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Abstract: Smart building envelope has proved to be an innovation in creating a sustainable urban environment when
it comes to energy efficiency. Thermal performance and environmental control systems should be optimized with the
rise of energy demands because of the growing rates of rapid urbanization and climate fluctuations. The paper suggests
a hybrid environmental informatics framework with a hybrid environmental system comprising of algorithm of
Computer Science Engineering (CSE) and Management Science measure to increase energy performance of building
envelopes. The study is carried out in Mumbai, Pune, and Bengaluru where real-time thermal dynamics, the rate of
ventilation, and adaptive behaviors of insulation by means of sensor-driven Internet of Things (IoT) networks,
historical consumption data, and Building Information Modeling (BIM) are captured within the commercial
complexes in real time. Machine learning models Random Forest, XGBoost, and LSTM are trained on data-driven
insights to generate them with respect to HVAC load profiles and external weather changes. The findings indicate
that there is a 17-28 percent boost in the energy optimization activities when informatics understanding is applied in
the facility management processes. Heat maps on spatial plots and energy deviation over plots of time show how
envelope design (glass-to-wall ratios, shading, glazing types) helps in the modulation of energy stress inside buildings.
The unified CSE-Management architecture provides flexible dynamic, and explainable knowledge of real-time energy
control in intelligent buildings.

Keywords: Smart Building Envelopes, Energy Efficiency, Environmental Informatics, loT Sensors, Data Analytics,
HVAC, BIM, Urban Sustainability

I. INTRODUCTION

Fueled by the increasing tendency of the climatic issues as well as growing urban energy requirements,
making buildings more energy efficient has grown as a priority in the world. Almost 40 percent of energy
consumed worldwide is consumed by buildings, and about 30 percent of greenhouse emissions are
emitted by the buildings [1]. In this regard, it is possible to find that the building envelope that can be
defined as physical divider between the interior and exterior environment has a critical role to play in
terms of shaping the thermal performance, the air exchange, and the energy dynamics overall. The current
methods of saving energy in building envelopes are usually battered by passive strategies or stable
performance model that cannot accommodate varying climatic conditions and occupant behavior. But
the emerging collision of environmental informatics, data science, and embedded sensor networks has
brought in a revolutionary change in the way the buildings got scanned, operated, and improved.
Environmental informatics is the synergistic melding together of environmental sciences and information
technology, providing in real time data acquisition, modeling, and decision support of sustainable
development [2]. Combined with smart-building technologies (i.e., 10T sensors, “Building Information
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Modeling (BIM)”, and the automated energy management systems), the field can provide a more precise
and forecasted view into energy consumption patterns. At the same time, the principles of management
science, especially the ones that rely on operations research and decision analytics, provide sound
platforms of converting the technical knowledge into feasible implementation plans by building operators
and facility managers. In the current study, a hybrid model was proposed to integrate “Computer Science
Engineering (CSE)” tools with measurements of management to achieve a more energy-efficient envelope
of smart building in metropolitan areas in India. With the use of environmental sensors to gain
information about temperature, humidity, light, and HVAC usage in the various envelope set-ups (e.g.,
glass-wall proportion, insulation types of walls, orientation of windows), by processing them, we aim to
discover predictive patterns and optimization strategies using machine learning. Mumbai, Pune and
Bengaluru are the cities that are selected because of their different climatic regions and building type. The
general goal of the project is to establish a scalable data-driven decision support framework that would
not only minimize wastage of energy but also present policymakers with policy-relevant information
relevant to policy development in the areas of green building certifications, operating budgets, and
sustainability planning in cities. Therefore, the combination of environmental informatics and CSE and
management sciences provides a multiple-angled scope with the help of which the energy performance of
smart building envelopes can be reinvented.

Il. RELATED WORKS

The latest achievements in environmental informatics have completely transformed the field of smart
building operations, especially the energy consumption of building envelopes. Being an interdisciplinary
domain, environmental informatics draws on the power of environmental data flows and computational
capabilities to produce scalable real time solutions to sustainable development. In the built environment,
it provides real-time monitoring of thermal behaviour, air leakages and energy use using sensor-intensive
ecosystems. Liu et al. [5] developed real-time sensor-based model combined with adaptive insulation
controls and daylight modulation systems that resulted in an “energy use intensity (EUI)” decrease of
21.4% in the moderately cool climate of mid-rise structures. Similarly, Singh et al. [6] showed that
incorporation of environmental sensor arrays into “Building Information Modeling (BIM)” environments
can enable high resolution calculations of thermal dynamics, which enable remodeling of the envelope,
both to adapt to climate variability and occupant behavior. These methodologies have transformed the
way energy modeling is done in the past into an entirely different model, which is dynamic and real-time.
In parallel, machine learning algorithms have been released as important instruments to modeling,
forecasting, and optimisation at the envelope-level on energy flows. Such methods as Random Forest,
XGBoost, and “Long Short-Term Memory (LSTM)” networks are now commonly used due to their ability
to learn HVAC loads, surface temperature distributions, and envelope performance of various material
and orientation layouts. The Ensemble learning models used by Zhao et al. [7] to predict and improve on
27 percent compared to the usual simulation tools had been trained in variables such as solar exposure,
direction of the wind, and glazing to wall ratios. Likewise, Prakash and Banerjee [8] used LSTM-based
approaches on temporal multi-climatic data and managed to achieve less than 0.72 o C, average absolute
error in the prediction of indoor temperature. It is worth noting that the effectiveness of these models
when used together with the data collected by loT including ambient temperature, humidity and the rates
of energy consumption were significantly higher. Saini et al. [9] took this even further and by using fused
sensor systems (combination of infrared, acoustic and airflow detection) were able to pinpoint envelope
inefficiencies such as thermal bridging and leakage with sensitivity greater than 89.7% in a sample of 120
buildings. The results highlight the need of hybrid data systems that could combine the physical building
parameters with the computationally driven Al models. But the true implementation of these
technologies depends on the compatibility of these technologies with the management plans and
frameworks. Energy efficiency implementation is the most effective when placed as part of organizational
type, economy and regulatory performance of building functionality. Ambidexterity theory proposed by
Tushman and O 6220 reilly has been deployed in the intelligent building management to show how
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facilities may pursue new Al-based planning and exploit old energy management procedures [10]. Jain et
al. [11] implemented this integration within commercial campuses on the idea of translating loT-based
monitoring of the environment into load-balancing strategies meant to predict future peaks that had to
be met, which led to a 26% increase in cooling efficiency in summer surges. Besides, the key certifications
systems which sprawl, such as LEED, GRIHA, and BREEAM, are gradually becoming data-driven by
using data-driven parameters, such as real-time energy dashboards, the envelope performance index, and
environmental auditing powered by artificial intelligence [12]. Such frameworks do not only transform
regulatory conformity but also reward the use of digital infrastructure in retrofits of buildings and new
constructions. Strategic arguments for the use of environmental informatics in the management envelope
are also confirmed by economic implications. The techno-economic analysis carried out by Avasthi et al.
[13] in six cities in India on the implementation of Al-integrated smart envelopes resulted in a median
payback period of 3.4 years, which is close to half of the payback period linked to the traditional envelope
retrofits. The study found out that data enhanced performance modeling leads to improved return on
investment (ROI) by deploying forward looking fault detection, operational efficiency, and saving energy
costs. Moreover, the linkage between informatics markers and building level “ESG (Environmental,
Social, Governance)” reporting is catching mainstream among the real estate developers and sustainability
planners. The environmental informatics does more than streamline data, as it facilitates carbon
accounting, green financing and tenant participation. All together, these studies show a growing overlap
between CSE tools, environmental monitoring systems, and frameworks of strategic management.
Although sensor implementations and machine learning are offering the technical implementation, the
actual value of such solutions is realized once organizational workflows, financial planning, and regulatory
compliance are seamlessly joined. This interdisciplinary basis forms the basis of the present research,
considering which, relevant to the South Asian and particularly urban Indian conditions, a unified
environmental informatics model is proposed and the insights based on it can be implemented to achieve
optimal results in the form of increased efficiency of building envelopes in real-time.

I1I. METHODOLOGY

3.1 Research Design

In the present work, it has used a hybrid and data-driven approach of environmental informatics
comprising sensor-based monitoring, off-site informatics data processing, and algorithm-based analysis in
order to maximize the energy efficiency of smart building envelope. A quantitative approach mixed with
the method was taken, involving real-time sensor stream, past manufacturing records, and machine
learning, to examine the environmental conduct of building envelopes in three Indian urban regions [17].
The gist is to integrate the use and advantage of spatial sensing coupled with temporal data intelligence
and managerial decision theories to yield actionable information.

3.2 Study Area and Envelope Types

The study focused on three metropolitan areas namely Mumbai (coastal-humid zone), Pune (semi-arid
plateau) and Bengaluru (tropical savanna climate) that offer different climatic contexts, topology, and
material of the building envelope [18]. Five commercial smart buildings of different envelope
characteristics enclosing double-glazed faades, ventilated claddings, composite insulation, glass-to-wall
ratio (20-60 percent) were sampled in each city.

Table 1: Study Region and Envelope Characteristics

City Building Envelope Type Climatic Zone Glazing Ratio | HVAC Type
(%)
Mumbai | Low-E Coated Glazing + | Coastal-Humid 55% Central Chiller
RCC
Pune Brick Cladding + Glass | Composite-Semi- 35% Split AC +
Blocks arid AHU
Bengaluru | Smart Curtain Wall System | Tropical-Savanna 60% VRF System
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3.3 Sensor Installation and Data Acquisition

Environmental sensors based on 10T were installed on the envelope surfaces and inside areas of every
building. Factors that were measured were surface temperature, interior temperature, external humidity,
luminance, solar radiation (w/m 2 ), air speed, and HVAC energy use (kwh). The timestamp
synchronization was configured in each sensor node, to create GPS tagging on the location-specific
reference. The monitoring period is 6 months (April to September in 2024), during which data will be
recorded after every 10 mins through continuous monitoring in both dry and monsoon seasons [19][20].
The data collected through sensors was stored in an Azure loT Hub and recovered on encrypted REST
APIs to train models.

3.4 Algorithmic and Computational Model

Preprocessing of data involved normalization, method of handling NULL, detection of outliers on the
basis of Z-score threshold. Three predictive models on machine learning were applied:

° Random Forest (in the estimation of the HVAC load on the basis of the envelope temperature
differential)

. XGBoost (to decide the zone of good performance in envelopes based on efficiency)

. LSTM (in order to predict changes of temperature and humidity across time)

Training was performed on 70 percent of the dataset and the remaining 30 percent of the dataset was
used to test models, the model assessment method was based on “RMSE (Root Mean Squared Error)”,
R2 score, and Mean Absolute Error (MAE).

3.5 Data Remote Integration and visualization

To determine the influence of the external factors, the dataset of remote sensing observations (Sentinel-
2 imagery) was utilized to acquire the indicators of the temperature and the surface reflectance of the
entire city. IMD and OpenWeatherMap weather APIs were also used to add more temporal attributes,
the wind speed, cloud coverage, and solar index. MATLAB was used to visualize heatmaps and Python
(Seaborn/Plotly) was used to visualize time-series energy deviation. Managerial decision support involving
real-time metrics and zone alerts as well as energy optimization recommendations took the form of a
PowerBI dashboard as well.

3.6 Evaluation Metrics, and Correction Treatment

In the evaluation of high-performance of each envelope, Energy Use Intensity (EUI), Cooling Load Index
(CLI), and Temperature Retention Rate (TRR) were used. The Pearson correlation matrix was created to
check the connection among envelope characteristics (e.g. material, glazing ratio) and environmental
performance (e.g. energy load, thermal lag) [21]. Additionally, managerial interviews were held in order
to verify translation of sensor outputs in real world situations.

Table 2: Summary of Analytical Metrics

Metric Description Units

EUI Energy consumption per sq.m per year kwWh/m2/yr
CLI Peak cooling demand per sg.m kW/m2

TRR Percentage of heat retained over 6-hr interval | %

R2 (ML Model) Coefficient of determination Dimensionless
MAE (Forecast Error) | Average prediction error of indoor temp °C

3.7 Painful Consideration Ethical and Operational

Each of the building management teams gave written consent to the sensors installation and the use of
HVAC data. Information was anonymized, encrypted to be sent over the wire, and worked on GDPR-
compliant cloud platforms [22]. There were no invasive changes on pre-existing envelope systems. Sensor
calibration was in accordance to measurement of temperature environment in 1ISO 7726.

3.8 Constraints and Assumptions

Logistical issues only allowed the data collection to be done in summer months and in monsoons.
Assumptions were considered constant during the model training in terms of night-time lighting heat
gain and occupant density variations [23]. There was also no calculation of lighting efficiency, or plug
load, their energy only counted in energy needed by HVAC.
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IV.RESULT AND ANALYSIS

4.1 Trend Of Energy Consumption and Envelope-wise Performance

The results that we obtained due to the six-month observation were that the consumption of energy
related to envelopes is quite different in the three cities. There were buildings in Mumbai with high
glazing ratios and little shade device that had recorded the highest average energy consumption especially
in peak months of summer. Pune, who used more substantial brick works at the envelope, medium
glazing, exhibited a uniform thermal behavior. Conversely, Bengaluru curtain wall solutions depicting
automated shading and reflective finishing were observed to have better thermal inertia thereby producing
more settled interior temperatures as well as reduced HVAC reliance.

Table 3: Average Energy Consumption and Thermal Load per City

City Avg. HVAC Energy (kwh/day) | Peak Envelope Temp (°C) | CLI (kW/m?)
Mumbai | 410.6 £ 35.2 46.2 £ 3.8 0.184
Pune 362.1+£28.7 42.6£25 0.157
Bengaluru | 317.8 £ 22.3 38.9+21 0.138

The trend indicated that there was about 22.7 percent increment per day in Mumbai buildings on the
use of HVAC energy than the amount consumed in Bengaluru. This was related to greater external heat
gain and less shading effectiveness. Pune showed a medium range profile and this denotes that passive
mass insulation procedure provided significant thermal transfer reducing effects.

4.2 Glazing, Envelope materials and Retention of heat

There are significant differences between the thermal properties of the envelope materials as it was
established as the result of their analysis. Analysis of surface temperature using sensor nodes revealed that
the RCC facades provided low-E coated glazing retained more heat in Mumbai than the brick walls in
Pune or the facade panels that comprise smart glasses in Bengaluru. Temperature Retention Rate (TRR)
which is equivalent to the rate of wet bulb internal temperature lag after exposure to peak solar energy
was calculated as highest in Bengaluru (53.6%) due to the envelope composition and design that favoured
thermal buffering. TRR was minimum in Mumbai and represented higher rate of heat ingress and greater
cooling burden.

Table 4: Envelope Type and Heat Retention Rate

City Envelope Composition Glazing Ratio (%) | TRR (%)
Mumbai | RCC + Low-E Glazing 55 39.7
Pune Brick Cladding + Glass Block | 35 47.1
Bengaluru | Smart Curtain Wall + Coatings | 60 53.6

This statistics emphasized the aspect that Bengaluru was one place where the glazing ratio was highest but
the dynamic shading and thermal modulation system made up well. Conversely, Mumbai had big glazing
area devoid of active shading, which is a direct compromise to the thermal performance of the envelope.
4.3 The accuracy of Predictive Modeling with Machine Learning

The ML models used in the environmental data streams provided by the sensors offered a good level of
predictive accuracy. The new architecture of Random Forest achieved an R 2 exceeding 0.88 in all cities
in the prediction of daily HVAC energy load. XGBoost classification models that transform each of the
envelope zones into either efficient, moderate, or inefficient delivered a precision of more than 90%. The
Long Short-Term Memory (LSTM) model showed the ability to predict internal temperature changes 2
hours before with a mean absolute error (MAE) of less than 0.7 0 C.

Smart

Building

N

Figure 1: Smart Building [14]
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4.4 Urban heat mapping and Remote Data Integration

The heat differences as examined by satellite-based land-surface temperature (LST) were corroborated by
Sentinel-2 at the envelope level [24]. Their reflectance and surface brightness temperature in buildings in
Mumbai were high in the west facades reflecting hotspots on sensors. MATLAB-based interpolated
heatmaps indicated that these areas were also that of high cooling demand times (2 4 PM). The frequency
of hotspots was the lowest in Bengaluru buildings, which were supported by automation of exposure to
the sun.

4.5 Analysis of association between envelope features and energy indicators

An example of statistical correlation described strong positive relationships between glazing ratio and load
of the HVAC (r = 0.71), a negative relationship with TRR (r = -0.63) [25]. Shading coefficient was highly
negatively correlated with surface temperature (r = -0.57) as its moderately protective effect was revealed.
These findings add to the imperativeness of the envelope design in determination of thermal behavior of
buildings.

Figure 2: Optimising Energy Efficiency [15]

4.6 Key Findings Discussion

The results confirm that environmental informatics incorporation and smart envelope architecture may
lead to quantifiable energy-efficiency across climatic carvings. Although the Mumbai buildings
experienced maximum cooling burden in terms of envelope-imposed thermal gain, the predictive models
with remote sensing indicated the actions in zones with efficiency. The adaptive shading and reflective
envelope system in Bengaluru showed that apparently high-glazing buildings could be designed to be
minimally stressed by energy as well. Moreover, the combination of machine learning predictions and
building management dashboards allowed issuing HVAC controls in advance and optimize energy
consumption and operations decision-making.

V. CONCLUSION

The paper introduced data-driven environmental informatics solution, which analyzes and inculcates
energy savings in the intelligent envelopes of three major metropolitan areas of India, Mumbai, Pune,
and Bengaluru. Combining sensor-based monitoring, machine learning models, as well as remote sensing
devices, the study has managed to create a scalable framework of identifying thermal inefficiencies,
accurately predicting HVAC loads, and visualizing the urban areas of energy stress. The finding
substantiated the premise that the envelope composition, proportion of glazing, and shading mechanisms
have profound influence over the surface temperature, the cooling load and the stability of temperature
with-in the interior. The architecture of Mumbai in terms of its high-glazing on building envelopes
portrayed to have the highest energy strain but on the other hand, the curtains used in Bengaluru as a
form of adaptive system performed best in maintaining heat and keeping the cooling load down. Random
Forest, XGBoost, and LSTM machine learning models proved their effectiveness in predicting energy
metrics by means of which it is possible to control and manage the entire facility in advance. Envelope
hotspots were also verified by LST data retrieved using remote sensing and had a direct correlation with
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internal energy demands. By connecting the digital insight into facility dashboards, the building managers
were able to maximize the HVAC schedules and minimize energy wasteful usage, optimizing sustainability
compliance. In general, the results suggest the significance of integrating environmental surveillance,
computer analytics, and managerial decision-making, in general, to promote Smart building
administration. The CSE-Management integrated model proposed provides a model that can be
replicated and dynamic in its future roles in the city energy system.
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