In the pre-pandemic
period, only LQ45 and gold showed solid performance with positive risk-adjusted returns compared to
others. When we combine ESG-based equities with LQ45, the portfolio generates a 4.2 percentage point
higher risk-adjusted return. In contrast, combining ESG-based equities with gold resulted in a 2.2 per-
centage point decrease in risk-adjusted returns. For other assets, the impact of including ESG-based equi-
ties was not significantly apparent, although it reduced the risk associated with crude oil and Bitcoin assets.

There has been significant turbulence in global markets during the pandemic. Individual assets such
as gold and government bonds served as safe havens, offering protection with positive risk-adjusted
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Figure 7. Portfolio weights 22-day rebalance scenario.

Source: Author calculations.

This figure presents the weight evolution for minimum variance portfolios constructed by combining the ETFs of each asset class and the ETF
of ESG-based equities over the study periods for the 22-day rebalance under constrained portfolios.

returns. When we combine ESG-based equities with gold, we see an increase in risk-adjusted return 3.1
percentage points higher than just holding gold, and when we combine ESG-based equities with gov-
ernment bonds, the risk-adjusted return increases by 5.7 Percentage points higher than simply holding
gold government bonds. This points to the potential role of ESG-based equities in improving the port-
folio performance of the less risky assets. Investing in Bitcoin generates the highest risk-adjusted return
among individual asset classes, but its performance deteriorates slightly when assembled as a portfolio
of ESG-based equities. In this portfolio, ESG-based equities still have a dominant weight (more than 80%),
which means that ESG-based equities not only help to hedge and mitigate the risks of investing in
Bitcoin, but also somewhat preserves its performance value. In the case of oil, the individual investment
produces a negative result. However, when combined with ESG-based equities, the portfolio has a posi-
tive risk-adjusted return, indicating the ability of ESG-based equities to absorb risks arising from the
increased uncertainty in the commodity market during the pandemic.

Throughout the recovery period, only gold and crude oil investments generate a positive risk-adjusted
return. However, when ESG-based equities are included in both gold and crude oil, there are only minor
changes in the risk-adjusted return. The combination of ESG-based equities with LQ45 and ESG-based



Table 6. Summary of the 1-day portfolio rebalancing scenario performance.
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Pre-COVID-19 COVID -19 Recovery

LQ45 ESG+LQ45 LQ45 ESG+LQ45 LQ45 ESG+LQ45
Mean 0.080 0.074 0.034 -0.127 —0.003 0.013
Std.Dev 4.100 4.025 7.593 7.516 3.072 2.973
Sharpe 0.016 0.058 0.002 —0.002 —0.006 —0.008

Gold ESG+Gold Gold ESG+Gold Gold ESG+Gold
Mean 0.109 0.068 0.141 0.194 0.045 0.056
Std.Dev 1.845 1.635 3.530 3.212 2.455 2.237
Sharpe 0.051 0.029 0.035 0.066 0.012 0.012

Qil ESG+Oil Qil ESG+OQil Oil ESG+Oil

Mean —0.089 —-0.036 -0.995 -0.293 0.241 0.114
Std.Dev 5.110 2.988 13.094 6.788 6.342 3.559
Sharpe —0.021 -0.018 -0.077 0.011 0.035 0.028

Bond ESG+Bond Bond ESG +Bond Bond ESG +Bond
Mean —0.001 —-0.007 0.087 0.061 -0.115 —-0.098
Std.Dev 0.886 0.875 2.072 2.180 1.796 1.719
Sharpe —-0.019 —-0.017 0.034 0.091 —-0.073 —0.098

Bitcoin ESG + Bitcoin Bitcoin ESG + Bitcoin Bitcoin ESG + Bitcoin

Mean —0.461 —0.102 1.664 0.128 —0.040 0.090
Std.Dev 15.284 3.805 15.670 6.832 13.337 4.084
Sharpe —0.031 —0.030 0.105 0.063 —0.004 0.019

Source: Author calculations.

This table reports on the summary statistics of the observed returns (Mean), risk (Std.Dev), and performance measure (Sharpe) for the 1-day
rebalancing scenario assessment on investment for single asset: LQ45, gold, crude oil, government bonds, and bitcoin as compared to paired
assets: ESG-based equities and LQ45, ESG-based equities and gold, ESG-based equities and crude oil, ESG-based equities and government
bonds, and ESG-based equities and bitcoin.

Table 7. Summary of the 5-day portfolio rebalancing scenario performance.

Pre-COVID-19 COvVID -19 Recovery

LQ45 ESG+LQ45 LQ45 ESG+LQ45 LQ45 ESG+LQ45
Mean 0.080 0.076 0.034 —-0.006 —-0.003 0.001
Std.Dev 4.100 4.027 7.593 7.350 3.072 2.960
Sharpe 0.016 0.065 0.002 0.018 —0.006 —0.009

Gold ESG+ Gold Gold ESG+ Gold Gold ESG+ Gold
Mean 0.109 0.078 0.141 0.203 0.045 0.053
Std.Dev 1.845 1.646 3.530 3.264 2.455 2.240
Sharpe 0.051 0.034 0.035 0.071 0.012 0.011

Qil ESG+Qil Qil ESG+Qil Qil ESG+Qil

Mean —-0.089 -0.019 —0.995 -0.164 0.241 0.131
Std.Dev 5.110 3.020 13.094 6.922 6.342 3.646
Sharpe —0.021 -0.014 —-0.077 0.033 0.035 0.036

Bond ESG+Bond Bond ESG+Bond Bond ESG+Bond
Mean —-0.001 —-0.004 0.087 0.096 -0.115 -0.103
Std.Dev 0.886 0.874 2.072 2.219 1.796 1.725
Sharpe —-0.019 -0.014 0.034 0.097 —-0.073 —0.100

Bitcoin ESG + Bitcoin Bitcoin ESG + Bitcoin Bitcoin ESG + Bitcoin

Mean —-0.461 —-0.084 1.664 0.153 —-0.040 0.090
Std.Dev 15.284 3.807 15.670 6.992 13.337 4.072
Sharpe —-0.031 —-0.026 0.105 0.067 —-0.004 0.020

Source: Author calculations.

This table reports on the summary statistics of the observed returns (Mean), risk (Std.Dev), and performance measure (Sharpe) for the 5-day
rebalancing scenario assessment on investment for single asset: LQ45, gold, crude oil, government bonds, and bitcoin as compared to paired
assets: ESG-based equities and LQ45, ESG-based equities and gold, ESG-based equities and crude oil, ESG-based equities and government
bonds, and ESG-based equities and bitcoin.

equities with government bonds performs in negative territory. On the contrary, combining ESG-based
equities with Bitcoin improved the risk-adjusted return from negative to positive, thereby confirming the
hedging function of ESG-based equities.

Tables 7 and 8, respectively, show the results of scenarios for 5-day and 22-day rebalancing. The per-
formance of risk-adjusted returns for individual assets and in combination with ESG-based equities pro-
duced relatively similar results compared to the 1-day rebalancing scenario. The consistency of these
results confirms the robustness of our analysis. It is important to note that we do not take transaction
costs into account when comparing investment risks in 1-, 5- and 22-day rebalancing scenarios. Under
normal circumstances, more frequent trading may result in higher transaction costs.
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Table 8. Summary of the 22-day portfolio rebalancing scenario performance.

Pre-COVID-19 COVID -19 Recovery

LQ45 ESG+LQ45 LQ45 ESG+LQ45 LQ45 ESG+LQ45
Mean 0.080 0.083 0.034 0.045 —-0.003 0.035
Std.Dev 4.100 4.088 7.593 7.446 3.072 3.265
Sharpe 0.016 0.066 0.002 0.017 —0.006 0.005

Gold ESG+ Gold Gold ESG+ Gold Gold ESG+ Gold
Mean 0.109 0.074 0.141 0.130 0.045 0.052
Std.Dev 1.845 1.645 3.530 3.192 2.455 2.246
Sharpe 0.051 0.031 0.035 0.049 0.012 0.012

Qil ESG+Qil Ol ESG+ Qil Qil ESG+Oil

Mean —-0.089 -0.020 —0.995 —-0.267 0.241 0.114
Std.Dev 5.110 3.071 13.094 7.284 6.342 3.815
Sharpe —0.021 —0.015 —-0.077 0.031 0.035 0.037

Bond ESG+Bond Bond ESG +Bond Bond ESG+Bond
Mean —0.001 —0.006 0.087 0.110 -0.115 —-0.102
Std.Dev 0.886 0.872 2.072 2.096 1.796 1.756
Sharpe -0.019 —-0.016 0.034 0.100 —-0.073 —-0.097

Bitcoin ESG + Bitcoin Bitcoin ESG + Bitcoin Bitcoin ESG + Bitcoin

Mean —-0.461 -0.109 1.664 0.218 —-0.040 0.074
Std.Dev 15.284 3.795 15.670 6.977 13.337 4141
Sharpe —-0.031 —-0.031 0.105 0.076 —-0.004 0.021

Source: Author calculations.

This table reports on the summary statistics of the observed returns (Mean), risk (Std.Dev), and performance measure (Sharpe) for the 22-day
rebalancing scenario assessment on investment for single asset: LQ45, gold, crude oil, government bonds, and bitcoin as compared to paired
assets: ESG-based equities and LQ45, ESG-based equities and gold, ESG-based equities and crude oil, ESG-based equities and government
bonds, and ESG-based equities and bitcoin.

5. Discussion

This study showed how ESG investing contributes to optimal portfolio construction. First, from a risk per-
spective, the time-varying volatilities of any individual asset are always higher than those of paired assets
of ESG-based equities and any other asset. This result suggests that the addition of ESG-based equities
can diversify and reduce investment risk for conventional and safe havens, commodities and digital assets,
particularly crude oil and Bitcoin. Second, from a performance perspective, the addition of ESG-based
equities improves portfolio performance for most asset classes, i.e. gold, government bonds, and oil, espe-
cially during the COVID-19 pandemic. This demonstrates the diversifying role of ESG-based equities and
the hedging functions of ESG-based equities to maintain optimal performance in turbulent times.

These results were consistent with Dai (2021) and Jin (2022), which stated that ESG investing can
reduce risk and improve the risk-adjusted return of the overall portfolio. The result of the study also
agrees with Hoepner (2010) that optimal portfolio diversification, particularly through the use of
ESG-based assets, can be achieved across a variety of asset classes. A notable finding of this study high-
lights that a high weighting of ESG-based equities in the crude oil and Bitcoin portfolio has the potential
to reduce risk and is consistent with Liu and Hamori (2020). Conversely, the relatively low weighting of
ESG-based equities with assets such as bonds and gold has the potential to improve portfolio perfor-
mance, although without associated risk reduction.

Overall, the empirical results of this study support the fact that, beyond diversification, the inclusion
of ESG-based equities also provides insurance and improves portfolio performance. During the COVID-19
period, most asset classes used in this study performed positively and even better when each individual
asset was paired with ESG-based equities, particularly gold, treasuries and oil. Moreover, a portfolio of
ESG-based equities and Bitcoin generates positive risk-adjusted returns during the pandemic, although
slightly lower than holding just Bitcoin. The portfolio combining ESG-based stocks with gold not only
achieved a higher mean return (+5.3 percentage points) compared to a gold-only strategy, but also
showed an improvement in the associated risk (-9.0 percent). In fact, a portfolio of ESG-based equities
and gold achieved a 3.1 percentage point improvement in risk-adjusted returns. This is in marked con-
trast to the findings of Akhtaruzzaman et al. (2021) and Ji et al. (2020), which highlight gold’s unwaver-
ing role as a safe haven during periods of financial instability caused by the COVID-19 pandemic, and
that of Salisu et al. (2021), which underline its conditional hedging properties.
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A similar observation applies to government bonds, which can be classified as less risky assets. During
the pandemic, a portfolio of ESG-based equities and government bonds has similar characteristics to a
portfolio of ESG-based equities and gold. Combining ESG-based equities and government bonds can
increase the portfolio’s risk-adjusted return by 5.7 percentage points. Despite the prevailing evidence that
gold and government bonds are a relatively stable and risk-mitigating asset in turbulent times, our
results show that including ESG-based equities in the investment portfolio can actually mitigate risk even
further.

In times of market turmoil and the health crisis, the diversification and hedging function of ESG-based
equities takes on great importance, especially with Bitcoin and crude oil. By combining Bitcoin with
ESG-based equities during the COVID-19 period, the mean return decreases by 1536 percentage points
compared to what we would achieve if we invested exclusively in Bitcoin, but the associated risk is
reduced by 56.4 percent. Across the sample period, portfolios of ESG-based stocks and Bitcoin reduced
associated risk by approximately 66.9 percent. Given the collapse in crude oil prices triggered by the
coronavirus outbreak, a portfolio of ESG-based equities and crude oil was successful in mitigating the
losses before and during the COVID-19 periods (37.8 percentage points) compared to a portfolio com-
posed exclusively of crude oil in the same periods, and the associated risk was significantly reduced (50.1
percent). During the recovery period, combining crude oil with ESG-based equities continues to reduce
the associated risk (43.9 percent) compared to investing in crude oil alone.

The rebalancing scenarios aimed at improving performance were supported by existing research
such as Horn and Oehler (2020). The central idea behind such rebalancing is the ability to recalibrate
a portfolio’s asset allocation, aligning it with an investor’s goals and risk tolerance while managing the
dynamic nature of market conditions (Hong, 2021). This study provides a noteworthy finding on rebal-
ancing scenarios. The performance of the risk-adjusted returns for each portfolio shows a similar result
regardless of the rebalancing scenarios (daily, weekly or monthly), although a slightly better or lower
value in some portfolios. Both ESG-based equities with government bonds and ESG-based equities
with Bitcoin portfolios consistently experienced optimal risk-adjusted returns across all rebalancing
scenarios.

While this study contributes to the cross-asset portfolio literature in terms of the importance of a
dynamic portfolio and understanding rebalancing scenarios, it has limitations that must be acknowl-
edged. First, constructing a portfolio using asset classes from different market areas may be limited by
the existence of different rules and regulations. Second, differences in market areas can also impact the
portfolio rebalancing process, particularly with regard to transaction costs. Third, portfolio performance
is measured using only the Sharpe ratio. Therefore, providing room for further research.

6. Conclusion and remarks

The aim of this study is to examine the role of Indonesia’s ESG-based equities in achieving optimal port-
folio diversification and contribute to the current state of knowledge by building a dynamic portfolio
consisting of combining the ESG-based equities with different asset classes. The study found that the
addition of ESG-based equities can diversify and reduce investment risk. Additionally, ESG-based equities
have hedging features to maintain optimal performance during turbulent times. This study expands our
understanding of the importance of dynamic portfolios and actively managed portfolios.

During the COVID-19 pandemic, most asset classes used in this analysis performed positively and
even performed better when each individual investment was paired with ESG-based equities, particu-
larly gold, bonds and oil, with only Bitcoin underperforming. The results of this study reaffirmed the
evidence that government bonds and gold are comparatively stable and risk-reducing investments in
uncertain times. They also highlighted the fact that including ESG-based equities in investment port-
folios can help reduce risk even further. The study also highlights the importance of ESG-based equi-
ties in portfolios containing riskier assets such as Bitcoin and crude oil. ESG-based equities have proven
to be a reliable source of diversification and hedging in both crude oil and Bitcoin portfolios. During
the observation period, ESG-based equities always had a dominant mean dynamic weight, accounting
for more than 60 percent (crude oil) and 80 percent (bitcoin). This suggests that ESG-based equities
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not only help reduce the risks associated with investing in Bitcoin and crude oil, but also help preserve
performance. This means that Indonesia’s ESG-based equities, although still at an early stage of devel-
opment, are playing quite an impressive role, similar to their more mature ESG-based equities coun-
terparts in global markets.

The study implies that investment managers and investors can reduce investment risk and balance
their portfolio by including ESG-based equities in their portfolio. The study also provides a better
understanding of why investors support the emergence of ESG-based assets, but challenges invest-
ment managers to firstly create more diverse ESG-based investment products and, secondly, to oper-
ate more actively managed portfolios by rebalancing their strategy needs and risk tolerance of the
customer. The results could encourage policymakers to continue supporting sustainable financing
initiatives. Finally, this study opens several avenues for further research, such as the use of various
ESG-based assets, adding more diverse assets, incorporating transaction costs into the rebalancing
strategy, and incorporating other methods of calculating performance metrics such as Treynor and
Kappa, or Omega.
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Appendix A. Pruned exact linear time algorithm (PELT) for time series change point
detection

PELT algorithm developed by Killick et al. (2012), a method devised for efficiently detecting change points within a
time series dataset. Such change points may indicate significant shifts in means or volatility, making this analysis
vital for econometric studies and time series forecasting. Time series data often contain points where the underlying
statistical properties alter, termed as ‘change points. Recognizing these points aids in understanding structural
breaks, regime changes, or shifts in volatility. The PELT algorithm offers a precise and computationally efficient ap-
proach to this detection problem.

Methodology
Dynamic programming

PELT employs a dynamic programming approach to minimize a designated cost function. This function measures
how well a given model, inclusive of certain change points, explains the observed data.

Cost function

The cost function evaluates the divergence between the actual data and the data predicted by the model that in-
corporates the change points. This cost can be predicated upon shifts in means or variances (volatility).

Pruning mechanism

In determining the optimal model, rather than evaluating a vast range of potential models (each denoting different
change points), PELT uses a pruning mechanism. By disregarding evidently suboptimal models early on, this mech-
anism accelerates the overall computation process.
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Penalty component

To circumvent overfitting—a scenario where the model aligns exceptionally well with the sample data but performs
inadequately on new data—a penalty is imposed for each added change point.
Steps of the PELT Algorithm:

1. Initialization: Begin with the assumption that there’s only a single change point at the start of the data.

2. Evaluation Loop: For each data point, t:
a. Compute the cost of potential change points up to t.
b. Sum up this cost with the penalty for adding an extra change point.

3. Pruning Strategy: At each step, discard change point candidates that have a higher cost than other candidates,
ensuring the algorithm remains efficient by focusing only on probable change points.

4. Optimal Change Points Identification: After evaluating all data points, the change points corresponding to the
minimal cost function are deemed the optimal change points.

5. Result Consolidation: Collate and present the identified change points in an ordered manner, denoting where
significant shifts in the statistical properties of the time series occur.
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