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ABSTRACT

Commodity chemicals and energy supply chains are an essential part of the hydrocarbon industry
in several countries. As these supply chains are susceptible to disruptions caused by various risks,
the economies of countries that depend on the hydrocarbon sector as a major source of income
might be negatively affected. One major risk is the price fluctuations of the resources used in the
multiple stages of the supply chains. Investment decisions in this sector aim to secure the invest-
ment portfolio's financial returns against the risk of price fluctuations. This work introduces an
adaptation of a portfolio optimization technique, the modern portfolio theory (MPT) to the case of
commodity chemicals and energy supply chain investments by considering all supply chain stages
in formulating the MPT framework. A case study considering four chemical commodities and three
potential importing countries is presented with a sensitivity analysis that studies the impact of
changing the costs associated with the several stages of the supply chain on the investment port-
folio. Results show the importance of integrating both the chemical production and the shipping
stages of the supply chain in developing a portfolio optimization framework and its impact on the
optimal investment portfolios. The developed model guides investment planners to target the de-

sired financial returns at a minimum risk.
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INTRODUCTION

Since the outbreak of the COVID-19 pandemic, con-
cerns have risen regarding the importance of sustaining
energy supply chains to ensure the energy security of im-
porting countries [1] and the financial security of export-
ing countries [2]. Such supply chains are susceptible to
risks such as economic shocks, geopolitical disruptions,
pandemics, etc. [3]. The COVID-19 pandemic has caused
the highest energy market volatility [4]. It led to a sudden
decrease in demand for energy, chronic disruptions to
supply chains, and elevated prices after recovery [5].
Similarly, geopolitical acts and threats could drive the risk
of a crash in the prices of natural gas and oil [6]. Fluctu-
ations in the prices of the exported commodity chemicals
and fuels or the raw materials used in their production
can result in increased financial burdens on importing
https://doi.org/10.69997/sct.165148

countries or a significant decrease in exporting countries'
profits. The hydrocarbon industry contributes signifi-
cantly to the financial stability of several countries with
significant oil and gas reserves. For example, as the hy-
drocarbon sector has contributed to over 70% of Qatar's
government’s total revenue and 80% of the country’s to-
tal exports since 2014 [7], ensuring the security of this
sector against the risk of price fluctuations is a priority for
the country. The hydrocarbon industry is very capital-in-
tensive, and the budget for some projects is over one bil-
lion US dollars [8]. As investments in this sector require
large capital, time, and technology investments, selecting
investment portfolios is critical [9]. As such, an invest-
ment planning methodology is necessary for the hydro-
carbon sector in such countries. Optimizing and diversi-
fying the investment portfolio can help decrease the risk
of investment return uncertainty resulting from price

Syst Control Trans 4:805-811 (2025) 805


https://doi.org/10.69997/sct.165148
mailto:dhabia.al-mohannadi@qatar.tamu.edu

fluctuations. Diversifying the investment portfolio can en-
sure the security of the hydrocarbon industry’s returns as
losses from one investment can be compensated by
gains from another and portfolio optimization can help in
the investment decision-making process as it aims to
maximize a portfolio's expected return while minimizing
the uncertainty of the return, the portfolio risk [10]. The
Modern Portfolio Theory (MPT) developed by Harry Mar-
kowitz is an investment portfolio selection tool that aims
to guide an investor in determining the optimal invest-
ment portfolio [11]. Markowitz formulated a mean-vari-
ance optimization problem that results after its solution
in a set of Pareto optimal investment portfolios that max-
imizes the investment portfolio return for a given level of
risk, the efficient frontier. In other words, for a portfolio
on the efficient frontier, there is no other portfolio with a
higher return for a specified level of risk. The theory has
been widely used in several fields as a decision-making
tool for investment portfolio selection. The Markowitz
framework was adapted to optimize the national grain
imports by reducing the cost and risk associated with the
imports [12]. Due to the price fluctuations of coal, the the-
ory was used to determine the optimal coal purchasing
strategy for Taiwan Power Company [13]. The energy se-
curity of energy-importing countries also has been stud-
ied extensively using the MPT framework. The impact of
the fluctuating prices of oil on China’s energy import port-
folio was studied [14]. Several research works adapted
the MPT framework to problems related to the energy se-
curity of the exporter. An MPT framework was developed
for investment portfolio diversification of major GCC oil-
exporting countries [15]. A similar framework was devel-
oped to determine the exporting strategy for a natural

gas exporting country [16]. The theory was adopted for
selecting investment portfolios for the chemical produc-
tion industry [17, 18]. The decision-making process of hy-
drocarbon export investments is based on a complex ex-
port system. Investors have several options considering
the exported chemical commodities, transportation
methods, and partner importers. In other words, the
problem is of a supply chain scope. The previous adap-
tations of MPT to the chemical exports problem had sev-
eral drawbacks: either the development of the framework
did not consider a supply chain perspective ignoring the
importance of selecting not only the exported commodi-
ties but also the partner importers or did not consider the
foundations of chemical production and transportation
processes This is reflected by disregarding the price fluc-
tuations of all raw materials and utilities used in the ex-
port system and considering the price uncertainty of the
traded commodities only. A visual representation of the
hydrocarbon export problem and the associated price
fluctuations is shown in Figure 1. For an exporting coun-
try, considering both the production and transportation
stages affects the efficient frontier, the set of optimal in-
vestment portfolios. To counter the risk of price fluctua-
tions associated with the hydrocarbon exports invest-
ments problem, this work develops an MPT framework by
considering a supply chain perspective and the founda-
tions of chemical production and transportation as a tool
to aid investors in the investment decision-making pro-
cess. Two efficient frontiers are obtained after solving
the Markowitz optimization problem, the first by consid-
ering the production stage of the supply chain only and
the second by considering both the production and
transportation stages.
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Figure 1: The price uncertainty associated with a hydrocarbon export system.
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APPROACH AND PROBLEM STATEMENT

The work aims to develop an MPT framework for en-
ergy and commodity chemicals supply chain invest-
ments, to determine the investment portfolios with the
maximum financial returns at a given level of risk.

Given is a set of commodity chemicals C = {cy, cz, ...,
cn}, N € N each produced by a respective production plant
from the set P = {p1, p2, ..., pn}, N € N. Let | = {li1, li2, ...,
«}, ki € N, be the set of potential importing countries of
the commodity chemical ci where ki is the total number of
potential importing countries of ci. | jis the j-th importing
country of the chemical ci where j =1, 2, ...., ki. A supply
chain is defined as a combination of a commodity and an
importing country. It is represented as S; = {(c;, li,j)} where
i is the index referring to the traded commodity and j is
the index referring to the importer of the commodity. The
weight of the capital invested in the supply chain asset
Sijis wij€ [0,1]. The resulting supply chains represent the
potential investment assets constituting an investment
portfolio. The historical price data for the production
plants' inputs and outputs are required. The plant inputs
are the raw materials and energy requirements needed to
produce the commodity chemical ci, and the latter is the
plant output. Further information on the plants’ capital,
fixed, and variable operating costs is required. Such data
ensures the ability to determine the efficient frontier for
a chemical production investment problem. Additionally,
a transportation mode to export the commodity ci to the
importing country li is defined. Information on the dis-
tance between the exporter and the importer, the trans-
porting ship type, its speed, capital cost, the bunker fuel,
its consumption rate, and cost is required. This infor-
mation is needed to account for the transportation stage
of the supply chain. The total amount of capital to be in-
vested in the supply chain portfolio is given. To be calcu-
lated is the return on each supply chain investment over
a given period. The variance of the return due to fluctua-
tion of the prices of the supply chain inputs and outputs
is calculated over a given period. The standard deviation
represents the risk of investing in the asset.

The optimization problem is once formulated con-
sidering the production stage of the supply chain only
and then by additionally accounting for the transportation
stage. Evaluating the optimization problem results in de-
termining the efficient frontier that shows the constitut-
ing supply chain investments of an optimal portfolio, their
respective return and risk, and the weight of capital allo-
cated for each supply chain investment. The weight re-
flects the capacity of each production plant pi and the
amount of the commodity c¢i that should be exported to
the importer I;, using the specified transportation method.
The efficient frontier is generated for both cases. The dif-
ference between the two obtained efficient frontiers em-
phasizes the importance of using a supply chain
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perspective to address the hydrocarbon exports invest-
ment selection problem.

A sensitivity analysis is conducted by varying the
cost of producing or transporting a commodity, ci, to
study the impact of such changes on the efficient fron-
tier's constituting portfolios. The sensitivity analysis can
reflect the effect of using new technologies in producing
and transporting chemical commodities on the optimal in-
vestment portfolios.

METHODOLOGY

The starting point for formulating the model is the
general MPT concepts and equations [19]. Adapting the
MPT framework to the commodity chemicals supply
chain problem requires calculating each investment port-
folio’s return and risk. This requires calculating the return
on each supply chain investment, ROlsupply chain, year, DY CON-
sidering the yearly profit of the supply chain, Profitsupply
chain, year, and the total capital cost of the supply chain in-
vestment, Capital CosStsupply chain, year, Which are variable
over time due to fluctuations in prices as shown in Equa-
tion 1:

ROIsupply chain,year =
Profitsupply chain,year

Capital Costsypply chain,year v supply chain (1)
The profit of the supply chain is the supply chain reve-
nue from the sales of the chemical commodity, Reve-
NUEsupply chain, after deducting the fixed and variable oper-
ating costs and the cost of depreciation designated as
Fixed OPEXsupply chain, Variable OPEXsupply chain, and Depre-
ciationsuppiy chain, respectively, as shown in Equation 2:

Profitsupply chain = Revenuesupply chain —
Fixed OPEXsyppiy chain — Variable OPEX qppiy chain —

Depreciationsppiy chain ¥ SUpply chain (2)

However, since it is assumed that the exporter is re-
sponsible for the production and shipping stages of the
supply chain, both stages contribute to cost calculation
as shown in Equation 3, Equation 4, and Equation 5:

Fixed OPEXSupply chain =
Fixed OPEXsupply ChainProductlon +
Fixed OPEXuppiy chain® 779 ¥ supply chain (3)

Where Fixed OPEXsupply chain Pduction and Fixed OPEXsupply
chain SMPPINg designate the fixed operating costs of the pro-
duction plant and transporting ship, respectively, ac-
counting for labor and maintenance costs. In Equation 4,
Variable OPEXsupply chain Preduction and Variable OPEXsupply chain
Shiering designate the variable operating costs of the pro-
duction plant and transporting ship, respectively. These
include the variable costs of raw materials and utilities
required for the processing plants and the cost of
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shipping fuel.

Variable OPEXsyppiy chain =

) Producti
Variable OPEXyppiy chain o c 0" +

Variable OPEX g pp1y chain PP v supply chain  (4)

In Equation 5, Depreciationsupply chain P0%c" and Deprecia-
tioNsupply chain SMPPNY designate the costs resulting from the
depreciation of the production plant and transporting
ship, respectively.

Depreaatlonsupply chain =
i Producti
Depreciationsyppry chain' o0t +

Depreciationgs,,,y, chain PP v supply chain (5)

Similarly, the capital cost of a supply chain is the sum of
the capital cost of the production plant, Capital Costsupply
chain"edueton - and that of the transporting ship, Capital
CoStsupply chain®"PPiN9, as shown in Equation 6:

Capital Costsyppiy chain =

. Production
Capital CoStsyppiy chain +

Capital Costgyppry chain PPN v supply chain (6)

The weight of the investment capital allocated to
each supply chain investment is denoted as Wsupply chain.
The return of a portfolio, Portfolio Return, is defined as a
weighted average of the average return of a supply chain
investment over the years, ROIsuppiy chain:

POT’thliO Return = Zsupply chain Wsupply chain X
ROIsupply chain (7)

The variance of a portfolio is determined as follows:

Portfolio Variance = Zsupply chain Wsupply chain X
Variance ROlsyppiy chain +
pROIsupplychain'ROIsupplychain+1 (8)

2 Zs ly chai
uppty n SDsupply ChainSDsuply chain+1

Where proig,miy chain ROIsupply chains is the correlation coef-

ficient between the returns of two supply chain invest-
ments and SDsupply chain IS the standard deviation of the in-
vestment return. The risk of a portfolio, Portfolio Risk, is
defined as the standard deviation of the portfolio’s vari-
ance:

Portfolio Risk = \/Portfolio Variance (9)

After developing an MPT framework for the commodity
chemicals and energy supply chain problem, the multi-
objective optimization problem is presented as follows:

Maximize Portfolio Return
Minimize Portfolio Risk (10)
SubjeCt to Zsupply chain Wsupply chain = 1

The problem evaluation results in determining the effi-
cient frontier, a set of Pareto optimal investment
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portfolios.

As a plant can produce a commodity exported to
multiple countries and a ship can transport the commod-
ity to several destinations, an investor should aim for the
least number of processing plants and transporting ships
required which is considered in the developed model.
Moreover, as the supply chains are defined specifically
with a single importing country, the capital cost associ-
ated with the production and transportation stages of the
supply chain is calculated based on the demand share of
the importing country.

CASE STUDY

A case study is designed to test the developed
methodology. The four commodities considered in the
case study are methanol, ammonia, urea, and LNG, all of
which can be produced from natural gas. It is assumed
that the exporter is a country in the Middle East with
abundant natural gas reserves and the considered im-
porters are India, China, and Singapore. Chemical com-
modities are to be transported to destinations using
ships. The case study considers 12 possible supply chain
investments, which is the maximum number of possible
combinations of commodities and importing countries.
These supply chains are: (Methanol, India), (Methanol,
China), (Methanol, Singapore), (Ammonia, India), (Ammo-
nia, China), (Ammonia, Singapore), (Urea, India), (Urea,
China), (Urea, Singapore), (LNG, India), (LNG, China), and
(LNG, Singapore). The work will be based on the period
between 2018 and 2023. The import demand of the
countries for these chemical commodities from the ex-
porter is obtained from the World Integrated Trade Solu-
tion database of the World Bank [20]. The historical
prices of raw materials, utilities, and exported commodi-
ties obtained from the Intratec database were used in this
case study [21]. After calculating the return on each sup-
ply chain investment and its associated risk, the multi-
objective optimization problem presented by Equation 10
is solved twice to determine the efficient frontier: first by
considering only the costs of the production stage of the
supply chain and then by considering the costs associ-
ated with both the production and shipping stages.
Hence, two efficient frontier curves are determined. Py-
thon’s Gurobi solver was used to evaluate the optimiza-
tion problem using the epsilon constraint method [22].

While Figure 2 shows the efficient frontier deter-
mined only when considering the production stage of the
supply chain, Figure 3 shows the efficient frontier deter-
mined when considering both the production and trans-
portation stages. The constituting investment portfolios
of the efficient frontier curves of Figure 2 and Figure 3
are shown in Table 1 and Table 2 respectively.

As shown, developing an MPT framework based on
all supply chain stages increased the number of optimal
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portfolios from five to seven, decreased the maximum
possible return due to accounting for transportation
costs, and decreased the portfolio risk range due to the
increased diversification of the investment portfolios.
The constituting supply chains of the optimal portfolios
differ between the two efficient frontier curves obtained
due to the effect of transportation costs in altering the
attractiveness of the supply chain investments. The num-
ber of optimal assets in the optimal portfolios of the effi-
cient frontier developed based on the production stage
only ranged between one and three. However, introduc-
ing a supply chain perspective while developing the MPT
framework increased this number where it ranged be-
tween one and nine. As such, a supply chain perspective
offers a larger number of optimal investment export port-
folio options. The portfolio with the highest return in both
cases is a one-asset portfolio. It is the supply chain ex-
porting methanol to Singapore which is the asset with the
highest return on investment.

M

Portfolios

Portfolio 1
Portfolio 2
Portfolio 3
Portfolio 4
Portfolio 5

AAAL 00000 ®

<o oe

Annual Return (%)

0 2 4 6
Annual Risk (%)

Figure 2: Commodity chemicals and energy production
processes efficient frontier.

Table 1: The constituting investments of the commodity
chemicals and energy production processes efficient
frontier

Portfolio Constituents

Portfolio 1 (Methanol, Singapore)

Portfolio 2 (Methanol, China), (Methanol, Singa-
pore)

Portfolio 3 (Methanol, China), (Methanol, Singa-
pore), (LNG, China)

Portfolio 4 (Methanol, Singapore), (LNG, China)

Portfolio 5 (Methanol, Singapore), (Urea, China),

(LNG, China)

Almoussaoui et al. / LAPSE:2025.0281

Portfolios

Portfolio 1
Fortfolio 2
Portfolio 3
FPortfolio 4
Portfolio 5
Portfolio 6
Portfalio 7

Annual Return (%)
W
(=]
rEdrome

—
=)

0 2 4 6
Annual Risk (%)

Figure 3: Commodity chemical and energy supply chains
efficient frontier.

Table 2: The constituting investments of the commodity
chemicals and energy supply chains efficient frontier.

Portfolio Constituents

Portfolio 1 (Methanol, Singapore)

Portfolio 2 (Methanol, India), (Methanol, Singa-
pore)

Portfolio 3 (Methanol, India), (Methanol, China),
(Methanol, Singapore), (Ammonia, In-
dia)

Portfolio 4 (Methanol, China), (Methanol, Singa-
pore), (Ammonia, India)

Portfolio 5 (Methanol, China), (Methanol, Singa-
pore), (Ammonia, India), (Urea, India),
(Urea, China)

Portfolio 6 (Methanol, China), (Methanol, Singa-
pore), (Ammonia, India), (Urea, India),
(Urea, China), (Urea, Singapore)

Portfolio 7 (Methanol, India), (Methanol, China),

(Methanol, Singapore), (Urea, India),
(Urea, China), (Urea, Singapore),
(LNG, India), (LNG, China), (LNG, Sin-
gapore)

While LNG production was a constituent of three out
of five optimal portfolios in the chemical production effi-
cient frontier, it is only a constituent of one portfolio in
the supply chain perspective efficient frontier, the port-
folio with the lowest risk. This is a result of the high trans-
portation costs associated with LNG shipping. Methanol
was present in all optimal portfolios of the two efficient
frontier curves as investments in methanol exports are of
the highest return. The production of ammonia is not con-
sidered an attractive investment based on the production
stage efficient frontier. Similarly, urea is only present in
Portfolio 5 of the production stage efficient frontier due
to the lower return of this commodity compared to meth-
anol and LNG. For the supply chain perspective efficient
frontier, the first two portfolios with the highest returns
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include only methanol supply chains. The export of am-
monia and urea becomes attractive for portfolios of lower
risk and return. The general trend in both cases is that
decreasing the risk requires increasing the number of
portfolio constituents which reflects the ability of portfo-
lio diversification to decrease the return uncertainty, the
investment portfolio risk.

The sensitivity analysis considers four alterations of
the base case: twice by decreasing the production capi-
tal costs of the considered commodities, and twice by
decreasing the shipping capital costs. The analysis
shows that reducing all commodities' production or
transportation costs increases the number of optimal
supply chain portfolios as shown in Table 3. As such, us-
ing technologies with lower costs will increase the num-
ber of options an investor can consider. The constituting
optimal supply chains of the five cases considered in the
sensitivity analysis were different. While in the base case
supplying LNG to India was an optimal investment in one
portfolio only, reducing the transportation cost by 20%
made this investment present in five optimal portfolios in-
creasing its attractiveness.

Table 3: The impact of the changes in the cost on the
number of optimal supply chain investment portfolios

Case Number of Optimal Port-
folios of the Efficient
Frontier

Base case 7

20% decrease in produc- 11

tion costs

80% decrease in produc- 12

tion costs

20% decrease in trans- 11

portation costs

80% decrease in trans- 11

portation costs

CONCLUSION

In response to the risk of price fluctuations affecting
the financial security of hydrocarbon commodities ex-
porters, a framework of MPT, an investment portfolio se-
lection tool, has been developed for the energy and com-
modity chemicals supply chain problem. The developed
model can determine the optimal investment options in
terms of the traded commodities, capacities of produc-
tion plants, partner importers, and the supply volume to
each country. As the previous adaptation of MPT to the
hydrocarbon exports field did not consider either a sup-
ply chain perspective or was not developed based on
chemical production and transportation foundations, this
work shows the impact of using a supply chain perspec-
tive in developing an MPT framework on the portfolio se-
lection process. The developed MPT framework was

Almoussaoui et al. / LAPSE:2025.0281

applied to a case study by considering four commodities
with their respective transportation modes and three po-
tential importing countries. The results suggest that the
developed framework can provide additional insight into
what previous work has shown and act as a decision-
making tool to aid investors in the commodity chemicals
and energy export sector.
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