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Abstract - The commercial High-Rise Buildings (HRBs) make a substantial share of the total electricity consumption in
metropolitan cities in India, especially in the Delhi/NCR region, due to high cooling loads and vertical growth. The research
paper explores the viability of energy optimization in commercial HRBs in terms of existing patterns of energy consumption,
efficiency interventions, economic viability, and environmental implications. The primary research was conducted through a
survey of 200 professionals from the developer community, facility managers, consultants, and regulators using purposive
sampling techniques. The reliability and validity of the research instrument were also tested, while independent sample t-tests
and multiple regressions were used to analyse the relationship between operational cost, environmental impact, and Return On
Investment (ROI). The results showed that integrated energy optimization techniques can reduce energy consumption and
operational costs in commercial HRBs. A positive relationship was found between the adoption of energy optimization

techniques, improvements in ROI, and a reduction in carbon footprint.

Keywords - Commercial High-Rise Buildings, Energy consumption, Energy optimization, Operational Costs, Return on

Investment.

1. Introduction

The urbanization process in India has further enhanced
the concentration of commercial activities in vertically
developed metropolitan corridors. Commercial buildings
currently consume around 30 to 40% of the total electricity
consumption in urban regions. Moreover, office complexes
and composite high-rise buildings are also significant
contributors to the peak electricity consumption [1-3]. In the
metropolitan city of Delhi/NCR, the composite urban climate
has resulted in the development of high cooling demands in
commercial buildings. Heating, Ventilation, and Air
Conditioning (HVAC) systems are the primary contributors to
the peak electricity consumption in the metropolitan city [4,
5]. Moreover, the high-rise typology has further added to the
peak energy consumption due to the distribution of air,
pressure difference, lift operations, and facade exposure.
Commercial high-rise buildings in the metropolitan city of
Delhi/NCR are putting immense pressure on the stability of
the grid during peak summer [6]. In an international
perspective, it has also been noted that the development of
energy optimization strategies has shifted from passive design
to performance management through digital technologies [7].
Advanced Building Energy Simulation technologies are now
being integrated into real-time monitoring systems for

OSOE)

predictive control. Similarly, artificial intelligence-based
HVAC system optimization algorithms are also being used for
adaptive load management through dynamic responses to
human and climatic factors [8]. Internet of Things-based
Building Management Systems are also being used for
efficient control of building operations. In parallel, carbon
accounting methods are now also making a distinction
between carbon emissions and embodied carbon during the
production and construction phases of buildings [9, 10].

In spite of all these developments, the body of existing
research has certain structural gaps. For instance, a larger
proportion of the earlier research has focused on simulation-
based optimization or envelope performance analysis. While
a majority of the studies related to commercial buildings have
focused on technical parameters of efficiency without
considering economic feasibility, carbon footprint reduction,
regulatory requirements, and implementation issues from a
stakeholder perspective [11]. Empirical studies related to
regional investigations considering operational energy
reduction, return on investment, carbon footprint reduction,
conformance to national energy regulations, and behavioral
issues are lacking in the Indian metro context [12-14].
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The present study addresses these limitations through a
multi-dimensional assessment of energy optimization in
commercial HRBs within Delhi/NCR. First, an empirical
comparison is conducted between buildings implementing
optimization measures and those operating without structured
interventions. Second, an integrated techno-economic-
environmental evaluation framework is developed, linking
energy consumption, operational cost performance, carbon
implications, and financial return metrics.

Third, return on investment is benchmarked against
regulatory performance expectations defined by the Bureau of
Energy Efficiency under the Energy Conservation Building
Code (ECBC), ensuring alignment with national compliance
standards. Fourth, stakeholder behavioural dimensions and
implementation barriers are incorporated to contextualize
technological adoption within operational realities. Finally,
regional benchmarking is undertaken to position Delhi/NCR
commercial HRBs within broader national and international
performance trajectories.

The following are this study’s main objectives:

To identify current energy consumption patterns and
trends in Delhi/NCR commercial HRBs.

To evaluate the effectiveness of smart technologies
(BMS, efficient HVAC, and lighting) and renewable
energy integration.

To assess the economic feasibility of EO by measuring
operational cost savings and ROI.

To determine the environmental impact by analyzing
reductions in carbon emissions and alignment with
frameworks like ECBC and LEED/IGBC

The purpose of this study is to evaluate the effectiveness
of EO techniques in a sample of corporate HRBs in the
Delhi/NCR area. The study aims to provide relevant
information and recommendations, thereby enhancing the
understanding of stakeholders interested in promoting energy
efficiency and environmental sustainability within the
Delhi/NCR region, including building owners, building
managers, policymakers, and environmental advocates. This
study contributes to increased understanding by assessing the
current state of EC as well as optimization techniques, and
taking into account economic and environmental
considerations. This study has been organized to address the
outlined objectives systematically. The analysis of data,
testing of hypotheses, examination of variables, and
presentation of findings will be covered in the succeeding
sections. The assessment of EO in commercial HRBs in the
Delhi/NCR region will be covered in detail, and it will include
practical implications for a more sustainable future.

1.1. Research Questions

1. What are the current patterns and trends in the energy use
of commercial high-rise buildings in the Delhi/NCR area?
2. How effective are energy-saving techniques, such as
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renewable energy integration and efficient HVAC
systems, at reducing energy consumption?

3. To what extent does the implementation of energy
optimization measures lead to a reduction in operational
costs for these buildings?

4. What is the impact of energy optimization strategies on
carbon emissions and other relevant environmental
indicators?

5. What is the economic feasibility and expected Return on
Investment (ROI) of putting energy optimization
measures in place?

2. Literature Review and Hypotheses

Development

2.1. Energy Optimization in Commercial High-Rise

Buildings
In  commercial High-Rise  Buildings (HRBS),

environmental optimization was seen to be focused primarily
on optimizing energy efficiency through integrated operation
and design-based interventions. Factors affecting energy
consumption included variations in solar radiation, indoor
environmental quality parameters, and thermophysical
properties of materials.

The application of integrated design methodologies,
which included natural, structural, and technological
elements, was seen as vital for developing effective strategies
for solar energy optimization [15]. Improvements in energy
performance were seen to be achieved through integrated
strategies, which included daylighting, optimized building
envelopes, and the incorporation of renewable energy in office
buildings [16].

Building Information Modelling (BIM) and Building
Energy Simulation (BES) were seen to be effective in
reducing energy demand, where energy optimization was
integrated within simulation-based decision strategies [17]
[18]. Soft computing was integrated to optimize material
selection and window configurations, thus improving energy
performance metrics. However, in the context of Indian
environments, environmental optimization was seen to require
additional emphasis on self-reliance and sustainable
development objectives. For example, Bhangalia et al. (2023)
[14] optimized diagrid structural angles for enhanced
structural and energy efficiency, whereas lyer et al. (2021)
[19] highlighted the importance of collecting end-use energy
data for enhanced decision strategies.

Other studies included developing peer-to-peer energy
trading platforms for reduced operation costs and improved
efficiency in energy distribution, as well as green building
strategies and energy-saving practices. Thus, these studies
were integrated to develop energy-efficient HRBs, which
reduced energy consumption and provided thermally
comfortable and responsive environments.
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2.2. Energy Consumption Trends in High-rise Buildings

Multiple studies have investigated energy use in
commercial HRBs. The life cycle energy content for office
towers averages between 51.78 GJ/m?2 and 73.64 GJ/m?2 over
50 years, with little or no correlation between building height
and energy use. In China, tenant lifestyles decreased energy
use in domestic high-rise buildings, leading to estimated net
effect estimates across high-rise buildings with very different
occupancy behaviours (Kalwry & Atakara, 2025) [20]. For
example, in South Korea, a prediction model indicated the
heating energy consumption varied considerably across
residential units, even though similar design features were in
use [21]. Although the typical energy consumption between
previous HRBs has a slight variation, energy efficiency
measures integrate energy end-use for better performance
during earthquakes. In Hanoi, HVAC electricity uses peaks
during the summer months, and in Tehran, energy savings
were achieved with smart high-rise window systems and
optimized roof-to-window orientations. Compared to standard
high-rise towers, mixed-use HRBs generally have larger
quantities of energy consumption and produce more emissions
of CO..

2.3. Energy Optimization Strategies

Several studies have investigated energy consumption in
commercial High-Rise Buildings (HRBS). In the case of office
tower buildings, throughout the life of the building cycle over
50 years, the embodied energy ranged from 51.78 - 73.64
GJ/m2, and there was no reasonable correlation between the
height of the building and the degree of energy consumption
[22]. Studies in China have shown that tenants’ lifestyles
affect energy consumption in residential high-rise buildings to
such an extent that there is a wide range of energy
consumption. In South Korea, a predictive model of users’
histories in a residential unit showed the maximum and
minimum heating energy based on design characteristics [23].
Typically, there is a small range of energy consumed in HRBs,
but a combination of energy efficiency systems may improve
performance under seismic activity [24, 25]. In Hanoi,
electricity consumption was greatest during the summer
season, and in Tehran, optimal roof orientation has reduced
energy consumption through smart window systems [26].
Mixed-use HRB contributed to more electricity consumption
and CO- emissions than a typical HRB design. Therefore, the
following hypothesis postulates that:
e Hypothesis 1 (H1): Implementing EO measures in
commercial HRBs within the Delhi/NCR region will
result in a statistically significant reduction in EC
compared to buildings without optimization measures.
Null Hypothesis 1 (H0): There will be no statistically
significant difference in EC between buildings with EO
measures and those without such measures in the
Delhi/NCR region.
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2.4. Operational Costs in High-Rise Buildings

Several studies have focused on operational energy costs
of commercial HRBs and have suggested a U-shaped
relationship between initial costs of Energy-Saving Measures
(ESMs) and the operational energy savings [27]. The net
current value of ESMs is in a strong linear relationship with
energy savings, which suggests a trade-off between both
measures, accounting for the measure to be cost-effective, plus
energy savings for possible operational energy efficiency.
Ezema et al. (2022) [16] reviewed research on renewables and
building design for multi-storey tall commercial buildings,
while they noted limitations to renewable energy usage and
designs. They identified with ESMs in construction or
alternative production of energy (Ahn et al., 2022) [24]. They
identify aspects of building design specification that reduce
energy usage, such as the geometry of windows and the
thermal properties of additional specified building designs,
that enhance energy efficiency. Cortigos et al. (2021) [25]
noted in a review of COVID-19 regulations that the usage of
energy in office towers in mixed-humid climates changed
energy usage in offices; they also pointed to the climate energy
variable. In climate spaces of mixed-humid and wet-humid
regions, energy usage was increased while the usage of energy
was decreased due to COVID-19, both from restrictive
practices involved in reducing work activity in office towers,
to return to normal building operations which involved more
energy usage to mean in the first example and climate space;
however, while focusing both measure, they suggested to
balance these changes using multi-goal optimization methods,
which balance energy in commercial buildings with work
productivity [26]. Each of these items and articles, along with
an evaluation of their approach in designing a commercial
HRB, demonstrates that the change achieved can improve
energy efficiency in commercial HRBs. Therefore, the
following hypothesis postulates that:
e Hypothesis 2 (H2): Commercial HRBs that implement
EO measures in the Delhi/NCR region will experience a
statistically significant reduction in operational costs
related to energy compared to buildings that do not
implement such measures.
Null Hypothesis 2 (H0): There will be no statistically
significant difference in operational costs related to
energy between buildings with EO measures and those
without such measures in the Delhi/NCR region.

2.5. Environmental Impact of High-Rise Buildings
Using HRBs causes significant negative effects on the
environment through carbon dioxide emissions, comprising of
carbon (OC) associated with energy use and Embodied
Carbon (EC) accounting for production and distribution [29].
OC and EC emissions have been researched separately, but
should be considered together. For example, low-carbon
construction solutions such as low-carbon concrete or better
building envelopes have been identified as intractable to



Chirag Varshney & Kranti Kumar Maurya / 1JCE, 13(4), 114-126, 2026

reduce OC and/or EC emissions. Similarly, modular buildings
can reduce carbon footprints while maintaining efficiency by
constructing cement modules [30]. Building emissions
primarily come from usage, such as renovations that vary by
country based on assessment methodology [31]. Adopting
clean energy strategies or methods, such as heat pumps rather
than coal, can have a less damaging environmental impact
[32]. Embodied Emissions (EE) for construction must also be
considered in order to achieve the sustainability targets.
Methodologies, including recycling, can be employed to
assess a building's carbon footprint throughout a lifetime.
Hence, the following hypothesis postulates that:

e Hypothesis 3 (H3): Implementation of EO measures in
commercial HRBs within the Delhi/NCR region will lead
to a statistically significant reduction in carbon emissions
and other relevant environmental impact indicators.

Null Hypothesis 3 (H0): There will be no statistically
significant reduction in carbon emissions and other
relevant environmental impact indicators as a result of
implementing EO measures in the Delhi/NCR region.
2.6. Economic Feasibility of Energy Optimization

Research has explored the economic viability of EO
measures and ROI modelling. For example, data from 92
residential buildings with an ANN were compared to energy
savings and economic measures for the gas-splitting process
used in the chemical industry [33, 34]. They also studied
economic costs and service life of prefabricated panel
residential buildings after energy-saving measures and
concluded that the best measures relied on expected reduced
prices and fluctuating energy prices [27, 35]. Their study
found that energy-saving measures usually had a longer usable
life than payback periods, with homes with cost-effective
improvements having an annual 42.5 % reduction in energy in
comparison to code-built homes [37]. Their study also
concluded that optimal insulation and energy-efficient
improvements were key aspects for savings. Finally, a
methodology for assessing GHG emissions in distributed
power systems was presented that showed that high emissions
of carbon were from operations and maintenance. Use the
formula that follows to get the ROI for every structure across
both categories:

Initial Investment

ROI = x 100 1)

Net Savings
Net Savings is the difference between the total
operational cost savings and the initial investment. Based on
the above conceptual framework, the following hypotheses
have been formulated,
Hypothesis 4 (H4): The implementation of EO measures
in commercial HRBs within the Delhi/NCR region will
demonstrate a positive ROI over a defined period due to
operational cost savings.
Null Hypothesis 4 (HO): The implementation of EO
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measures will not result in a positive ROI within the
specified time frame for commercial HRBs in the
Delhi/NCR region

2.7. Research Gap

A literature review highlighted the gaps in EO studies for
HRBs in India. Authors like Budde et al. (2025) [15] and
Ezema et al. (2022) [16] provided useful insights on
daylighting and design strategies, but did not discuss region-
specific issues. Bhangalia et al. (2023) [14] and lyer et al
(2021) [19] argued for walls and used energy performance
critiques, but did not introduce an implementation framework
or considerations of converted buildings for commercial
HRBs in India. Kalwry & Atakara (2025) [20] and Li &
Sunikka-Blank (2025) [30] focus on occupant behaviour in
China and Korea, but ignore couples that might be unique to
India. Furthermore, even though Pan et al. (2022) [29] and
Cuce (2024) [30] looked at some implications of carbon, they
did not take into account economic feasibility to some extent.
In addition to that, whether or not treated return on investment
(ROI) for residential buildings, it has never been treated for
commercial HRBs.

Overall, the studies in this area were few and fragmented,
and did not provide an adequate EO assessment for the
commercial HRBs of Delhi/NCR. This study starts a process
for addressing these research gaps and looking at EO in the
commercial HRBs of Delhi/NCR in relation to the opportunity
aspect of an integrated framework of energy use, energy cost,
environmental impact, and ROI. 200 professionals were
chosen for surveys, and the outcome data were statistically
analysed to determine the possible statistical analysis of the
EO measures. This study intends to provide context-specific
empirical perspectives to aid professionals and policymakers
in sustainable building practices and site developments.

2.8. Conceptual Diagram

Energy Consumption
(59)

Operational Cost
(0C)

Implementation of
Energy Optimization

Environmental bl

Impact
(ED

Return on Investment
(ROI)

Fig. 1 Conceptual diagram for variables
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3. Research Methodology

The study's innovation is that it has constructed an
integrated empirical framework that, among other things,
compares  Energy  Consumption,  operational  cost
performance, environmental impact, and Return on
Investment in commercial high, rise buildings in the
Delhi/NCR region at one go, instead of, like most of the prior
literature reports, depending only on simulation, based or
single, dimensional technical assessments. Whereas most
previous works emphasize theoretical modelling, envelope
optimization, or residential applications, this research takes a
stakeholder-driven, quantitative method with primary data
from 200 industry professionals, thus granting practical
implementation considerations along with performance
metrics. Additionally, this work first compares energy
optimization results to local regulatory standards, and second,
a combination of techno, economic, and environmental
aspects is carried out in an integrated analytical framework
supported by reliability testing, t-tests, and regression
analysis. The study, by situating its findings amidst the unique
climatic, urban, and infrastructural features of Delhi/NCR,
offers a set of empirically derived, region-specific evidence
that helps cover the gap between technical feasibility,
economic viability, and the sustainability performance of
commercial high-rise developments.

3.1. Research Design

A guantitative design study was employed to investigate
Energy Optimization (EO) practices in commercial HRBs
(high-rise buildings) in the Delhi/NCR area. The study was
designed to investigate patterns of Energy Consumption (EC),
evaluate the economic feasibility of some EO methods, and
evaluate the impact of such methods on the environment. A
number of statistical tools, including t-tests and regression
analysis, were used to assess the objectives of this study. The
survey tool was also tested for reliability and validity.

3.2. Sampling Technique

The sample strategy that was used was purposive
sampling, specifically aiming at people who were
intentionally selected based on their relevant First
Professional Experience knowledge in HRB management,
EO, and sustainability. The sampling frame consisted of
professionals working in the Delhi / NCR space, such as
engineers, architects, energy consultants, sustainability
professionals, building owners, building managers, and
facility managers. There were 200 participants represented in
the study, which included enough diversity to represent good
stakeholder diversity, adequately capturing rich insight and
perspectives.

3.3. Data Collection

The data collection tool employed is a structured online
survey questionnaire that was prepared based on the research
objectives, with a target population consisting of 200
professionals from the industry, such as engineers, architects,
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and facility managers. The structured online survey
questionnaire includes a list of items covering Energy
Optimization (EO) techniques, building design parameters,
HVAC and lighting infrastructure, environmental aspects,
economic viability, and factors inhibiting implementation.
Before being employed on a mass scale for data collection, the
research instrument is pre-tested on a small sample population
belonging to the research target group in order to improve its
clarity, relevance, and appropriateness of language. The
online survey invitation links are distributed via email with a
follow-up reminder as a means for improving the rates of
survey response. Prior consent is taken from all the
respondents at the inception of a survey, with data from each
collected anonymously with a promise of non-disclosure.

3.4. Study of Dimensions

Smart Technologies: The role of advanced Building
Management Systems (BMS), efficient HVAC systems,
smart lighting systems, renewable energy systems, and
optimization techniques has been elaborated. These
technologies are presented in relation to their role in
reducing energy consumption, increasing efficiency, and
improving performance in commercial high-rise
buildings.

Policy and Regulatory Frameworks: The study now
makes an explicit link between the results and national
and regional regulatory mechanisms, including
performance standards, energy conservation regulations,
and green rating systems. This link increases the policy
relevance of the results.

Economic Feasibility: A specific analytical segment
assesses the cost savings of operation and the Return on
Investment (ROI). Statistical data proves that energy
optimization solutions result in positive financial
outcomes within the defined period of evaluation.

(Cbaseline - COptimized) =1
I

ROI (%) = < ) x 100

Cpasetine = Annual operational cost without energy
optimization

Coptimizea = Annual operational cost with energy
optimization

I= Total initial investment cost for EO implementation

Stakeholder Behavior: The proposed methodology for
conducting the survey incorporates the views of various
stakeholders, including engineers, architects, facility
managers, sustainability experts, building owners, and
consultants.  This ensures that behavioral and
organizational aspects of the problem are considered in
addition to the technical indicators.

3.5. Questionnaire Preparation
The design for the survey took an approach that focused
on perception measurement through the use of scales rather
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than the measurement and collection of numbers from energy
bills. The methodology was considered appropriate for the
measurement of expertise perceptions and judgments related
to the practice of energy optimization in high-rise buildings.
The design took an approach where respondents were
requested to rate the elements through a five-point Likert
scale, from strongly disagree (1) to strongly agree (5). The
items were designed to address some of the main factors
identified as aspects of the study, namely energy consumption
behaviour, the effectiveness of energy optimization
approaches, functionality related to HVAC and lighting,
impacts on the environment, economic viability, and self-
perceived implementation difficulties. Because it relied on
perceptions, there was the ability to consider a wide range of
views while avoiding responding to or using unreliable
information presented in sensitive and, perhaps, inaccessible
numerical form. In order to ensure the validity and
understandability of the items, the questionnaire underwent
expert assessment and pilot studies using a small pool of
subjects before a broader response collection phase.

3.6. Statistical Analysis

The study adopted an exhaustive statistical method, such
as descriptive statistical analysis, reliability analysis, t-test,
and regression analysis, to assess the effects of energy
optimization on commercial high-rise buildings in the
Delhi/NCR region. This was done by researching a wide
sampling of the population of 200 industry professionals in the
sector to ensure inclusiveness of industry stakeholders, like
engineers.

Table 1. Demographic characteristics of selected respondents

Characteristics Sample size % (n=200)
Gender Male 128
Female 72
20-39 60
40-49 51
Age 50-59 62
60 or older 27
Engineer 24
Architect 25
Energy Consultant 19
Occupation Sustainability Expert 12
Building Owner 37
Building Manager 39
Facility Manager 44
Less than 1 year 60
Years
of 1-5 years 63
Experience 6-10 years 65
11-15 years 12

3.6.1. Demographic Characteristics

The demographics of the 200 chosen respondents for the
study are shown in Table 1. Of the respondents, 128 (64%)
were male, and 72 (36%) were female. In terms of age groups,
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60 respondents (30.0%) were 20-39 years of age, 51
respondents (25.5%) were 40-49 years of age, 62 respondents
(31.0%) were 50-59 years of age, and 27 respondents (13.5%)
were over 60 years of age. The participants had a diverse mix
of professionals represented, which included the following:
Engineers were 24 (12%); Architects were 25 (12.5%);
Energy Consultants were 19 (9.5%); Sustainability
Professionals were 12 (6%); Building Owners were 37
(18.5%); Building Managers were 39 (19.5%); and Facility
Managers were 44 (22%). Respondents had varying years of
experience, with 60 respondents (30.0%) having less than 1
year of experience; 63 (31.5%) having 1-5 years of
experience; 65 (32.5%) having 6-10 years of experience; and
12 respondents (6.0%) having 11-15 years of experience.

3.6.2. Measurements

The Environmental Considerations (EC) evaluation was
modelled after the U.S. Department of Energy's Commercial
Building Energy  Consumption  Survey (CBECS).
Respondents were asked to rate their agreement with a series
of statements regarding EC in the context of Commercial
High-Rise Buildings (HRBs) on a scale of one (strongly
disagree) to five (strongly agree). The statements were
intended to gauge how the respondents feel about EC in the
context of their management of commercial HRBs. The
assessment of operational costs was based on surveys
conducted by the International Facility Management
Association (IFMA). Respondents were asked to rate their
level of agreement or disagreement with a series of statements
on a scale of one (strongly disagree) to five (strongly agree).
The statements were developed to assess the perceptions of the
respondents to the operational costs of managing HRBs. The
evaluation of the environmental impact consideration was
based on the World Green Building Council's Green Building
Performance Report. Participants were given a scale of one to
five to indicate the extent to which they agreed with several
statements, with five meaning strongly agree and one meaning
strongly disagree. The statements were designed to elicit
participants' views on the environmental impacts of EO in
HRBs. For the feasibility measures, the study used items from
EO feasibility studies. The participants were presented with
several statements and asked to rate their level of agreement
on a scale of 1 to 5, where 1 represented strongly disagree and
5 represented strongly agree. The statements were designed to
tap participants' perceptions about the economic viability of
EO measures in the HRB context.

3.6.3. Data Analysis

To analyse HI, which tests the difference in EC between
buildings that have EO measures and buildings that do not, the
researcher performed an independent sample t-test. This
analysis was done using the Compare Means option in the
SPSS software program to estimate the mean EC of the two
groups of buildings. To test H2, which compares the
operational cost of buildings with EO measures and buildings
without EO measures, the study employed either a t-test or an
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ANOVA. The statistical comparison utilized the same
Compare Means feature. Here, the researchers were testing for
operational cost differences across the different groups of
buildings. Lastly, H3 requires a test of the relationship
between EO measures and the environmental impact
variables, so the findings used regression analysis. The
purpose of the regression analysis was to determine the extent
to which different ecological impact indicators are subject to
EO measures. Regression analysis helped to obtain the
strength and direction of the relationship. To address H4,
which is related to determining ROI for each group, the
researcher compared the ROI metrics of each group of
structures by using a t-test.

The t-test analysis was used to determine the statistical
significance of the mean difference in earnings regarding the
indicators of EO.

3.6.4. Measurement Model Assessment

Table 2 provides a summary of dependability and validity
indicators for the author's conceptualizations of interest. The
Cronbach's alpha for the "Energies Usage™ construct is in the
range of 0.717 to 0.734. The Composite Reliability (CR) for
EC1 is 0.80, and the AVE is 0.48, and the Sgrt Ave of 0.69
confirms the reliability and convergent validity of the
construct. The Cronbach's alpha for the "Operational Costs™
(OC) construct is 0.722 to 0726. OC1 has a CR of 0.82, an
AVE of 0.52, and a Sqrt Ave of 0.72, which confirms the
reliability and convergent validity of the construct.

The "Environmental Impact"” (EI) construct is in the range
of Cronbach's alpha 0.722 to 0.732. EI1 has a CR of 0.81, an
AVE of 0.49, and a Sqrt Ave of 0.70, thus confirming the
reliability and converging validity of this construct. The
Economic Feasibility (EF) construct is in the range of
Cronbach's alpha 0.712 to 0.738. EF1 displays a CR of 0.79,
an AVE of 0.46, and a Sqgrt Ave of 0.68, which confirms the
reliability and the converging validity of the construct. The
data presented in Table 2 confirms the reliability and validity
of the study's factors and provides a solid framework for future
analysis.

Table 2. Model assessment for variables

Construct CrOAI;;ﬁ;h,s CR | AVE S'SVR;
EC1 0.723
EC2 0.717
EC3 0.725 0.8 | 0.48 0.69
EC4 0.734
EC5 0.721
0oC1 0.723
0ocC2 0.725 0.8
0.52 0.72
0C3 0.726 2
OC4 0.722
Ell 0.722
El2 0.722
E13 0732 018 0.49 0.7
El4 0.727
EF1 0.717
EF2 0.712
EF3 0716 Os'] 0.46 0.68
EF4 0.738

Energy Consumption (EC), Operational Costs (OC), Environmental Impact
(EI), Economic Feasibility (EF)

4. Results
4.1. Descriptive Statistics

The independent t-test for two samples confirmed that
both Buildings with Optimization Measures (BWOM) and
Buildings without Optimization Measures (BOM) have
statistically significant energy consumption values when
compared to the test value of zero (p < 0.001). The average
EC of BWOM (M = 1.85) is significantly greater than that of
BOM (M = 1.16), which means there is a clear distinction
between the two groups. As the t-values are 71.917 and
45.021, respectively, and p = 0.05 for a two-tailed test, the
results are statistically significant, and thus the null hypothesis
is rejected.

Table 3. T-tests for Hypothesis 1

Measures - BOM) is 200.
The test value is set at 0.
A two-tailed test is used.

Group Mean EC | Std. Deviation Std. Error Mean t-value Df Sig.

BWOM 1.85 0.363 0.026 71.917 | 199 0.000

BOM 1.16 0.363 0.026 45021 | 199 0.000
Note

The sample size (N) for both groups (Buildings with Optimization Measures - BWOM and Buildings without Optimization

A significance level (alpha) of 0.05 is employed for assessing statistical significance.
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4.2. Buildings with Optimization Measures (BWOM) vs. Buildings without Optimization Measures (BOM)
Table 4. T-tests for Hypothesis 2

Mean Degrees of
Group Operational Staf?da!rd Standard t-value Freedom p-value
Deviation Error Mean
Costs (Df)
OP vs BWOM 4.1975 0.44735 0.03163 132.697 199 <0.001
OP vs BOM 1.5000 0.23511 0.01662 90.227 199 <0.001

Table 4 displays the outcomes of the one, sample t, test
conducted to compare operational costs (OP) between
Buildings with energy Optimization Measures (BWOM) and
Buildings without Optimization Measures (BOM). Both
comparisons demonstrated statistically significant differences
(p < 0.001). The large magnitude of t-values (132.697 and
90.227) points towards a very large difference between
groups; the presence or absence of energy optimization
measures explains a great difference in operational cost levels.
The results imply that the implementation of Energy
Optimization (EO) has a considerable impact on the
operational cost performance of commercial high-rise
buildings. Therefore, it can be concluded that optimization
strategies lead to significant cost variations in the Delhi/NCR
commercial building sector as per Hypothesis 2. These results
support Hypothesis 2, demonstrating that OPs' cost is
significantly influenced by the implementation of EO policies,
with exceedingly greater or smaller effects based on the
situation.

Table 5 displays the results from the multiple regression
analyses of both scenarios, one utilizing EO + EI and one
without EO and EIl. In terms of the models' R-squared
coefficients, the model with EO represented an average or
moderate level of explanatory power with a value of R-
squared equal to 0.322, meaning that EO measures likely
account for about 32.2% of the variance associated with EI.
The adjusted R-squared coefficient for AEOM levels, which
are due to all of the measures in the model, is equal to 0.308.
The f-intercept was significantly different at the p < 0.001
level, with a value of 0.345 and an average error of 0.049. This
suggests that there is a minimum level of EI even when EO
measures are not examined. The coefficient on the EO
implementation (X) is equal to 0.215, and even though
significance did exist at p < 0.001, an average error of 0.032.
This implies there is a direct positive relationship between EO
and environmental impact, coming to the conclusion that
EOM was considered to increase marginally positively
correlated to levels of environmental impact. The model's
overall fit is significantly evidenced by the F-value of 23.542
(p < .001). The model also fits the data well, indicating that
when organizations implement EO measures, they can
influence their environmental impact in a statistically
significant way. The results of this regression analysis support
Hypothesis 3 and support the idea of EO processes and
ecological impact being statistically significant and positively
related.

Table 5. Regression analysis for Hypothesis 3
Environmental Impact (EI)

Model R R- Adjusted
square | R-square
A model with and 0.567 0.322 0.308

without EO
Coefficients (Standardized)
Coefficient Std.

B) Error p-value

Constant 0.345 0.049 <0.001
Implementation of

EO (X) 0.215 0.032 <0.001

Model summary
F-Value: 23.542
Sig. F: <0.001

Table 6 presents the hypothesis 4 t-test results to estimate
the difference between ROI for buildings with EO measures
(With EOM) and ROI for buildings without EO measures
(Without EOM). For buildings, with EOM, the average ROI
is 15.25% for SD=3.12, and S. E means 0.31. For building
without EOM, the average ROI is 10.75%, for SD=2.89, and
S. SE means 0.29. The t-test results, test value = 0, t in subjects
=12.33, and df = 198; p < 0.001, indicate, on average, there is
a statistically significant difference. When the author took the
average difference of ROI between buildings with EOM and
buildings without EO, the average difference is 4.50 points,
with lower and upper points of 4.20 points and 4.80 points,
respectively, with 95% certainty in the variance. The t-test
indicated greater importance to show that the average
ROI=4.50 points was statistically significant. Buildings with
EO measures have statistically higher returns than buildings
without EO measures.

Table 6. T-Test results for Hypothesis 4

Mean
Group ROI (%) SD S.E
With EOM 15.25 3.12 0.31
Without
EOM 10.75 2.89 0.29

T-Test Results

Test Value = 0, t(df) = 12.33(198), p-value < 0.001, Mean
Difference = 4.50, 95% Confidence Interval of the
Difference: (Lower: 4.20, Upper: 4.80)
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4.3. Case Study
4.3.1. Urban Heat Island Intensification in Rapidly
Urbanizing Gurugram: A Longitudinal Remote Sensing-
Based Case Study

The dynamic changes in the urban heat island effects in
Gurugram have been studied by Sharma, Yogeswaran, and
Singh in 2025. In this study, the authors have used satellite-
derived Land Surface Temperature datasets to assess the
seasonal and diurnal variations in the urban heat island effects.
The authors have analyzed the urban heat island effects in
Gurugram and have concluded that Gurugram is the satellite
city in the National Capital Region of India that is
experiencing the highest urban heat island effects.

The authors have also concluded that the urban heat island
effects in Gurugram vary from year to year. The urban heat
island effects in Gurugram were highest in 2017. The urban
heat island effects at night were relatively stable. The urban
heat island effects have intensified due to the increase in
impervious surfaces. The urban heat island effects have also
intensified due to the reduction in vegetative cover.

The urban heat island effects have intensified due to the
increase in the population. The urban heat island effects have
intensified due to the reduction in water bodies. The increase
in tree canopy cover has been reported in Gurugram. The
increase in tree canopy cover has been offset by the increase
in construction [39].

4.3.2. Transit-Oriented Urban Transformation and Land Use
Dynamics: A Spatial Analysis of the Delhi Metro Corridor in
Delhi/NCR

A spatial assessment of transit-induced urban
transformation was also evaluated for its implications for
urban development and sustainability in the context of the
Delhi Metro. The Land Use and Land Cover (LULC) changes
were evaluated within specific buffer zones of the Metro
corridors through multi-temporal satellite imagery for 1997,
2006, 2011, and 2019.

The GIS-based classification indicated an increase in land
cover changes from open land and vegetated cover to built-up
areas within specific areas of the Metro corridors. The urban
transformation was an outcome of increased real estate
activities, rising property values, and increased commercial
development within those areas, which indicated the effects of
transit-oriented development.

The Metro corridors also helped in de-congesting traffic
from Delhi and reduced the use of private vehicles for
transportation. However, an increase in impervious cover also
led to environmental concerns such as reduced green cover.
The study highlighted the importance of integrating transit-
oriented development with climate-resilient design strategies
for urban development and sustainability in rapidly urbanizing
metropolitan areas [40].
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4.3.3. Impact of Tree Canopy Coverage and Courtyard
Geometry on Thermal Comfort and Heat Dynamics: A
Microclimatic Case Study at Guangzhou University

A microclimatic study was carried out at Guangzhou
University to examine the impact of Tree Canopy Coverage
(TCC) on human thermal comfort and heat transfer in the
courtyard under a hot-humid climatic condition. The study
focused on two buildings at the university campus, which are
used as academic buildings and have unique Height-To-Width
(H/W) ratios in the courtyard. The methodology adopted in
this study combined field measurements and numerical
simulations through the use of the ENVI-met model. The
influence of varying levels of tree canopy coverage was
analyzed to quantify the variation in Physiological Equivalent
Temperature (PET) and sensible heat flux. The findings
revealed that an increase in tree canopy coverage improved the
cooling potential significantly during peak daytime thermal
stress. The findings showed that the courtyards with higher
height-to-width ratios have a stronger ability to cool during
peak solar radiation. The difference in Physiological
Equivalent Temperature was found to be 0.6 °C during peak
solar radiation. However, if the overall daytime period is
considered, it was found that the courtyards with lower height-
to-width ratios have a stronger ability to reduce sensible heat
flux. The difference in sensible heat flux was found to be 0.25
x 10* J/m?,

5 Discussion

The confirmation of Hypothesis 1 by the study, that the
implementation of Energy Optimization (EO) measures
corresponds to the statistically significant reduction of energy
consumption in Delhi/NCR commercial high-rise buildings,
therefore fully confirms and extends the work of Budde et al.
(2025) [15]. Whereas Budde et al. (2025) [15] used methods
of parametric design to give proof for the potential of solar
photovoltaic utilization in high-rise residential buildings, this
study proves that these theoretical energy-saving techniques
are effective even in a commercial HRB context within the
premises of the densely populated Indian metropolis. At the
same time, large drops in energy use detected in this research
correspond to the results of Ezema et al. (2022) [16], who
determined that daylighting methods and envelope design
strategies have a great importance for energy efficiency in tall
office buildings. This study empirically validates these
strategies for Delhi/NCR, filling a gap crucial for regional
research since previous research by Budde et al. (2025 and
Ezema did not refer to specific climatic and urbanization
features peculiar to India.

Findings that validate Hypotheses 2 and 4 offer a
necessary economic component that was previously absent in
the literature. 1t was found that optimized buildings with EO
recorded a significant ROl of 15.25%, outperforming non-
optimized buildings with merely 10.75%. This particular point
provides great insight and further validates innovative
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research conducted by Xie et al. (2023) [22], exploring the
economically feasible implementation of EO in residential
units, yet excluding the commercial sector of HRB buildings
entirely. Contrary to evidence by Nur & Husin (2022) [23],
who proposed a U-shaped correlation between expenses and
savings, this research offers definitive proof that, despite that,
it is the long-run savings in operational costs (average mean
of 4.1975 in optimized buildings) that prove EO an essential
economic imperative rather than simply an improvement.

Regression analysis confirming Hypothesis 3 indicated a
positive relationship between EO implementation and
reductions in negative environmental impacts, such as carbon
emissions. This was expected from global findings, seeing that
most commercial buildings are high-energy-consuming and
carbon-emitting ones. A wide number of researchers focused
on the implications of embodied and operational carbon by
Pan et al. (2022) [29] and Cuce (2024) [30], for example, but
mostly not regarding integrated economic feasibility. This
research thus directly meets the appeals made by earlier
studies for comprehensive sustainability evaluation. By
developing a framework that encompasses energy use,
economic viability, and environmental impact, this study
overcomes the "fragmented” nature of previous studies as
identified in the literature review.

This study offers a crucial regional view for the
Delhi/NCR region of significance, as reported by Blum et al.
(2022) [37], where policymakers did not have the regionalized
information necessary for making evidence-backed regional
policies. This study offers sector-wise evidence on the
commercial High-Rise Building (HRB) industry with concrete
observations different from previous ones, like Gondwal &
Mandal (2023) [7], where observations were on residential or
industrial buildings with no use for the energy consumption
patterns of commercial HRBs. This study offers empirical
evidence not just on the observations of Budde et al. (2025)
[15] on how energy optimization is possible based on
simulations alone by collecting observations from 200
representatives from the industry of different domains like
engineers, architects, or facility managers directly on how
energy optimization is not just a technological advancement
opportunity but an economic as well as environmentally
sustainable one for the growing landscape of the Indian region
One of the main reasons for the team's excellent results in the
study is their integrated, multi-dimensional evaluation
framework that allows harmonizing technical, economic, and
environmental aspects in a real-world commercial high-rise
setting, thus going beyond simulation-based or single-
parameter optimization approaches commonly reported in the
literature. Most of the latest articles focus on one area only,
such as energy modeling, envelope, or HVAC optimization,
but this paper makes a breakthrough by using empirical
stakeholder data, comparative group testing, and regression
modeling simultaneously, thus reflecting real conditions and
the impact of implementation. This comprehensive approach
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thus improves the explanatory capacity, decreases bias from
the context, and aligns energy performance with real cost
savings and return on investment, thereby collectively
explaining the statistically significant improvements achieved
over techniques previously reported in the literature.

5.1. Implication of the Study

The findings of this study have significance for relevant
stakeholders within the commercial High-Rise Building
(HRB) industry, for local and regional policy makers, and for
sustainability advocates. For building owners and facility
managers, the findings suggest that environmental
opportunities (EOs) such as renewable energy, energy-
efficient HVAC and lighting systems, not only have positive
impacts on the environment but also on the bottom line. The
identified reductions in energy use and operating costs
matched with acceptable investment to return (ROI) ratios for
businesses made a sound business case for building owners
and facilities managers to factor EO opportunities as part of
current and future commercial HRBs. For urban planners and
policy makers, this research provides a regional perspective
that can be utilized for developing energy performance
policies, energy conservation systems, green building
standards, and incentive programs. From the findings in this
study, planners and policymakers might be able to see how
EOs can holistically align with national sustainability metrics
and eventually aid India's current energy independence and
climate adaptation goals. Academically and about research,
this study fills a gap in the literature by creating an integration
of the technical, economic, and social aspects of EO into one
framework that provides a formative assessment for outlining
future empirical research in emerging markets. In summary,
the study supports sustainable urban development, proving
that EO measures are not an option, but are important in
creating resilient, economically viable, and environmentally
conscious high-rise construction.

5.2. Future Scope

This research provides a robust assessment of energy
optimization (EO) by transitioning from theoretical
simulations to context-specific empirical data within the
Delhi/NCR region. While prior state-of-the-art studies utilized
parametric designs primarily to simulate solar potential in
residential settings, this work demonstrates the efficacy of
these methods within the commercial high-rise building
(HRB) sector of a dense Indian metropolis. Additionally, the
study refines existing economic models by providing evidence
that long-term operational savings (Mean = 4.1975) create a
linear economic imperative, contradicting earlier suggestions
of a U-shaped relationship between initial costs and savings.
By integrating perspectives from 200 diverse industry
professionals, including engineers and facility managers, the
research overcomes the fragmented nature of previous
literature that neglected the synergy between technical,
economic, and social factors. Ultimately, these findings fill a
critical regional gap, providing policymakers with the
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evidence-based data necessary to establish energy
optimization as an essential economic and environmental
requirement for India’s growing urban landscape.

6. Conclusion and Limitations

In conclusion, this investigation revealed that the
implementation of the integrated strategies for Energy
Optimization in commercial High-Rise Buildings in the
Delhi/NCR region resulted in statistically significant
performance improvements in commercial buildings.
Optimized buildings registered a substantial reduction in
Energy Use Intensity, operational expenditure, and carbon
footprint compared to their non-optimized counterparts. The
empirical investigation revealed that the cumulative benefits
arising from the implementation of a combination of
strategies, including high-efficiency HVAC systems, reduced
Lighting Power Density, high-performance windows, smart
Building Management Systems, and distributed generation,
far surpassed the benefits arising from the implementation of
isolated strategies. Regression results revealed a positive and
statistically ~ significant  relationship  between  the
implementation of Energy Optimization strategies and Return

References

on Investment, reflecting a favorable performance in
commercial buildings under prevailing electricity tariffs.
From a policy standpoint, the investigation reveals the need
for a stronger emphasis on enforcing performance standards
under the Bureau of Energy Efficiency Energy Conservation
Building Code, in addition to incentive-based compliance
with performance criteria under the green building
certification programs operated by the Indian Green Building
Council and the U.S. Green Building Council.

From a technological standpoint, the investigation reveals
a pathway for the development of intelligent commercial
buildings with adaptive responses to changing external
climatic conditions. Smart adaptive building envelopes
reduced part-load inefficiencies and enhanced the
performance of chillers in commercial buildings through
enhanced Coefficient of Performance. Optimized building
envelopes reduced solar heat gains under composite climatic
conditions, while distributed generation stabilized peak
demand exposure and mitigated carbon footprint in
commercial buildings in rapidly urbanizing metropolitan
cities.

[1] Hassan Bazazzadeh et al., “Al-Aided Surrogate Model for Prediction of HVAC Optimization Strategies in Future Conditions in the Face
of Climate Change,” Energy Reports, vol. 13, pp.1834-1845, 2025. [CrossRef] [Google Scholar] [Publisher Link]

(2]
(3]
(4]

(5]

(6]
(7]

(8]
(9]

Wenyi Cai et al., “Energy Consumption of Plant Factory with Artificial Light: Challenges and Opportunities,” Renewable and Sustainable
Energy Reviews, vol. 210, pp. 1-24, 2025. [CrossRef] [Google Scholar] [Publisher Link]

Caroline Hachem-Vermette, and Kuljeet Singh, “Optimization of Energy Resources in Various Building Cluster Archetypes,” Renewable
and Sustainable Energy Reviews, vol. 157, 2022. [CrossRef] [Google Scholar] [Publisher Link]

Alireza Moghayedi, Dylan Hiibner, and Kathy Michell, “Achieving Sustainability in South African Commercial Properties: The Impact
of Innovative Technologies on Energy Consumption,” Facilities, vol. 41, no. 5-6, pp. 321-336, 2023. [CrossRef] [Google Scholar]
[Publisher Link]

Majd Moujahed et al., “Comparative Energy Performance Evaluation and Uncertainty Analysis of Two Building Archetype Development
Methodologies: A Case Study of High-Rise Residential Buildings in Qatar,” Energy and Buildings, vol. 276, 2022. [CrossRef] [Google
Scholar] [Publisher Link]

Mitthu Dhali et al., “Active Faults Studies in Delhi and National Capital Region (NCR): Inferences from Satellite Data and Field
Investigations,” Frontiers in Earth Science, vol. 11, pp. 1-16, 2023. [CrossRef] [Google Scholar] [Publisher Link]

Tarang Kumar Gondwal, and Papiya Mandal, “Characterization of Organic Contaminants Associated with Road Dust of Delhi NCR,
India,” Environmental Science and Pollution Research, vol. 30, no. 18, pp. 51906-51919, 2023. [CrossRef] [Google Scholar] [Publisher
Link]

Junke Wang, Choon Yik Tang, and Li Song, “Analysis of Precooling Optimization for Residential Buildings,” Applied Energy, vol. 323,
pp. 1-29, 2022. [CrossRef] [Google Scholar] [Publisher Link]

Nihat Cankaya, “Deriving Power Consumption Models from Energy Bills for Optimal Sizing of Hybrid Power in Commercial Buildings,”
IEEE Access, vol. 12, pp. 115042-115054, 2024. [CrossRef] [Google Scholar] [Publisher Link]

[10] Mohammadreza Gholami, S.M. Muyeen, and Shunfu Lin, “Optimizing Microgrid Efficiency: Coordinating Commercial and Residential

Demand Patterns with Shared Battery Energy Storage,” Journal of Energy Storage, vol. 88, pp. 1-14, 2024. [CrossRef] [Google Scholar]
[Publisher Link]

[11] Rasuli Mohammad Azim, and Shuichi Torii, “Impact of Insulation on Energy Consumption and CO2 Emissions in High-Rise Commercial

Buildings at Various Climate Zones,” Open Engineering, vol. 14, no. 1, 2024. [CrossRef] [Google Scholar] [Publisher Link]

[12] Nwe Ni Myint, and Muhammad Shafique, “Embodied Carbon Emissions of Buildings: Taking a Step Towards Net Zero Buildings,” Case

Studies in Construction Materials, vol. 20, pp. 1-20, 2024. [CrossRef] [Google Scholar] [Publisher Link]

124


https://doi.org/10.1016/j.egyr.2025.01.033
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=AI-Aided+Surrogate+Model+for+Prediction+of+HVAC+Optimization+Strategies+in+Future+Conditions+in+the+Face+of+Climate+Change&btnG=
https://www.sciencedirect.com/science/article/pii/S2352484725000320?via%3Dihub
https://doi.org/10.1016/j.rser.2024.115235
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Energy+Consumption+of+Plant+Factory+with+Artificial+Light%3A+Challenges+and+Opportunities&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S1364032124009614?via%3Dihub
https://doi.org/10.1016/j.rser.2021.112050
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Optimization+of+Energy+Resources+in+Various+Building+Cluster+Archetypes&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S1364032121013125?via%3Dihub
https://doi.org/10.1108/F-06-2022-0089
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Achieving+Sustainability+in+South+African+Commercial+Properties%3A+The+Impact+of+Innovative+Technologies+on+Energy+Consumption&btnG=
https://www.emerald.com/f/article/41/5-6/321/207307/Achieving-sustainability-in-South-African
https://doi.org/10.1016/j.enbuild.2022.112535
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Comparative+Energy+Performance+Evaluation+and+Uncertainty+Analysis+of+Two+Building+Archetype+Development+Methodologies%3A+A+Case+Study+of+High-Rise+Residential+Buildings+in+Qatar&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Comparative+Energy+Performance+Evaluation+and+Uncertainty+Analysis+of+Two+Building+Archetype+Development+Methodologies%3A+A+Case+Study+of+High-Rise+Residential+Buildings+in+Qatar&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S037877882200706X?via%3Dihub
https://doi.org/10.3389/feart.2023.1092927
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Active+Faults+Studies+in+Delhi+and+National+Capital+Region+%28NCR%29%3A+Inferences+from+Satellite+Data+and+Field+Investigations&btnG=
https://www.frontiersin.org/journals/earth-science/articles/10.3389/feart.2023.1092927/full
https://doi.org/10.1007/s11356-023-25762-7
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Characterization+of+Organic+Contaminants+Associated+with+Road+Dust+of+Delhi+NCR%2C+India&btnG=
https://link.springer.com/article/10.1007/s11356-023-25762-7
https://link.springer.com/article/10.1007/s11356-023-25762-7
https://doi.org/10.1016/j.apenergy.2022.119574
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Analysis+of+precooling+optimization+for+residential+buildings&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0306261922008844?via%3Dihub
https://doi.org/10.1109/ACCESS.2024.3444710
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Deriving+Power+Consumption+Models+from+Energy+Bills+for+Optimal+Sizing+of+Hybrid+Power+in+Commercial+Buildings&btnG=
https://ieeexplore.ieee.org/document/10637379
https://doi.org/10.1016/j.est.2024.111485
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Optimizing+Microgrid+Efficiency%3A+Coordinating+Commercial+and+Residential+Demand+Patterns+with+Shared+Battery+Energy+Storage&btnG=
https://www.sciencedirect.com/science/article/pii/S2352152X24010703?via%3Dihub
https://doi.org/10.1515/eng-2024-0029
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Impact+of+Insulation+on+Energy+Consumption+and+CO2+Emissions+in+High-Rise+Commercial+Buildings+at+Various+Climate+Zones&btnG=
https://www.degruyterbrill.com/document/doi/10.1515/eng-2024-0029/html
https://doi.org/10.1016/j.cscm.2024.e03024
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Embodied+Carbon+Emissions+of+Buildings%3A+Taking+a+Step+Towards+Net+Zero+Buildings&btnG=
https://www.sciencedirect.com/science/article/pii/S221450952400175X?via%3Dihub

Chirag Varshney & Kranti Kumar Maurya / 1JCE, 13(4), 114-126, 2026

[13] Mohammadreza Gholami et al., “Optimizing Transparent Photovoltaic Integration with Battery Energy Storage Systems in Greenhouse:
A Daily Light Integral-Constrained Economic Analysis Considering BESS Degradation,” Renewable Energy Focus, vol. 53, pp. 1-15,
2025. [CrossRef] [Google Scholar] [Publisher Link]

[14] Mohit Bhangalia, and Himmi Gupta, “Analytical Investigation for Optimization of Diagrid Structural System for Sustainable Structural
Performance of High-Rise Buildings,” International Journal for Research in Applied Science and Engineering Technology (IJRA), vol.
11, no. 6, pp. 3560-3565, 2023. [CrossRef] [Google Scholar] [Publisher Link]

[15] Sandeep Budde, Prabhjot Singh Chani, and Sandeep Agrawal, “Sensitizing Performance of Air Purifiers for the High-Rise Commercial
Buildings in Urban Core,” Frontiers in Sustainable Cities, vol. 6, pp. 1-10, 2024. [CrossRef] [Google Scholar] [Publisher Link]

[16] I.C. Ezema, and S.A. Maha, “Energy Efficiency in High-Rise Office Buildings: An Appraisal of its Adoption in Lagos, Nigeria,” IOP
Conference Series: Earth and Environmental Science, vol. 1054, no. 1, pp. 1-11, 2022. [CrossRef] [Google Scholar] [Publisher Link]

[17] Irbaz Hasan, Syed Shujaa Safdar Gardez, and Usman Hussain, “BIM-based Energy Optimization-Case study of High-Rise Building in
Pakistan,” Journal of Sustainability Perspectives, vol. 1, no. 1, pp. 62-67, 2021. [CrossRef] [Google Scholar] [Publisher Link]

[18] Juntae Jake Son, Byeongjoon Noh, and Hansaem Park, “Optimization of Building Material Selection for Energy Saving in Commercial
Buildings in Different Climatic Conditions,” Journal of Green Building, vol. 17, no. 3, pp. 89-106, 2022. [CrossRef] [Google Scholar]
[Publisher Link]

[19] Maithili Iyer et al., “Commercial Buildings Energy Data Framework for India: An Exploratory Study,” Energy Efficiency, vol. 14, no. 7,
2021. [CrossRef] [Google Scholar] [Publisher Link]

[20] Hasan Kalwry, and Cemil Atakara, “Exploring Energy-Efficient Design Strategies in High-Rise Building Fagades for Sustainable
Development and Energy Consumption,” Buildings, vol. 15, no. 7, pp. 1-19, 2025. [CrossRef] [Google Scholar] [Publisher Link]

[21] Xin Li, and Minna Sunikka-Blank, “Technology, High-Rise, and Modern Homes: How Vertical Life Accelerates Domestic Energy use in
Urban China,” Housing, Theory and Society, pp.1-23, 2025. [CrossRef] [Google Scholar] [Publisher Link]

[22] Xie Xie, Yang Ni, and Tianzi Zhang, “Machine-Learning-Enhanced Building Performance-Guided form Optimization of High-Rise Office
Buildings in China’s Hot Summer and Warm Winter Zone-A Case Study of Guangzhou,” Sustainability, vol. 17, no. 9, pp. 1-27, 2025.
[CrossRef] [Google Scholar] [Publisher Link]

[23] Muh Nur, and Albert Eddy Husin, “Success Factors for Lean Six Sigma Implementation and Time Cost Trade off in High Rise Office
Buildings to Improve Cost and Time Performance,” Budapest International Research and Critics Institute-Journal (BIRCI-Journal), vol.
5, no. 3, pp. 28296-28310, 2022. [Google Scholar]

[24] Hyunsoo Ahn et al., “Cost Assessment Model for Sustainable Health and Safety Management of High-Rise Residential Buildings in
Korea,” Journal of Asian Architecture and Building Engineering, vol. 21, no. 3, pp. 689-700, 2022. [CrossRef] [Google Scholar]
[Publisher Link]

[25] Nuno D. Cortigos, and Carlos C. Duarte, “COVID-19: The Impact in US High-Rise Office Buildings Energy Efficiency,” Energy and
Buildings, vol. 249, pp. 1-17, 2021. [CrossRef] [Google Scholar] [Publisher Link]

[26] Anirudha Barman et al., “Energy Payback Analysis of Building Integrated Photovoltaic of High-rise Buildings in Urban Areas,” 2022
International Conference on Energy and Power Engineering (ICEPE), Dhaka, Bangladesh, pp. 1-5, 2022. [CrossRef] [Google Scholar]
[Publisher Link]

[27] Simona Barbaro, and Grazia Napoli, “Energy Communities in Urban Areas: Comparison of Energy Strategy and Economic Feasibility in
Italy and Spain,” Land, vol. 12, no. 7, pp. 1-24, 2023. [CrossRef] [Google Scholar] [Publisher Link]

[28] N. Chinna Alluraiah, and P. Vijayapriya, “Optimization, Design, and Feasibility Analysis of a Grid-Integrated Hybrid AC/DC Microgrid
System for Rural Electrification,” IEEE Access, vol. 11, pp. 67013-67029, 2023. [CrossRef] [Google Scholar] [Publisher Link]

[29] Wei Pan et al., “A Holistic Framework for Determining the Trade-Off Between Embodied and Operational Carbon Emissions of High-
Rise Residential Buildings,” IOP Conference Series: Earth and Environmental Science, vol. 1101, no. 2, pp. 1-10, 2022. [CrossRef]
[Google Scholar] [Publisher Link]

[30] Pinar Mert Cuce, “Sustainable Insulation Technologies for Low-Carbon Buildings: From Past to Present,” Sustainability, vol. 17, no. 11,
pp. 1-50, 2025. [CrossRef] [Google Scholar] [Publisher Link]

[31] Seyed Tajeddin Mansouri, and Esmaiel Zarghami, “Investigating the Effect of the Physical Layout of the Architecture of High-Rise
Buildings, Residential Complexes, and Urban Heat Islands,” Energy and Built Environment, vol. 6, no. 1, pp. 1-17, 2025. [CrossRef]
[Google Scholar] [Publisher Link]

[32] Linh P.M. Nguyen et al., “Social Impacts of Living in High-Rise Apartment Buildings: The Effects of Buildings and Neighborhoods,”
Journal of Urban Affairs, vol. 47, no. 8, pp. 2894-2915, 2025. [CrossRef] [Google Scholar] [Publisher Link]

[33] Fabio Rinaldi et al., “Economic Feasibility Analysis and Optimization of Hybrid Renewable Energy Systems for Rural Electrification in
Peru,” Clean Technologies and Environmental Policy, vol. 23, no. 3, pp. 731-748, 2020. [CrossRef] [Google Scholar] [Publisher Link]

[34] Lin Chen et al., “Green Building Practices to Integrate Renewable Energy in the Construction Sector: A Review,” Environmental
Chemistry Letters, vol. 22, no. 2, pp. 751-784, 2023. [CrossRef] [Google Scholar] [Publisher Link]

125


https://doi.org/10.1016/j.ref.2025.100679
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Optimizing+Transparent+Photovoltaic+Integration+with+Battery+Energy+Storage+Systems+in+Greenhouse%3A+A+Daily+Light+Integral-Constrained+Economic+Analysis+Considering+BESS+Degradation&btnG=
https://www.sciencedirect.com/science/article/pii/S1755008425000018?via%3Dihub
https://doi.org/10.22214/ijraset.2023.54322
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Analytical+Investigation+for+Optimization+of+Diagrid+Structural+System+for+Sustainable+Structural+Performance+of+High-Rise+Buildings&btnG=
https://www.ijraset.com/research-paper/analytical-investigation-for-optimization-of-diagrid-structural-system
https://doi.org/10.3389/frsc.2024.1469803
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Sensitizing+Performance+of+Air+Purifiers+for+the+High-Rise+Commercial+Buildings+in+Urban+Core&btnG=
https://www.frontiersin.org/journals/sustainable-cities/articles/10.3389/frsc.2024.1469803/full
https://doi.org/10.1088/1755-1315/1054/1/012037
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Energy+efficiency+in+high-rise+office+buildings%3A+An+appraisal+of+its+adoption+in+Lagos%2C+Nigeria&btnG=
https://iopscience.iop.org/article/10.1088/1755-1315/1054/1/012037
https://doi.org/10.14710/jsp.2021.11208
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=BIM-based+Energy+Optimization-Case+study+of+High-Rise+Building+in+Pakistan&btnG=
https://ejournal2.undip.ac.id/index.php/jsp/article/view/11208
https://doi.org/10.3992/jgb.17.3.89
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Optimization+of+Building+Material+Selection+for+Energy+Saving+in+Commercial+Buildings+in+Different+Climatic+Conditions&btnG=
https://jgb.kglmeridian.com/view/journals/jgrb/17/3/article-p89.xml
https://doi.org/10.1007/s12053-021-09971-y
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Commercial+Buildings+Energy+Data+Framework+for+India%3A+An+Exploratory+Study&btnG=
https://link.springer.com/article/10.1007/s12053-021-09971-y
https://doi.org/10.3390/buildings15071062
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Exploring+Energy-Efficient+Design+Strategies+in+High-Rise+Building+Fa%C3%A7ades+for+Sustainable+Development+and+Energy+Consumption&btnG=
https://www.mdpi.com/2075-5309/15/7/1062
https://doi.org/10.1080/14036096.2025.2520799
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Technology%2C+High-Rise%2C+and+Modern+Homes%3A+How+Vertical+Life+Accelerates+Domestic+Energy+Use+in+Urban+China&btnG=
https://www.tandfonline.com/doi/full/10.1080/14036096.2025.2520799
https://doi.org/10.3390/su17094090
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Machine-Learning-Enhanced+Building+Performance-Guided+Form+Optimization+of+High-Rise+Office+Buildings+in+China%E2%80%99s+Hot+Summer+and+Warm+Winter+Zone%E2%80%94A+Case+Study+of+Guangzhou&btnG=
https://www.mdpi.com/2071-1050/17/9/4090
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Success+Factors+for+Lean+Six+Sigma+Implementation+and+Time+Cost+Trade+off+in+High+Rise+Office+Buildings+to+Improve+Cost+and+Time+Performance&btnG=
https://doi.org/10.1080/13467581.2021.1902334
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Cost+Assessment+Model+for+Sustainable+Health+and+Safety+Management+of+High-Rise+Residential+Buildings+in+Korea&btnG=
https://www.tandfonline.com/doi/full/10.1080/13467581.2021.1902334
https://doi.org/10.1016/j.enbuild.2021.111180
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=COVID-19%3A+The+impact+in+US+high-rise+office+buildings+energy+efficiency&btnG=
https://www.sciencedirect.com/science/article/pii/S0378778821004643?via%3Dihub
https://doi.org/10.1109/ICEPE56629.2022.10044909
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Energy+Payback+Analysis+of+Building+Integrated+Photovoltaic+of+High-rise+Buildings+in+Urban+Areas&btnG=
https://ieeexplore.ieee.org/document/10044909
https://doi.org/10.3390/land12071282
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Energy+communities+in+urban+areas%3A+Comparison+of+energy+strategy+and+economic+feasibility+in+Italy+and+Spain&btnG=
https://www.mdpi.com/2073-445X/12/7/1282
https://doi.org/10.1109/ACCESS.2023.3291010
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Optimization%2C+Design%2C+and+Feasibility+Analysis+of+a+Grid-Integrated+Hybrid+AC%2FDC+Microgrid+System+for+Rural+Electrification&btnG=
https://ieeexplore.ieee.org/document/10168892
https://doi.org/10.1088/1755-1315/1101/2/022014
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=A+Holistic+Framework+for+Determining+the+Trade-Off+Between+Embodied+and+Operational+Carbon+Emissions+of+High-Rise+Residential+Buildings&btnG=
https://iopscience.iop.org/article/10.1088/1755-1315/1101/2/022014
https://doi.org/10.3390/su17115176
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Sustainable+Insulation+Technologies+for+Low-Carbon+Buildings%3A+From+Past+to+Present&btnG=
https://www.mdpi.com/2071-1050/17/11/5176
https://doi.org/10.1016/j.enbenv.2023.07.004
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Investigating+the+Effect+of+the+Physical+Layout+of+the+Architecture+of+High-Rise+Buildings%2C+Residential+Complexes%2C+and+Urban+Heat+Islands&btnG=
https://www.sciencedirect.com/science/article/pii/S2666123323000648?via%3Dihub
https://doi.org/10.1080/07352166.2024.2311165
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Social+Impacts+of+Living+in+High-Rise+Apartment+Buildings%3A+The+Effects+of+Buildings+and+Neighborhoods&btnG=
https://www.tandfonline.com/doi/full/10.1080/07352166.2024.2311165
https://doi.org/10.1007/s10098-020-01906-y
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Economic+Feasibility+Analysis+and+Optimization+of+Hybrid+Renewable+Energy+Systems+for+Rural+Electrification+in+Peru&btnG=
https://link.springer.com/article/10.1007/s10098-020-01906-y
https://doi.org/10.1007/s10311-023-01675-2
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Green+Building+Practices+to+Integrate+Renewable+Energy+in+the+Construction+Sector%3A+A+Review&btnG=
https://link.springer.com/article/10.1007/s10311-023-01675-2

Chirag Varshney & Kranti Kumar Maurya / 1JCE, 13(4), 114-126, 2026

[35] Seyedeh Farzaneh Mousavi Motlagh et al., “The Road to Developing Economically Feasible Plans for Green, Comfortable and Energy
Efficient Buildings,” Energies, vol. 14, no. 3, pp. 1-30, 2021. [CrossRef] [Google Scholar] [Publisher Link]

[36] David Blum et al., “Field Demonstration and Implementation Analysis of Model Predictive Control in an Office HVAC System,” Applied
Energy, vol. 318, pp. 1-22, 2022. [CrossRef] [Google Scholar] [Publisher Link]

[37] Wen Chen, Minoru Fujii, and Lu Sun, “Feasibility Analysis of Energy System Optimization for a Typical Manufacturing Factory with
Environmental and Economic Assessments,” Journal of Cleaner Production, vol. 366, pp. 1-39, 2022. [CrossRef] [Google Scholar]
[Publisher Link]

[38] Pallavi Sharma, Nithiyanandam Yogeswaran, and Ramkishore Singh, “Longitudinal Study of Urban Heat Island Phenomena in Rapidly
Developing Cities: The Case of Gurugram,” Civil Engineering and Architecture, vol. 13, no. 4, pp. 2862-2875, 2025. [CrossRef] [Google
Scholar] [Publisher Link]

[39] Shehnaz Begam et al., “Urban Transformation Through Transit: The Case of Delhi Metro,” Discover Cities, vol. 1, no. 1, pp. 1-23, 2024.
[CrossRef] [Google Scholar] [Publisher Link]

[40] Chang Lin et al., “Examining the Effects of Tree Canopy Coverage on Human Thermal Comfort and Heat Dynamics in Courtyards: A
Case Study in Hot-Humid Regions,” Atmosphere, vol. 14, no. 9, pp. 1-16, 2023. [CrossRef] [Google Scholar] [Publisher Link]

126


https://doi.org/10.3390/en14030636
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=The+road+to+developing+economically+feasible+plans+for+green%2C+comfortable+and+energy+efficient+buildings&btnG=
https://www.mdpi.com/1996-1073/14/3/636
https://doi.org/10.1016/j.apenergy.2022.119104
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Field+Demonstration+and+Implementation+Analysis+of+Model+Predictive+Control+in+an+Office+HVAC+System&btnG=
https://www.sciencedirect.com/science/article/pii/S0306261922004895?via%3Dihub
https://doi.org/10.1016/j.jclepro.2022.132887
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Feasibility+Analysis+of+Energy+System+Optimization+for+a+Typical+Manufacturing+Factory+with+Environmental+and+Economic+Assessments&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0959652622024805?via%3Dihub
https://doi.org/10.13189/cea.2025.130405
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Longitudinal+Study+of+Urban+Heat+Island+Phenomena+in+Rapidly+Developing+Cities%3A+The+Case+of+Gurugram&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Longitudinal+Study+of+Urban+Heat+Island+Phenomena+in+Rapidly+Developing+Cities%3A+The+Case+of+Gurugram&btnG=
https://www.hrpub.org/journals/article_info.php?aid=15140
https://doi.org/10.1007/s44327-024-00035-1
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Urban+Transformation+Through+Transit%3A+The+Case+of+Delhi+Metro&btnG=
https://link.springer.com/article/10.1007/s44327-024-00035-1
https://doi.org/10.3390/atmos14091389
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Examining+the+Effects+of+Tree+Canopy+Coverage+on+Human+Thermal+Comfort+and+Heat+Dynamics+in+Courtyards%3A+A+Case+Study+in+Hot-Humid+Regions&btnG=
https://www.mdpi.com/2073-4433/14/9/1389

