System Engineering and Productivity/ 2027/ Vol.7/ No.2/169-196

(V) System Engineering and Productivity
>

Journal of
System Engineering
and Productivity

10.22034/sep.2026.2093652.1523

OCIETY

>

0
IRAN LOGESTICS

Chalsunalyasl

Urban Microgrid Energy Demand Management through a System Dynamics

Approach: Co-evolutionary Analysis of Supply, Demand, and Digital
Governance in Ekbatan Township

Mohammadmehdi Kafshvandi®

, Saeed Givehchi>'"*y Gholamreza Nabi Bidhendi®

! Department of Environment, Kish International Campus, University of Tehran, Kish, Iran

% Faculty of Environment, University of Tehran, Tehran, Iran

HIGHLIGHTS

GRAPHICAL ABSTRACT

e A system dynamics model simulates
the interaction of energy demand,
renewable  supply, and digital
governance in Tehran’s Ekbatan
microgrid.

e The combined scenario achieves a 23%
CO2 reduction and a 20.1% effective
renewable energy share.

® Sustainable transition requires smart
meter coverage above 60% and
maintaining comfort levels above the
critical threshold of 0.65.
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The peak electricity demand—sustainable supply gap in smart cities is a
nonlinear challenge that static models cannot address due to their inability to
capture generative feedback structures. This study develops a system
dynamics model to analyze the interaction of urban energy demand,
renewable supply, demand-side management, and digital governance in
Tehran's Ekbatan microgrid. The model is built upon six feedback loops: the
reinforcing smart grid sustainability loop; the reinforcing demand-response
adoption and social trust loop incorporating neighborhood conformity; the
reinforcing digital governance co-evolution loop that endogenizes
institutional maturity; and the balancing loops of dynamic pricing with
rebound effects, low-carbon transition costs, and grid congestion.
Implemented in Vensim DSS with 87 variables and calibrated using ten-year
empirical data (RMSE <10%, R2 >0.80), behavioral parameters were
estimated via a field survey (n=66) and expert modeling workshop. Sensitivity
analysis revealed capacity factor and depreciation rate as the most influential
parameters on renewable share. Five 25-year scenarios were simulated. The
optimal combined scenario, synergizing supply and demand measures,
achieves a 23% CO2 reduction, 20.1% effective renewable share, and consumer
satisfaction above 0.70. The demand-centric scenario, despite an 18% peak-
to-average reduction, lowers satisfaction to 0.58 and triggers a 40% rebound
effect. The critical comfort threshold of 0.65 was identified, beyond which the
trust-participation loop reverses. The Digital Governance Index rises from
0.18 to 0.56 in the combined scenario. Cost-effectiveness analysis shows the
combined scenario is 54% more efficient than the supply-centric alternative.
A sustainable transition requires smart meter coverage exceeding 60% and
maintaining comfort levels above 0.65.
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1. Introduction

The accelerating pace of urbanization in the 21%
century has placed unprecedented pressure on urban
energy systems. Cities, now home to over 55% of the
world's population, account for approximately 70%
of global energy consumption and greenhouse gas
emissions (Keirstead et al., 2012). The transition
toward smart cities, characterized by the integration
of distributed renewable energy resources, has
emerged as a central strategy for decarbonizing
urban energy systems (Calvillo et al., 2016). In Iran,
the transition to sustainable electricity systems has
been targeted through ambitious renewable
scenarios up to the 2040 horizon (Pazuki et al.,
2025), and recent analyses indicate that without
integrated resource management, the long-term
sustainability of the energy supply system remains
uncertain (Golfam & Ashofteh, 2025a, b). However, a
fundamental challenge persists: the widening gap
between peak electricity demand and sustainable
supply capacity. The intermittent nature of
renewable sources such as solar photovoltaic,
coupled with continuously growing demand,
subjects’ urban  distribution networks to
unprecedented volatility and instability. This gap is
not a static problem but a dynamic phenomenon
emerging from the complex interaction of technical,
economic, social, and institutional subsystems—
characterized by feedback loops, structural delays,
accumulation and depreciation processes, and
nonlinear relationships (Sterman, 2000).

Conventional static models—including multivariate
regression, linear optimization, and computable
general equilibrium models—are fundamentally
incapable of causally analyzing or formally
representing the feedback structures that generate
this dynamic behavior (Forrester, 1961). While
System Dynamics (SD) models have been applied to
urban energy systems (Feng et al., 2013), a critical
gap remains: the soft, endogenous dynamics of
consumer behavior—including technology trust,
comfort sensitivity, and peer influence—are rarely
integrated with empirical field data and modeled
endogenously (John, 2007). Furthermore, the
concept of "digital governance" as a suprasystem
layer in smart cities is predominantly treated as an
exogenous assumption rather than a variable co-
evolving with technology and institutions.

Beyond the technical and economic subsystems,
urban system resilience and vulnerability in the face
of hazards constitute another dimension of the smart
city that is deeply intertwined with social and
behavioral capital. Recent studies in Iran
demonstrate that community preparedness against
crises is itself a function of collective behavior and
local trust networks. Karimi et al. (2025), in a critical
review of hydrogen sulfide gas leaks, identified
behavioral gaps in emergency preparedness and
community response, emphasizing the necessity of
modeling behavioral dynamics in early warning

systems. Givehchi et al. (2024) analyzed the
consequences affecting the assets of an urban system
facing scenario-based hazards and demonstrated
that water and wastewater infrastructure are among
the most vulnerable assets. In this vein, Vejdani
Nozar et al. (2025), studying the city of Hamedan,
evaluated the effects of environmental pollution on
urban water and wastewater assets and argued that
neglecting the feedback loops between citizen
behavior, infrastructure quality, and ecosystem
health renders resilience planning ineffective. These
insights align with the concept of digital governance
and the suprasystem layer in the present study, as
governance maturity only leads to resilience when
informed citizen participation and institutional trust
are simultaneously strengthened.

In parallel with SD modeling, a broad spectrum of
quantitative studies in Iran has examined the techno-
economic and environmental dimensions of energy
systems using optimization and life cycle assessment
approaches. For instance, Jafar et al. (2024)
presented a nexus-based optimization model for
sustainable electricity supply planning, in which the
simultaneous meeting of competing demands is
considered with cost and emission minimization.
Afsari Mamaghani et al. (2023) designed an
integrated power and water supply planning model
incorporating the Water-Energy-Emission nexus,
revealing the importance of infrastructure synergy in
reducing carbon footprints. At the power plant scale,
Javidi et al. (2025) quantified the environmental
costs of a thermal power plant in Tehran using a life
cycle assessment approach and demonstrated that
the impacts imposed on human health and
ecosystems far exceed conventional economic
calculations. In the domain of distributed renewable
energy, Milani and Nabi Bidhendi (2024) evaluated
the potential for energy recovery from biogas and
photovoltaics in wastewater treatment plants,
focusing on greenhouse gas emission mitigation.
Additionally, Bazarchi et al. (2020) conducted a
techno-economic feasibility study for reducing
building energy consumption using solar energy in
Bandar Abbas, and Aghabozorg et al. (2024)
presented a comprehensive economic and
environmental analysis of supplying electricity to a
desalination unit with renewable energies. Two
studies related to solar heating system optimization
by Nasouri et al. (2021a, 2021b, 202Ic) also
demonstrate the high capacity of multi-criteria
decision-making (MCDM) for selecting optimal
configurations in renewable technologies. These
studies, although not directly employing the SD
methodology, highlight the necessity of moving
beyond sectoral analyses toward integrated
models—a challenge to which the present research
seeks to respond.

This study addresses these gaps by developing a
comprehensive SD model that simultaneously
analyzes the interactions among four subsystems—
urban energy demand, renewable supply, demand-
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side management (DSM), and policy—embedded
within a smart city suprasystem layer. The model is
empirically grounded through calibration with ten
years of historical data from Ekbatan Township
(Tehran, Iran) and an exploratory field survey among
its residents. The application of the SD approach in
Iran's energy system has been demonstrated by
Pazuki et al. (2025), who analyzed the transition of
Iran's electricity sector through 2040. Their findings
show that wunder current policy, fossil fuel
dependency remains at 94% and CO2 emissions reach
220.11 Mt. This is consistent with the logic of the
present model, indicating that without active
policies, long-term sustainability of the energy
system cannot be achieved. While the SD approach
has also been applied in other urban subsystems in
Iran, the focus of this research remains on the urban
energy system and microgrid.

The primary objective of this research is to model the
dynamic interaction of urban energy supply and
demand subsystems in a manner that endogenously
explains both consumer behavioral dynamics and
digital governance maturation. Three specific aims
guide the inquiry:

1. To design an integrated SD model
comprising four subsystems and one smart
city suprasystem layer.

2. To validate the model using real-world
microgrid data and an exploratory field
survey.

3. To simulate five policy scenarios over a 25-
year horizon and derive actionable policy
implications.

The central research question is: How can the
dynamic interaction of demand, renewable supply,
DSM, and policy subsystems within a smart city be
modeled to endogenously capture consumer
behavioral dynamics and digital governance co-
evolution?

2. Methodology
2.1. The Dynamic Hypothesis

The dynamic hypothesis is formalized through a
Causal Loop Diagram (CLD) developed and validated
in a Group Model Building (GMB) workshop with ten
domain experts. Six primary feedback loops
constitute the hypothesis:

e Rl (Smart Grid and Network Stability-
Reinforcing): Increased ~ smart  meter
coverage enhances price signal
effectiveness, increases DSM participation,
reduces peak load, improves network
stability, and attracts further smart
infrastructure investment.

e R2 (DSM Acceptance and Social Trust-
Reinforcing): Increased participation yields
bill savings, improves satisfaction, builds
technology trust, strengthens peer effects,
and boosts adoption rates. A critical
boundary condition is identified: if the
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Consumer Comfort Index falls below a
threshold, the dropout rate activates and
the loop reverses.

e R3 (Energy Awareness and Social
Pressure-Reinforcing, sub-loop of
R2): Heightened = awareness  improves
energy efficiency, reduces demand and
emissions, increases public concern, and
further raises awareness.

e R4 (Digital Governance Co-evolution and
Technical Maturity-
Reinforcing): Increased data integration
enhances the Digital Governance Index,
strengthens policy credibility, attracts smart
investment, expands IoT penetration, and
further improves data integration. This
loop, introduced for the first time in this
study, endogenizes institutional maturity as
the product of technical maturity, policy
pressure, and social participation.

e Bl (Peak Load Control via Dynamic
Pricing-Balancing): Rising  peak load
activates dynamic tariffs, increases peak
prices, reduces consumption, and lowers
peak load. A rebound effect sub-loop is also
formalized: lower off-peak prices stimulate
new consumption, creating new peaks.

e B2 (Low-Carbon Policies and Transition
Costs-Balancing): Increased emissions
intensify policy pressure, expand renewable
incentives and investment, raise renewable
share, and reduce emissions.

2.2. Model Architecture and Implementation

The model is implemented in Vensim DSS software
with 87 variables organized into four distinct views:
(1) Urban Energy Demand, (2) Renewable Supply, (3)
DSM and Smart Infrastructure, and (4) Policy and
Environment. Suprasystem layer variables-IoT
Penetration, Data Integration Level, and the Digital
Governance Index-are present as shadow variables
across all views, ensuring cross-subsystem feedback
integration. Seven structural delays are implemented
using DELAY and SMOOTH functions: 2.5-year
renewable construction delay, 3-year smart
technology adoption delay, 2-year learning and
awareness delay, 1-year tariff effect delay, and 4-year
policy delay. Key structural equations include logistic
adoption functions for DSM participation, stock-and-
flow formulations for renewable capacity and digital
governance accumulation, and CO2 emission
calculations based on demand and renewable
penetration.

2.3. Empirical Grounding: Field Survey and
Parameter Estimation

Behavioral parameters-notably the Technology Trust
Level and the critical Comfort Threshold-were
estimated through an exploratory field survey
administered to residents of Ekbatan Township. The
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15-item questionnaire was specifically designed to
directly measure model variables: trust in smart
technologies, willingness to participate in DSM
programs,  sensitivity to thermal comfort
adjustments, and susceptibility to peer influence. A
total of 66 completed questionnaires were analyzed
(Cronbach's alpha = 0.76). Method triangulation was
achieved through literature review, 15 semi-
structured interviews (continued to theoretical
saturation), and the GMB workshop with ten experts.
Responses were mapped to model parameters
through a structured protocol; for instance,
Technology Trust Level was initialized at 0.35
(expert-adjusted from the raw survey mean of 0.61 to
account for volunteer response bias), and the
Comfort Threshold was set at 0.65 based on
weighted responses to thermal comfort and peak-
load scenario questions, refined by expert consensus.

2.4. Calibration and Validation

The model was calibrated using the Powell algorithm
within Vensim DSS's optimization module against
ten years of historical data (2014-2024) for Ekbatan
Township. Calibration targets included Peak Load
(RMSE = 8.3%, R2 = 0.89), Renewable Generation
(RMSE = 7.1%, R2 = 0.94), and Total Electricity
Demand (RMSE = 6.2%, R?2 = 0.91). Monte Carlo
sensitivity analysis with 200 iterations on 10 critical
parameters within a +50% range revealed that the
Renewable Share is most sensitive to Capacity Factor
and Depreciation Fraction. Extreme condition tests
(zero price, 100% participation) were successfully
passed.

2.5. Scenario Design

Five policy scenarios were constructed along two
axes-supply-side and demand-side intervention
intensity-and simulated over a 25-year horizon
(2025-2050):
e SO (Baseline): Continuation of current
trends; no dynamic tariff.

e S1 (Supply-Oriented): Maximum
renewable capacity expansion without
active DSM.

e S2 (Demand-Oriented): Aggressive

dynamic pricing and DSM programs with
baseline renewable growth.

e S3 (Infrastructure-Oriented): Smart
infrastructure development without active
DSM or dynamic tariffs.

e S4 (Optimal Combined): Synergistic
development of renewable supply and smart
demand management with moderate
dynamic tariffs.

Performance was evaluated against six KPIs: Peak-to-
Average Ratio, Effective Renewable Share,
Cumulative CO2 Emissions, Levelized Cost of Energy
(LCOE), Consumer Comfort Index, and Grid
Resilience Index.

3. Results and Discussion
3.1. Scenario Performance

The Optimal Combined scenario (S4) achieves the
most balanced and sustainable performance across
all KPIs. Specifically, S4 delivers a 23% reduction in
cumulative CO2 emissions relative to baseline (2.65
vs. 3.42 million tons), increases the effective
renewable share to 20.1%, and maintains the
Consumer Comfort Index above the critical threshold
at 0.71. Although S2 (Demand-Oriented) achieves the
best Peak-to-Average Ratio reduction (18%), it proves
unsustainable due to a decline in consumer
satisfaction to 0.58-below the 0.65 critical threshold-
which activates the dropout mechanism and reverses
the trust-participation reinforcing loop. Meanwhile,
S1 (Supply-Oriented) achieves the highest nominal
renewable share (24.5%), but suffers from higher
curtailment (12% vs. 4% in S4), rendering its effective
renewable share (19.8%) lower than that of S4. S4
also achieves a 15% reduction in the peak-to-average
ratio.

3.2. Feedback Loop Dynamics

Detailed dissection of feedback behavior reveals
three critical insights. First, the trust-participation
loop (R2) confirms the existence of a critical Comfort
Threshold at 0.65. In S2, where the Consumer
Comfort Index drops to 0.58, the dropout rate
activates and the reinforcing loop reverses, causing
participation to collapse. In S4, comfort remains at
0.71, ensuring sustained and stable participation
growth. Second, the rebound effect in the dynamic
pricing loop (B1) is empirically validated: in S2, 40%
of the initial peak load reduction is offset by
increased off-peak consumption after year 2029.
Third, the digital governance co-evolution loop (R4)
demonstrates that the Digital Governance Index in
S4 grows from 0.18 to 0.56-the largest increase
among all scenarios-driven by the synergistic
interaction of Data Integration Level (0.15-0.52),
Policy Pressure (0.12-0.58), and DSM Participation
(0.04-0.32).

3.3. Cost-Effectiveness Analysis

The cost-effectiveness analysis, employing a 5%
discount rate, reveals that S4 achieves a cost of
416,000 IRR per ton of CO2 reduced, making it 54%
more efficient than the Supply-Oriented scenario (S1:
900,000 IRR/ton). This confirms that synergistic
supply-demand strategies not only yield superior
environmental outcomes but also represent a more
economically rational investment of public resources.

4. Conclusions

This research confirms the necessity of supply-
demand co-evolution for sustainable urban energy
transition. The findings yield five specific, actionable
policy implications:
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1. Smart Meter Prerequisite: Dynamic tariff
activation should be deferred until smart
meter coverage exceeds the 60% threshold;
below this level, price signal effectiveness is
critically undermined and the rebound
effect neutralizes peak reductions.

2. Renewable Incentive Ceiling: Increasing
renewable incentive rates up to 0.45 yields
increasing marginal returns; beyond this
point, the budgetary burden escalates
sharply with diminishing effectiveness,
defining an optimal intervention ceiling.

3. Comfort Threshold  Safeguard: The
Consumer Comfort Index must be
maintained above 0.65 in DSM program
design. Violating this threshold triggers
exponential increases in dropout rates and
reverses the trust-participation reinforcing
loop.

4. Grid Capacity Acceleration: Distribution
grid upgrade investment must proceed at a
minimum of twice the baseline rate.
Without this, increased distributed
renewable penetration leads to network
congestion, production curtailment, and
investor disincentivization.

5. Data Integration Platform
Development: Integrated  urban  data
platforms should be strategically developed
to achieve a minimum Data Integration
Level of 0.50, which is the functional
prerequisite for the digital governance co-
evolution loop (R4) and necessary for
transparency, institutional trust, and full
policy effectiveness.

4.1. Theoretical Contributions

This study contributes to the literature in three
domains: (a) extending SD theory through the
conceptualization of the smart city suprasystem layer
and the endogenous modeling of digital governance
(R4 loop); (b) enriching quantitative SD models by
providing an exploratory protocol for integrating
field survey data into behavioral parameter
estimation; and (c) offering empirical evidence from
a real urban microgrid in Iran, a context
underrepresented in the global SD energy literature.

4.2. Limitations and Future Research

Findings should be interpreted in light of six
limitations: the limited survey sample size (n = 66),
sensitivity of results to the C-category Comfort
Threshold parameter, absence of historical data for
DSM Participation Rate in calibration, lack of
dedicated sensitivity analysis for cost-effectiveness
indicators, the assumption of technological stability
excluding disruptive innovations, and the exclusion
of the Ekbatan CHP Megamall project from the base
model. Future research directions include conducting
a large-scale survey (n = 300), extending the model
to the full metropolitan scale, and performing
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comprehensive cost-effectiveness sensitivity
analysis.
Acknowledgments

The authors would like to express their sincere
gratitude to the experts and managers of this field
who, by dedicating their time, sharing their
specialized insights, and participating in the data
collection process, made this study possible.

Funding
This research received no external funding.
Conflicts of Interest

There are no conflicts of interest associated with this
research.

Author Contribution Statement

Mohammadmehdi Kafshvandi: Conceptualization,
Data curation, Formal analysis, Investigation,
Methodology, Resources, Software, Validation,
Visualization, Writing — original draft, Writing —

review & editing; Saeed Givehchi:
Conceptualization, Project administration,
Supervision, Writing - review & editing:

Gholamreza Nabi Bidhendi: Conceptualization,
Project administration, Supervision, Writing — review
& editing.

Data Availability Statement

Data available on request: The data that support the
findings of this study are available from the
corresponding author upon reasonable request.

References

Afsari Mamaghani, F., Omidvar, B., Avami, A., & Nabi
Bidhendi, G. R. (2023). An optimal integrated
power and water supply planning model
considering Water-Energy-Emission nexus.
Energy Conversion and Management 277 (2023):
116595.
https://doi.org/10.1016 /j.enconman.2022.11659
5

Aghabozorg, M. H., Nabi Bidhendi, G., Yousefi, H., &
Mehrdadi, N. (2024). A comprehensive
economic and environmental analysis to supply
the electricity sector of the MED desalination
unit using renewable energies. Journal of Energy
Management and Technology, 8(3), 239-249.
https://doi.org/10.22109 /jemt.2024.421441.147
8

Bazarchi, S., Bidhendi, G. R. N., Ghazi, I., & Kasaeian,
A. (2020). A techno-economic feasibility study
for reducing the energy consumption in a
building: A solar energy case study for bandar
abbas. Journal of Thermal Engineering, 6(4), 633-
650. https://doi.org/10.18186 /thermal.766463

Calvillo, C. F., Sdnchez-Miralles, A., & Villar, J. (2016).
Energy management and planning in smart



https://doi.org/10.1016/j.enconman.2022.116595
https://doi.org/10.1016/j.enconman.2022.116595
https://doi.org/10.22109/jemt.2024.421441.1478
https://doi.org/10.22109/jemt.2024.421441.1478
https://doi.org/10.18186/thermal.766463

Urban Microgrid Energy Demand Management through a System Dynamics Approach: Co-evolutionary Analysis ... V¥

cities. Renewable and Sustainable Energy Reviews,
55, 273-287.
https://doi.org/10.1016 /j.rser.2015.10.133

Feng, Y. Y., Chen, S. Q., & Zhang, L. X. (2013). System
dynamics modeling for urban energy
consumption and CO2 emissions: A case study
of Beijing, China. Ecological Modelling, 252, 44-
52.
https://doi.org/10.1016/j.ecolmodel.2012.09.00
8

Forrester, J. W. (1961). Industrial dynamics. MIT Press.

Givehchi, S., Nozar, A. V., & Malekmohammadi, B.
(2024). Investigating the effective
consequences on the assets of an urban system
in facing scenario-based hazards. Entorno
Geogrifico, (28), €24514399-€24514399.
https://doi.org/10.25100/eg.v0i28.14399

Golfam, P., & Ashofteh, P. S. (2025a). Evaluation of
the effect of the water-energy nexus on the
performance of the water-energy supply
system. Environmental Science and Pollution
Research, 32(7), 4040-4060.
https://doi.org/10.1007/s11356-025-35928-0

Golfam, P., & Ashofteh, P. S. (2025b). Prioritization of
water-energy nexus scenarios using the
development of D-number theory in multi-
criteria analysis method. Environmental Science
and Pollution Research, 32(11), 6550-6573.
https://doi.org/10.1007/s11356-025-36105-2

Jafar, H. T., Tavakoli, O., Bidhendi, G. N., & Alizadeh,
M. (2024). Sustainable electricity supply
planning: A  nexus-based  optimization
approach. Renewable and Sustainable Energy
Reviews, 195, 114316.
https://doi.org/10.1016 /j.rser.2024.114316

Javidi, N., Nabi Bidhendi, G., Tavakoli, O., &
Mehrdadi, N. (2026). Assessing the
environmental costs of a thermal power plant
in tehran using life cycle analysis. International
Journal of Environmental Science and Technology,
23(3), 179. https://doi.org/10.1007/s13762-025-
06854-y

Milani, S. J., & Bidhendi, G. N. (2024). Biogas and
photovoltaic solar energy as renewable energy
in wastewater treatment plants: A focus on
energy recovery and greenhouse gas emission
mitigation. Water Science and Engineering, 17(3),
283-291.
https://doi.org/10.1016 /j.wse.2023.11.003

Karimi, S., Talebi, E., & Givehchi, S. (2025). H2S gas
leak emergency preparedness and community
response: A critical review of behavioral factors
and gaps. Scientific Papers-Series E-Land
Reclamation Earth Observation & Surveying
Environmental Engineering. 14(1), 1100-1111.
https://landreclamationjournal.usamv.ro/pdf/2

025/Art119.pdf

Keirstead, J., Jennings, M., & Sivakumar, A. (2012). A
review of urban energy system models:
Approaches, challenges and opportunities.
Renewable and Sustainable Energy Reviews, 16(6),
3847-3866.
https://doi.org/10.1016 /j.rser.2012.02.047

John, D. M. (2007). Strategic modelling and business
dynamics: A feedback systems approach. J. Wiley &
Sons.

Nasouri, M., Bidhendi, G. N., Hoveidi, H., & Amiri, M.
J- (2021a). Parametric study and performance-
based multi-criteria optimization of the
indirect-expansion solar-assisted heat pump
through the integration of Analytic Network
process (ANP) decision-making with MOPSO
algorithm. Solar Energy, 225, 814-830.
https://doi.org/10.1016 /j.solener.2021.08.003

Nasouri, M., Nabi Bidhendi, G. R.,, Amiri, M. ],
Delgarm, N., Delgarm, S., & Azarpad, K.
(2021b). Performance-based Pareto
optimization and multi-attribute decision
making of an actual indirect-expansion solar-
assisted heat pump system. Journal of Building
Engineering, 42(2), 102345.
https://doi.org/10.1016 /j.jobe.2021.102345

Nasouri, M., Bidhendi, G. N., Amiri, M. J., Delgarm, N.,
Delgarm, S, & Azarbad, K. (202lc).
Performance-based Pareto optimization and
multi-attribute decision making of an actual
indirect-expansion solar-assisted heat pump
system. Journal of Building Engineering, 42.
https://doi.org/10.1016 /j.jobe.2021.103053

Pazuki, M. M., Salimi, M., Safaie, N., & Amidpour, M.
(2025). Transitioning Iran's electricity sector: A
system dynamics analysis of renewable energy
acceleration and carbon capture strategies to
2040. Utilities Policy, 97, 102062.
https://doi.org/10.1016/j.jup.2025.102062

Sterman, ]. D. (2000). Business dynamics: Systems
thinking and modeling for a complex world.
Irwin/McGraw-Hill.

Vejdani Nozar, A., Givehchi, S., & Malekmohammadi,
B. (2025). Evaluation of the effective
consequences on urban water and wastewater
assets in the face of environmental pollution: A
case study of Hamedan City, Iran. Pollution,

11(3), 652-671.
https://doi.org/10.22059/poll.2025.380915.250
9

Y o lols [V 090 [VFeF JL&/&)SOMQW@AW


https://doi.org/10.1016/j.rser.2015.10.133
https://doi.org/10.1016/j.ecolmodel.2012.09.008
https://doi.org/10.1016/j.ecolmodel.2012.09.008
https://doi.org/10.25100/eg.v0i28.14399
https://doi.org/10.1007/s11356-025-35928-0
https://doi.org/10.1007/s11356-025-36105-z
https://doi.org/10.1016/j.rser.2024.114316
https://doi.org/10.1007/s13762-025-06854-y
https://doi.org/10.1007/s13762-025-06854-y
https://doi.org/10.1016/j.wse.2023.11.003
https://landreclamationjournal.usamv.ro/pdf/2025/Art119.pdf
https://landreclamationjournal.usamv.ro/pdf/2025/Art119.pdf
https://doi.org/10.1016/j.rser.2012.02.047
https://doi.org/10.1016/j.solener.2021.08.003
https://doi.org/10.1016/j.jobe.2021.102345
https://doi.org/10.1016/j.jobe.2021.103053
https://doi.org/10.1016/j.jup.2025.102062
https://doi.org/10.22059/poll.2025.380915.2509
https://doi.org/10.22059/poll.2025.380915.2509

OCIETY

>

w
IRAN LOGESTICS
Uhabsuualyaxl

VAFVFR aomio IY 0)Lot IV 0,58 1V F+5 Lo /6190 e 5 it (smiikien

(S99 M2 9 o (oW ) p 0 \¢

*
10.22034/5ep.2026.2093652.1523 Gy it

(4 3 MolSirh oo Wi U 93 355095 (& 2080 4315 59 655 SO S oo

SOLST S yods 30 Juwss i 305> g Aol

‘T‘SM-\.’H Y] L5 yodle e ‘vggokf KUE W “‘5"\39“"“5“ LRV RE T

Ol eiiaeS eyl ol&ils ¢ i Malipe sy e jlaises 55;\
Olpl el ooyl s olRisls e jlanre 00Siis e ¥

Lﬂbwﬁ

S3l,5 onS

Lol Jolss s (owliti ol Joo @
SIS g plinas Ao (sl
Ol QbLST &Sy, s ) Jlosms
S oo (gl

sl UNY els b oS sl @
rdydans 55TV Y S5 g 5 CO2
D20 o LS (655l 0 ,Sles

Foool G s pilies lal LIS @
glaw bai> 5 iedse gl )siS (a0
ROV IR 2 S JESIE COW [ B o A W |

we @ Lows ()

©lglfs 1A [RV-TOV-TRN A 2 Cunaz
©lglle YY Jawiliy  caclop ¥.90 Wlyaw
S¥giul gy b > caclop WFYe Y
Ju ¥.0 sl e0F-YVA aps [ 29

whas> @@ ROV v |
bog» 10T (Afo<dam) PAZL oS
0.0 — oA Esb eFD- oD Glalasl/ slaiie
Cunluus 4599 Sojle RlumentSiuag) ]

93k ail> ¢ B

(@ (@ (@ (gwin@
(@ (@

o YO 31 - 93)bius 6 1]

€ >« v s s

SHSOFL | o3/ ,leFlf | eV<culs, | RE:Yell | COy: -YWL

Ao wlaxine

RN

o s U
gy allis £y
AARIARE FATARRICIFERS
VECO VY S5k
VECO/ VIV - ey
VROV ¢ tlas, )

. J R oo 9),»
givehchi@ut.ac.ir

o jlgunds’

i 2l

&5 slold <y poe

s A

JINVRVRE S IPST

&Sl olesel (69,4550 dal>
SBLST S 08

gl Jeloss

S ol i iy wsiaign S >l a2 5 i sLolE 24 Glor OIS
o & ooy 4 ol wanly 60,655k sleisle ol e Sl o 4 bl sl
&3 SLalE Gl Jolas ot ln 1) e (ulid ol Joo Sy anlllas cnl oitns
ST oS, 53 Sl S 3 LB oo o pite s (65, 43,2 16
Sl Susl adls sl oud Ly 69935k ddl> L Al p Joe a3 e drwsd OS5
L s o5 el slatel Lol gfiuly iy gl e aiadpn 45
L oled gk & Jlmms (SlreSo (alSSpa (g ail> 13,5 (000 | lalore (sl )lnio
SO Glean e (iS5 LT L Ly o I8k oanS Joluie sladdl> g S oo 1509,
ool b g (g5lwosly yusce AY L Vensim DSS Lz [0 Jaw opl a8l ploojl g 00,8 oS
5| 55 6,8, slayiall (R2 > 0.80 RMSE < 10%) ab 0,5 alls Vo oy (glaosls 5|
Sl Jdond 2o 35505 5 25 3l oe o5 5 (0= 66) Sl Gialony S Gk
23422925 (550 o 2 1o 52alily 0558 5B SVl £ 5 Sy p a5 ol i
5 4 Ceams LaliB] o5 Aingy S 5 ol b (5ldins Al YO (g9l gty et
YoV Jhe e «CO2 jlicsl gao o VY alS 4 oS oo 8lee KuSs b ) Lol cas
ool wlior Cewd Ve Gl VL (BanS Spae Sl 5 plgnaa 5 e
L) cals) gl (eSilee @ gl o (o3 VA 2alS 4y liws o8 ) e Lol 35 et
2l ol Glhoe alinl 0gd co oo, Foo T3l Sl ol coge g ools rals < /DA 4
S a5l s LusSne o8 Lt slatel il 5] §1 Sl 45 b lolid /50 L
DL s i oo e Gl 10 & DA ) S sl 3 S
Gt @bl 2wy OF wadye 55 ame an3S Ll o oS 5 syl 45 S00 e
Y el s B 3 P Sl i ity sl g g il IS 30

el <150 5

970 balgs g Ll o ol3] s b alie G ol Slsl olSils Jawgs oas e B aien g5 Y YV ©/YOYA-Y 140
BY

.Cewl Creative Commons Attribution (CC BY 4.0)



https://creativecommons.org/licenses/by/4.0/deed.fa
https://creativecommons.org/licenses/by/4.0/deed.fa
https://systems.eyc.ac.ir/
https://doi.org/10.22034/sep.2026.2093652.1523
https://doi.org/10.22034/sep.2026.2093652.1523
file://///fileserver/معاونت%20پژوهش%20و%20فناوری/معاونت%20پژوهش%20و%20فناوری%20(دکتر%20توحید%20میرزابابای%20مستوفی)/نشریه/1406-7-2/givehchi@ut.ac.ir
https://orcid.org/0009-0001-9878-6747
https://orcid.org/0000-0002-9639-0933
https://orcid.org/0000-0001-9930-9080

e Jlazms Gl peSo g Lol cad pe LolSTind Jolond :ppiucew (2igg 9509, b (e a5 50 (5551 GLOW oy I\

(6 b5l o o3l pgo S oo i b 1) pdvasass

S,ls 0ezg Hlolae Sloj (sboalols 5l 5 puaad leo

iz ol 5l ooy U agid el S ol
e ialayd 5 cdlil woge ol Aol L
ghe b ooddcwal pliaasd el aile gollS
TN &S ae obbaiilil wasS A as sleiel
o ,le> (Forrester, 1961) ol oo iulw,d L aslo
358 5 ol ilol e 5l bl ol Lo
WS o0 oy Sl o ) aedign slas,glid
be 0,5, «s s iz ;o (Rogers, 2003)
saste sloaniF oo jl Sl S 6 gl
Ll Wlgige &5 cul (63,50, oSl (SFLS )
Sl yg0 b Sy cnl ples Li> L1, )18, Wso e
sl ae ax 31 a5 sas o lid 99z g0 Slool 9,0
B a6 655 Glaptues el 50 pinn b
W Ky 5l bl cdél Ll (Feng et al, 2013) wlasd,
By slee s pr b Wpe @) Siie
& ol (gy5k8 @ olazel Jols 005G ae
Gosls b oymia oKleed 5l s pdu il 5 o aalu
Woad Gl cwl oul Jaw sligye 5 Gl Slowe
ey slrosls 3.4l g5 » (John, 2007) 2élS g0
IS5 Ll S oo 05T g ol slagoe 5
Al s 3Pl e 3 G Gl Gl e
CUloms  $leSo» papae 0 (g 3l 000 ool
bogos wiedsn b 3 atanmld &Y S lpeay
Olyeds & 0gh oo 2SI (Bgyhe g lipygn ©)pen
slaoled g (659l (LelSSpe Jyarme 295 45 (6 puiie
S8 ) Gyl 9o G n Sl daBSS
e ) Dk by JolS Ol 455 s o
85 5,5 il ie ST diatsn o Sy i 31,
JLezms (SleS> Eb 5 oaS 8 a0 6,18, sloobis
fales (s 00900 ©p0 |,
S oo Jloo |y ol Ban an Lol jiagh
b oar)lS pee @bn Joe S0 2L O
B (ot B Y Sy e ez

Loign

doddo —

G5 GLol (oS 5 Camy ooy LLLE i el
0 oy el a8l a3l glalo o ooty |, (s e
s Oler Cerez 2oy 00 5l e e o5S]
syl Lanl g o550 Brae jl oo o Ve sg0s Jote
5o (Keirstead et al., 2012) aig, oo Lo 4y (glaslsdS

wle pleol b wiadsn sl el Gow 4 S ol o)
Srs7ee 8O p2ly Olpea wadams pdinass 655
ond zrhe 68 55 Slaptenw 295005 Sl
G L8 5o lel s (Calvillo et al, 2016) Cewl
il slogln b Gp ul slopiens
VPSR E-KE I ) T R PR O VR € 1
a2 oo lid 3 sl Jdow g (Pazuki et al, 2025)
el e 5 clie 42 LSy Zo s (g oS
ol azlae woy L Sseass o0 (65
Sl S J= opl b (Golfam & Ashofteh, 2025a, b)
Ol oanlyd SIS wgh oo Sl HIS cnl yo uols
oslie Conle b adse cudil o 5 Lo g
o 355 b laja el o3 ez 5 pdynass ale
s Slleg b oxed @y sbass Lol
G Bl aS e axlee lanle o el
ol 5l ol g g sloduay asly b alinwe O
ol 5 (eleizl (golatdl (b slapiasms ) odaznn
Dehghan et al., 2021 <Bazilian et al.,, 2013) <ol
«Mekonnen et al., 2015 ¢<Hosseini & Shakouri, 2016
Reiss & White, 2005 <Leduc et al, 2016

.(Vennix, 1996 «Slocum & Gessel, 2022
el pgm e Slawl laghy, b alie cnl Jelos
Lohs Gilwaige wpsitosniz (oS, sladoe
Jdo s s dulrs LB ogee Jobs slo Jow
as oyl aty, addlas oy90 i SIS o Slgb oy
s el Glejes | Gaskn Sy Jkx
Wiedgd fed (5P pew )3 180975k laail>
b cosii 1) 005 ade lopls sloo s 5o Lo yitta
Cod,bb axwgy  (Sterman, 2000) oS oo Jsows
o Ceed eSS 1) §p Ceed pdisga
b sl GBS S (o0 (5553 |, eariS b yas )13,
arwyl Ceolow iz bzl 5 wleie al> )

Y o lols [V 090 [VFeF J[‘“/d)5°)‘¢d5www



\wy

Ol Kon g guigiss

i caadisn sloygiS gy o & e LB
oSl g sletel s Sl e 9 leod la LS
Y anly OB AS B8 pan Jus
oLKer 5 >lul (Faruqui & Sergici, 2017)
oopdy a5 wols lid .0 (Stragier et al, 2012)
L sleizl ganlp (Sl welse glag,glid
el 2z 5 BB (6,13, slo o3l

K wiadsn el Slool jo espie SL S
WY pordo iagh (ol 53 Ceslaptucn ) 4 Sl 2
oS Sy ieuS oo Sty |) aralsn 1l colrnsl 8
w5 plod sl 1) ools SleS> o Jloous s
139 o0 JeSiS (OS5l 093 5 WS oo 0l 8
wals g Tlasols S LSS s Madl oo ] S
sloysie dajute opl Tzes GleS> Esl
g W)l Hpa Jae slaled pled )3 45 wiis (5 i
95 Crod JiSs i)l aile uls byl
5,38 o 1l (lies!

5 Sl ol 5 (8 lagieren 5l 1
Dbl b agzlse 15 505 Slpters pdye]
Sgy 45 Gm3 e JSB 1) diedgn b | 5,0 an
Slallls )l 5,3, 5 elozal clbdloym b _irac
2y o als Sobl a5 aes o plias Gl s 53]
sloiel SlaaSicd g (orex 1) 5l (oal 355 ol
,® (Karimi et al., 2025) o, 5 0,5 ol doxo
Whaer Seilaw 8 s eolanl g S
anl> Sly 5 )kl (Sobel jo 513, sladlss
sbabn lodae Sy5po g WS bl |,
055 Wdges AT @ i slapios 1o 5L,
sleasly 5. (Givehchi et al, 2024) o )Ken 5 =
Loagxlye jo ) ned pioee So sl 2 F5e
5T 45 wiols Lk 5 00,5 Jalows jgmegs i il bl
ey e ol iy g3z (HLL
Ol Se 9 2% Sy Lol
(oloed i aslllas L (Vejdani Nozar et al., 2025)
s ol slecslon; » seihee (Sogll ol

aS wisged Yol g wo,S oLl 1 o et LS

'10T Penetration
% Data Integration Level
® Digital Governance Index

Y o)l.o..';': v 0590 A4 JL“/G)3°)@5W6“’W

Sedny o Hly glaosls b Jae oblael (F
S il 5 (GBLS| S 08) (50
9 Sass]
VO G 5o gl oyl m ileans (T
Al
wijle ek onl 6, 5 GBS, slacs lie
Se Gk Sl Jlemms SeSe ilalipgss s
, ol gsb a5 R4) LlSGen (50,555l dil>
e )lie g b jlad (B gsh Jolss Jgame
Gy BLS] S5 Sy ) ags il e elaizl
o (2l lode b (chaleny slaosls 3uils
3 0ol pg 65185 la el e S
Sl caslol ol 5o (oa8ly 6 peed D, SO n
ol glacd¥o g laatdl (owlihiy) sl
D9 g0 A1 Glagiy
39 odes BISLS aw aS weo oo lis lusl golasl g0
9 PP by e )l S92y by Slalllas
(08 & slazel Jold) oaiSSyan L3, l509,0
Oty (ol 1 (623058 5 Ginlel & Comiles
ol Jaw 130y9,0 Dygods 9 il Slas slaosls
Sedsh ped 50 Jloms SleS> porde pgd tiul
g e 1,5 a5 53 Bosgn pogshe o lyieds Loges
5 Sl LlSpe Jpame 055 &5 gt &
S 3 Sl o Olllls s 5 rlasly
g el 00 plowl ()l (oaBly 608 SlaeSidn
o (L SIS aw nl (3,5 slp Bds ol

Seoled and 3 g 5,15 Sl -

S5yl Lol i g Wioudgh ppuld —)-Y

walds sl > ol jo a4 canl (6 wiedigr 0l
b ogdion Jo g o) Spebas glasles 5 Q0SS e
b W, 6580 e Sysleb s «solb (28
GLQML:)J 9 Lolss o Co pde .(Calvillo et al., 2016)
sl wals sl plsea L oS Eul
Sldlas wgd oo bl Bran (g3le pdylasl

ssba sl (nl (LA5u il &S was e Gl (028



e Jlazms Gl peSo g Lol cad pe LolSTind Jolond :ppiucew (2igg 9509, b (e a5 50 (5551 GLOW oy WA

5 ae il b ody clalols lojen (el
4> ,LSS o SO 5 (Afsari Mamaghani et al., 2023)
oS wisged b gy Bd b gn s ol el
oS b, smels ol bosley) ol cossl
By SO g jlae sloas, jo (Javidi et al., 2025)
Ol s> byl 0%, LIy oles e Sl
2 oddJues Sl A wisls Lis g 08,5 (g3lw oS
Slewls 51 513 Jleas cpianmsST 5 Ol Codls
).:..\.:.\.»..\m L;Lmdjjj‘ 0y9> O oW 6&La$§‘ P g yo
(Milani et al,, 2024) ol,Kan 5 Do w0dda e
2 SHleens g Ben 5l @iAl dlsl el
Sl rels 0 Sed bl Ol sledilsaaas
9 @)‘)b e .Jia; gj.b.})‘ Lg‘djb’:.lf 6L4b)'lf
- d Sl (Bazarchi et al, 2020) f)Ken
3 emSone b plaizle 65, Bpae jualS solaidl
5 SR8 5 wiols plowl 1) wlie iy 50 g y93 (655
aol> Jdos (Aghabozorg et al, 2024) f)Sen
21058 axly o B el e jhasoe ¢ (g0l
s e axdllae g0 oges a1 1) sdsagass slass il b
bog o xS Glapis gileae b
3 (Nasouri et al, 2021a, b) |, Ke2 g (5,5a
S sl ,o dne Sy Sl sl (MCDM)
ohe, b Logiies 42,5 wllllas ol .ol ppdyayass
I ooge Spgpe Llwileads plxil i ol
Slaz)bSs sleJoe gom 4 &5 > g (iS5 sl ol
Sao o pol> ragh a5 Gilese Az p |,

ol Sl 2555k
Goaie s by e (54 S35 059> 50
S (Feng et al,, 2013) ), Sen o S8 ailadl arwgs
9 Pl Gras gileand Glp peew oby Jo
s obs Lol casosls @l G j0 oS aSTgo L]
Saar Sldllae oz § oauol | cuiS B pan (g,li3,
Loy glased 1o )b offul (il 4 ax 51 55
(Dehghan Pir et al., 2025) &laisls ,y pdhayass daas

! Water-Energy-Emission

Olgs 58, ole (69,555L leadl> I cdas
Sl pipwsS] Cadle 5 Sl CodS
poie b baian cnl Sjluge wel L 1) (651l
Fol Giegh 5 (el Y 5 Lz SleSs
o Gl ki (GheSe Esb 1n) wiius Blyen
5 g AT oS e a5 welml e (syslcls

Wgd Cagli Glojes jebds (g3l slezel

2 ol g Gl gt 2Ly V-V
55!

Slaptams Gilodde slp (Shy) ¢ Bpiuen oLy
5 bl (go,553l clliile a8 ool oouzme
s wSTs e it L, 5 ey slo s ol
245 miwolazdl gla Jas S, (Sterman, 2000)
L plas (obg il S ()b slaosls 5l
Slgige 5 WS Gilesyge |y S, Wge e
3,88 uled (gilwand |y bewlbuw Sasails glaosly
S5 G ;O piw 2bgy 0 )8 (Ford, 1999)
Aoy 50 Cawl 00l Zo0 Jeadia 1) Casjlass
Sr e IS oS 4 g 2bg Slalllas 0l
onyld-ai s oy slags Liw (Pazuki et al., 2025)
b3, 5 «(Kachoee et al, 2018) lalxlS (sl
sl sl eolaBh B slaasls
rhw o slasls,  (Karbasioun et al, 2023)
ok Sle e b sladae 5 oo
e b Jud=s g (Livetal, 2019) Jaig Jom 5o L]
Jb ol b xslazsl aswgs (Rafieisakhaei et al., 2017)
as wols lis (Golfam et al,, 2024) ol Kan ¢ plalS
il GlelE Sasaily st sladae S
PR lioan ) easSSrae 63,553k slaabs el
DS e

($108 S o s s lais sl e Sylye
5 olaBh b olal olpl e o5 Sldlas )
soySagy b 6ipl Gt el
Slp ilos S (owyp Sl a2 oS g (55leange
Joe & (afar et al, 2024) ) Ken 5 e diged
Copilzme 5 @5l ol Wgy p e jleae

ol o a5 wisls &l 50 ol as e 55,40l ly

Y o lols [V 090 [VFeF J[‘“/d)5°)‘¢d5www



va

Ol Kon g guigiss

ol - el gilal see - L
ol - sielgr clu ) po g M5 Ak
4 05 Hgige wadls cpl S g i
] dioigp ASs

slaiel § Lols Comw Cu e i pdy (R2 Adls>
- oSl Sl () sl
oRlPl - cals) Gl - Al s 52480
- lolen Sl cusi - (g0l 4 slae]
Sl i Rl - Gipdy 5 ol
ol Jow 5,88, olgs atin ail>
(el jlad 5 55,0 BT R3 dil> y 5
Soupe = 2T Ll S o Jee R2 (LS
Gl = Lesl als - Lol tals - SIS
BT Gl = (agae SIS

Eob g Jluoms SleSs JalSSen R4 adl>
- osls (SlSe Gmll (Gusd) (29
omlBl - Jlasus SleSs gsl il
ATy Gl - b el
ol = Ll co il Seas iuli8l - dielign
Jlezus GleSs wals> ol osls (S LS
WS (g e S350 1,

by ol cwd b Ll zgl Jpus Bl adls
ab s giledld - L zsl SRl (ko)
- Grae Gl - gl cwld lEl - Ly
3 €a Sl D adls ) Sk sl el
-zl e Slele jo cwed oS io)ls s>y
N0 sl 68 S8 - B pae Gl
sanie 5 (0SS gl B2 adl>
Sl aalssl = lacsl ralisl ((Jhass) IS
OB - pdaas Gede Sl - Sl
- R mee GRIB - )l wb
Sles! als

0550l rals g 4l Cgogase B3 ddls
ENCHERNEN [C IRV S ST
oIl = aSeh pleojl Wl - pdiaass
SilS - (5 5l08m ials - 0y (g 5lusguce
Cadyb al) Grals - (6,154 s

! Peer Effect

Y o)l.o..';': v 0590 \Fe$ JL»J/&)gbﬁngW

a ki 9,80, LIy HemeeaniS S pas 655 sla)lil b
«(Andriopoulos et al., 2024) ailes,S |l jlaleis
Eob U loaisy (ol s g ail plian U
Sen s Sl el Joms JeSe
5,505, b1, olal B Ui 38 (Pazuki et al,, 2025)
2ools a5 wisls las Wi ,ST o e 2biss
Gkl @ Ll Copae e bplaass 4
olts Slallas ol ol 5 Jl> ol b sl
lias,e Ll Sups S ass
sba y Jlms (GleS> ol 5 6518, slaobis )
BE (pl W55 (oo (Ao (nl Wlod S0 Joe lejee
S Azl Jue sl

S35 s Jelod 50 Laptacns b 9,505, 90,15
Oes 5 (Sl addlae o aie jsbar
b lagy] sl od eols plis (Pazuki et al, 2025)
B2 50 )l e el b Jdo S dnng
i wlesls i 5 wlos,S Julows Yo ¥ 531 G 1, ol
U o s 4y Sy e ol B s
YYNY & op)S anSleo jlaal g aibe oo (SBL as o
ol Jae Gl b 4l ol sy o5 ok
e glacenlins o0 45 am0 o LS 5 Caliol 0
S5 0gb e Gize (655 piemn Soesils (5 Il
3 Olnl Gt Slaptann; ple o 95,
S35l i 2 9% Cnl 35 a3 Lol sl oty (3158
el ASS 55 9 (60

Soilo— e jl9g05 9 (Sealiad as 8 -¥-¥

e Jloges o B Lo ey cnl (Seslind dnd )

Bl Jool> o5 ol oads (55luis g0 4z LSS (ssal>

Soligh s ool B Y g Lol ptucw p; e

CS i b sgilo— Jo jlages ol () JSd) il o

anl 5 oas gileawey,S o5, S o 0 V¢

sadplulis Lol (63,5550 adl> i cal ond
:)‘| \.\.u)L&

Sl golul s gileaiaiss R1 Adls e

- Melgr HeUS Glde GRSl (hsd)

ol - cwed Sl sasu il )il

7ol alS Lolay Coons g e -y oS Ll



e Jlazms s (Sl peSo g Lol caud o LolST o udnd L ot (993 05509y b (6 e aSali 335 50 (65551 (SLOWE oy o

2 Byo ) U5 (ol e loges 5 (Sealns 405
09,5 o) Sy ;o asl ot (g Dlasl 50 (sl
loojo 5l op Ve jpax boaielo il (g5las
WS ryaeln plinazs glagisl Gr e
ezl Giegh g ledbl (g,5kd (g5l sladl
iS5 5l ooliztal b w85 ol 55 el o ol Lisel
Vils el e AV sl iite MY 5l egal 09 5
el L ol dal> £ was plulis 50,0550 adl>
SeSe JelSen) R4 adl> aios bl 8,5

ol glaz! on Jgame 50 (Jlozms

o9 (owbeb g, -
OULST S 5 160 590 axlllao —)-Y

BIAF colas b ol wpf ,o &ly (o bLST S 0
Se plpredy Wpnez 85 FO e 390> 5 mpe yieglS
FY 5l S et ol el sad bl g 08 aSd,
VOPVD legorn 5 ot JSa5 6 dw )3 SeSums Sok
Sl do ez cwlools sl 055 o 1) SeSns a1y

3,15 8gzg bl oyl

asye [8] LlES cupe M]
(#) y2igazaas b b 8] (+) iadgn 555 (iidgy M]

B g (su98) R Codle b (69,55 5L sladil>
Gy ol ,sie g Wloads (5 1380l (haw)
s leads eoly ol ISt
P ey R lp losed 0al SIS

W PR W 43‘)| ] S gy,

Sl 3o LibgR anoyd L dedil> ()l

2oy lojed drwgs Lol g 4,0 (LelSSn

P |y Fie pdiasansd Sedi Lol o poe g
A3 o il 8l SO e (gl axwgs )
el e 1gipe by oL Ll wpS
RIS CS PRV ES e Slew] 5! d;,.l.J
&S oo

2 Ly badw by glbbades gl
ALl s o S 1 L zgl SaeelisS
Sgd o ol Gaeads jo SaS5l

oy wedgr Colup) o0l adads
Slwdd  slp e ks siede

Lol ged slocanlw

Lt [D] Cuslus [P]

ool
g
(\

«

Y

(f

(+) COv ,Lawl [P]

l+

/(5» wa{-m

() oS ks jlié [P]

b

l+

It st vl

(#) pigaaaas Gode 23 [P

I

\
1

(#) @l Gyaas [D]

(¥) piages JS aijo [P]

1
/Kmqs gl |

—— / E

(4) plaain 398 [5]

o3l Szl [F]

Br s
=/ N
Y
(35a3) loT] IFI* () 53 S
+
(+) L& )3 (9240 [M] Jlizs hess [F]
©
Ghass BIBEBY i RIRVRP  eiunswld (I 0 cosbw [P B W5 cops MR sy 8] e Lstis [D]

Jowe az LS, (CLD) (sgil>- e jlogas ) JSC&

Figure 1. Integrated Causal Loop Diagram (CLD) of the model.
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Table 2. Core structural equations of the model
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Figure 2. Flowchart of the research stages.
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Figure 4. Overlap of model output with actual annual peak load data
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Figure 5. Confidence bounds of renewable share in the baseline scenario.
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Figure 6. Scenario comparison: renewable share.
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Figure 7. Scenario comparison: cumulative CO2 emissions.
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Figure 8. Scenario comparison: consumer satisfaction index.
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Table 5. Quantitative performance matrix of scenarios (Year 2046)
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Table 6. Qualitative ranking of scenarios
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Table 7. Cost-effectiveness analysis of scenarios
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Table 8. Summary of research hypothesis testing
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Table A-1. System boundary summary table
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Table A-2. Dictionary of 15 key variables
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Table A-3. Core structural equations (6 equations)
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Total_Electricity_Demand = Total_Population x

Reference_PC_Consumption x (1/Efficiency_Index) x Price_Effect x (1 -

DSM_Participation_Rate x DSM_Effectiveness)

RE_Capacity(t) = RE_Capacity(t-dt) + (DELAY3(Desired_Investment x

Feasibility, 2.5) - RE_Capacity x Depreciation_Fraction) x dt

DSM_Participation_Rate(t) = DSM_Participation_Rate(t-dt) +
(Adoption_Rate — Dropout_Rate) x dt

Adoption_Rate = Max_Adoption_Rate / (1 + EXP (-Steepness x (0.30xTrust

+ 0.25xCoverage + 0.25xComfort + 0.20xPeer — Midpoint)))

CO2_Emissions = Total_Electricity_Demand x (1 -
RE_Generation/Total_Electricity_Demand) x 0.78

Digital_Governance_Index(t) = DGI(t-dt) + (DGI x Growth_Fraction x

(1-DGI/Saturation) x Driver_Effect - DGI x Erosion_Fraction) x dt
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Table A-4. Structural mapping of feedback loops to equations and scenarios

I 599 5L Sl alolse Code pwo £y ail>
S3, 84 ¥ ¥ oYolos  Smart_Investment - Grid_Stability - Peak_Load - DSM_Participation 2 i R1
- Price_Signal_Effectiveness - Smart_Meter_Coverage
S4 ¥ 5Y &VYolso  Adoption - Peer_Effect - Trust - Bill_Satisfaction - gy R2
DSM_Participation
$2,84  Jgjle g V alolee  Awareness - Policy_Pressure - Emissions - Demand - Efficiency - Yy R3
View 4 Awareness
S4 # aJslxe  Data_Integration - IoT - Policy_Credibility - DGI - Data_Integration g & R4
S2 View 3 3 Viewl  peak_Load - Demand - Price - Tariff - Peak_Load (iS5l ail> 5 L)  shoss Bl
S1,S4  View4 4 Y aloles Emissions - RE_Capacity - RE_Incentive - Policy_Pressure - RS B2
Emissions
S1 View2  [pyestment - RE_Profitability - Curtailment - Grid_Utilization - PR e B3

RE_Capacity

Y ool [V 0,90 [VFeF JL‘“/G)S")Q‘.SW@“W



e Jlazms s (Sl peSo g Lol caud o LolST o udnd L ot (993 05509y b (6 e aSali 335 50 (65551 (SLOWE oy o

15

S gl gLl ) glai

Total_Electricity Efficiency_Inde Energy_Awaren
I Peak_Load I “|  _pemand | x | ess_tevel

I Peak_Load |< IConsumptIon I < I Peak_Price I « I Dynamlc_‘hrlﬂl « I Peak_Load I

Bill_Satisfaction | «

Thermal_Comfo Consumer_Comf
rt ort_Index

phpaa 4dye T gled

COv_Emissions I HI RE_Generation | HI RE_Capacity I HI RE_Investment I —

RE_ Incenhve R Palicy_Pressure
_Decarb

i )

| RE_Capacity | — I RE_] |H| RE_Profitability |ﬁ I Curtail | H| Grid_Utilization |H I RE_Capacity I

Waligs Sl ) g Lol Coow Sy e ¥ glad

Smart_Meter_C Smart_Investm
overage ent

DSM_Participati — | Adoption_Rate I qfl Peer_Effect I — T gy_Tru — I Satisfaction I — I Bill_Savings I — DSM. Partlcipaﬂ
on st_Level

HI Grid_Stability I ‘7| Peak_Load I - DSM_Participati - Price_Signal_Eff - Smart_Meter_C

on ectiveness overage

Smart_] Ilwutrn Policy_Credibilit

oz j o § ol :F g lad
Data Integratlo InT Penetration | «—
n Level

Digital_Governa | I Data_Integratio I

y noe_Index n_Level
e Lo e ———
1 Digital_Governa Ie—: Data_Integratio I . Io'l' Penetration .
s noe Index 4 nlevel o L oood
[T 4 bessssss===s 4

W}J) )LP 6‘14 om&,&m 69&—!& 6[{0)105.«) ‘—b&-" J&.’l’:

Figure A-1. Disaggregated Causal Loop Diagrams for the four subsystems.
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Table B-1. Mapping of survey questions to model variables and parameters
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