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This study aimed to identify and explain the factors influencing the severity of the gas imbalance,
examine its consequences, and develop an integrated causal model. In terms of purpose, the
study was applied, and methodologically, it employed an exploratory sequential mixed-methods
design. Participants in the qualitative phase consisted of experts, managers, and specialists
knowledgeable about issues related to the gas and energy industries. Data were collected through
semi-structured interviews until theoretical saturation was reached and were subsequently
analyzed. The statistical population of the quantitative phase comprised individuals with relevant
knowledge and experience in the gas and energy sectors. Data from 300 respondents were
examined using a researcher-developed 40-item questionnaire. Quantitative data were analyzed
using SPSS and SmartPLS software and partial least squares structural equation modeling (PLS-
SEM). The qualitative findings indicated that the gas imbalance is a multidimensional and
systemic phenomenon. Its determinants were classified into six principal dimensions: demand
pressure and consumption patterns; the quality of energy policymaking and governance;
infrastructure capacity and reliability; demand-side management, technology, and efficiency;
climatic and environmental pressures; and temporal and feedback complexities. The severity of
the gas imbalance was also identified as the central construct, while its economic, industrial,
social, environmental, and security consequences were identified as the model’s ultimate
outcomes. The quantitative results confirmed the satisfactory reliability and validity of the
measurement model and demonstrated that all seven research hypotheses were statistically
significant. Demand pressure and consumption patterns, with a path coefficient of 0.291;
temporal and feedback complexities, with a coefficient of 0.267; and climatic and environmental
pressures, with a coefficient of 0.160, had positive and significant effects on the severity of the
gas imbalance. Conversely, infrastructure capacity and reliability, with a coefficient of —0.256;
the quality of energy policymaking and governance, with a coefficient of —0.201; and demand-
side management, technology, and efficiency, with a coefficient of —0.147, had negative and
significant effects on the severity of the imbalance. Furthermore, the severity of the gas
imbalance had a strong positive effect on its consequences, with a path coefficient of 0.712.
Collectively, the six predictor variables explained 62.9% of the variance in the severity of the
gas imbalance, while the severity of the imbalance explained 50.6% of the variance in its
consequences. The predictive relevance index values for the severity of the imbalance and its
consequences were 0.408 and 0.316, respectively, and the model’s overall fit was assessed as
acceptable and relatively satisfactory. Overall, the findings demonstrated that the gas imbalance
is not attributable to a single factor and that its sustainable reduction requires simultaneous
interventions in demand management, infrastructure development and modernization,
governance reform, improvements in efficiency and technology, and the management of climatic
impacts and time delays.

Keywords: gas imbalance, consumption patterns, energy governance, gas infrastructure, energy
efficiency, temporal dynamics, structural equation modeling.
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Extended Abstract
Introduction

Natural gas is a strategic energy carrier that supports economic growth, industrial production,
household welfare, electricity generation, and the overall stability of national energy systems. Iran’s
energy structure is particularly dependent on natural gas, which supplies a substantial proportion of the
energy consumed by households, power plants, commercial users, and energy-intensive industries.
Despite the country’s extensive natural gas reserves, the widening gap between available supply and actual
demand, especially during periods of peak winter consumption, has transformed the gas imbalance into a
major managerial, economic, and energy-security challenge. In this context, a gas imbalance refers to a
condition in which production, transmission, distribution, and storage capacities cannot reliably meet the
level and temporal pattern of demand.

The gas imbalance should not be interpreted merely as an absolute shortage of natural gas. It is a
multidimensional and dynamic phenomenon resulting from interactions among technical, economic,
institutional, climatic, behavioral, and temporal factors. Iran’s natural gas demand is influenced by
nonlinear changes in household consumption, industrial activity, climatic conditions, energy prices, and
production structures (Kani et al., 2013). Seasonal demand fluctuations, particularly the sharp increase in
household heating demand during cold periods, place considerable pressure on production and
transmission networks. At the same time, insufficient underground storage capacity, aging facilities,
declining production in some gas fields, and delays in infrastructure development restrict the system’s
ability to respond flexibly to sudden changes in demand.

Demand-side conditions also contribute substantially to the persistence of the imbalance. Low
subsidized prices, limited consumer responsiveness to price signals, inadequate thermal efficiency in
buildings, inefficient industrial equipment, and insufficient public awareness reduce incentives for energy
conservation. Therefore, price reform alone is unlikely to establish a sustainable balance unless it is
accompanied by improvements in energy efficiency, technological modernization, targeted incentives,
effective consumer education, and enforceable efficiency standards. Technological tools, including smart
metering, real-time monitoring, data analytics, and supervisory control and data acquisition systems, can
improve demand forecasting, identify network losses, and facilitate more responsive management of gas
distribution systems (Mohammadpoor & Torabi, 2018; Shafiq et al., 2018; Upadhyay & Sampalli, 2020).

The consequences of the gas imbalance extend beyond temporary supply restrictions. Gas
curtailment can disrupt the activities of steel, cement, petrochemical, and other energy-intensive
industries, reduce industrial output, and weaken national value creation. When power plants replace
natural gas with more polluting fuels, the imbalance also generates environmental and public-health costs.
Moreover, recurring pressure reductions, industrial supply interruptions, increased operating costs,
declining public satisfaction, and potential dependence on imports can undermine national energy
security. Consequently, gas imbalance management requires a coordinated approach that considers
demand, supply, infrastructure, governance, technology, and environmental uncertainty simultaneously.

A systemic perspective is especially important because energy imbalances develop through
feedback loops and time delays. Decisions regarding investment, pricing, infrastructure construction,
energy-efficiency programs, and consumer education may require months or years to influence system
performance. A delayed policy response can consequently allow the initial supply—demand gap to
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accumulate and intensify. System dynamics theory explains such outcomes through interactions among
stocks, flows, feedback loops, investment decisions, production capacity, and demand behavior (Sterman,
2000). Recent energy research similarly demonstrates the value of system dynamics for modeling gas
balances and assessing the long-term implications of alternative policies (Yang et al., 2025). Structural
equation modeling can complement this perspective by empirically estimating relationships among latent
technical, institutional, environmental, and behavioral constructs (Gao et al., 2025).

Previous studies have often examined individual dimensions of gas consumption, pricing,
infrastructure, efficiency, or energy governance separately. Such fragmented analyses provide limited
insight into the mechanisms through which these factors jointly intensify or mitigate the imbalance. An
integrated, empirically testable model is therefore needed to identify the principal determinants of the gas
imbalance, estimate the direction and magnitude of their effects, and explain how the severity of the
imbalance generates broader consequences. Accordingly, this study aimed to develop and validate a causal
model for assessing energy imbalance in Iran’s gas industry by integrating qualitative evidence from
experts with quantitative analysis based on partial least squares structural equation modeling.

Methods and Materials

This applied-developmental study employed an exploratory sequential mixed-methods design. The
investigation was conducted in two interconnected phases. The qualitative phase identified the principal
concepts, dimensions, and causal relationships associated with the gas imbalance. The quantitative phase
subsequently operationalized these qualitative findings and tested the proposed relationships empirically.

The qualitative participants consisted of managers and specialists from the gas industry, experts
affiliated with the Ministry of Petroleum, university academics specializing in energy economics and
policy, and researchers experienced in energy efficiency and demand-side management. Eligibility
required at least five years of relevant professional or managerial experience, an appropriate scientific
background, participation in energy-efficiency projects, or experience in energy-related policymaking and
research. Participants were recruited through purposive and snowball sampling. Semi-structured
interviews continued until theoretical saturation was achieved. Saturation became apparent after the
fourteenth interview and was confirmed through two additional interviews, resulting in a final qualitative
sample of 16 participants.

The interviews examined the technical and economic causes of the imbalance, pricing and subsidy
policies, production and storage capacity, transmission infrastructure, energy efficiency, emerging
technologies, consumer behavior, climatic conditions, institutional barriers, time delays, feedback
mechanisms, and consequences of prolonged imbalance. Interviews were recorded with informed consent,
transcribed verbatim, and analyzed through thematic analysis using MAXQDA. Meaning units were
coded, conceptually similar codes were merged, and the resulting categories were organized into
subthemes and main themes. Member checking, peer review of codes, documentation of analytical
decisions, and the use of direct interview evidence were employed to strengthen the credibility,
dependability, and confirmability of the qualitative findings.

The quantitative population included managers, professionals, and technical experts working in
the National Iranian Gas Company, organizations affiliated with the Ministry of Petroleum, fuel-
consumption optimization organizations, power plants, gas-intensive industries, and energy research
centers. Stratified random sampling was used to ensure the representation of managerial, industrial,



power-generation, commercial, operational, and technical groups. Data from 300 respondents were
analyzed.

A researcher-developed 40-item questionnaire was constructed from the qualitative findings. It
measured eight constructs: demand pressure and consumption patterns; quality of energy policymaking
and governance; infrastructure capacity and reliability; demand-side management, technology, and
efficiency; climatic and environmental pressures; temporal and feedback complexities; severity of the gas
imbalance; and consequences of the gas imbalance. Responses were recorded on a five-point Likert scale.
Face and content validity were assessed by academic and executive experts. SPSS was used for
preliminary and descriptive analyses, while SmartPLS was employed to evaluate the measurement and
structural models through partial least squares structural equation modeling. Reliability, convergent
validity, discriminant validity, collinearity, path coefficients, coefficients of determination, predictive
relevance, and model fit were evaluated. The statistical significance of the structural paths was assessed
using bootstrapping.

Findings

Analysis of the 16 interviews generated 305 initial codes, with between 17 and 22 codes extracted
from each interview. After conceptually overlapping codes were merged, 16 subthemes and seven
principal themes were identified. The main themes comprised demand structure and consumption patterns;
energy policymaking and governance; technical and infrastructural capacity; demand-side management,
technology, and efficiency; climatic and environmental factors; temporal and feedback dynamics; and the
consequences of the gas imbalance. The qualitative model indicated that imbalance emerges when demand
pressure exceeds the production, transmission, storage, distribution, and management capacities of the gas
system. The model also showed that policy quality, technological capacity, consumer behavior, climate,
and delayed feedback can either intensify or mitigate this gap.

In the quantitative phase, climatic and environmental pressures produced the highest mean score
(M =3.518, SD = 0.986), followed by the severity of the gas imbalance (M = 3.440, SD = 0.941), demand
pressure and consumption patterns (M = 3.386, SD = 0.931), consequences of the imbalance (M = 3.377,
SD = 0.933), and temporal and feedback complexities (M = 3.338, SD = 1.016). The mean scores for the
quality of energy policymaking and governance (M = 2.764, SD = 0.939) and infrastructure capacity and
reliability (M = 2.865, SD = 1.007) were below the midpoint of the scale, indicating unfavorable
respondent evaluations of these dimensions.

All 40 indicators were retained because their factor loadings ranged from 0.786 to 0.874.
Cronbach’s alpha coefficients ranged from 0.863 to 0.901, rtho_A values ranged from 0.866 to 0.903, and
composite reliability values ranged from 0.907 to 0.926. Average variance extracted values ranged from
0.670 to 0.715, confirming convergent validity. Heterotrait—-monotrait ratios ranged from 0.059 to 0.790
and remained below 0.85, supporting discriminant validity. Variance inflation factor values ranged from
1.000 to 1.391, indicating no problematic multicollinearity.

All seven structural paths were statistically significant (p < .001). Demand pressure and
consumption patterns had a positive effect on gas imbalance severity (B =.291, t = 7.088). Temporal and
feedback complexities also increased imbalance severity (B = .267, t = 6.790), as did climatic and
environmental pressures (B =.160, t = 4.024). Conversely, infrastructure capacity and reliability reduced
imbalance severity (fp = —.256, t = 6.600). The quality of energy policymaking and governance had a
significant negative effect (B = —.201, t = 4.976), while demand-side management, technology, and
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efficiency also reduced imbalance severity (B =—.147, t = 3.522). Gas imbalance severity exerted a strong
positive effect on its economic, industrial, social, environmental, and security consequences (f =.712,t=
24.653).

The six predictor constructs collectively explained 62.9% of the variance in gas imbalance
severity. Gas imbalance severity explained 50.6% of the variance in its consequences. Predictive relevance
values were 0.408 for imbalance severity and 0.316 for its consequences, demonstrating satisfactory
predictive capability. The standardized root mean square residual was 0.043 for the saturated model and
0.047 for the estimated model. These values indicated an acceptable and comparatively strong overall
model fit.

Discussion and Conclusion

The findings demonstrate that the gas imbalance in Iran is neither a single-factor problem nor
simply a consequence of insufficient production. It is produced by the simultaneous interaction of
excessive and volatile demand, infrastructural limitations, weaknesses in energy governance, inadequate
demand management, climatic pressure, and delayed system responses. Demand pressure was the
strongest positive antecedent, indicating that seasonal consumption peaks and inefficient consumption
patterns place substantial stress on the gas system. Temporal and feedback complexities were also highly
influential, showing that delayed investments and postponed policy effects can intensify the imbalance
even after corrective measures have begun.

Infrastructure capacity and reliability demonstrated the strongest mitigating effect. This finding
highlights the importance of expanding storage capacity, upgrading transmission networks, improving
maintenance, modernizing pressure-regulation facilities, and accelerating investments in production and
distribution infrastructure. Governance quality also reduced the imbalance, suggesting that coordinated
policymaking, stable long-term planning, realistic pricing arrangements, institutional accountability, and
improved demand forecasting are essential for sustainable gas management.

The strong relationship between imbalance severity and its consequences confirms that continuing
supply—demand gaps can generate interconnected economic, industrial, social, environmental, and
security risks. Sustainable improvement therefore requires an integrated policy portfolio rather than
isolated measures. Demand management, infrastructure expansion, governance reform, technological
modernization, efficiency improvement, climate preparedness, and recognition of implementation delays
should be pursued concurrently. The validated model provides a comprehensive framework through which
policymakers and gas-industry managers can identify critical intervention points, compare strategic
priorities, and design coordinated measures to improve the resilience, reliability, and long-term security
of Iran’s gas system.
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