Development of an Operational Framework for Smart
Management and Energy Flexibility in Net-Zero Energy
Buildings

Mojtaba Masoumnezhad?

! Department of Mechanical Engineering, Technical and Vocational University, Tehran, Iran.
* mmasomnezhad@tvu.ac.ir

ABSTRACT

The transition toward Net-Zero Energy Buildings (NZEBs) necessitates the integration of energy flexibility
with smart management systems. However, a literature review reveals a significant gap between theoretical
flexibility frameworks and their<operational feasibility in real-world contexts, particularly concerning
cybersecurity challenges and_stakeholder interest conflicts. To bridge this gap, the present study develops an
integrated conceptual-operational framework ‘grounded in the philosophical foundations of Critical Realism.
This framework is structured into a five-layer architecture (physical, digital, optimization, grid, and policy). For
its operationalization, the IDADA methed.and novel composite indicators, including the Composite Flexibility
Index (CFl), the Stakeholder Benefit Index (SBI), and privacy-related metrics, are utilized. For validation, a 10-
unit residential complex in a hot and dry climate was simulated using the Design Builder/Energy Plus
environment, and the indicators were weighted through.ashybrid AHP-Delphi approach.

The results demonstrate that implementing this framework leads to an 85.7% improvement in the CFl and a
134% surge in the SBI (balancing the interests of residentstand the grid). Furthermore, sensitivity analysis via
the Monte Carlo method confirmed the high robustness of the model against behavioral and economic
uncertainties with a 95% confidence interval. The findings suggest.that through layered smart management, it is
possible to reduce the investment payback period to 7 years while increasing the responsiveness to grid signals
by up to 240% without significant detriment to occupant comfort. Thisframework provides a novel pathway for

policymakers and engineers to institutionalize grid-interactive buildings.
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1. Introduction

The transition toward Net-Zero Energy Buildings
(NZEBs) is a cornerstone of global decarbonization.
However, a significant gap exists between theoretical
energy flexibility and its operational execution [1, 2].

Current” models often fail to integrate multi-
stakeholder interests, cyber-security resilience, and
socio-economic policy. layers. This research proposes an
integrated five-layer conceptual-operational framework
to bridge this-gap; ensuring that NZEBs are not only
energy-efficient but also_grid-responsive and resilient
[3, 4].

2. Methodology: The IDADA Approach

Based on the philosophy of Critical Realism, this study
employs the IDADA (ldentify, Define, Analyze,
Develop, Apply) methodology. This approach allows
for the identification of underlying causal mechanisms
rather than mere statistical correlations [5].

The framework is structured into five interacting
layers: Physical Energy Systems, Digital Intelligence,
Flexibility Optimization, Grid Interaction, and Strategic
Policy. A hybrid AHP-Delphi approach was employed
to weight the newly developed performance indicators.
The expert panel comprised 15 purposively selected
academic and industrial specialists with demonstrated
experience in Net-Zero Energy Buildings, smart energy
management, HVAC systems, building energy
simulation, and smart grids. The panel size was
determined based on  Delphi  methodological
recommendations, which consider 10-20 experts
sufficient to achieve consensus in specialized decision-
making processes [6]. Pairwise comparison matrices
were constructed based on expert judgments, and the
consistency of the obtained weights was verified using
the consistency ratio before their integration into the
framework.

3. Framework Operationalization and Metrics

To quantify the framework's efficacy, several composite
indicators were introduced. The Privacy Preservation
Index (PPI) was derived from three dimensions: data
anonymization, system transparency, and compliance
with cybersecurity requirements. The Composite
Flexibility Index (CFI) measures technical shifting
capacity, while the Stakeholder Benefit Index (SBI)
evaluates the equilibrium between grid requirements
and occupant comfort.

4. Case Study and Quantitative Results

The framework was validated using a high-fidelity
dynamic simulation of a 10-unit residential complex in a

hot-dry climate via Design Builder/Energy Plus (v.7.0).
The building integration included a 30kW PV array,
60kWh BESS, and 40% EV penetration.

Table 1: Comparative Performance Analysis (Baseline vs.

Optimized)

Key
Performance

Indicator

Symbol

Baseline

Optimized

Improvement

Privacy
Preservation
Index

Composite
Flexibility

Index

Occupant
Comfort
Index

Stakehold
er Benefit
Index

Grid
Responsiveness

Return on
Investment

PPI

CFlI

OCI

SBI

GSR

ROI

0.58

0.42

0.91

0.35

0.25

8.2%

0.86

0.78

0.87

0.82

0.85

14.5%

+48.3%

+85.7%

-4.4%

+134%

+240%

+7 1%




The economic analysis considered not only the
investment in PV and battery systems but also the costs
of smart infrastructure, including the Energy
Management System (EMS), communication networks,
sensing devices, and cybersecurity requirements.

Table «2==shows that the proposed framework
simultaneously improves technical, economic, and
privacy-related performance. While the Occupant
Comfort Index (OCI) decreased by approximately 4.4%,
the reduction.<remained” within acceptable thermal
comfort limits and> was_<outweighed by substantial
improvements, in  flexibility, stakeholder benefits,
economic performance, and grid responsiveness.

5. Robustness and Uncertainty Analysis

To ensure the reliability ofsthe resultsy/a.Monte Carlo
simulation with 10,000 iterations.was performed. In
each iteration, uncertain input parameters were
randomly sampled from their prebability distributions,
and the simulation model was re-executed to evaluate
the CFI, SBI, and OCI.

The analysis confirmed the framework's robustness
against uncertainties in occupant behavior and energy
price volatility, with a 95% confidence interval [0:65,
0.86] for the CFI.

6. Conclusion and Strategic Implications

The findings demonstrate that the proposed multi-
layered framework effectively resolves the conflict
between grid profitability and occupant comfort.
Beyond technical gains, the model reduced the
investment payback period from 12 to 7 years.

This research provides a scalable roadmap for
policymakers and engineers to implement grid-
interactive NZEBs that are economically viable and
socially acceptable (Figure 1).

The proposed framework also provides a flexible
foundation for integrating future digital technologies
and evolving grid-interactive energy services. The main
limitations of this study include validation based solely
on simulation results, investigation of a single
residential building in a hot—dry climate, and occupant
behavior modeling using standard EnergyPlus
schedules. Future research should therefore validate the
framework under real operating conditions across
different climates and building types while
incorporating machine-learning-based predictive
control, data-driven occupant behavior models,
enhanced cybersecurity mechanisms, and applications to
positive energy districts.

Figure 1: Integrated Conceptual-Operational Framework for NZEBs
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Table 1. Comparative Analysis of Key Studies on Smart Energy Management and Energy Flexibility in Net-Zero
Energy Buildings with Identified Research Gaps
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Table\1 (Continued). Comparative Analysis of Key Studies on Smart Energy Management and Energy Flexibility

in Net-Zero Energy Buildings with Identified Research Gaps
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Figure 1. PRISMA Flow Diagram of the"Study Screening and Selection Process
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LEVEL 1: GOAL
Energy Flexibility Optimization
(CFI - Composite Flexibility Index)
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Figure 6. AHP Hierarchical Structure for Weighting the Composite Flexibility Index (CFI)
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Table 3. Final Weights of the Components of the Composite Flexibility Index (CFI)
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Table 4. Final AHP-Derived Weights of the Components of the Stakeholder Benefit Index (SBI)
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Table 5. Final AHP-Derived Weights of the Components of the Privacy Preservation Index (PPI)
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. Time of Use (TOU)

. Variable Refrigerant Flow Heat Pump (VRF Heat Pump)
. EnergyPlus Weather File (EPW)

. Residential Schedule

. Predicted Mean Vote(PMV)
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Table 6. Case Study Description, Building Characteristics, and Simulation Input Parameters for the Proposed

Framework
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Table 7. Camparison of Key Performance Indicators (KPIs) Between the Baseline and Optimized Scenarios
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Figure 7. Comparison of Performance Indicators.in the Case Study
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Table 8. Input Parameters and Variation Ranges Used in the Sensitivity Analysis
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Figure 8. Sensitivity’Analysis of the Stakeholder Benefit Index (SBI) with Respect to Changes in the
Comfort Weight
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Figure 9. Probability Distributions of the CFI and SBI Obtained from the Monte Carlo Simulation
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Table 9. Comparison ofithe.Proposed Framework with Conventional Approaches
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ABSTRACT

The transition toward net-zero energy buildings requires the integration of energy flexibility with intelligent
energy management systems. However, a‘review of the literature reveals a significant gap between theoretical
frameworks of energy flexibility and their practical implementation, particularly in addressing cybersecurity
challenges and conflicts of interest among_stakeholders. This study aims to bridge this gap by proposing an
integrated conceptual-operational framework grounded in the philosophical foundations of critical realism.
The proposed framework is structured as a five-layer architecture comprising the physical, digital,
optimization, grid, and policy layers. Its operationalizationsis’achieved through the Identify—Define—Analyze—
Develop-Assess methodology, together with a Composite Flexibility Index, a Stakeholder Balance Index, and
privacy indicators. For validation, a ten-unit residential building/located in a hot-arid climate was simulated
using EnergyPlus and DesignBuilder, while the indicators were weighted.through a combination of the Analytic
Hierarchy Process and the Delphi method. The results demonstrate that implementing the proposed framework
increases the Composite Flexibility Index by 85.7% and the Stakeholder Balance Index by 134%. Furthermore,
sensitivity analysis based on Monte Carlo simulation confirmed the robustnessiof the model against behavioral
and economic uncertainties at a 95% confidence level. In addition, the investment payback period was reduced
to seven years, while the building's capacity to respond to grid signals increased by 240% without causing a
significant reduction in occupant comfort. The proposed framework provides a practical foundation for the

development of grid-interactive buildings.
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