Supplementary Material
Appendix A: Mathematical Notations

	Indices

	Notation
	Description
	Unit

	g
	Wind turbine index
	–

	i
	CHP unit index
	–

	j
	Personal light electric or hydrogen vehicle index
	–

	k
	Arrival departure event index for vehicles
	–

	m
	Urban integrated energy hub index
	–

	t
	Time interval index
	h



	Sets

	Notation
	Description
	Unit

	
 
	Set of urban integrated energy hubs
	–

	
 
	Set of scheduling time periods
	h

	
 
	Set of personal light electric vehicles
	–

	
 
	Set of wind turbines
	–

	
 
	Set of CHP units
	–



	Parameters

	Notation
	Description
	Unit

	
 
	Wholesale electricity price
	$/MWh

	
 
	Hydrogen price
	$/kg

	
 
	CHP cost coefficients
	$

	
 
	Boiler cost coefficients
	$

	
 
	CHP startup fixed cost
	$

	
 
	CHP shutdown fixed cost
	$

	
 
	Electrolyzer efficiency
	–

	
 
	Hydrogen to power efficiency
	–

	
 
	Electrical storage charging efficiency
	–

	
 
	Electrical storage discharging efficiency
	–

	
 
	Thermal storage charging efficiency
	–

	
 
	Thermal storage discharging efficiency
	–

	
 
	Hydrogen tank efficiency
	–

	
 
	PV module efficiency
	–

	
 
	Converter efficiency
	–

	
 
	Compressor efficiency
	–

	
 
	Carbon allocation coefficient
	tCO₂/MWh

	
 
	Carbon trading price
	/tCO₂

	
 
	Green certificate price
	$

	
 
	Solar irradiance
	kW/m²

	
 
	Wind speed
	m/s

	
 
	Number of PV modules
	–

	
 
	PV module area
	m²

	
 
	PV cell temperature
	°C

	
 
	Reference PV temperature
	°C

	
 
	Nominal operating cell temperature
	°C

	
 
	Maximum electrolyzer power
	MW

	
 
	Maximum H2P power
	MW

	
 
	Maximum hydrogen storage
	kg

	
 
	Minimum hydrogen storage
	kg

	
 
	Maximum electrical storage
	MWh

	
 
	Minimum electrical storage
	MWh

	
 
	Maximum thermal storage
	MWh

	
 
	Minimum thermal storage
	MWh

	
 
	Hydrogen demand
	kg

	
 
	Electrical demand
	MW

	
 
	Thermal demand
	MW

	
 
	Maximum demand response percentage
	–

	
 
	Number of PLEV types
	–




	Decision Variables

	Notation
	Description
	Unit

	
 
	CHP electrical output
	MW

	
 
	CHP thermal output
	MW

	
 
	Hydrogen produced by electrolyzer
	kg

	
 
	Hydrogen consumed in H22P
	kg

	
 
	Hydrogen charged or discharged
	kg

	
 
	Hydrogen tank state of charge
	kg

	
 
	Electrical storage state of charge
	MWh

	
 
	Thermal storage state of charge
	MWh

	
 
	Electrical storage charging power
	MW

	
 
	Electrical storage discharging power
	MW

	
 
	Thermal storage charging heat
	MW

	
 
	Thermal storage discharging heat
	MW

	
 
	PLEV charging power
	MW

	
 
	PLEV discharging power
	MW

	
 
	PLEV battery state of charge
	MWh

	
 
	Photovoltaic generation
	MW

	
 
	Wind generation
	MW

	
 
	Hydrogen purchased from refueling station
	kg

	
 
	Power exchanged with coordinator
	MW

	
 
	Hydrogen exchanged with coordinator
	kg

	
 
	CHP commitment status
	–

	
 
	CHP startup indicator
	–

	
 
	CHP shutdown indicator
	–

	
 
	Electrical storage charging state
	–

	
 
	Electrical storage discharging state
	–

	
 
	Thermal storage charging state
	–

	
 
	Thermal storage discharging state
	–

	
 
	Carbon trading revenue
	$

	
 
	Green certificate revenue
	$

	
 
	Carbon emissions
	tCO₂

	
 
	Demand response adjustment
	MW



Appendix B: Mathematical Descriptions and Interrelationships of System Components (Layers A–E)
B.1. Layer A: Hydrogen Diversified Utilization
B.1.1. Hydrogen Tank Systems 
Their operation is governed by Eqs. (B.1)–(B.16). Equation (B.1) represents the tank dynamics. Equation (B.2) defines the upper bound of storage capacity. Equations (B.3) and (B.4) specify the charging and discharging rates, respectively. Equation (B.5) prevents simultaneous charging and discharging. Equation (B.6) ensures storage consistency at the beginning and end of the planning horizon.
	

	(B.1)

	

	(B.2)

	

	(B.3)

	

	(B.4)

	

	(B.5)

	

	(B.6)


B.1.2. Hydrogen to Power Technologies
The generated power is related to the consumed hydrogen through Eq. (B.7), while operational constraints are defined in Eq. (B.8). The conversion performance of the H2P process, expressed as a function of produced power, is further described by Eq. (B.9).
	

	(B.7)

	

	(B.8)

	

	(B.9)



B.1.3. Power to Hydrogen Technologies
Equation (B.10) describes hydrogen production as a function of input energy and conversion efficiency, while Eq. (B.11) defines the upper and lower operational limits.
	

	(B.10)

	

	(B.11)



B.2. Layer B: Joint GreenTransportation
B.2.1. Urban Dedicated Parking Lots
U-DPLs allocate areas where PLEVs can park and charge. These facilities include multiple charging points and allow both G2V charging and V2G discharging, as regulated by Eqs. (B.12)–( B.16). The SoC of each PLEV must remain within specified limits (Eqs. (B.13)–( B.15)), and vehicle batteries must be fully charged prior to departure (Eq. (B.17)). The dynamic aggregation of charging and discharging processes, accounting for multiple PLEVs arriving and departing, is described by Eqs. (B.18) and (B.19).
	

	(B.12)

	

	(B.13)

	

	(B.14)

	

	(B.15)

	

	(B.16)

	

	(B.17)

	

	(B.18)

	

	(B.19)


B.2.2. Urban Hydrogen Refueling Stations
These stations represent critical infrastructure for urban hydrogen mobility. In the proposed model, hydrogen demand at U-HRSs is estimated using historical charging data from U-DPLs, as expressed in Eq. (B.20). This approach enables effective hydrogen supply management while preserving operational flexibility for users.
	

	(B.20)



B.3. Layer C: Multivector Stationary Energy Storage System
Equations (B.21)–( B.26) regulate stored energy content and charging/discharging operations while ensuring that only one operating mode is active at a time, thereby maintaining energy balance over the cycle . TSSs further support energy balancing by storing surplus heat. Their temperature dynamics, storage capacity, and charging/discharging behaviour are described by Eqs. (B.27)–( B.31). At any given time, only one mode of operation is permitted, ensuring energy conservation throughout each cycle .
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	(B.22)
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	(B.26)

	

	(B.27)
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B.4. Layer D: Renewable and Cogeneration Units
B.4.1. GBs Modeling
The generate thermal energy, and their operational constraints are defined by Eqs. (B.33), which restrict heat production within specified minimum and maximum limits. If a GB is offline, its heat output is zero.
	

	(B.33)



B.4.2. CHP Modeling
CHP units simultaneously generate electricity and heat and therefore play a central role in coordinated multi-energy dispatch. Based on Fig. B.1, the feasible CHP operating domain is represented on the electricity–heat plane as a bounded polygon defined by corner points A, B, C, and D. Point A corresponds to maximum electrical generation with negligible heat extraction. The segment A–B forms the upper fuel-consumption boundary, where increasing heat output reduces electricity under high fuel input. The segment B–C characterizes the high-extraction regime with a steeper power–heat trade-off. The segment C–D defines the minimum fuel-consumption boundary, determining the lowest feasible electrical output for a given heat level. The segment D–A closes the polygon and reflects the minimum heat-extraction constraint. Collectively, A–B–C–D constitute the outer feasible operating region (FOR).
Since the CHP characteristic is non-convex, the FOR is partitioned into convex subregions through additional internal breakpoints E, F, and G. These points divide the polygon into smaller convex subsets such as A–B–E–G and B–C–D–E, each corresponding to a distinct thermodynamic operating mode. Binary variables are introduced to ensure that only one subregion is active at each time step, preventing infeasible combinations that would arise from convexification of the entire polygon.
The mathematical representation in Eqs. (B.34)–(B.41) reconstructs this piecewise structure. Equation (B.34) defines the linear boundary between A and B. Equations (B.35) and (B.36) activate the B–C and C–D segments using Big-M logic linked to commitment status. Equations (B.37) and (B.38) impose upper bounds on electrical and thermal outputs when the unit is online. Equations (B.39) and (B.40) define the lower envelopes of the B–C and C–D segments. Equations (B.41) and (B.42) model the conditional activation of additional outer segments through auxiliary binary variables. Equations (B.43) and (B.44) reinforce admissible production limits under commitment. Equation (B.45) enforces mutual exclusivity of segment-selection variables, guaranteeing that only one operating regime is chosen. Finally, Eqs. (B.46) and (B.47) couple thermal output with the selected segment via Big-M constraints to ensure consistency between regime activation and dispatch location.
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Fig B.1. Feasible output profiles of CHP units under convex and non-convex conditions
B.4.3. Renewable units Modeling
Renewable units are modeled based on relevant environmental parameters. PV generation depends on solar irradiance, module area, temperature, and efficiency corrections (Eqs. (B.48)–(B.50)). In contrast, WT output is determined by wind speed at hub height using a piecewise power curve (Eqs. (B.51)–(B.52)). These formulations allow accurate representation of the weather-dependent behavior of renewable generation. Detailed modeling approaches can be found in [33].
	

	(B.48)

	

	(B.49)

	

	(B.50)
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B.4. X to X Energy Conversion
The P2H unit converts electricity into heat, as defined in Eq. (B.53), while Eq. (B.54) imposes operational constraints on the maximum allowable heat output to ensure system feasibility.

	

	(B.53)

	

	(B.54)



Appendix C: Advanced Modeling of Flexible Demand and Digital Energy Markets
C.1. Layer I: Energy Demand Management 
The operational constraints governing time-of-use pricing and demand response programs are defined in Eqs. (C.1)–(C.4).
	

	(C.1)

	

	(C.2)
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	(C.4)



C.2. Layer J: Digital Transactions Market
The decarbonized energy collaborative interaction model is based on two principal mechanisms: CET and GCT. Under the CET system, U-IEH-C producers are allocated carbon emission quotas. Entities emitting less than their assigned cap may sell surplus allowances, whereas those exceeding their limits must purchase additional permits. This mechanism establishes an economic incentive for emission reduction.
The GCT mechanism enforces RES quotas and issues green certificates to quantify renewable energy consumption. Entities exceeding their quotas may sell surplus certificates, while those failing to meet requirements must acquire additional certificates
The modelling of these transactions is formulated through a profit-oriented objective function, as defined in Eqs. (C.5)–(C.8) [37]. 
Fig. C.1 shows the collaborative interaction between the CET market and the GCT market within U-IEHs.
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Fig. C.1. GCT–CET Collaborative Interactions

Appendix D: Managing uncertainties
The probabilistic approach of IPSP focuses on the correct probabilistic modeling of input variable uncertainties and constitutes the first layer in the scheme. It models the random and variable nature of a factor through the use of probability distribution functions. The main distributions of a probability applied within this study are as follows:
B.1. Gaussian Distribution (Normal Distribution)
Given the above, the Gaussian distribution was used to represent the uncertainties associated with market electricity prices, thermal demand loads, and electricity. When depicting naturally fluctuating events that have a propensity to center, the symmetric bell-shaped curve works well. Various circumstances, including weather and holidays, cause uncertainty about the load. Additionally, due to subscribers' behavior, there is a great deal of ambiguity in their reaction to load response systems. The effect of load uncertainty is much higher in a U-IEH-C than in an extensive network because of the limited number of electrical devices and users. The short planning period in this day-ahead planning research makes it possible to use the Gaussian distribution function to represent load-induced uncertainties:
	(D.1)
	



where the demand, average, and standard deviation of the load are denoted by D, μ, and σ.The microgrid users' information and statistical data are used to determine the values of these parameters. The lognormal distribution function is used with the average value of basic electricity at a given time interval and the value of 5% of its base price for the electricity market model  because, similarly, the statistical analysis demonstrates that the general logic distribution is the most appropriate model and validates the suggested strategy in the analysis:
	(D.2)
	



D.2. Beta Distribution
The beta distribution is applied to capture the uncertainty in the solar irradiance level. Beta distribution would be very apt for a random variable taking values within a bounded range, say between 0 and 1, for fractional values. Hence, shape flexibility through the parameters α and β enables a wide range of varieties to model solar radiation patterns. The probabilistic modeling of sun glare behavior is being done using the beta distribution function as given below :
	(D.3)
	


	(D.4)
	



Whereas s is the amount of solar energy, β represents the parameters of the probability density functions and the cumulative distribution of the beta. These parameters may be computed using the mean and standard deviation of the solar radiation data using the following formulae: 
	(D.5)
	


	(D.6)
	




D.3. Weibull Distribution
Several factors influence the output of wind turbines, including wind accessibility, the power curve, wind speed, and the design of the turbine. Given the variability of wind speed, it is essential to evaluate the wind energy capacity of a region by utilizing meteorological data. The rail distribution, a modified Weibull distribution, is recommended to forecast wind speed behavior. Accurately, The cumulative distribution and probability density functions can be derived using the Eq. (D.7)-(D.8) presented, where β represents the shape parameter, and αW denotes the scale parameter.
	(D.7)
	


	(D.8)
	




Eq.(D.9) serves as a fundamental component in quantifying the scale of wind-related variables, providing a numerical measure derived from the average wind speed within the specified geographical area. If Vm denotes the average wind speed for a particular region, the scale variable can be calculated utilizing the below:
	(D.9)
	



Equations (D.10) and (D.11) can be utilized to define the cumulative distribution of the rail model within the context of the wind turbine system, specifically as a function of the average wind speed. This is achieved by varying the parameter α in the probability density functions.
	(D.10)
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This study uses a Monte Carlo simulation based on N = 5000 scenarios to capture the variability of demand loads, electricity prices, and renewable energy generations. Random samples of carefully calibrated probability distributions were used: a Gaussian distribution with a mean μ = 100 and a standard deviation of σ = 20 , σ=20 for electricity price, and μ = 500 and σ = 50 for demand loads, while Beta distribution was used for solar irradiance with shape parameters α = 2 and β = 5, and the Weibull distribution used for wind speed with the shape parameter k = 2 and scale parameter λ = 8 m/s. These distributions ensured that the generated scenarios encompassed typical variations and extreme conditions. Due to computational complexity, the large number of scenarios needs to be reduced to M = 7 representative scenarios, and thus, the K-means clustering algorithm was adopted.
In this work, the primary determinants of the power production capacity of PV and WT systems, respectively, are solar radiation and wind speed under erratic circumstances. Accordingly, for the complete U-IEH-C set, the generating power of such systems has been modeled using the IPSP technique. 
D.4. Visualization
To effectively capture the uncertainty and diversity inherent in solar radiation, wind speed, and wholesale electricity price scenarios, the k-means clustering algorithm is employed to categorize the full set of generated scenarios into seven distinct clusters. This process enables representative scenario selection and facilitates robust scenario reduction. The following visualizations are provided in Figures D.1 to D.14:
D.4.1. Solar Radiation

[image: ]
Figure D.1: Box chart of 24-hour solar radiation,
[image: ]
Figure D.2: Histogram chart of 24-hour solar radiation.

[image: ]
Figure D.3: Monte Carlo simulation with 5,000 solar radiation scenarios.
[image: ]
Figure D.4: Seven clusters of solar radiation using k-means algorithm.
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Figure D.5: Solar radiation profiles for seven representative scenarios.
D.4.2. Wind Speed
[image: ]
Figure D.6: Box chart of 24-hour wind speed.
[image: ]
Figure D.7: Histogram chart of 24-hour wind speed.
[image: ]
Figure D.8: Monte Carlo Simulation with 5,000 wind speed scenarios.
[image: ]
[bookmark: _Hlk186799571]Figure D.9: Seven clusters of wind speed using k-means algorithm.
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Figure D.10: Wind speed profiles for seven representative scenarios.
D.4.3. Market's Pricing

[image: ]
Figure D.11: Box chart of hourly estimates for the wholesale power market's pricing
[image: ]
Figure D.12: Hourly estimates for the wholesale power market's pricing: Monte Carlo simulation
[image: ]
Figure D.13: Hourly estimates for the wholesale power market's pricing: k-means algorithm seven clusters

[image: ]
Figure D.14: Hourly estimates for the wholesale power market's pricing: seven representative scenarios
Appendix E: Input data
This appendix summarizes the input data utilized for scenario-based simulation and analysis in the U-IEH-C case study. Representative hourly scenarios for both electrical and heat load demand are generated for each U-IEH cluster using advanced scenario reduction techniques, ensuring the capture of operational variability. Specifically, Figures E.1–E.8 present the seven selected scenarios for electrical load demand in U-IEH Nos. 1–4. Additionally, a deterministic profile is used for hydrogen demand across all U-IEHs, reflecting fixed consumption patterns over the study horizon, as depicted in Figure E.9.
E.1. Electrical Load Demand

[image: ]
Figure E.1: Seven selected scenarios for electrical load demand in U-IEH No. 1
[image: ]
Figure E.2: Seven selected scenarios for electrical load demand in U-IEH No. 2

[image: ]
Figure E.3: Seven selected scenarios for electrical load demand in U-IEH No. 3


[image: ]
Figure E.4: Seven selected scenarios for electrical load demand in U-IEH No. 4
E.2. Heat Load Demand
[image: ]
Figure E.5: Seven selected scenarios for heat load demand in U-IEH No. 1
[image: ]
Figure E.6: Seven selected scenarios for heat load demand in U-IEH No. 2
[image: ]
Figure E.7: Seven selected scenarios for heat load demand in U-IEH No. 3
[image: ]
Figure E.8: Seven selected scenarios for heat load demand in U-IEH No. 4
[image: ]
Figure E.9 Hourly estimates for the amount of hydrogen needed

Appendix F: Spatiotemporal Visualization and Scenario-Based Dispatch 
This appendix presents supplementary spatiotemporal visualizations that illustrate the dynamic interaction between the coordinating center and individual U‑IEHs under different operating scenarios. The figures provide a detailed representation of power, heat, and hydrogen exchanges over time, highlighting the variability of dispatch decisions and energy flows across scenarios and hubs. These visualizations support the interpretation of the optimization results by revealing distribution patterns, intensity levels, and temporal trends that are not explicitly observable from numerical outputs alone.
Figure F.1 depicts heatmap contour variations of power exchange between the coordinating center and each U‑IEH, including U‑IEH No. 1 to U‑IEH No. 4, and illustrates the temporal evolution and magnitude of exchanged power for each hub. Figure F.2 presents the corresponding power exchange density distribution, providing a statistical view of the frequency and concentration of power transactions between the coordinating center and the U‑IEHs.
Figures F.3 to F.6 show scenario‑based heatmap contours of power dispatch (MW) for U‑IEH No. 1 through U‑IEH No. 4, respectively, demonstrating how power dispatch levels vary across different scenarios and time intervals for each hub. Complementarily, Figures F.7 to F.10 illustrate the scenario‑based heat dispatch distributions for the same U‑IEHs, highlighting the spatiotemporal patterns of thermal energy allocation and their dependence on scenario conditions.
Finally, Figure F.11 illustrates the heatmap contour of hourly hydrogen purchases by U‑IEHs from U‑HRSs, providing insight into the temporal dynamics of hydrogen demand and its coordination with power and heat dispatch decisions within the integrated energy system.
F.1. Power Exchange Between the Coordinating Center and Each U-IEH
This subsection illustrates the interaction patterns between the coordinating center and individual U-IEHs. Figure F.1 presents heatmap contour variations of power exchange across four hubs, highlighting temporal fluctuations and inter-hub heterogeneity. Figure F.2 further provides the corresponding power exchange density distributions, offering insights into the probabilistic behavior and intensity of energy transactions within the coordinated system.

[image: ]
Figure F.1: Heatmap Contour Variations of Power Exchange Between the Coordinating Center and Each U-IEH
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	(a) U-IEH No. 1.
	(b) U-IEH No. 2.
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	(c) U-IEH No. 3.
	(d) U-IEH No. 4.



Figure F.2: Power Exchange Density Distribution Between the Coordinating Center and Each U-IEH

F.2. Electrical Dispach Balance
This subsection analyzes the electrical dispatch behavior and energy balance within the U-IEHs. Figures F.3–F.5 depict the hourly optimal power dispatch profiles and the contributions of different energy carriers for selected hubs, illustrating the coordinated allocation of resources. Figures F.6–F.9 present scenario-based heatmap contours of power dispatch, capturing variability under uncertainty and demonstrating the robustness of the scheduling strategy across different operating conditions.

[image: ]
Figure F.3:. Hourly optimal power dispatch profile and Energy Carrier Contributions to U-IEH Energy Balance in U-IEH No. 2.
[image: ]
Figure F.4:. Hourly optimal power dispatch profile and Energy Carrier Contributions to U-IEH Energy Balance in U-IEH No. 3.

[image: ]
Figure F.5:. Hourly optimal power dispatch profile and Energy Carrier Contributions to U-IEH Energy Balance in U-IEH No. 4.

[image: ]
Figure F.6: Heatmap Contour of Scenario-Based Power (MW) Dispatch Distribution for U-IEH No. 1.
[image: ]
Figure F.7: Heatmap Contour of Scenario-Based Power (MW)  Dispatch Distribution for U-IEH No. 2.
[image: ]
Figure F.8: Heatmap Contour of Scenario-Based Power (MW)  Dispatch Distribution for U-IEH No. 3.
[image: ]
Figure F.9: Heatmap Contour of Scenario-Based Power (MW) Dispatch Distribution for U-IEH No. 4.

F.3. Thermal  Dispach Balance
This subsection focuses on the thermal energy dispatch and its contribution to system balance. Figures F.10–F.12 show hourly optimal thermal dispatch profiles and the corresponding energy carrier contributions, emphasizing the role of heat integration in multi-energy coordination. Figures F.13–F.16 provide heatmap contour representations of scenario-based thermal dispatch distributions, reflecting variability and adaptability under uncertain conditions.

[image: ]
Figure F.10:. Hourly optimal thermal dispatch profile and Energy Carrier Contributions to U-IEH Energy Balance in U-IEH No. 2.
[image: ]
Figure F.11:. Hourly optimal thermal dispatch profile and Energy Carrier Contributions to U-IEH Energy Balance in U-IEH No. 3.
[image: ]
Figure F.12:. Hourly optimal thermal dispatch profile and Energy Carrier Contributions to U-IEH Energy Balance in U-IEH No. 4.


[image: ]
Figure F.13: Heatmap Contour of Scenario-Based Heat Dispatch Distribution for U-IEH No. 1.
[image: ]
Figure F.14: Heatmap Contour of Scenario-Based Heat Dispatch Distribution for U-IEH No. 2.
[image: ]
Figure F.15: Heatmap Contour of Scenario-Based Heat Dispatch Distribution for U-IEH No. 3.
[image: ]
Figure F.16: Heatmap Contour of Scenario-Based Heat Dispatch Distribution for U-IEH No. 4.

F.4. Comparative Analysis of Demand-Side Management
This subsection examines the impact of FEDM on load profiles across different U-IEHs. Figures F.17–F.19 illustrate the implementation of FEDM for electrical load demand, while Figures F.20–F.22 present its application to thermal demand. The results demonstrate the effectiveness of demand-side flexibility in reshaping load patterns and enhancing system responsiveness under dynamic operational conditions.

[image: ]
Figure F. 17. The Implementation of FEDM for electrical load demand in U-IEH No. 2
[image: ]
Figure F. 18. The Implementation of FEDM for electrical load demand in U-IEH No. 3
[image: ]
Figure F. 19. The Implementation of FEDM for electrical load demand in U-IEH No. 4
[image: ]
Figure F. 20. The Implementation of FEDM for thermal load demand in U-IEH No. 2
[image: ]
Figure F. 21. The Implementation of FEDM for thermal load demand in U-IEH No. 3
[image: ]
Figure F.  22. The Implementation of FEDM for thermal load demand in U-IEH No. 4
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