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Abstract: Natural gas is a main source of energy in Iran, and optimal allocation to different sectors is
crucial, based on realities, geopolitical considerations, and national security concerns. In this paper, a
multi-objective goal programming model is developed to study the optimal allocation of this resource
to various consumption sectors, including household business, industry, petrochemical industry,
power plants, injection to oil fields, and export from Iran for the horizon of 2025. In this research, the
energy security index is prioritized over other indicators. Two objective functions are considered: the
first is maximizing the energy security index (minimizing the cost of energy security), and the second
is minimizing the relative weight of different consumption sectors. The goal share of the various
gas sectors, the amount of consumption of the various consumption sectors, and the allocatable and
predicted amount for each year is calculated. Household business, power plants, petrochemical
industries, industry, and export aid injection to oil fields are the most consuming sectors in 2025,
respectively. Also, based on cost minimization, power plants, petrochemical industries, and industries
in general are the more consuming sectors, respectively.

Keywords: natural gas; multi-objective; goal programming; optimization; allocation

1. Introduction

Nowadays, natural gas (NG) is the main source of energy in many countries. Being
more efficient and having less carbon, NG is increasingly used in different sectors rather
than other fossil fuels and non-renewable energy sources [1]. While the global portion of oil
consumption in the energy sector fell from 45% in 1970 to 43.6% in 2020, NG experienced
an increase from 17.2% to 33.7% in a similar period [2]. Iran is known to be among the
main suppliers of NG in the world and its own region. Having been explored and found to
have more than 33.5 trillion cubic meters of NG reserves in 2015, Iran is the second-biggest
owner of NG reserves globally, and it is estimated to own almost 18% of all explored NG
on the Earth (Figure 1).

Importantly, explorations by Iran over the past two decades increased its global pro-
portion by 2% [2]. Energy use and consequent NG consumption in Iran has dramatically
increased over the past 10 years. Despite all mentioned facts, and its increased extrac-
tion, Iran is currently an importer of NG from Turkmenistan, and in search of new NG
exporters [3]. It is worth mentioning that there is a reliable planning and allocation sector
which is associated with population and consumption, and that forecasting is crucial.

Sustainability 2021, 13, 5663. https:/ /doi.org/10.3390/5u13105663

https:/ /www.mdpi.com/journal/sustainability


https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0003-0435-7632
https://orcid.org/0000-0002-0931-0967
https://orcid.org/0000-0001-9761-7434
https://www.mdpi.com/article/10.3390/su13105663?type=check_update&version=1
https://doi.org/10.3390/su13105663
https://doi.org/10.3390/su13105663
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/su13105663
https://www.mdpi.com/journal/sustainability

Sustainability 2021, 13, 5663

20f19

50
40

Trillion cubic meter
= N w
o o o

Figure 1. Country natural gas reserves (Data from eoearth.org, 2020, access on 3 October 2020).

Because of its operational features, NG can be distributed to different sectors of energy
consumers. NG is the main fuel used by petrochemical and refinery industries to gain
added value. However, a significant proportion of NG is consumed in transportation,
domestic heating and cooking, and industry.

NG allocation should be associated with the expansion of social welfare over time,
and this measure must be considered as the opportunity cost of gas distribution to various
sectors. Consequently, the cost of allocation between the NG exploitation time and various
sectors’ uses should be minimized. Hence, a function of the profit and costs of gas allocation
to the different sectors should be considered [4]. In fact, optimally allocating limited sources
of NG to different consumers is a crucial political and economic challenge. Hence, this
paper aims to study the optimal allocation of NG to distinct sectors in Iran by developing
an optimization model.

One of the major factors playing a key role in optimally allocating resources is pre-
dicting future consumptions in order to make it applicable. There are several approaches
to forecast energy demand, e.g., artificial neural network, data-driven model, time-series
analysis such as ARIMA, etc. [5-7]. However, in this paper, forecasts of future energy con-
sumptions in Iran are extracted from energy balance sheets by simple statistical methods.
As well, different approaches and optimization algorithms, such as fuzzy goal program-
ming [8], weighted goal programming [9], and mixed integer programming [10], are
employed by operations research scholars to optimize energy resource allocation.

In this paper, a multi-objective goal programming method is employed to optimally
allocate NG to the different Iranian consumers for the horizon of 2025. The rest of the paper
is organized as follows: in Section 2 the literature is reviewed, in Section 3 the methodology
and the mathematical model are presented, in Section 4 the results are demonstrated and
discussed, and, finally, there is a conclusion on the research and the results.

2. Literature Review

Due to economic growth, technological advances, and increasing demand, planning
for energy is now a complex multi-variable, multi-objective problem. Accordingly, a va-
riety of models are developed to solve the problem based on a different point of view
worldwide [11]. While they have pros and cons, many of them cannot be considered as
decision-making assistance tools. Also, some of them do not adequately reflect energy
policies. For instance, they do not take into account the policies which the World Energy
Council has proposed: e.g., by 2050, new technologies should generate about 37% of the
total energy in the world [12].

Pollution and environmental problems caused by overuse of fossil fuels, especially
for transportation, have exacerbated the need for alternative fuels. Romm [13] thoroughly
investigated alternative fuels for transportation systems in the future. Arslan et al. [14] re-
viewed possible scenarios of supplying energy for cars rather than fossil fuels in Turkey. Also,
Babtista et al. [15] studied short-term and long-term resources and road consumption scenar-
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ios in Portugal and found alternative fuels necessary for longer horizons. Sehatpour et al. [16]
made a comprehensive research on fossil-fuel alternatives for light-duty vehicles and, based
on a multi-criteria evaluation, concluded NG and biogas are superior options for the mid-
term in Iran. Santisirisomboon et al. [17] studied policies of carbon taxation to study the
competitiveness of biomass energy with fossil fuels in Thailand.

Due to the importance of the problem, there are many decision support tools and
simulation models available, such as the Vienna Automated System Planning Package,
MESSAGE (Model for Energy Supply Strategy Alternatives and their General Environ-
mental Impact) [18], the Long-range Energy Alternatives Planning system (LEAP), the
MARKAL-EFOM Integrated System (TIMES), and the Energy PLAN [19]. These models
allocate energy based on minimizing costs and priorities of demands. Environmental
concerns, planning policies, and availability of energy resources can be defined as con-
straints [20].

A different application of these models is recorded in the literature. Strachan & Kan-
nan [21] employed MARKAL-Macro (M-M) to study the long-term reduction of CO,
emissions in the UK energy sector. Liu et al. [22] applied the energy model of MESSAGE-
China to study the trend of novel energy technologies and their contributions to GHG
reduction in China. Ball et al. [23] employed the energy system model MOREHYS to plan
spatially and temporally a set-up of a hydrogen-based transport infrastructure system
in Germany for the horizon of 2030. Chiodi et al. [24] analyzed the competing demands
for land-use, import dependency, availability of sustainable bioenergy, and economics
under the framework of an Irish energy systems model of TIMES. Tavakoli et al. [25]
and Valinejad et al. [26] found the energy model system as a convenient and user-friendly
approach to analyze energy policies.

Goal programming (GP) is a current multi-objective optimization method, which can
address multi-criteria decision analysis (MCDA) problems. Jayaraman et al. [27] used a GP
model for efficient allocation of labor resources considering the criteria of economic, energy;,
and environment in the United Arab Emirates using the approach of prioritizing areas for
strategic planning and resource allocation for the sustainability of the strategies. They pre-
sented mathematical and economic indicators in order to digitize criteria. Kumar et al. [28]
developed an insight into the application of various multiple criteria decision-making
(MCDM) methods in the renewable energy sector. Zografidou et al. [29] programmed a GP
model with all possible weight combinations to analyze energy allocation and budgeting
in Greece and provided a multi-dimensional decision-makers’ framework to determine
the optimal budgeting mix to attract investors and guarantee the success of the venture.
Kumar et al. [30] optimized priorities among suppliers considering the three dimensions of
economic, social, and environmental sustainability in India. They integrated fuzzy AHP
and fuzzy multi-objective linear programming approaches. Other extensions to GP are also
applied to energy suitability problems, e.g., stochastic goal programming [7], weighted goal
programming [31], fuzzy goal programming [32], and fractional goal programming [33].
Flisberg et al. [34] kept a schedule of the harvest and chipping operations of forest fuels
in Sweden and studied alternatives. They employed indicators for all operations and
solved them by a decision support system. Mekonnen et al. [35] explored the commuta-
tion between domestic and other applications of biomass energy sources in Ethiopia by
employing a no-separable-farm household model in which labor energy is also considered
in the stages of collection and farming. They concluded that the application of dung as a
domestic fuel source negatively affects the value of harvested crops, however, the appli-
cation of on-farm fuelwood is compromised with an increase in the value of agricultural
output. Chong et al. [36] analyzed factors which had an impact on the energy consumption
growth in Guangdong Province by employing the logarithmic mean Divisia index I (LMDI)
based on the physical processes of energy utilization from the source to end-users. They
concluded GDP and population are the most influential factors in energy consumption.

Atabaki and Aryanpur [37] developed a multi-objective linear planning model to
analyze Iran’s long-term power sector development from economic, environmental, social,
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and sustainable perspectives. Three objective functions in this study are included: mini-
mizing the cost, carbon production, and maximizing the job market. To assess expert-based
weights, analytical hierarchy process (AHP) methods are employed and, moreover, to
support the decision-makers, the MESSAGE model as a planning tool is used to define
different scenarios for developing clean technologies. The results show that a sustainable
scenario leads to high technology diversification. Furthermore, the combined cycle would
be the dominant option in Iran’s long-term generation mix. In addition, power generation
from non-hydro renewables, solar PV in particular, should grow faster than the total elec-
tricity demand. The findings indicate that the economic scenario fulfills Iran’s commitment
to 4% reduction of emissions compared to the current trend. However, the sustainable and
environmental scenarios would achieve the superior 12% reduction goal. Multi-objective
analysis shows that moving away from one’s objective optimum value leads to significant
improvements in other objective values. Adnan et al. [38] formulated a multi-objective
scheduling problem to optimize the allocation of renewable energy resources and electric
vehicle (EV) charging stations.

2.1. Comparative Analysis of Conventional Method

Investigating the appropriateness of different fuels and technologies, including renew-
able energy, is a practical decision-making practice for policymakers. Renewable energy
sources can help to increase energy supply as well, to reduce emissions of greenhouse gas
pollutants. Due to limitations of supplying the total energy from new sources of energy for
now, finding an optimal combination of supply from both renewable and non-renewable
energy sources is favorable. However, the rapid development and rising capacity of new
technologies in different areas should be taken into account in planning future and tar-
geting [39]. Ehsan and Yang [40] comprehensively investigated optimization methods
employed in distributed generation in the power distribution networks. The Pros and cons
of each method are shown in Table 1. The literature was investigated with a systematic
review. Criteria for selecting articles included: publication dates between 1990 and 2020,
use of a quantitative allocation technique, presence of a case study, use of optimization
method, and those published in reputable journals.

Table 1. Comparative analysis of conventional techniques and metaheuristic algorithms [40].

Techniques Category

Planning Method Disadvantages Advantages

Conventional technique

Inaccuracies in case of complex =~ Low power consumption, ease

Analytical techniques o
y d problems of use, non-repetitiveness

Comprehensive analysis Computationally inefficient understandable

Linear integer programming of

Easily applicable, relatively

Possibly incorrect results flexible

mixtures

Nonlinear integer programming Difficult to make calculations,

; . .. . very accurate
of mixtures requiring decision variables

Difficult to troubleshoot some

Optimal power flow very accurate

parameters
Possible methods Too much data is required Smti.ible for the model
generation of renewable DGs
Genetic Algorithm The possibility of early Suitable for dlscrete. parameters
convergence and complex issues
Difficulty in designing basic Easy to run, low parameters are
Metaheuristic algorithm Particle Swarm Optimization parameters, the possibility of required o adjust
early convergence
Taboo Search Need to repeat Suitable for continuous and

discrete variables
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Alternate energy sources cannot guarantee the continuity and reliability of the power
supply. Vega-Garita et al. [41] and Calpa et al. [42] analyzed the effects of high PV pen-
etration as the main source of energy for the Spanish electric grid. Renewable resources
have many technical and economic benefits. Its technical benefits include reducing system
losses, improved voltage, quality, high reliability, and economic benefits including low
maintenance costs and fuel costs. The most common distribution generation (DG) systems
today are residential solar technology, small wind turbines, and fuel cells. Some research

work focusing on energy resource allocation optimization is listed in Table 2.

Table 2. Previous research in the field of energy resource allocation optimization.

Authors Targets Findings/Contribution Limitations
Allocation of gas resources to Calculates a social welfare function to Limiting the supply from
Rowse [4] & find the optimal route of the amount 5 il

domestic uses

of export and domestic consumption

new sources

Ja’fari and Dehghani [43]

Optimal allocation of natural
gas to various uses such as
exports, petrochemical

The order of priority of gas projects is
gas exports, gas injection, and
petrochemical projects, respectively

Lack of comparability
with similar research

Rowse [3]

Allocating gas resources using
the hyperbolic discount rate

Estimates the previous model (1986)
with different hyperbolic discount
rates.

Not estimating the
discount rate directly

Renani et al. [44]

Prioritization for the use of
gas reserves in Iran to

Gas injection is preferred to gas
exports at low discount rates.
Nevertheless, at the higher rates, this

Not using the exponential

- priority does not exist and the discount
domestic uses : G .
optimum gas quantity is determined
simultaneously
Mohaghar et al. [45] Prioritizing the sectors for Injection into the oil fields is the first Using a simple MCDM
& ' allocation of natural gas priority method
Optimizing electrical energy ~ Using computer simulation methods Not considering the

Lo and Schober [46]

allocation

to solve the model

budget limitation

Hutagalung [47]

NG allocation priority to
domestic sectors

The priority of sectors for NG
allocating determine as: industry,
petrochemical, oil production, and
electricity and power plant

Not considering the effect
of NG price

Orlov [48]

Allocating NG to various
sectors

The priority of sectors for NG
allocation determined as injection,
export, and power plant

Not using uncertainties in
utility function

Zhang et al. [49]

Analyzing the effect of
domestic NG price increase on
the overall economy index

Chemical industry will be most
influenced by any NG price increase

Lack of comparability
with similar research

Daneshzand et al. [50]

Sustainability of domestic NG
supply on providing financial

Energy price is one of the main
variables directly influencing energy

Not using pricing policy

Daneshzand et al. [51]

capital demand and supply tools
Residential sector should have a
Optimal allocation of natural much smaller share and the export Lack of comparability

gas to various demand sectors

sector a much larger share of the
consumption sector

with similar research

Alavi et al. [52]

Optimal allocation of NG

Gas exports do not maximize social
welfare.

Not using pricing policy
tools and subsidies in
modeling
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2.2. Research Gap

Hashemipour et al. [53] presented a mathematical model to optimize the NG alloca-
tion to an oil field of Iran by using genetic algorithms. The objective function included (1)
maximizing the production rate and (2) maximizing the profit. Alikhani and Rshidi [54]
proposed a stochastic programming model for NG allocation with an energy security cost
approach. They concluded that the priorities of NG resources allocations are as follows: do-
mestic and commercial sections, power plants, industries, gas reinjection, exports, refinery,
road transport, and agriculture, respectively. Kazemi et al. [55] comprehensively studied
the problem of NG allocation models by AHP approach and 13 models were ranked in
this study. Using multi-objective goal programming, Chedid et al. [56] suggested a model
for NG allocation in Lebanon. Borges and Antunes [57] formulated energy allocation to
the domestic sector using fuzzy multi-objective programming. Hatagalung [47] analyzed
the optimization allocation of sustainable energy source by a non-linear mathematical
model. Li et al. [58] examined the energy allocation problem by minimizing errors of
budget. Maroufmashat and Sattari [59] presented a linear programing model to allocate
NG resources to Iran’s various demand sectors. Alikhani and Azar [60] employed a fuzzy
goal programming model for allocating NG to different sectors. It was shown that NG
injection, export, and road transportation are the most important sectors, respectively.

Some other studies investigated the NG prices’ effects on the economics of im-
porters and exporters since this influences the cycle of energy demand and supply [61-63].
Orlov [64] studied the Russian government’s policy to reduce domestic NG price regulation
and concluded that the domestic NG price should be 55% of the export netback price. Wang
and Lin [61] presented a dynamic model to analyze the effect of NG price increase on the
economy indexes (GDP, imports, and household income) in China. The effects of NG
pricing were not presented or researched in any of the studies analyzed by the authors (or
in systematic literature review made by the authors). Hence, some literature with their
features is listed in Table 3 for a better idea of research trends needed in this field.

Table 3. Modeling approaches.

Modelling Proposed Model
. Consumption Priorities
AR Method Dymamic BISNG il bifeen Mgl T
Allocation Demand Sectors
Rowse [4] NLP v Vv vV Canada
Arab et al. [65] LP vV Vv Nigeria
Boucher and Smeers [66] NLP v Vv Indonesia
Hutagalung [47] CGE v v vV v Indonesia
Orlov [67] CGE Vv Vv Russia
Alikhani and Azar [60] FGP Vv Iran
Marg:tftrélrais[}%%’a and LP N N Iran
Zhu et al. [68] FGP v v China
Orlov [64] CGE Vv v Russia
Zhang et al. [49] CGE v v China
GaSZE}jISI}:;ﬁ?%% SLP v v Iran
Daneshzand et al. [50] SD Vv Vv Vv Iran
Daneshzand et al. [51] SD Vv Vv Vv Iran
Alavi et al. [52] DP Vv N4 Vv Iran
This Research GP Vv Vv Vv Vv Vv Iran

Note: NLP: none-linear programing, LP: linear programing, CGC: computational general equilibrium, FGP: fuzzy goal programming, SLP:
stochastic linear programing, SD: system dynamic, DP: dynamic programing, and GP: goal programing.
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In this paper, the optimal allocation of natural gas resources to different sectors of
consumption is investigated by applying multi-objective goal programming decision-
making techniques. Therefore, the objective function is the goal and system constraints
of the multi-goal programming decision-making technique based on the relative weights
assigned to different sectors of consumption.

3. Methods and Material
3.1. Multi-Objective Function Model—Scenario 1 (Minimizing Gas Consumption in
Different Sectors)

Simplex in linear programming is standard method for solving an optimization prob-
lem, typically one involving a function and several constraints expressed as inequalities.
The inequalities define a polygonal region, and the solution is typically at one of the ver-
tices. The simplex method is a systematic procedure for testing the vertices as possible
solutions. In this research the simplex method was used for model formulation based on
goal programming.

Let us take X;; the amount of gas which must be allocated in year ¢ to the sectors
i=1,2,...,6, which represent the household business, industry, petrochemicals, power
plants, injection into oil fields, and exports, respectively, and j is the number of the year
(2018-2025—j=1,2,...,8).

Definition of indexes and parameters are as follows:

j: time (year);

i: The number of the consumer sector;

Z;: Objective [;

P;: The priority of objective I;

d;*: Positive deviation from objective I;

d;~: Negative deviation from objective I;

Pjj: Price of gas consumed in sector i in year j;

AC;;: Minimum natural gas consumption of each sector; and

FCjj: The goal portion of various gas sectors.

The main proposed model is the multi-objective function based on goal programming,
as follows:

Min Pdf; Vkei 1)
Subject to:
i
ZZPk,-Xkl:Zk; VkeiandVlej (2)
k=11=1
i
ZZPkI'XkISEk; VkEiaﬂdVIej 3)
k=11=1
ACI‘]'SX,*]'SFC,‘]*; Vizl,...,6ande:1,...,8
df,d- =0, Vkei @)
Xij, dif, d >0; Vkei 5)

As it is clear, this model consists of six objectives. The prior objective is to allocate
gas to the export sector in different production years. Therefore, in the equation of the
multi-objective model, the related deviations are considered as positive and so for the
other sectors. Also, each of the objective functions are assigned and continued to minimize
deviations from the goal that are included in the final objective function constraints. Also,
since a target function cannot have values greater than or less than the goal, six final
constraints are used in this regard. Discussed target functions are presented as below:
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3.2. Objective Function Model Allocation of Household-Commercial Gas Surplus to Other Sectors
Fj: Gas deficit rate in year j
E;: Gas household surplus in j year

6 8
Min Z = Z Z Pij'Xij (6)
i=2j=1
6
Y Xp< Ep k=1,...,8 @)
i=2
Xl']' Z 0,‘ (8)

3.3. Objective Function Model Optimizing Energy Security Cost

Energy security is a factor that is associated with national security and the availability
of natural resources. In this context, the security of the energy supply is of the utmost
importance. It is worth mentioning that energy security plays the most important role
for decision-makers, that is to say, this factor is highly influential on the price of energy
resources, and political power and relation among exporter and importer counties.

The cost of energy security should be quantized and have a measurement. All appli-
cations to secure energy should be taken into account, e.g., increasing fuel costs from a
source to reduce consumption from an unsafe and insecure source, costs of infrastructure
construction to create new and safe systems, and the political costs of securing and storing
energy resources. Accordingly, in a country which holds energy policy as its priority,
circumstances are different to those where cheaper energy is the objective.

Threats endangering the transmission and consumption of fuel in any of the sub-
sectors can be categorized into seven general groups:

Investment threats: This threat is considered as a physical threat that affects the ex-
ternal or physical nature of fuel transmission. Delay or lack of investment due to the
administrative bureaucracy and the complexity of the country’s structure in absorbing do-
mestic and foreign capital, legal restrictions, international sanctions, and taxes, uncertainty
about the fate of investment, the high risk of investing in the particular project, and the
lack of return on investment are among the investment threats.

Technical threats: This threat can disrupt the supply. Technical problems in the process
of the production can result in waste or no fuel extraction, however, those problems
related to gas transmission pipelines are likely to be solved by storing it or bypassing to
injection fields.

The threats of demand management and consumption growth: Mismanagement in
demand and supply can lead to a threat. If a supplier is unable to provide storage facilities,
consumption fluctuations can become problematic. In cases where a supplier has not
considered urgent matters of sudden cold or gradual growing demand, the distribution
could face difficulties due to lack of proper infrastructure.

Other physical threats: Earthquakes, pipeline failure, and terrorist attacks on facilities
are among these threats. Some of these threats are taken seriously and some less seriously
in Iran.

Pricing and marketing threats: These threaten the security of fuel exports. Pricing
could threaten supply security by conflicts before and after contract. Energy security
imposes costs on the supplier and the importer. Due to security issues and administrative
allocation strategy, competitive pricing is a conflict between the authority and the private
sector, making the market impossible.

Internal management threats: In addition to geopolitical issues which are compro-
mised with the nature of the energy sector, national problems, such as economic crises and
mass strikes, influence the security of supply.

Foreign and international political threats: Foreign countries which are stakeholders in
energy trade in the region could be counted as threats by implication. In addition, actions
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implemented by other countries or unions, such as sanctions, could highly threaten safe
and secure supply.
The objective function and constraints are as follows:

Min PldiL, P2d+, P3d+, P3d+, P5d+, PédJr,P7d;r (9)

Subject to:

chij - Xij = Zi (10)

i
Y ) Xu=) PRy (11)

k=11=1
df,d. =0; Vkei (12)

In this paper, the developed model is a seven-objective and linear model. Therefore,
goal programming and lexicographer methods have been used to solve the MODM models.
It is worth noting that Lingo software is used to solve this problem.

3.4. Problem-Solving Approach with Lexicographer

One of the methods employed to solve goal programming problems when objectives
are prioritized is lexicographers. In fact, the lexicographer uses a set of methods that an
analyzer needs to get basic information from the decision-maker. The difference between
lexicographers and the weighting method is receiving weights from the decision-maker. In
the weighting method the weights taken from the decision-maker reveal the importance
of the objective functions. However, in the lexicographer’s method, the only order of
priorities or preferences is determined by the decision-maker.

The lexicographer’s approach is to select an objective function with the highest priority
and the problem is optimized in the target space with the highest priority. Afterwards, if
the found point is unique, it is considered the optimum. If multiple solutions are found,
the point which satisfies the less prior objective functions as well.

This method consists of the following steps:

Step 1: Prioritize the desired goals;

Step 2: The goal has the highest priority from which the deviation is more important
to the decision-maker, so in this step select the most important goal and minimize the
related deviation; and

Step 3: The problem will be solved only for the highest prior function and its optimum
will be searched. Two situations could happen at this stage:

Mode 1: If the solution is unique, the answer is found; and

Mode 2: If some points are found, lower prior functions determine which point
is superior.

Steps above are iterated until reaching a unique answer.

4. Results and Discussion

In this section, priorities of allocating gas to different sectors of consumption as
coefficients of proximity (rank) and relative proportional weight and priority of six different
sectors of gas consumption are shown in Table 4. It should be noted that the relative weight
of each sector is calculated by dividing the corresponding coefficient of affinity into the
total coefficients of the proximity of all sectors of consumption. Regarding Table 4, the first
rank of consumption is assigned to export and then injection to oil fields and petrochemical
industries are in order, respectively.
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Table 4. Rating, relative weight, and priority of the different sectors (P;) of consumption.
Consumption Sectors Rating Relative Weight Rank Index of Sector
Household business 0.0249 0.006387 6 Pg
Industry 0.6071 0.155719 4 P,
Petrochemical industries 0.7552 0.193706 3 P3
Power plants 0.5884 0.150922 5 Ps
Injection to oil fields 0.9502 0.243722 2 P,
Export 0.9729 0.249545 1 P

Goal Portion of each sector (MCM)

700

600

500

400

300

200

100

0

2017

2018

At this stage, the optimal allocation of gas resources to different sectors of consumption
is implemented using the GP multi-purpose decision-making technique. Therefore, the
solution for the objective function, the goal and system constraints of GP multi-purpose
decision-making technique for 2018-2025 by using the relative weight of the various
consumption sectors (presented in Table 4), as well as information extracted from the trend
of the gas industry and energy balance sheet documents of Iran is to be found. The goal
share of the various gas sectors, the amount of consumption of the various departments of
consumption (based on the balance sheet of energy and hydrocarbons), the base gas volume,
the allocable and predicted amount of each year is summarized in Figure 2, Tables 5 and 6.

Inputs of GP consists the goal portion (FC;;) of consumption, price per cubic meter
of natural gas in consumption areas, P;;, base gas volume (Z;), limited, allocated and
predicted value, the volume of gas deficit (Fj), and minimum natural gas consumption of
each consumption sector (AC;;) in Figure 2, Tables 5-9, respectively.

—@— Household-business
Industry
Petrochemical industries
Power plants

—@— |njection to oil fields

—@— Export

2019 2020 2021 2022 2023 2024 2025 2026

Year

Figure 2. The goal portion (FC;) of various gas sectors (MCM: Million Cubic Meter).

Table 5. Price per cubic meter of natural gas in consumption areas P;; (Rials).

Consumption Sectors 2018 2019 2020 2021 2022 2023 2024 2025
Household business 3864 3941 4021 4102 4184 4265 4347 4430

Industry 1320 1320 1320 1320 1320 1320 1320 1320

Petrochemical 3445 3445 3445 3445 3445 3445 3445 3445
industries

Power plants 80 80 80 80 80 80 80 80

Injection to oil fields 130 130 130 130 130 130 130 130
Export 26,000 26,000 26,000 26,000 26,000 26,000 26,000 26,000
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Table 6. Base gas volume (Z;), limited, allocated and predicted value (MCM).
2018 2019 2020 2021 2022 2023 2024 2025
The gas supply 588 709 809 818 825 527 824 807
Table 7. The volume of gas deficit (F;) (MCM).
2018 2019 2020 2021 2022 2023 2024 2025
The gas deficit 3.7 39.8 15.1 55.4 1043 1763 1821  360.8
Table 8. Minimum natural gas consumption of each sector (AC;;) (MCM).
Consumption Sectors 2018 2019 2020 2021 2022 2023 2024 2025
Household business 1514 154 155.3 159 163 167.8 1712 1789
Industry 54.2 109 118 126.3 129.7 1314 137 139.3
Petrochemical 50 753 80 91 1045 1432 1518 231
industries
Power plants 183 1962  209.1 2199 2319 248 26.2 271.8
Injection to oil fields 22,500 22,500 22,500 22,500 22,500 22,500 22,500 22,500
Export 372 69 56.2 63.8 75.2 89 93.4 118.8
Table 9. The Gas surplus in different years (E;) (MCM).
2018 2019 2020 2021 2022 2023 2024 2025
The gas deficit 91.46 59.4 89.1 51 40.2 —66.7 —70.46 —247.68

Calculate Security Costs

Considering the equations, the cost of energy security in different sectors is calculated.
The probability of occurrence of each of the threats in the gas security disorder is based on
the recurrence of the expert’s opinion as outlined in the following tables (Tables 10 and 11).

Table 10. The probability of occurrence of each of the threats (PR;; ) (Percentage).

Demand and

Consumption Sectors Investment Technical Consumption Physical Price afld Internal Extv:er.nal
Marketing ~ Management Political
Growth
Household business 1% 1% 1% 0.3% 0.3% 0.4% -
Industry 1% 1% 1% 1% 0.5% 1.5% -
Petrochemical 1% 1% 0.5% 0.5% 2% 2% ;
industries
Power plants - 2% - 1% - 3% -
Injection to oil fields 0.6% 2% - - - 1.2% -
Export 1% 2% 1% 3% 1% 1% 1%
Table 11. Price per cubic meter of gas per consumption unit (C;; ) (Rials).
Consumption Sectors 2018 2019 2020 2021 2022 2023 2024 2025
Household business 13,369.5 14,818 16,920 17,550 18,040 18,117 18,762 18,411
Industry 269.2 332.6 237.6 293 293.1 205.9 316.8 356.4
Petrochemical industries 72.3 217 241 337.6 578.7 1519.2 378.6 48.2
Power plants 104 19.6 209.6 217.2 216.8 198.8 187.2 268.8
Injection to oil fields 2340 11,180 3380 9620 35,880 32,760 66,560 22,620
Export 0.7 37.7 54.6 54.6 54.6 54.6 54.6 54.6
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The goal programming model mentioned in the previous section after substituting

Such that:

Min Pedy, Pydy, Psdy, Psdf, Podd, Pid/}

numerical values associated with different input parameters is as follows:

3864 X711 + 3941X15 +4021X13 +4102X14 + 4184 X5 + 4265 X5 + 4347 X17 + 4430X1g +dy — dl+ = 4,221,000
1320X51 + 1320X5y + 1320X53 + 1320 X754 + 1320 X5 + 1320X76 + 1320X57 + 1320X58 +d; — d; = 1,009,000
3445X31 + 3445X3) + 3445X33 + 3445X34 + 3445 X35 + 3445 X3¢ + 3445X37 + 3445X38 +dy — d; = 960,000

80X 41 + 80Xy + 80Xy3 + 80X44 + 80Xy5 + 80Xy6 + 80Xgy +80Xyg +d; — d4+ = 2,581,000

130X51 + 130X5 + 130X53 + 130X54 + 130X55 + 130X56 + 130X57 + 130X58 + d; — d; = 327,000

26,000X¢; + 26,000 X¢) -+ 26,000 X3 + 26,000 X4 + 26,000X g5 + 26,000X 66 + 26,000Xe7 + 26,000Xgs + d; — d = 628,000

X114+ Xo1 + X31 + Xy + X51 + Xg1 < 588

Xip 4+ Xoo + X3p + Xygp + X5p + Xgp < 709

X1z + Xo3 + X33 + Xy3 + X553 + X3 < 809

Xig + Xog + X34 + Xyg + X554 + Xgg < 818

X154+ Xo5 + X35 + Xy5 + X555 + X5 < 825

Xig + Xog + X3¢ + Xug + X5 + Xgg < 827

X7+ Xo7 4+ Xy + Xy + X7 + Xgy < 824

X1g + Xog + X38 + Xy + Xs58 + Xgg < 807
X171 > 1514 Xp1 > 54.2 X317 > 50 X4 > 183 Xs51 > 22,500
X1p > 154 X5 > 109 X3p > 75.3 Xy > 196.2 X5 > 22,500
Xi13 > 155.3 Xp3 > 118 X33 > 80 Xy > 209.1 Xs53 > 22,500
X4 > 159 Xog > 126.3 X34 > 91 Xyq4 > 2199 Xs4 > 22,500
X15 > 163 Xo5 > 129.7 X35> 1045  Xys5 > 2319 Xs5 > 22,500
X16 > 167.8  Xpg > 1314 X3 > 1432 Xy > 248 X56 > 22,500
X1y > 171.2 Xo7 > 137 X37 > 151.8 Xyy > 262 X57 > 22,500
X1 > 1789  Xpg > 139.3 X3g > 231 Xyg > 2718 Xs8 > 22,500
X1 < 2379 Xy < 576 X31 < 50.3 X4 < 185.6 X5 < 222
X12 < 380 Xzz < 117 X32 < 762 X42 < 293 X52 < 435
X13 < 576 X23 < 129 X33 < 80.1 X43 < 314 X53 < 435
X14 < 586.2 Xpy < 138 X34 < 925 X4 < 329 X54 < 435
X15 < 591 X5 < 139.2 X35 < 1073 Xy5 < 332 X55 < 43.5
X16 < 597.6 Xpe < 141 X36 < 150.6 X6 < 341 X56 < 43.5
X17 < 6101 X5y < 1428 X357, < 1712 Xy7 < 380 Xs57 < 435
X18 < 6425 Xpg < 1445 X3 < 232 Xyg < 407 Xs8 < 43.5

Xg1 > 37.2
Xe2 > 69
Xez = 56.2
Xey > 63.8
Xe5 > 75.2
X6 > 89
Xe7 > 934
Xeg > 118.8
Xe1 < 381
Xe2 < 33
Xg3 < 58.8
Xea < 71.2
Xe5 < 91
X < 105
Xgr < 124
Xeg < 136.2

df -d; =0,dy -dy =0,dy -dy =0,df -d; =0,ds -d5 =0,4d} -d; =0

Xij, dif, dy >0, k=1,2,3,4,56

In the lexicographer method, the objective functions of the goal programming model
are considered and solved separately to minimize the deviation from the specified goal
according to their priority. Then, if it obtained a unique point, it is considered to be the
optimal point. If multiple solutions are found in the space of multiple solutions, lower

important functions are checked for the points.

According to the results obtained by solving the model with the first priority objec-
tive function (the first objective function), the obtained point is unique and the negative
deviation of the first objective function from the specified cause is minimum and zero. The

answer (Table 12 and Figure 3) is final and efficient and acceptable:
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Table 12. Optimal allocation of gas to sectors based on cost minimization (MCM).

Consumption Sectors 2018 2019 2020 2021 2022 2023 2024 2025
Household business 151.4 154 155.3 159 163 167.8 171.2 46.1
Industry 54.2 109 118 126.3 129.7 1314 137 139.3
Petrochemical industries 50 753 80.1 92.5 104.9 143.2 151.8 231
Power plants 185.6 293 314 328.9 294 248 262 271
Injection to oil fields 22.2 43.5 43.5 43.5 435 43.5 8.6 0
Export 38.1 33 58.8 67.7 89.8 93.1 93.4 118.8
350
S 300
o
=
% 250
o —@— Household-business
-
Q 200 —@— Industry
3
2 150 Petrochemical industries
©
kS Power plants
+ 100
3 —@— [njection to oil fields
£ so ——
Xport
0
2017 2018 2019 2020 2021 2022 2023 2024 2025 2026

Min Z = 3864X1;

Year

Figure 3. Optimal allocation of gas to sectors based on cost minimization.
Allocation of household surplus gas to other sectors is calculated as follows:

+3941X1, +4021X5 +4102X 14 + 4184 X5 + 4265X1¢ + 4347 X7 + 4430X;5 + 1320X7;
+1320X7p + 1320X53 + 1320X54 + 1320X55 + 1320X56 + 1320X57 4 1320X55 + 3445X3;
+3445X 3y 4 3445X33 + 3445X34 + 3445X35 + 3445 X34 + 3445 X3y 4 3445X3g 4 80Xy
+80X4p 4 80X43 4+ 80Xyq + 80X 45 + 80Xy + 80X47 + 80Xyg + 130X51 4+ 130X5, + 130X53
+130X54 + 130X55 4+ 130X56 + 130X57 4+ 130X58 + 26,000X61 + 26, 000X, + 26, 000X 43
+26,000X¢4 + 26,000X¢5 + 26,000 X646 + 26,000X47 + 26, 000X g

Xo1 4+ X31 + Xg1 + X51 + X1 < 91.46
Xoo + X3p + Xyp + X5p + Xgp < 594
Xo3 + X33 + Xy3 + X553 + X3 < 89.1
Xog + X3q + Xyq + X4 + Xeg < 51
Xo5 + X35 + Xy5 + X555 + Xe5 < 40.2
Xog + X36 + Xag + X556 + Xgp < 66.7
Xo7 4+ X37 + Xg47 + X57 + Xey < 70.46
Xog + X3g + Xyg + Xs8 + Xeg < 247.68
Xo1 + X531 + Xg1 + X51 + X1 = 3.7
Xzz + X32 + X42 + X52 + X62 > 39.8
Xo3 + X33 + Xy3 + X553 + Xg3 > 15.1
Xog + X34 + Xyq + X544+ Xgg > 554
Xo5 + X35 + X45 + X55 + Xe5 > 104.3
Xog + X3¢ + Xag + X56 + Xe6 > 176.3
Xo7 4+ X37 + Xy7 + X57 + Xg7 > 182.1
Xog + X35 + Xyg + X558 + Xeg > 360.8
Xij 2 0;
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According to the solution of the above formula, the optimal allocation of surplus gas

to each of the sources of consumption is as follows (Table 13 and the Figure 4).

Table 13. Optimal allocation of surplus gas (MCM).

Consumption Sectors 2018 2019 2020 2021 2022 2023 2024 2025
Household business 3.864 3.941 4.021 4.102 4.184 4.265 4.347 4.430
Industry 1.24 1.24 1.24 1.25 1.24 1.32 1.24 1.24
Petrochemical industries 3.36 3.36 3.36 2.38 3.36 3.44 3.36 3.36
Power plants 0 0 0 0.8 0 0.8 0 0
Injection to oil fields 0.5 0.5 0.5 0 0.5 0.13 0.5 0.5
Export 26 26 26 26 26 26 26 66
70
>
S 60
& 50
_S —@— Household-business
240 |
S ndustry
kS 30 Petrochemical industries
= o o O o o o
=] Power plants
2 20
% —@— Injection to oil fields
E" 10 —@— Export
S o ——0—0—¢—0—0o—0—9

13,369.5X14

2017 2018 2019 2020 2021 2022 2023 2024 2025 2026

Year

Figure 4. Optimal allocation of surplus gas.

Minimizing the cost of energy security is calculated as follows:

Such that:

Min

Pydf, Pody, Psdy, Psd), Psdd, Ped)

+14,818 X1, 4+ 16,920X13 + 17,550X 74 + 18,040X15 + 18,117 X6 + 18,762 X7 + 18,411 X5 + 269.2X»;
+332.6 X5y + 237.6 X33 + 293 X54 + 293.1 X755 + 205.9 X4 + 316.8 X5y + 356.4 X058 + 72.3 X371
+217X3p +24.1X33 + 337.6 X34 + 578.7 X35 4 1519.2X36 + 378.6 X37 + 48.2 X35 + 100.4X41

1190.6X4p + 209.6X43 + 217.2X44 + 216.8Xy5 + 198.8X 45 + 187.2X 47 + 268.8Xs5 + 2340Xs,
+11, 180 X5, + 3380 X535 + 9620X54 + 35, 880X55 + 32, 760X56 4 66,560 X57 + 22,620X58 + 0.7 X1

+37.7X¢p + 54.6 X3 + 54.6Xe4 + 54.6Xg5 + 54.6 X6 + 54.6Xe7 + 54.6Xeg <= 327,712

X114+ X+ X3+ X4 + Xi5 + X6+ X1y + Xig <=4
X1+ Xoo + Xo3 + Xpg + Xos5 + Xog + Xo7 + Xog <=6
X314+ X32 + X33 + X34 + X35 + Xz + X37 + X35 <=7
X1+ Xgp + Xy3 + Xy + Xys + Xy + X7 + Xyg <=5
X51 + X520 + Xs53 + Xs54 + X55 + X56 + X57 + X5 <=2
Xe1 + Xe2 + Xo3 + Xoa + X5 + Xop + Xo7 + Xeg <= 10

didizo@i-dz::o
d3+-d3_=0d$-d4_:0
df -ds =0dS -dg =0

Xij, df, d; >0;,k=1,2,3,4,56
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Considering the above problem in Lingo 17 software, the optimal allocation of energy
security is as follows (Table 14 and Figure 5).

Table 14. Optimal allocation of energy security costs (Rials).

Consumption Sectors 2018 2019 2020 2021 2022 2023 2024 2025
Household business 0 1.23 1.23 1.23 0.29 0 0 0
Industry 0 1 1.23 1.23 1.23 1.23 0 0
Petrochemical industries 0 0.8 1.23 1.23 1.23 1.23 1.23 0
Power plants 0 1.23 1.23 1.23 1.23 0.61 0 0
Injection to oil fields 0 0.7 1.23 0 0 0 0 0
Export 1.23 1.23 0 0 0 0 0 7.5
8
7

Energy security cost (S)
N

1

0

(1 x 332.6)+

2017

2018

—@— Household-business
—@— Industry
Petrochemical industries
Power plants
—@— |njection to oil fields

—@— Export

2019 2020 2021 2022 2023 2024 2025 2026

Year

Figure 5. Optimal allocation of energy security costs.

According to Table 14, the optimal cost of energy security is calculated as follows:

(1.23 x 237.6) 4 (1.23 x 293) + (1.23 x 293.1) + (1.23 x 205.9) + (1.23 x 14,818) + (1.23 x 18,920)

+(
+(
+(
+(

1.23 x 17,550) + (0.29 x 18,040) + (0.7 x 11,180) + (1.23 x 3380) + (1.23 x 19.6)

1.23 x 209.6) 4 (1.23 x 217.6) + (1.23 x 216.8) + (0.61 x 198.8) + (0.8 x 217) + (1.23 x 44.1)
1.23 x 337.6) 4 (1.23 x 578.7) + (1.23 x 1519.2) + (1.23 x 378.6) + (1.23 X 0.7)

1.23 x 37.7) + (7.5 x 54.6) = 90,201.802

Regarding Table 13 gas surplus was present throughout the gas system. It shows
that the gas surplus is allocated to different consumption sectors. Table 14 shows the cost
of energy security which is only calculated for the sectors which do not have a supply
shortage. In other words, this cost is assigned to the various sectors according to the cost of
gas production and the priority of the consumer sector as specified in Table 14.

5. Conclusions

In this paper, the optimal allocation of limited NG resources to different sectors of
consumption (including household business, industry, petrochemical industries, power
plants, injection to oil fields, and export) in Iran during 2018-2025 is studied. The multi-
objective linear planning model has been used for modeling. Lexicography method is
employed and the objective functions of the goal programming model are solved according
to their assigned priority, in order to minimize the deviation from the specified goal. Energy
security strategies differ in each country and region. Energy-importing countries often
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consider energy security as the security of energy supply, while energy-exporting countries
prefer to refer to it as security of energy demand. It should be noted that energy security
is crucial for decision-makers in terms of supply, moreover, it is highly influential on
energy pricing as well political power. Two main objective functions are considered in this
study: (1) maximizing energy security index (minimizing energy security cost), and (2)
minimizing the relative weight of different consumption sectors from negative to a goal
by using GP multi-objective decision-making technique. Therefore, the objective function
and systematic constraints of multi-objective GP decision-making techniques are presented
based on the relative weight of the various sectors and also on the basis of information
extracted from the gas industry prospectus and energy and hydrocarbon balance sheets.
The goal share of different natural gas sectors (based on the gas industry outlook in Iran),
the base consumption of the various sectors (based on energy and hydrocarbon balances
in Iran), and the volume of basic natural gas, the allocable and predicted limit per year
are given in the tables. The results of this study are used for optimal allocation of natural
gas to different consumption sectors as well as for future planning. Household business,
power plants, petrochemical industries, industry, export, and injection to oil fields are the
highest consuming sectors in 2025, respectively. Also based on cost minimization function,
power plants, petrochemical industries, and industries in general are the more consuming
sectors, respectively.

The results show that if Iran’s gas production plans are successful and the level of
gas production achieves the levels announced in the development plans, it needs to target
a great level of gas exports to maximize social welfare. In other words, the gas exports
should not be one of the priorities of Iran’s policy when the production level is faced
with constraint (which is confirmed by other studies over the past decade), and domestic
consumptions and, in particular, injection into oil fields has higher security. But if policies
of increasing production are successful and the level of Iran’s production is increased with
a level that is predicted in the sixth development plan, the mass exportation of gas will
lead to increased social welfare. This shows the need for extensive planning investments
in this area. One of the most important policy implications is the increasing transmission
capacities of Iran. It is also worth mentioning that one of the reasons for the high level
of energy consumption in the final sectors is the lack of attention to correct the pattern of
consumption. Of course, in this regard the large subsidies received by the energy sector,
especially the gas sector, is an important reason for it. Also, for the natural gas demand
model, official prices of natural gas have been used, which also include subsidies, and
should be considered in the analysis of the results. Therefore, although the increased
volume of natural gas needs special attention in the next three decades and the necessary
infrastructure for the extraction of gas resources in the area of final gas consumption must
be developed, at the same time crucial strategies should be used that lead to improving
consumption patterns.
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