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Abstract

The inexorable rise in population combined with economic prosperity is driving a fast and
unavoidable wave of urbanization, particularly noticeable in developing nations. Due to
higher population density and scarcity of available land, high-rise residential and commercial
buildings are now increasing in big cities. India too has seen a significant rise in high-rise
residential buildings as these cater to the increasing city population density. Building energy
efficiency has eventually emerged as a critical issue for such buildings. Energy consumption
in these high-rise buildings can vary significantly depending on factors such as location,
climate, overall design, construction materials, occupancy, the efficiency of electro-
mechanical systems used for building services, and several others. Space cooling for
occupants’ thermal comfort consumes a major share of energy for high-rise buildings in
tropical countries. A review of the scientific literature has revealed 158 country-initiated
policy measures to improve energy efficiency in the building sector. In India too, the Bureau
of Energy Efficiency (BEE), initiated Energy Conservation Building Codes (ECBC) in 2007
to enhance building energy efficiency in the country. ECBC, 2017 for commercial buildings
and Eco-Niwas Sambhita, 2018, (Part-I) and Eco-Niwas Samhita, 2021, (Part-II) for
residential buildings are the latest codes introduced in India.

Anticipating the enormous potential of energy savings in energy-intensive urban
residences, the present study attempts to assess the energy performance improvement
potential of typical high-rise residential apartment buildings using early design stage
strategies in the warm-humid climate of Kolkata. To determine the optimized solution, the
methodology followed is an integrated iterative process involving whole-building energy
simulation, parametric analysis, and statistical analysis. The uncertainty in the variables
influencing energy performance is probed into through sensitivity analyses. Monte Carlo
simulation is used to deal with the risks involved in different variables during techno-
economic analysis.

Studies have been carried out to assess the extent of possible improvement in the
energy performance of typical high-rise residential buildings of Kolkata through the
implementation of Eco-Niwas Samhita, 2018 (Part-1) and ECBC, 2017. The results
demonstrate the substantial savings potential in overall operational energy consumption (8-
26%) and even more in cooling energy consumption (11-36%) for high-rise residential
buildings by adhering to these standards. Statistical association of the energy performance
with different variables regarding building geometry and envelope material properties is also
investigated. Residential envelope transmittance value (RETV), roof thermal transmittance
value (U,oo), and visible light transmittance (VLT) amongst envelope material properties and
Roof area (4,00f), and Envelope area (Aenveiope) amongst building geometry parameters are
identified as the key influencing factors. The critical factors influencing energy performance
are identified through sensitivity analyses. It identifies that the thermal properties of the
envelope materials (in terms of RETV) and the efficiency of the HVAC systems (in terms of
EER) are going to play critical roles in cooling energy optimization.

The combined energy efficiency and environmental performance study compared the
operational and embodied energy performance and associated greenhouse gas (GHG)
emissions for typically practiced exterior wall assembly materials along with recent research
trends for sustainable alternatives. Autoclaved aerated concrete block (AACB) walls
demonstrated the highest energy efficiency and GHG emission reduction among alternatives,
with a 10% operational and 13% overall improvement in energy performance and a 10%
operational and 10% overall decrease in GHG emissions compared to existing typically
practiced burnt clay brick walls. Fly ash brick and AACB walls displayed moderate

VIII



enhancements in embodied energy performance compared to brick walls, indicating their
potential as viable alternatives with improved sustainability characteristics. Conversely,
dense concrete block walls and solid burnt clay brick walls exhibited the poorest performance
in terms of energy efficiency and GHG emission reduction.

The choice of external wall materials and its construction layer, paired with the
corresponding air conditioning system as active cooling integration, is optimized for the best
energy efficiency while minimizing cost for high-rise developments. This energy-cost
optimization study confirms that the combination of autoclaved aerated concrete block
(AACB) wall and 5-star split air conditioner emerges as the optimum, being 38% more
energy efficient and 24% more cost-effective than the typically practiced baseline option. The
required initial higher capital investment is well compensated for lower annual expenditure
for operational energy when fifteen years’ cash flow is considered.

Finally, the outcomes of this thesis have the potential to contribute to the possible
design strategies and show pathways for low-energy, low-carbon, and economically feasible
high-rise buildings. The final outcome also contributes to a deeper comprehension to align
design practices with regulatory codes from the outset and highlight the importance of
embodied energy for further code improvement.
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Organization of the Thesis

The present research work is aimed at studying the energy performance improvement
potential for high-rise residential buildings by applying different energy efficient design
strategies. The whole work is organized into seven chapters.

Chapter 1: Introduction

This chapter serves as a foundational exploration into the realm of building classification,
offering insights into the diverse landscape of building energy scenarios, the intricate
interplay of driving policies, and the ever-pressing issue of environmental impact. By
exploring into these key areas, readers are provided with a comprehensive understanding of
the multifaceted dynamics, shaping the built space today.

Chapter 2: Literature Survey

Within this chapter lies a thorough examination of the existing body of literature surrounding
methods aimed at enhancing the performance of building energy. Through meticulous review
and analysis, this section illuminates the various strategies, techniques, and innovations that
have been explored in the quest for more efficient and sustainable building energy practices.
Research gaps are identified through the review and study objectives are set.

Chapter 3: Methodology

In this pivotal chapter, the focus shifts towards the practical aspects of research methodology,
detailing the intricate processes involved in the collection and analysis of building data.
Furthermore, this section offers valuable insights into the creation of building models and the
meticulous execution of building energy simulations, laying the groundwork for the
subsequent phases of the study.

Chapter 4: Assessment of Building Energy Performance and Critical Influencing
Parameters

In this chapter a comprehensive assessment of building energy performance, with a focus on
the critical influencing parameters that shape outcomes is presented. Through rigorous
analysis and evaluation, this chapter sheds light on the impact assessment of significant
regulatory frameworks such as the Eco-Niwas Samhita and ECBC of India, offering valuable
insights into their efficacy in driving building operational energy performance.

Chapter 5: Impact of Variation in Exterior Wall Assemblies on Energy and
Environmental Performance

Dedicated to a careful examination of exterior wall assemblies, this chapter serves as a
platform for comparative analysis, exploring the intricate distinctions of energy and
environmental performance across diverse configurations. By accounting for embodied
energy and other pertinent factors, readers gain a deeper understanding of the complexities
involved in optimizing building envelope design for enhanced sustainability.

Chapter 6: Impact of Combined Variation in Air Conditioners and Exterior Wall
Assemblies on Energy and Economic Performance

This chapter represents a significant advancement in the study, delving into the combined
impact of air conditioner specifications and variations in wall material compositions on
overall energy consumption and economic viability. Through rigorous analysis and modeling,
readers may gain valuable insights into the intricate interplay between these two most
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important variables, paving the way for more informed decision-making in the design and
operation of high-rise residential buildings.

Chapter 7: Conclusion and Future Scope of Work

At the end of the thesis, this final chapter offers a reflective synthesis of key findings and
insights gathered throughout the study. Additionally, the possible future endeavours for
further development of knowledge in this area of study, identifying avenues for further
research and innovation in the ongoing quest for more sustainable and efficient building
energy practices are stated in this chapter.

At the end of the thesis in the ‘Reference’ section a list of reviewed literature and other
references used in the present research work is given.
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Chapter 1

Introduction

1.0 Introduction

Currently, the issue of energy efficiency is a topic of extensive global discourse, with several
researches being carried out (Doraj et al., 2021). Energy is crucial for the socio-economic
progress of the nations. Hence, energy policymakers attach great importance to managing and
optimizing energy usage as a means of ensuring energy security (Moreira et al., 2022). To
reach the 2050 goal of net zero emissions, energy efficiency is regarded as the first fuel in the
energy transition. The building industry exerts a significant influence on the environment, as
it is directly or indirectly responsible for 39% of the global release of greenhouse gases
(GHG) and 36% of global energy use (GlobalABC, 2020). In densely populated cities,
buildings can contribute up to 75% of carbon emissions and 60% of overall electricity usage
(United Nations, 2020). The residential sector consumes almost 30% of the planet's total
energy, making it responsible for around 36% of CO> emissions, which is the primary agent
causing climate change (Saleki & Bahramani, 2018). In the future, this percentage is
projected to rise due to the rapid increase in population and urbanization. As a result, cities
grow upwards due to the limited amount of land available to accommodate the growing
population (Lima et al., 2019). In addition, urban growth will lead to alterations in the energy
consumption pattern, with a particular focus on the increasing demand for residential
construction in emerging economies. Governments are especially concerned about this issue.
The provision of high-quality housing in urban regions has played a significant role in
meeting the housing needs of the large influx of people migrating to rapidly growing cities.
Moreover, as cities expand, energy consumption patterns will change, which is made worse
by unpredictable weather conditions. (Shen et al., 2019). This emphasizes the importance of
developing sustainable built space. Many studies conducted in the last few decades have
concentrated on developing method to improve building sustainability, energy efficiency, and
alternate energy source integration (Hong et al., 2019). By using early design strategies with
a special focus on building envelope materials and local climate data, building energy

performance can be enhanced. (Qian et al., 2019).



India is the world’s third-largest producer and consumer of electricity with an
installed capacity of 382 GW as of 31 March 2021. All India's per-capita electricity
consumption has increased from 631.4 kWh (2005-2006) to 1161 kWh (2020-21) (Central
Electricity Authority, 2022) as shown in Fig. 1.1. As a result, India has generated a total of
2279 million metric ton of CO: in 2021 which is 8% of world total emissions and third
highest after China and USA (IEA, 2023). India has submitted its revised Intended National
Determined Contribution (INDC) under the Paris Climate Agreement, pledging to cut its
carbon emissions by one billion tonnes by 2030 and to lower its GDP's emission intensity by
45% from the level of 2005 by that same year. The overall energy conservation potential in

India is about 23% (Chel and Kaushik, 2018).
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Therefore, improving the energy efficiency of all systems through cost-effective
means is always a mutually beneficial choice, particularly for systems that consume a
significant amount of energy. Given the rise in population and economic expansion, fast
urbanization is unavoidable, particularly in developing nations. Big cities are experiencing an
increase in high-rises, both residential and commercial, due to the combination of rising
population density and limited land availability. The importance of energy efficiency in high-
rise buildings has become increasingly significant. This study focuses on energy conservation
building codes, envelope materials, air conditioners, embodied energy of different facade
materials, and the energy efficiency ratio of air conditioners in the Indian context. It examines

their influence on the energy efficiency of high-rise residential buildings.



1.1 Building Sector in India

India, the world's fifth-largest economy with 1.41 billion people, is currently experiencing
rapid urbanization. Its housing demand has radically increased. India's household count was
estimated to be 272 million in 2017 and is expected to rise to 328 million in 2027 and 386
million in 2037 (MoEF&CC, 2019). The entire population living in urban cities is expected to
increase from approximately 470 million in 2019 to nearly 740 million by 2040, which means
46% urbanization (IEA, 2021b). This projected rise in urban population by 2040 would be the
equivalent of adding thirteen Mumbai-sized cities to India. With a known fact that urban
areas face congestion, necessitating more high-rise commercial and residential buildings.
With better living conditions, the per capita residential built-up area in cities is expected to
rise from 12.6 to 24.2 square meters. Due to high population density, increased trade
activities, commerce, and urbanization, metro regions in India are experiencing a significant
increase in housing costs. The scarcity and high cost of property and land have led to the need
for vertical growth through towering buildings as a solution to accommodate more people,
rather than expanding horizontally. The continual migration to metropolitans, limited space,
and high population density in cities like Mumbai, Delhi, and Kolkata have led to congestion
influx, making high-rise structures a vital requirement in today's society. Mumbai boasts the
most high-rise buildings in India, with about 220 skyscrapers and 12,500 built high-rise
structures (Nandgaonkar, 2023). Additionally, it is recognized for having the seventh most
quantity of skyscrapers globally, as well as the greatest number of skyscrapers now being
built. In India, structures that exceed a height of 75 feet or consist of more than 7-10 storeys
are referred to as high-rises. Over the last ten years, several major cities in India have become
centers for the construction of tall structures, with Mumbai taking the lead, followed by
Hyderabad and Kolkata (Studio, 2021). The majority of these towering structures are used for
residential purposes. India is the second most populous country globally, and this applies to
all of its cities as well. To address the challenges posed by the nation's growing population
and the scarcity and high cost of land, the most viable approach is to adopt vertical design
and construction methods (Studio, 2021). Two-thirds of India's future residential housing
units remain unbuilt, offering an opportunity to opt for energy-efficient design strategies,

impacting operational energy consumption and CO> emissions for the next 60 to 80 years.



1.2 Building Classification

As per the National Building Code (NBC 2016), buildings in India are grouped into various
categories residential, educational, institutional, assembly, business, mercantile, industrial,
storage, and hazardous. The Energy Conservation Building Code (ECBC) 2017 (BEE, 2017)
as applicable for commercial buildings also provides the classification of buildings based on
their functional requirements. Based on this code these buildings can be named as hospitality,
healthcare, assembly, business, educational, and shopping complex. Residential buildings can
be further classified as lodging and rooming houses, one or two-family private dwellings,
dormitories, multifamily apartment houses, and hotels where 50% of the floor space is used
for dwelling. As per Eco-Niwas Sambhita (ENS), Part-1 (BEE, 2018), a residential building is
any structure that offers sleeping quarters for standard residential use, whether or not it has a
kitchen, dining area, or both. ENS, Part-II (BEE, 2021) further categorizes the building as
low-rise, high-rise, affordable housing, and mixed-mode building. A low-rise building is four
stories or less or is as tall as 15 meters without stilts and as tall as 17.5 meters with stilts. A
high-rise building is defined as one that is four stories or higher, or as one that is 15 meters or

higher without stilts and 17.5 meters or higher with stilts.

1.3 The Building Energy Scenario in India and Initiatives to Increase Energy

Efficiency

India’s increased building energy consumption will likely surge from 1.9 EJ in 2005 to
around 8.12 EJ in 2030, a substantial 450% increase (GBPN, 2012). The residential building
sector, which is 79.95% of the total housing stock, is the second highest energy-consuming
sector after the industrial sector in India. Globally, 10% of world-delivered energy is
consumed in residential buildings and the figure is increasing at a rate of 1.5% per year
(Chandel et al. 2016). The residential building sector consumes substantial energy in modern
urban cities of India both due to improved living standards and increasing population. Out of
the total electricity consumed in the building sector, around 75% is used in residential
buildings. From 55 TWh in 1996-97 to 260 TWh in 2016-17, the gross annual electricity
consumption in residential buildings has been rising sharply by more than four times in a
span of twenty years and future projections show that it will reach anywhere between 630-

1100 TWh by 2032 (Central Electricity Authority 2017; NITI Ayyog).



The Indian government has implemented measures to enhance building energy
efficiency. The Energy Conservation Act, implemented in 2001, resulted in the creation of
the Bureau of Energy Efficiency (BEE) and the formulation of the Energy Conservation
Building Code (ECBC). The ECBC, introduced in 2007 (BEE, 2007), holds the distinction of
being India's inaugural building energy code. This regulation applies to newly constructed
commercial structures that have a connected load exceeding 100 kWh or a contractual
demand exceeding 120 kVA.

The ECBC offers three techniques for buildings to achieve compliance: prescription,
basic trade-off, and whole-building performance. The basic trade-off method permits trade-
offs between various elements of the building envelope, whereas the whole building
performance approach provides flexibility throughout the entirety of the construction system,
provided that the total energy performance is at least equal to or superior to that of ECBC
compliance requirements. ECBC compliance is currently mandatory for all major national
public buildings.

Aside from ECBC, there exist voluntary initiatives aimed at promoting the
construction of energy-efficient and environmentally friendly buildings, including the Green
Rating for Integrated Habitat Assessment (GRIHA), Indian Green Building Council (IGBC)
rating system, Leadership in Energy and Environmental Design (LEED), BEE Star Rating
and GEM sustainability (Green) Certification Rating. GRIHA, a construction rating scheme,
is extensively adopted in India. This applies to newly constructed structures that have a total
floor area exceeding 2,500 m? The eligible structures encompass offices, retail
establishments, institutional edifices, hotels, medical centers, and multi-family skyscrapers.
The rating system encompasses 34 elements that evaluate site strategy, the use of resources
and conservation, building functioning, and innovative designs. GRIHA assesses the
effectiveness of a building over its entire lifespan using energy and ecological concepts that
are approved nationwide. Its objective is to reduce the environmental effect of buildings and
encourage the development of sustainable construction. (GRIHA India, 2016a). The GRIHA
Council, established by the Energy and Resources Academy with the backing of the Indian
Ministry of New and Renewable Energy, executes the initiative (GRIHA India, 2016b).
According to GRIHA, there are now 700 projects enrolled with the GRIHA system. To
advance sustainable building methods in India, the Confederation of Indian Industry (CII)
includes the Indian Green Building Council (IGBC). IGBC was founded in 2001 and works
on creating green building rating systems, offering training, and promoting environmentally

friendly building design. The Leadership in Energy and Environmental Design (LEED) India
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rating system, which is derived from the LEED rating system of the U.S. Green Building
Council, is one of the most well-liked certification programs provided by IGBC. While the
IGBC has been promoting the LEED India Rating since 2001, projects in India that want to
receive a LEED rating can now register with the GBCI as of July 2014. Incentives for green
projects certified by the Indian Green Building Council (IGBC) are provided by the central
and state governments in twelve Indian states. At present, there are more than 3,480
operational building projects with an IGBC rating. The LEED accreditation assesses a
construction's sustainability, water conservation, energy usage, resource management, interior
environmental quality, and creativity. This evaluation takes into account the building's whole
lifecycle, from design and construction to its upkeep and operation. LEED accreditation
applies to several building types, including residential residences and commercial office
structures. India has experienced a significant surge in the number of LEED-accredited
structures in recent years. India was rated third on the compilation of nations with LEED
building certification in 2023. The BEE Star Rating is a voluntary initiative designed to
evaluate and classify the energy efficiency of pre-existing commercial structures. The
constructions are evaluated using a 1 to 5-star rating system, which is determined by their
operational energy use. This refers to the amount of energy consumed per floor-space unit
annually. A 5-star rating indicates the highest level of energy efficiency for a structure.
Presently, the BEE Star Rating scheme has assessed around 155 buildings (BEE, 2016). To
encourage the design and construction of environmentally friendly buildings, ASSOCHAM
has introduced the GEM Sustainability Certification Rating Programme. It incorporates
recommendations from BEE ECBC 2017 and NBC 2016. Numerous urban developments,
including hotels, restaurants, shops, institutions, and industries, are given Sustainability
Certification Ratings by the program. Buildings that are new or old can both take part. Based
on thirty sustainable development principles, the rating system employs a point scale with a
range of 0 to 135 points. Based on the completion of requirements and the scores obtained,
projects will be rated at one of five levels, from GEM 1. Green building initiatives and the
Energy Conservation Building Code (ECBC) are two ways to improve building energy

efficiency, but they work in different ways.

14 Major Drivers of Energy Consumption in Residential Buildings

Buildings contribute significantly to global energy use and the resulting emissions of CO,.

Key drivers, like population and income, can be analyzed to determine the primary factors
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influencing energy consumption. However, locating and obtaining other more precise
indicators is challenging and less dependable, as they are challenging to quantify, particularly
in developing nations (Urge-Vorsatz et al., 2015). Some instances include urbanization, floor
space, building numbers, occupant counts, equipment inventory, fuel costs, climatic
indicators, and cultural and human behavioral factors. The primary factors often taken into
account are population, affluence, efficiency, floor space, and climate (Gonzalez-Torres et al.,

2022).

1.4.1 Climate Zones of India

There are five primary climate groups identified by the Koppen Geiger classification (Kottek
et al., 2006): tropical, dry, temperate, continental, and polar. India is classified as having a
tropical climate. Bansal and Minke (1988) conducted comprehensive research in India and
identified six distinct climate zones: hot and arid, warm and humid, mild, cold and overcast,
cold and sunny, and mixed. The categorization criteria are outlined in Table 1.1. A location is
classified into one of the initial five climatic zones if the specified conditions persist there for
a duration exceeding six months. If none of the specified categories can be determined over

six months or more, the climatic zone is designated as composite.

Table 1.1: Climate Zone Criteria

Climate Zones Mean Monthly Relative Precipitation Number of Clear
Temperature (C) Humidity (%) (mm) Days
Hot & Dry >30 <55 <5 >20
Warm & Humid >30 >55 >5 <20
Moderate 25-30 <75 <5 >20
Cold & Cloudy <25 >55 >5 <20
Cold & Sunny <25 <55 <5 >20
Composite When six months or more do not fall within any of the above categories

[Source: Bansal & Minke, 1988]

India has been categorized into five primary climatic zones, as per the National
Building Codes, 2005 (NBC, 2005). This alteration in classification is similar to the previous
one, with the exception that the cold and overcast, and cold and sunny climates have now
been categorized as cold climates. The term ‘moderate climate’ has been officially designated

as ‘temperate climate’ (BIS, 2005). Figure 1.2 illustrates the distinct Indian climate zones.
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In the Hot and dry climate, the diurnal temperature variations are high due to low
relative humidity levels. Warm and humid climates are characterized by the presence of high
relative humidity in the air with smaller diurnal temperature variations. Temperate or
moderate climates are characterized by seasonal variations in heating and cooling demands
that are not extreme. In cold climate conditions mean monthly temperature goes less than
25°C. In general, the composite climate is characterized by severe summers and winters as
well as a unique monsoon season that brings with it a significant amount of rainfall.

Nevertheless, the NBC climatic zone classification solely considers outdoor
circumstances and does not take into account factors such as inside temperature and RH,
which are crucial for assessing building and occupant comfort. Globally, Cooling Degree Day
(CDD) along with Heating Degree Day (HDD) have traditionally served as widely accepted
measures of the cooling and heating demands resulting from outside temperature fluctuations.
Based on the metrics of CCD, HDD, and yearly mean relative humidity, India has been

classified into eight climate zones. (Bhatnagar et al., 2019).



1.4.2 Thermal Comfort and Cooling Demand

In tropical regions like India, it is crucial to take out heat from built space to ensure occupant
thermal comfort. HVAC system play significant role in achieving occupant thermal comfort,
but they consume a large amount of energy (Che et al., 2019). On the other hand, in such
tropical temperatures, housing segments need to decrease their energy use to lower electricity
demands (Kwong et al., 2014). This can lead to complications in balancing the need for
thermal comfort as well as building energy efficiency, especially in a building that strives to
minimize cooling energy consumption through various green initiatives. Thermal comfort has
a direct impact on a building energy consumption because any discomfort felt by the
occupants causes the cooling load to change. Correct climate characterization and the current
definition of comfort boundary constraints are essential for building designers when
designing and constructing projects (Belkhouane et al., 2017). The regulation of climatic
conditions is a significant determinant of human existence, welfare, and physical well-being.
The primary objective of building early-stage design is to optimize the utilization of
favourable climate conditions at each project site by employing passive and bio-climatic
design techniques. This approach aims to attain thermal comfort while minimizing reliance
on active systems (Attia et al., 2019). Typically, it is impossible to achieve summer-time as
well as winter-time comfort in buildings just by using passive and bio-climatic designing
strategies. Hence, mechanical engineers employ active elements, like cooling and heating
mechanisms and ventilation systems, to address the periods of cooling or heating needs. India
is predicted to have approximately 1 billion air conditioners (or 1,144 million units) by 2050,
up from about 36 million in 2018. (IEA, 2021). The India Cooling Action Plan (ICAP)
estimates an 11-fold increase in cooling demand due to the growing built space of the
building sector compared to baseline 2017-18 and hence targets a reduction of cooling

demand across sectors by 20-25% by 2037-38 (MoEF&CC, 2019).

1.5  Driving Policies for Residential Building Energy Efficiency

The exponential increase in global energy consumption has already sparked fears over issues
of availability, the loss of energy resources, and significant environmental consequences such
as the loss of the ozone layer, global warming, and a changing climate. The proportion of
energy use attributed to buildings, including residential as well as business sectors, has

consistently risen on a global scale. The coming years will see a continued increase in energy
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demand due to factors such as growing populations, higher expectations for building services,
improved comfort levels, and the tendency to spend more time indoors. Improving building
energy efficiency has become a primary emphasis in energy policies at global, national, and
local levels. It can be noted that 158 out of 196 countries mention buildings in their NDCs,
according to the GlobalABC 2022 Global Status Report (GSR) (UNEP, 2022). Given that
over 50% of India's total floor area remains undeveloped, implementing rules that specifically
focus on enhancing energy efficiency in new constructions will have a significant and far-
reaching effect. The National Mission for Enhanced Energy Efficiency was implemented by
the government in 2009 as a component of the National Action Plan on Climate Change. The
Mission initiated nationwide initiatives to enhance energy efficiency in many sectors and
underscored the importance of building energy effectiveness and related legislation such as
the ECBC. The ECBC establishes the minimal energy efficiency standards for new, sizable
commercial structures. To attain the desired energy conservation, it is crucial to efficiently
execute the ECBC (Yu et al., 2017).

Energy Conservation Building Code, also known as Eco-Niwas Samhita (ENS) Part |
(Building Envelope), was introduced by the Bureau of Energy Efficiency in December 2018
in recognition of the significance of energy efficiency in residential buildings (BEE, 2018).

ENS Part-II was subsequently introduced in 2021, with a focus on electro-mechanical
and renewable energy systems (BEE, 2021). Part I of the ENS has been prepared to establish
minimum building envelope performance standards that will ensure proper natural ventilation
and daylighting, while also limiting heat gains and losses in hot and cold climates. All
residential buildings constructed on plots larger than or equal to 500 m? are covered by this.
The ENS Part II code covers aspects of building service such as energy efficiency in electro-
mechanical equipment for building operation, active thermal comfort requirements, and
renewable energy generation. The BEE has developed an energy efficiency label for
residential buildings to provide a benchmark to compare one house over the other on the
energy efficiency standards. It is expected that 5-star rated homes will be 40% more energy

efficient compared to 1-star rated homes.

1.6  Building Energy Environmental Impact

The building industry plays a crucial role in the energy system and is responsible for over
30% (with regional variations ranging from 21%-56%) of the world's final energy use (Li et

al., 2019). The substantial consumption of building energy has posed significant problems to
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sustainable development, including the disruption of dependable energy supply, the
escalation of GHG emissions, and the exacerbation of pollutants in the air (Varbanov et al.,
2018). Hu (2023) carried out a detailed analysis of residential buildings in the United States
by accounting for their associated embodied carbon emissions. Their finding highlighted the
embodied carbon intensity of multifamily housing buildings, with an average of 144
kgCO2eq/m?*/yr. According to Shadram et al. (2016), embodied energy may make up as much
as 60% of the total energy consumed by a building. According to Herztwich et al. (2020), the
international resource panel has pointed out the potential for reducing greenhouse gas
emissions from efficient material centric strategies applied throughout the building stock with
a careful design approach. The urban heat island (UHI) generally refers to the phenomenon of
local heating in city regions, where over 50% of the global population resides. The warming
caused by this UHI is in addition to the climate change-induced warming and is responsible
for relatively higher temperatures in urban areas. Studies have shown that UHI can result in
higher building cooling energy consumption, having an overall impact on building energy
usage (Salvati et al., 2017; Li et al., 2019). Building material manufacturing and CO2
emissions from building operations account for about 37% of global energy-related
emissions. (IEA, 2021a). The building sector has a pivotal role in global decarbonization for

net zero pathways.

1.7  Building Energy Modeling and Simulation

Due to the rising demand for operational energy in buildings, there is a growing interest in
designing structures that are not only resource-efficient but also energy-efficient. To
accomplish this, early design stage building modeling and energy simulation are widely used
to assist developers in making optimal selections and opting for the most energy-efficient,
cost-effective alternatives for design. Building energy simulations are becoming a more
accepted tool for analysing building energy efficiency as well as occupant thermal comfort
(Zerroug & Dzelzitis, 2015). Currently, there 1s a wide range of building simulation software
available, each with its own user interface and simulation engine, that can be utilize to
perform these studies depending on building functional requirements and modelling
complexities. It is crucial to realise the limitations and complexity of building energy
simulations due to the dynamic nature of external environments, the services used, and the

significance of these simulation platforms.
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The dependability of data transmission intuitive, user-friendly interfaces, and simulation run
time are key factors in the practical application of these instruments. To achieve faster and
more consistent execution of simulation tools, it is essential to have effective user input
interchange and programming interfaces. This is particularly important due to the large
volume of data that needs to be entered and the accessibility of advanced 3D geometry
modeling engines (Crawley et al., 2008). The BEE-approved building energy modeling and
simulation software named eQUEST is widely utilized by the building simulation group and
Indian rating agencies, making it among the most widely used programs in this field. This

simulation software is used in the present study.

1.8 Technoeconomic Features and Risk Associated with Building Energy Analysis

The implementation of technology-driven energy-conservation solutions in practical
scenarios remains a challenge due to peoples' lack of awareness regarding their energy use
and efficacy. As a result, they are incapable of implementing energy-saving measures as
targeted. Furthermore, the initial expense of installing and implementing these measures for
end-users remains a significant barrier. However, it is essential to perform a techno-economic
evaluation (Himeur et al., 2022) when creating and marketing an innovative energy efficiency
system. This assessment will determine the system's potential for success with user
acceptance. Along with the technical review and validation, it is imperative to undertake a
comprehensive analysis of the factors, drivers, obstacles, risks, potential, and possible options
available in the energy-saving industry. Despite a surge in the growing number of energy-
efficient constructions, the expansion of this in scale appears to be less robust than
anticipated. In 2008, the US saw a mere 10% of non-residential building projects beginning
with a focus on energy efficiency (Ashuri & Durmus-Pedini, 2010). One of the main
obstacles in the growth of the energy-efficient construction industry is the risk associated
with actual performance, which is compounded by challenges such as monetary feasibility,
public knowledge of environmental issues, and governmental constraints. Performance risk
denotes the gaps between the design phase's intended energy performance and the actual real-
life energy performance once the building is occupied and becomes operational. This risk
associated with energy-efficient built space developments are come from the uncertainties
and fluctuations associated at various levels and components, such as early conceptualization,
integrated engineering, building modeling, design assumptions, construction practice,

erection, building service system equipment selection, installation, commissioning, and post

12



occupancy uses. Additionally, other external factors like energy policy and energy supply
costs also contribute to these risks (Sun et al., 2016). One of the biggest techno-commercial
challenges in adopting evolving energy efficiency measures is addressing the uncertainties

involved in estimating return on investment (ROI) and life cycle cost analysis.

1.9 Broad Research Area

The identified research areas cover a wide range of critical questions that are essential to the
improvement of energy efficiency and sustainable building practices. Through exploring the
context of residential buildings in urban areas such as Kolkata, the aim is to handle complex
issues and customize energy efficiency solutions to meet local design requirements,
ultimately promoting energy efficiency, sustainability, and affordability. Emphasizing the
critical role of regulatory frameworks like the recently announced Eco-Niwas Sambhita (ENS)
Code, investigations aim to explore the practical impacts and efficacy of such landmark
initiatives in promoting environmentally conscious, energy efficient building. Moreover,
scrutinizing building envelopes external wall construction materials and assemblies,
operational energy, embodied energy, environmental performance, and economic feasibility
underscores the multidimensional nature of sustainable development. Additionally, critical
analysis of residential energy conservation building codes serves as a foundation for refining
regulatory mechanisms and guiding future code adoption, ensuring that built space
sustainability remains a cornerstone of the construction industry’s trajectory. By means of
multidisciplinary inquiry and empirical investigation, these research fields provide a path
towards significant progress in the design and development of sustainable building, which

will ultimately lead to a more resilient and energy efficient building.

1.10  Significance of the Study

Recognising the pressing need for sustainable practices in the fast-growing construction
industry, particularly in the domain of urban residential buildings, the significance of this
study resonates profoundly. At its core lies a careful examination of the Eco-Niwas Sambhita
Code, a milestone initiative poised to transform residential building energy conservation and
mitigate built space greenhouse gas emissions. With an estimated 120 billion kWh of
electricity savings and a resulting 100 million tonnes of CO2 emission reduction, this

initiative is expected to have a significant impact from 2018 to 2030, which highlights its
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potential to influence future environmental policies and building codes. This energy
conservation measure applies especially to residential buildings equipped with air
conditioning as an active space cooling measure. If unconditional residential buildings meet
the thermal transmittance value of the Eco-Niwas Sambhita, internal thermal comfort
conditions would be significantly improved (Bhanware et al., 2019). This study will provide
significant inputs by way of critical influencing parameters, exterior wall assemblies, and
impact analysis of new energy conservation building codes. The growing utilization of air
conditioning in multi-storied residential group housing projects, along with the increasing use
of fagade materials that result in a larger building envelope and consequently higher energy
consumption, could lead to a widening gap between rising power demand and diminishing
supply. The study, therefore, suggests ways to reduce energy consumption by using
combinations of wall and air conditioners and suitable fagade materials for the best energy
and economic performance - a goal towards achieving low carbon, yet a comfortable built

environment.
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Chapter 2

Literature Review

2.0 Introduction

A detailed literature review is carried out to explore the existing state-of-the-art knowledge and
identify the potential research gap to assess and improve residential building energy
performance. In this review, several aspects of energy-efficient design strategies related to
residential buildings are explored and will be discussed in separate sections and subsections
below. The review process includes four main phases. First, a literature search and screening
using relevant keywords were performed. By setting the inclusion and exclusion criteria, a
significant number of papers are shortlisted for detailed review. In the third step of
segmentation, the extraction of relevant data related to residential buildings or having
importance for this current research work was done. Later, analysis of results from the screened
literature, synthesis, and summarization of the collected data and results were done. The

framework for the literature review is presented in Fig. 2.1.
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Figure 2.1: Literature Review Framework
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2.1 Factors Influencing Residential Building Energy Consumption

The EBC-IEA report (Yoshino et al. 2017; Du et al. 2020) classified impacting factors on
building energy consumption, as the local environment, technology, physical aspects, building
attributes, and infrastructure for service, human-based, and social. Other factors driving energy
consumption are internal and external illumination, household hot water, preparing food,
ventilation, air conditioning, and heating, along with other devices in a residential building that
consumes energy (Hu et al., 2017; Sakah et al., 2019). Human-based variables include building
upkeep and operation, resident behaviour, and interior environment conditions. Usage of
structural openings, illumination, and shading equipment, HVAC services (on-off state and
setting point temperature), heated water, and electrical gadgets are essential resident activities.
Energy consumption of gadgets can be categorized by their operating schedule and
specifications, while plug-ins can be categorized by their type and count (Cali et al., 2016; Yao
and Zhao 2017; Feng et al. 2016; Fan et al. 2015; Xie et al. 2016; Guo et al., 2018). Residents'
habits may decide an area's occupancy pattern. The predicted mean vote (PMV) and interior
temperature can assess interior environmental effectiveness. Social aspects comprise energy-
related views and demography. Self-identified energy-saving activities can measure resident
energy views (Fan et al., 2015; Azar and Al Ansari 2017). Additionally, occupiers' building
system information affects their behaviour and domestic energy usage (Zhao et al., 2017).
Family structure, earnings slab, and education are also factors (Sanquist et al., 2012; Fan et al.,
2015; Huebner et al., 2015; Xie et al., 2016). Residential building energy research has become
complex compared to other segments of buildings due to its diverse building stock, behavioural
factors, ownership and tenure, upfront cost, occupant education, and awareness, and retrofit
challenges during the building lifecycle. Excess variables make such research expensive and
inaccurate to some extent. The major objectives used in the previous analysis are discussed in
Table 2.1.
Table 2.1: Building Types and Objectives of Study

Authors (Year) Building Types Objective of the Findings
Study
Chen et al., 2024 Residential buildings Carbon emission Stress the importance of city-level

inequality analysis emission mapping for customized
indigenous solutions to cater to

heterogeneity.
Ahmadi et al., 2024 Residential buildings Energy Standard The study demonstrated various
Compliance scenarios for 2030-2050 energy

consumption and reported a
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15.7%-38%
mitigation potential.

CO; emission

Agarwal et al., 2023 Residential buildings Energy The study reported 5 to 20% energy
consumption savings due to consumer feedback
feedback by narrating the significance of

human behaviour.

Mujeebu et al., 2022 Residential buildings Energy saving A 63.5% EPI reduction was
and cost for demonstrated with various energy
energy saving efficiency measures with a payback
measures period of 4.94 years.

Mostafavi et al., 2021

High Rise Residential
buildings

Energy efficiency
and emission

This review study demonstrated
that envelope design enhancement
has the highest energy-saving
potential, up to 78.9%, and also
points to the scope of embodied
carbon along with operational
emission reduction for high-rise
development.

Economidou et
2020

al.,

Residential and
residential buildings

non-

Energy efficiency
policies

This 50-year policy review
concludes that building standards
stringency and additional specific
policies initiated by governing
authorities yield a significant
reduction in energy consumption
and overall ecosystem upliftment
for energy efficiency.

Lietal., 2019

Residential and
residential buildings

non-

Energy
performance
certification

Highlighted the importance of
certification, awareness, and a
strong data base to customise the
solution for the energy
performance of buildings.

Garg et al., 2019

Residential buildings

Energy efficiency

Discuss the various energy
efficiency initiatives and associated
barriers by  highlighting the
importance of national-level data
collection and capacity building,
including climate-specific
research.

Graham et al., 2019

Residential and
residential buildings

non-

Potential of India
Building sector

This study pointed to the
continuous evaluation of energy
standards, policies, and their
adoption for low-carbon buildings
at all levels.

Karunathilake et
2018

al.,

Residential buildings

Energy  demand

reduction

Reported the importance of
seamless collection of all demand
reduction strategies and effective
communication with sustainable
design communities.

Calero et al., 2018

Residential buildings

Building thermal
system energy
consumption
reduction

The study reported that occupant
awareness and renewable energy
integration are key drivers for
energy  savings rather than
replacing boilers.

Zou etal., 2018

Residential and
residential buildings

non-

Lifecycle
approach
energy

performance gap

for

The review work reported the gap
between energy simulation and
actual consumption in real life,
with an open question for future
research for performance
validation and an interdisciplinary
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effort for building energy research
investigations.

Berardi et al., 2017

Residential and
residential buildings

non-

Energy
consumption
comparison  for
Cross country

Developing nation energy policy
applicable to building is not
sufficient to check their doubling
energy demand and need for
techno-economic analysis of the
best possible design solution
highlighted with all stakeholder
awareness for any code and
standard success.

Franco et al., 2017

NA

Energy
consumption and
emission due to
urbanization

The consequences of urbanization
were reviewed in this study, and the
designed policy measures to reduce
energy intensity and emissions
were narrated.

Nejat et al., 2015

Residential buildings

Energy, emission,
and policy status

An analysis of the top ten emission

defaulter countries residential
sector policy measures was
investigated with actual

performance status and pointed out
that mandatory compliance yields a
better outcome compared to
voluntary adoption, as noted in the
case of developing nations.

Fumo et al., 2014

Residential and
residential buildings

non-

Building  model
development for
energy estimation

The significance of whole-building
energy simulation as tools for
accurate simulations of options to
investigate their potential for
reducing emissions and energy
savings was described in this
review paper.

2.2 Energy Conservation Building Codes

Different countries and organizations across the world have set building energy codes and

standards to enhance energy conservation and efficiency in the built environment. Energy usage

is high in emerging economies like India because of a stable economy and growing population.

In the 1970s, India was anxious about energy conservation along with many countries due to a

global oil crisis arising out of the 4™ Arab-Israel war. Energy conservation was unimportant

during the first fifteen years after independence (Verma & Jakhar, 2016). The Gazette of India

released the "Energy Conservation Act, 2001" after the bill passed. In 2002, the Energy

Management Bureau became the "Bureau of Energy Efficiency (BEE)", and the 2001 act

made BEE an official entity under the Department of Power with regulatory authority to

enforce act recommendations (Verma & Jakhar, 2016). In India, the process was initiated

through the introduction of the Energy Conservation Building Code (ECBC) in 2007 by the
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Bureau of Energy Efficiency (BEE), Government of India targeting commercial buildings. The
code was recently revised and updated in the form of ECBC 2017.

The suitability and performance of building energy codes have been extensively studied
worldwide. Different codes such as ISO 9164, EN 832, GB 50189 of China, TS 825 of Turkey,
Code 19 of Iran, and German Regulations are compared by Fayaz and Kari (2009).
Papadopoulos (2016) studied the achievements and challenges of regulating building envelope
thermal performance in Europe over forty years. The implementation practice of building
energy codes was studied across twenty-two countries (Evans et al., 2017) and the international
implications of national and local coordination regarding the codes were further investigated
for six different cities (Evans et al. 2018). A review of the building energy consumption,
policies, rating schemes, and standards across different countries has been carried out by Lu
and Lai (2019). A detailed review and comparison of different occupant-related aspects of
twenty-three different building energy codes across the world has been done by O’Brien et al.
(2020) to observe significant variations. Schwarz et al. (2020) identified innovative designs in
building energy codes of Denmark, France, England, Switzerland, and Sweden for building
decarbonization. The distributional consequences of building energy codes were evaluated by
Bruegge et al. (2018) for home characteristics, energy use, and home value. Gaps are observed
between actual, calculated and code-predicted building energy performances for California
houses (Levinson, 2016) and Chinese households (Wang et al., 2019) maintaining energy
efficiency standards. Annual energy savings of 12-21% from BIPV window and light dimming
systems were evaluated for IECC code-compliant buildings in hot-humid climates (Do et al.
2017). Kalhor and Emaminezad (2020) carried out an optimization study with conventional

thermal insulation materials following energy efficiency codes.

2.2.1 Energy Conservation Building Code for Commercial Buildings — ECBC 2017

Several studies have been carried out regarding the code provisions, strategies, and policies
undertaken to increase building energy efficiency in different climate zones of India. The
energy savings potentials through the implementation of the Energy Conservation Building
Code have been investigated for six different commercial buildings (Tulsyan et al., 2013) and
three categories of hotel buildings (Chedwal et al., 2015) in Jaipur, India. Chandel et al. (2016)
carried out a detailed review of energy efficiency initiatives and regulations for residential
buildings in India. A State-level analysis of building energy efficiency policies to improve

building energy efficiency in India has been carried out by Yu et al. (2017). Bano and Sehgal
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(2018) evaluated energy-efficient design strategies in terms of the thermal performance of
high-rise and mid-rise office buildings in a composite climate. Bhatnagar et al. (2019) proposed
a methodology for the development of reference building models in the Indian context by
studying 230 low-rise and high-rise office buildings. Despite the current policy framework,
India's energy demand is expected to double by 2040. Under this light early-stage design

strategies for energy efficiency and its mass adoption in real life is a paramount concern.

2.2.2 Energy Conservation Building Code for Residential Buildings — Eco-Niwas
Sambhita 2018, Part-1I

The residential sector floor space in India is expected to increase from 15.3 billion m? in 2017—
18 to 21.9 billion m? in 2027, according to a study done by the Alliance for an Energy-Efficient
Economy (AEEE) (Kumari et al., 2021). The residential building consumed 75% of India's
electrical production in 2017-2018, according to BEE's yearly report. Realizing the
importance, in 2018, BEE introduced the first part of the Energy Conservation Code for
Residential Buildings (Eco-Niwas Samhita, 2018, Part-I). It fixed minimal building envelope
parameters impacting (Eco-Niwas Samhita 2018, Part-I) heat gain/loss, natural ventilation, and
illumination standards. Code assessment in real words Energy performance improvement is yet
to be done, as hardly any studies have been reported. More details about this code are discussed

in Chapter 4.

2.2.3 Star Labelling for Air Conditioners

Residential air conditioners must meet minimum energy performance standards set by various
nations through their energy efficiency regulations. These standards encourage the market to
develop benchmarks for energy-efficient products while also assisting households in reducing
operational energy use. There is a significant opportunity for tropical countries to increase the
effectiveness of their regulations through labelling, RAC ratings, etc. Andrade et al., 2021.
Currently, about 85% of the global energy consumption for space cooling is governed by
mandatory standards for air conditioners. More than 20 countries are developing additional
standards, while Australia, Brazil, China, and India have recently strengthened their standards
and star labelling (IEA, 2021; Abhyankar et al., 2017; BEE, 2018; Kumar et al., 2021; BEE;
2021). The star labelling program for room air conditioners (RACs) started as a voluntary
initiative by the Bureau of Energy Efficiency (BEE) in India in 2006 and became subsequently
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mandatory in 2009. Every two years from 2009 to 2018, BEE updated energy performance
thresholds for RACs. In 2015, BEE introduced voluntary labelling for inverter RACs, which
became mandatory from January 2018 until December 2020. The improved rating
methodology introduced in 2018 considered operating hours and temperature variations across
India's climatic zones. The Indian seasonal energy efficiency ratio (ISEER) determines cooling
energy consumption proportionally for different seasons. From July 2022 to December 2024,
the updated RAC energy consumption standard has been effective with a revised value of
ISEER (Abhyankar et al., 2017; BEE, 2018; Kumar et al., 2021; BEE; 2021). Investigation into
its impact on building operational energy savings is crucial for more real-life adoption and
future star labelling program improvement. A summary of previous literature analyzing this

code and similar standards of various countries across the globe is given in Table 2.2.

Table 2.2: Reviewed Literature about Building Energy Codes and Standards

Authors (Year)

Country

Building Type

Findings

Allard et al., 2021

Finnish, Norwegian,

Residential

Nation specific standard has an

Swedish, and Russian buildings important influence on building’s
specific energy use  with
expectation of more stringent code

O'Brien et al., 2020 23 countries like Office  building Highlights the need of more

Australia, Austria, and other all type research by accounting country

Belgium, Brazil, of buildings specific occupant-related values,

Denmark, England, approaches, and system.

France, Germany, India,

Italy, New Zealand,

Singapore, South Korea,

Canada, USA, UAE,

China etc. codes or

standards were reviewed

Wang et al., 2019 China Residential Building  Energy  Efficiency
buildings Standards (BEES) compliance
buildings achieved a 41% reduction
in cooling and heating electricity

usage.
Aydin & Brounen, 2019  Europe Residential Household  appliance leveling
buildings regulation results in a 0.24% annual

electricity use reduction per capita.

Chandel et al., 2016 17 countries including All type of Effectiveness of code depends on
India buildings availability of detailed technical
methodology, regulatory structure,
and enforcement effectiveness with
scope to improve code though
regular assessment.
Barkokebas et al., 2019  Canada Residential Impact of code on energy
buildings consumption along with
construction cost analyzed with
finding that code compliance
approach holds key.
Enker et al., 2017 Australia Residential Study signifies the code importance
buildings and its practical application
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23 Building Envelope Materials

Amongst different wall masonry materials, burnt clay bricks have been the most popular over
the later part of human civilization, though possessing serious sustainability concerns owing to
the consumption of non-renewable resources, greenhouse gas (GHG) emissions, and waste
creation during production (Pacheco-Torgal et al., 2011). This resulted in the study and
development of burnt bricks with different industrial wastes such as fly ash, oil wastes, marble
waste mud, optical waste glass, organic wastes, granite powder, phosphor-gypsum, paper
processing residues, river sediments etc, instead of virgin clay to make the product more
sustainable (Lingling et al., 2005; Monteiro et al., 2005; Saboya et al., 2007; Lin et al., 2007;
Demir et al., 2008; El-Mahllawy et al., 2008; Pinheiro et al., 2009; Ajam et al., 2009; Chiang
et al., 2009; Sutcu et al., 2009; Samara et al., 2009). Researchers have also assessed and
proposed sustainable and low embodied energy alternatives to burnt clay bricks such as mud
concrete blocks, cement stabilized earthen blocks (CSEB), autoclaved aerated concrete
(AACB) blocks, etc. (Udawattha et al., 2018; Gurupatham et al., 2021; Sadati et al., 2023).
Studies regarding different material composites to replace traditional masonry walls from the
sustainability viewpoint are also emerging, showing a significant reduction in energy
consumption. Examples include recycled expanded polystyrene (EPS), foam concrete wall
panels, multilayer hollow clay walls filled with insulation materials, optical fibre based
translucent concrete (OFTC), etc. (Dissanayake et al., 2017; Chihab et al., 2022; Su et al.,
2023. Different researchers have also explored the sustainability and energy savings potentials
of Phase-Change Materials (PCM) and found encouraging results (Memon et al., 2014; Sinka
et al., 2019; Abden et al., 2022).

The past decade saw space-cooling energy demand in residential buildings growing at
over twice the rate of overall energy demand. A study by Randazzo et al. confirmed efficient
air conditioner installations as a nationwide strategy against rising average temperatures due to
climate change as each household with an AC uses 35% to 42% more electricity (Randazzo et
al., 2020). Recent developments by room air conditioner (RAC) manufacturers show a
significant increase in the efficiency of their several commercial products (Shah et al., 2017).
Krarti and Howarth (2020) carried out a cost-benefit analysis of transitioning to high-efficiency
AC:s for residential buildings in Saudi Arabia and estimated an annual reduction of 33 TWh in
electricity consumption and 24 million tons of CO> emission. Mujeebu and Bano (2022)
assessed the energy-saving potential and cost-effectiveness of different active EEMs, including

efficient ACs for a residential building in the warm humid climate of southern India, and
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estimated the possibility of 63% savings in EPI. Zhang et al. (2022) critically analyzed the
impact of energy efficiency upgrades for air conditioners on residential electricity consumption
in China and found that reduced AC-related energy consumption for individual households
may eventually raise the total electricity consumption of the residential sector by increasing
the AC purchase and use due to increased affordability. A study by Ali et al.(2022) estimated
the potential energy savings of 11.6 TWh and CO; emissions reduction of 7.1 million MT over
a 10-year cycle for Pakistani residential buildings through improvements in air conditioner
energy efficiency. The scenario of the adoption of stricter energy efficiency standards for
residential air conditioners in Guayaquil, Ecuador has been analyzed by Porras et al. The study
found stricter MEPS can potentially reduce associated electricity demand and emissions
between 5.7% and 31% respectively.

The use of masonry units began in the form of stone pieces and sun-dried mud bricks
around 8000 BC in Mesopotamia (Torgal and Jalali, 2011), and by 4000 BC these were started
being used to build palaces and temples there (Allen and Iano, 2019). Egyptians used stones as
masonry units in building their temples and pyramids (Allen and Iano, 2019) while Harappans
used dried and baked mud bricks extensively in the Indus Valley civilization around 3000 BC
(New World Encyclopaedia). The evolution to fire-clay bricks also happened around the same
time (Lynch, 1994). Since then, masonry units have seen many stages of evolution over the last
five thousand years, the recent important ones being the machine quarried and worked stones
and molded bricks during the Industrial Revolution, 19" Century invention of the hollow
concrete blocks, early 19" Century introduction of brick cavity walls, still reinforced masonry
of 20" Century and many more recent developments (Allen and Iano, 2019).

The environmental impact of fired-clay bricks, which dominated the history of masonry
units lately, has always been of great concern because of non-renewable resource consumption,
energy consumption, water consumption, greenhouse gas (GHG) emissions, and waste
generation (Torgal and Jalali, 2011). The rising environmental concern has resulted in the study
and development of fired-clay bricks with different industrial wastes such as fly ash (Lingling
etal., 2005), oil wastes (Monteiro and Vieira, 2005; Pinheiro and Holanda, 2009), marble waste
mud (Saboya et al., 2007), optical waste glass (Lin, 2007), organic wastes such as saw-dust,
tobacco residues, grass (Demir, 2008) granite powder, kaolin, and blast furnace slag (EI-
Mahllawy, 2008), phosphor-gypsum (Ajam et al., 2009), rice husk (Chiang et al., 2009), paper
processing residues (Sutcu and Akkurt, 2009), river sediments (Samara et al., 2009); all

reducing the consumption of virgin clay to make the product more sustainable.
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The concern for high energy consumption in producing fire-clay bricks also advanced
the development of different low embodied energy non-fired bricks and blocks lately (Torgal
and Jalali, 2011). Udawattha and Halwatura (2017) analyzed the life cycle cost of different
walling materials such as brick, hollow cement blocks, and mud concrete blocks used for
affordable housing in the tropics and found the latter as the most sustainable one. Gurupatham,
et al. (2021) through a survey-based approach ranked cement stabilized mud blocks (CSEB) as
more sustainable compared to burnt clay bricks and cement sand blocks, using eco-efficiency
for tropical climatic conditions. Sadati et al. (2023) have studied the effect of wall materials
like AAC block, LECA block, extruded polystyrene, etc. on the energy, environmental, and
economic performance of an Iranian building and found reduction potential for annual heating
and cooling loads as well as carbon dioxide emissions by up to 23.2 %, 26.4 %, and 18.5 %,
respectively.

Some recent studies reviewed the ongoing developments in the field of sustainable wall
options with a particular focus on energy and environmental perspectives (Torgal and Jalali,
2011; Mostafavi et al., 2021; Maier, 2022). Studies regarding different material composites to
replace traditional masonry walls from the sustainability viewpoint are emerging. Dissanayake,
et al. (2017) carried out a comparative embodied energy analysis of a house with recycled
expanded polystyrene (EPS) based foam concrete wall panels along with traditional burnt clay
bricks and cement sand blocks. The dynamic thermal performance of multilayer hollow clay
walls filled with insulation materials in hot climates has been studied by Chihab et al. (2022).
A total thermal load reduction of 28% was demonstrated by walls with 100% insulation-filled
cavities compared to walls with air-filled cavities. Su et al. (2023) studied the effects of
daylight on the energy performance of the combination of optical fibre-based translucent
concrete (OFTC) walls and windows. They found that the combination of OFTC walls and
windows can lower net electricity use by 32.07% and compared it to the combination of
conventional concrete walls and windows.

Memon (2014), has conducted an extensive review of different studies regarding the
use of Phase-Change Materials (PCM) in building walls. PCM could be incorporated into
construction materials and elements by direct incorporation, immersion, encapsulation, shape
stabilization, and form-stable composite PCM. The study discussed the differentiation between
shape-stabilized and form-stable composite PCMs, the use of various construction materials as
supports for form-stable composite PCMs, the test methods used to determine the chemical
compatibility, thermal properties, thermal stability, and thermal conductivity of the PCMs, and
integration of PCM in wallboards and concrete for building applications. Sinka et al. (2019),
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experimentally tested PCMs in a warm-summer humid continental climate and found that
complex control systems are necessary to use the same with the highest efficiency. Abden et al.
(2022) studied the combined use of PCM and thermal insulation to improve the energy
efficiency of residential buildings in different climate zones of Australia and saw an
improvement in their energy ratings by 3.5-4.8 stars with payback periods of renovation
ranging between 2.2-7.5 years. In comparison to conventional bricks, a temperature drop of 4
°C to 9.5 °C is noted across single and dual PCM layer bricks (Saxena et al., 2020).

Many studies have examined how passive design could boost building
energy performance in hot-humid climates. Natural ventilation is age-old best passive design
method for improving thermal comfort within buildings in such climates (Chen et al., 2017;
Zhang et al., 2022). Increased opening size along with ventilation pathways are key to
improving natural ventilation in hot-humid climates (Chen & Yang, 2017). The shading
situation and exterior wall U-values usually increase cooling energy usage (Kwok et al., 2017).
Studies show that passive design solutions alone cannot provide household building cooling
needs in hot-humid climates (Kwok et al., 2022). Both thermal comfort and AC electric bills
are important for low/middle-income houscholds. Hot to humid cities have contradictory
design goals. In such climates, thermal comfort solutions may increase cooling energy use (Gao

et al., 2024), discouraging financially constrained occupants.

24 Building Energy Simulation

Building operational energy estimation at the early design stage is key to deciding the various
design strategies. This required the necessary tools, methods, and ways to represent the
building virtually for the necessary analysis of various alternate options at the design stage
itself. As programming has advanced, building simulation programs like BLAST, DOE2,
e¢QUEST, EnergyPlus, and TRNSYS, which incorporate virtual building models representing
actual buildings, have swiftly evolved into visualization tools featuring graphical user
interfaces (Pan et al., 2023)). Due to its quick simulation capacity and easy user interface
offered by eQUEST, high-rise residential modeling gives it an advantage compared to design-
builder and EnergyPlus software. A summary of various literature that details different building

energy simulation software is presented in Table 2.3.
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Table 2.3: Reviewed Literature about Energy Simulation Software

Authors (Year) Tools / Method Objective/Advantage Limitation / Findings
Used

Shen et al., 2021 Green Design Physics-based data-driven Customized tool for green
Studio tool with faster simulation building design

time

Wang & Zhai, 2016 Advance in Review of Building Comparative details of
computational simulation technique various available energy
techniques simulation software

options

Gui et al., 2018 Proposed Identification of Standard Building selection
Performance index building paraments information
through real-life
data

Ahmad et al., 2018 Large-scale  data- Energy demand Strengths and
driven building forecasting shortcomings  of  the
energy estimation various methods

Morrey & Ghosh, 2024 Building Performance evaluation of Required  plugin  of
Component Library gasochromic window SketchUp Pro and
with Open Studio EnergyPlus.

Singh et al., 2020

learning-based
energy prediction

Reducing the
computational time

Required plugin  with
EnergyPlus.

Table 2.4: Reviewed Literature about Critical Parameters and Their Identification

Authors (Year) Building Types Critical Findings
Parameters

Lietal., 2022 Residential and 25 design factors Highlighted the importance of
non-residential covering all  building science research and real-
buildings aspects of life impact. This study also

building accounted for the various factors
impacting energy demand,
technical factors yielding energy
savings, and potential challenges.

Islam et al., 2021 High Rise 23 Design  Major design deficiencies
Residential deficiency impacting  high-rise  building
buildings parameters operation and maintenance were

identified, and a mitigation plan
was also proposed through
statistical analysis.

Mirrahimi et al., 2016 High Rise Building envelope The study reviewed the design
Residential and thermal parameters of high-rise buildings
buildings comfort and noted that the envelope is the

parameters most influential parameter.

De et al., 2015 Multifamily Envelope, This review work details the
Residential window features, building research foundation by
buildings thickness of pointing out the complexity

Insulation, and associated with the selection of

cooling system buildings, dependent and
independent variables,
methodology framework,
simulation software, and matrix of
building performance.

Tian et al., 2013 Residential and Sensitivity Index  Global sensitivity analysis helps to
non-residential identify key variables impacting
buildings building thermal performance.
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2.5 Critical Parameters Identification

Sensitivity analysis is a widely used technique in the world of building energy efficiency to
determine the impact of various critical influencing design parameters. (Hemsath and
Bandhosseini 2015; Kristensen and Petersen 2016; Yang et al. 2016; O’Neil and Niu 2017; Liu
et al. 2017; Tian et al. 2018; Li et al. 2018; Rivalin et al. 2018; Gagnon et al. 2018; Vivian et
al. 2020). Vivian et al. (2020) performed an investigation of the energy flexibility of residential
buildings for heating and cooling requirements through sensitivity analysis of thermal comfort
sessional requirements. A summary of various literature that details building critical parameters

identification and related tools is discussed in Table 2.4.

2.6 Importance of Techno-Economic Analysis of Energy Efficiency Measures (ECM)

To evaluate the viability and affordability of energy-efficient design interventions for high-rise
residential buildings, many researchers performed techno-economic analyses to evaluate the
potential benefits. These analyses typically involve the estimation of initial capital costs
associated with implementing energy-efficient design measures, the estimation of payback
periods, operation cost reduction, the return on investment (ROI), and the net present value
(NPV) to determine economic viability. A brief review of the literature that performed Techno-

economic analysis of energy efficiency measures is discussed in Table 2.5.

Table 2.5: Reviewed Literature about Techno-Economic Analysis of ECM

Authors (Year) Objective Economic Findings
Parameters
Mujeebu et al., 2022 Cost estimation of Discounted various energy efficiency measures
energy efficiency payback period yielding a discounted payback
measures period of 4.94 years.

Pallis et al., 2019

Cost-effectiveness
and energy saving

life cycle cost

Life cycle cost is case-sensitive and
depends on various factors like
building type, climate condition,
and energy efficiency measures
adopted.

Singh et al., 2018

Cost-effectiveness

life cycle cost

This study reported four and five-
star BEE-rated appliances were
found to have lower LCC and
greater potential for -electricity
savings in this study.

Bansal et al., 2014

of energy saving
solution

Estimation of
Embodied energy

and construction
cost

Construction cost
per m?

With various material choices,
affordable housing construction
costs range from US $62/m? to US
$91/m?, with AAC block-based
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wall homes having the lowest
construction costs.

Mekhilef et al., 2014 Energy saving and Payback period The study notices that cooling load
associated cost and Life cycle cost reduction and window tinting offer
a very viable economic solution for
lowering heat gain with a quick
payback period.
2.7 Importance of Environmental Impact of ECM

Determining appropriate design strategies targeted at reducing the overall energy consumption
throughout the building's lifecycle requires evaluating the embodied energy (EE) and
operational energy (OE) of buildings. A brief review of the literature that performed

environmental impact analysis of energy efficiency measures is discussed in Table 2.6.

Table 2.6: Reviewed Literature for Environmental Impact of ECM

Authors (Year) Study Objective Environmental Findings
Parameters
Hu, M., 2023 Life cycle life cycle embodied Large multifamily have a
environmental carbon high embodied carbon
impact intensity
Bansal et al., 2021 embodied  energy embodied energy The embodied energy of
comparison for low high-rise development is
and high-rise 194% more than low rise
building development
Bansal et al., 2020 Embodied energy Embodied energy Building ~ Components
analysis of building Embodied energy
components increases with an increase
in the number of floors
Cherian et al., 2020 Comparative study embodied energy Gypsum-based glass fibre
of embodied energy reinforcement materials
for different help to reduce the
construction embodied energy
materials
Koezjakov, A et al., 2018 The operational and Embodied energy 36-46% Embodied
embodied  energy energy increase in an
ratio efficient home
Dixit, M. K., 2017 life cycle embodied embodied energy Highlighted the
energy estimation importance  of  data
quality and
methodological
uncertainty
Praseeda et al., 2016 Operational and embodied energy Construction material and
embodied  energy Air conditioning extend
assessment the impact share of
Operational and

embodied energy in life
cycle energy.
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2.8 Research Gaps (RGs)

Research in the field of building energy performance has made significant strides, particularly
in commercial buildings. However, a notable research gap exists in analyzing energy
performance in residential buildings, specifically in the context of high-rise residential
apartments. This gap is crucial, considering the increasing prominence of high-rise structures

in urban landscapes and their unique energy consumption dynamics.

. RG 1: While existing literature has extensively explored the energy performance of
commercial buildings, there is a notable gap in research focusing on residential
buildings, particularly within the high-rise residential apartment category. This gap
highlights the need for comprehensive studies that explore the unique energy dynamics

and challenges faced by high-rise residential buildings.

. RG 2: The impact assessment of India's new energy conservation building codes,
specifically Eco-Niwas Sambhita, on the operational energy performance of buildings is
an area that requires immediate investigation. This is crucial given that the code,
introduced in 2018, specifically targets residential buildings, necessitating research to

understand its effectiveness and implications on energy consumption and sustainability.

. RG 3: Although a limited number of studies have addressed the embodied energy
associated with residential buildings, there is a significant dearth of such research on
high-rise building energy efficiency measures, especially within warm and humid
climate conditions. This research gap underscores the necessity for in-depth analyses
that consider the environmental impact of energy-efficient measures in high-rise

residential structures, particularly in regions prone to such climate challenges.

. RG 4: A comprehensive techno-economic analysis of various energy efficiency
measures applicable to high-rise residential buildings is notably absent from existing
literature. Bridging this gap is imperative to provide stakeholders with valuable insights
into the feasibility, costs, and benefits of implementing different energy-efficient

technologies and strategies in high-rise residential settings.
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2.9 Research Questions (RQs)

Considering the identified research gaps, the following research questions were formulated to
investigate key aspects of energy efficiency and environmental impact related to building
design and construction. These questions not only aim to assess the impact of building
regulations but also explore the intricate relationships between material choices, building
design strategies, and operational energy consumption. By addressing these research questions,
valuable insights can be gained to guide policymakers, architects, and developers toward more

sustainable practices in the construction industry.

. RQ 1: To what extent do the updated energy conservation building codes in India
enhance the energy efficiency of typical high-rise residential apartment buildings in the
warm-humid climate of Kolkata, India, and what are the pivotal factors influencing this

improvement?

. RQ 2: What is the influence of different exterior wall assembly materials on the
embodied and operational energy performance and environmental sustainability of

high-rise residential structures?

. RQ 3: How do variations in wall material compositions and air conditioning system
specifications affect the overall energy usage and cost-effectiveness of high-rise

residential buildings?

2.10 Research Objectives

Understanding the current state of energy performance in high-rise residential buildings is
essential for sustainable urban development. In this context, addressing the research gap
regarding the impact of building codes, specifically Eco-Niwas Samhita 2018 and ECBC, on
operational energy performance becomes paramount. Following these considerations, the

research objectives have been set for the present research work.

. To investigate the impact of building code (Eco-Niwas Samhita 2018 and ECBC)
implementation on high-rise residential building operational energy performance and

find the critical influencing parameters.
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. To conduct a comparative analysis of energy and environmental performance of
exterior wall assemblies for large apartments accounting for both embodied and

operational energy.

. To perform a techno-economic analysis of various wall and air conditioner
combinations for the best energy and economic performance for high-rise residential

buildings.

By aligning these objectives with the broader goal of sustainable urban development,
the present research seeks to contribute actionable knowledge that can inform policy-making
and industry practices, ultimately fostering a more energy-efficient and environmentally

conscious built environment.

2.11 Scope of the Research

The scope of the research encompasses a thorough investigation into the energy performance
and sustainability aspects of high-rise residential apartment buildings, with a specific focus on
addressing critical gaps in the existing literature. One primary area of inquiry revolves around
analyzing the energy consumption patterns and efficiency measures tailored to high-rise
residential structures, particularly in warm and humid climate conditions where energy
demands and environmental impacts may vary significantly. Furthermore, the research will
explore assessing the impact of India's Eco-Niwas Samhita code on building operational energy
performance, considering the code's recent introduction and its implications for energy
conservation in residential high-rises. Energy-efficient design strategies will be further
investigated by drawing envelope design interference between residential and commercial
energy performance codes. An integral component of the study involves evaluating the
embodied energy associated with construction materials and processes specific to high-rise
buildings, shedding light on the environmental footprint of these developments. Through a
techno-economic analysis, various energy efficiency measures applicable to high-rise
residential buildings will be scrutinized to ascertain their feasibility, cost-effectiveness, and
potential for reducing energy consumption. The research outcomes aim to not only fill existing
knowledge gaps but also provide actionable recommendations, guidelines, and policy insights

for enhancing energy performance, reducing environmental impact, and promoting
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sustainability in the context of high-rise residential constructions. Moreover, by identifying
future research directions and emerging technologies, the study intends to contribute to ongoing
discourse and advancements in the field of sustainable building practices for high-rise

residential developments. The scope of this research work can be summarized as follows:

. With a specific focus on high-rise residential apartment buildings in tropical climates,
exploring the energy performance and sustainability aspects to address existing gaps in
the literature.

. Analyzing the energy consumption patterns and efficiency measures, tailored to high-
rise residential buildings.

. Assessing the impact of India's Eco-Niwas Samhita (ENS) code and energy
conservation building codes (ECBC) on building operational energy performance.

. Evaluating the embodied energy associated with wall construction materials and
processes to assess the environmental footprint.

. Techno-economic analysis of various energy efficiency measures and their feasibility

and cost-effectiveness to assess their potential for reducing energy consumption.
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Chapter 3
Methodology

3.0 Introduction

This chapter discusses the general methodology employed for performing the research work
and provides details of the tools and techniques used. It covers the details of building
location, climate analysis, collected building data, information about building simulation
software, building modeling methods, and building performance simulation. It also
introduces the statistical analysis and sensitivity analysis as considered in this study. This
chapter further discusses the parameters to consider for environmental impact analysis and

issues related to economic risk analysis.

3.1 Overview of Research Approach and Study Framework

The overview of the research methodology is shown in Fig. 3.1 with a step-by-step approach
to the activity performed. It also highlights the various design variables and parameters that
are considered for building energy performance analysis along with base case and energy

efficient design case development.

1. Architectural drawings
2. Building floor plan
3. HVAC drawings

METHODOLOGY
4. Equipment &System

specification —+| BUILDING ENERGY MODELLING
5. Building envelope 1 |-
1

specifications
6. Scheduling etc.

Alteration in:

1. Envelope
2. HVAC system
————— 3. Lighting system
4. Spatial
Configuration

1
| .,{ BUILDING ENERGY SIMULATION J-— _____ L
1

1. Code & standard |

2. Building by-laws, F- CALIBRATION OF MODEL J
3. Weather Data it = [
| o ey 1
I DESIGN CASE |
| | | As per ENS
1
| | 1
fmm——— I [ ENERGY PERFORMANCE COMPARISON | :
I | : I ;
| Alteration for:
Identification of key CORRELATION AND REGRESSION ANALYSIS }_ - —I | 1. Operational
influencing properties ] energy
| 1| 2 Embodiea
. CTNGT TV - - E | energy
| SENSITIVITY ANALYSIS J---- e i
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[ FINANCIAL RISK ANALYSIS }

Figure 3.1: General Framework of the Study
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3.2 Location of the study

Kolkata (22°34'N, 88°22'E), the state capital of West Bengal, India is chosen as the study
area shown in Fig. 3.2(A). According to the climate zone map of India (ECBC, 2017),
Kolkata has a warm-humid climate. According to the K&ppen Geiger climate classification,

Kolkata experiences tropical, savannah climate (Aw) as shown in Fig. 2(B) (Kottek et al.,

2006).

A
5
Aw  EIRLET
BSKBWhBWK &t

n-!-
Dfa

L
Source: kaeppon-geige
(c) Kottek et al. (2006}, RM

i T, Go@gle‘E'a"F' thy

Figure 3.2: (A) Location of Kolkata in Ida (B)‘Climate of Kolkata as per Koppen

Geiger Classification
[Source: Wikimedia Commons; Kottek et. Al., 2006 and Google Earth]

3.2.1 Climate Analysis

Climate analysis of Kolkata is performed by using the Climate Consultant 6.0 software. The
city witnesses a high cooling degree of 3360 days. Maximum temperature reaches over 40°C
in June and comes under 11°C in January as shown in Fig. 3.3. In Fig. 3.4, red represents the
timings for all 12 months where temperature is higher than the comfort limits. The city
experiences a lengthy rainy season (June-September) due to the southwest monsoon
delivering a major part of the annual rainfall of about 1500 mm. These higher precipitation
levels result in high humidity throughout the year. The discomfort during summer (March-
June) and monsoon (June-September) gets worsened by the high relative humidity greater
than 70%. The Wind-Rose diagram for Kolkata is shown in Fig. 3.5. The average wind speed
in Kolkata is 2.6 m/s, with a maximum of about 10 m/s. The psychrometric analysis gives the
annual discomfort hour as given in Table 3.1 is 4701 hours out of the annual 8760 hours. The

city gets about 2,528 annual sunshine hours.
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Figure 3.5: Wind-Rose Diagram for Kolkata

Table 3.1: Details of Annual Comfort and Discomfort Hours in Kolkata

Month Comfortable Comfortable Discomfort Reason for Discomfort
Hours (%) (%)

January 186 25 75 Low dry bulb temperature

February 203 28 72 Low dry bulb temperature

March 341 46 54 Higher humidity and temperature levels

April 330 45 55 Much higher humidity level than March and continuous rise in dry bulb
temperature

May 279 36 64 Temperatures are soaring high and humidity level also way above comfort
levels

June 390 54 46 Humidity peaking higher than the previous months and temperatures are still
at very high level

July 434 59 41 Humidity at the highest out of the given months and temperature crossing
way beyond comfort threshold

August 434 59 41 Temperature has come down slightly but humidity levels still high

September 450 64 36 Not much different than the previous 2 months

October 465 61 39 Temperatures have further de-escalated but humidity still beyond comfort
limits

November 330 44 56 Humidity levels have come down but temperature has dropped below
comfort levels

December 217 28 72 Humidity is less and temperature is much below the comfort level
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33 Details of the Studied Buildings

Ten under-construction high-rise (ten to twenty-five stories high) residential apartment
buildings from different locations in Kolkata were considered for the present research.
Factors like building height, built-up area, floor geometry, and opaque and non-opaque
envelope arcas were varied across the chosen buildings. Table 3.2 presents detailed
information for the considered buildings. In terms of data volume and diversity, the ten
studied buildings represent G+9 Storey to G+24 Storey buildings, 1280 dwelling units
(2BHK to 4BHK with 500 to 2900 Sq.ft. area) with a total of 15.66 lakh Sq.ft. of built-up
space.

The built-up area is the total area of all floors within a building, excluding the roof, as
well as the areas occupied by external walls and parapets on those floors. The carpet area
refers to the clear space measured from the outer edges of external walls to the inner surfaces
of walls, excluding the thickness of internal or partition walls. The envelope area is the gross

external wall area including the opening of the building envelope.

3.4  Estimation of the Building Operational Energy Performance through Energy

Simulation

Building energy modeling and simulation closely mimic the actual building under
consideration at the design stage itself and evaluate the building performance before going
for construction at the site. At an early stage, it helps to optimize the design of different
systems and helps select the most efficient building materials, equipment, appliances, and
schedules. It simultaneously serves the interests of the occupant, the building owner, and as a
whole, the environment. Simulation input parameters deal with thermal comfort, visual
comfort, and indoor air quality to enhance occupant’s productivity. It becomes easier for the
designers to choose efficient equipment and materials and to go for climate-responsive
strategies. The optimal building energy performance and lower operational cost serve the
interest of the building owner. The environmental impact gets reduced by the energy saving
achieved at the end. The whole building performance method is widely used for building
operational energy performance assessment through energy modeling and simulation. In this
section, the general procedure followed during the energy simulation is described. The
specific methodologies in this regard followed during various stages of the present research

are elaborated in detail in relevant sections of Chapter 4, Chapter 5, and Chapter 6.
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3.4.1 Description of the Energy Modeling Software

A building following the ECBC code shall need to show compliance through whole building
energy simulation software that has been approved by BEE. eQUEST is amongst the BEE-
recommended tools for building energy simulation based on the DOE 2.2 platform. It is a
widely used and well-accepted building energy simulation tool. Since its introduction,
various versions of eQUEST have appeared. The latest version, eQUEST 3.65, was published
by the US Department of Energy in October 2018. Its widespread use stems from its free
availability and availability at all stages of building development from initial design to
finalization. eQUEST has three unique input wizards: Schematic Design Wizard, Design
Development Wizard, and Energy Efficiency Wizard. Each corresponds to a different stage
of the design process. The schematic design wizard is used in the early stages of design and
requires minimal input from the user. This is especially useful when there is little information
about building parameters. Design development wizards, on the other hand, require
increasingly specific information as the design progresses. Energy Efficiency Wizard allows
you to analyze various situations and enter the necessary data to evaluate energy
performance.

eQUEST simulations are designed for buildings with simple seasonal patterns, easy
building envelope design, limited window and door types, one HVAC system per zone, and
accurate weather data (.bin format) available. Due to software limitations, roof and wall
structures can have up to six layers, which effectively simulate exteriors with fewer layers.
eQUEST effectively manages the modeling of simple roof designs, whether flat or pitched.
Although there is a wide range of window and door options, eQUEST limits someone to
specifying only three types for each shell. Furthermore, it is possible to efficiently represent
many shielding techniques, such as overhangs, fins, and drapes. Multiple glazing options are
available. Double or triple-pane windows may include insulation such as air or argon.
eQUEST can efficiently model structures using a limited number of windows and doors,
includes basic frame options, and uses inert gas insulation. eQUEST allows you to accurately
model a variety of HVAC designs, including direct expansion (DX) coils, chilled water coils,
evaporative coolers, furnaces, electrical resistance heating, and hot water coils. However,
eQUEST is most suitable for buildings with one HVAC system serving cach zone at
maximum capacity. Operations can be scheduled appropriately and efficiently. Multiple
preconditioning and preheating scenarios can be accurately represented. The model can

incorporate counterflow, crossflow, parallel flow, and mixed flow energy recovery wheels.
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eQUEST performs best when equipment, occupancy, and HVAC schedules maintain a
consistent hourly pattern. The timetable of various electrical loads can have a significant
impact on the energy efficiency of a facility. Therefore, the accuracy with which you simulate
a timetable is directly affected by the accuracy with which you model the actual schedule.
eQUEST works best when equipment, occupancy, and HVAC schedules are followed
consistently on an hourly basis. The placement of various electrical loads has a significant
impact on the energy efficiency of a building. Therefore, the accuracy of reproducing the
schedule is directly dependent on the accurate representation of the actual timetable.

eQUEST cannot model advanced lighting systems such as LED lights or occupancy
sensors. However, it is possible to include the energy efficiency benefits of these
technologies in the load profile by manually changing the lighting load in each area.
Additionally, eQUEST lacks specific functionality to model balconies. However, the shading
effect that a balcony has on the windows and doors below can be recreated by simulating an
overhang. This solution allows the program to take into account the shade of the balcony.
Also, eQUEST cannot effectively simulate sub-hourly load calculations or assess occupant
thermal and optical comfort levels. Furthermore, its effectiveness decreases when dealing
with buildings with complex structures, such as those featuring conical or dome-shaped roofs.
eQUEST performs load calculations every hour. Additionally, eQUEST cannot accurately
model situations where one zone is served by multiple HVAC systems. It's also not enough
for a structure with over 400 zones, each with its zone controls. The accuracy of eQUEST
simulations depends on the ability to depict these factors accurately. The accuracy of the
results produced by building energy modeling techniques like eQUEST depends on the
accuracy of the input data. Even for experienced energy modelers, all energy modeling
software has inherent limitations and cannot produce results that fully correspond to real-
world results. This study chose to use eQUEST for building energy modeling because of its
strengths, known weaknesses having no impact on this segments of building, rapid simulation
capabilities, user-friendly interface, and recognition by the Building Regulatory Authority of

India.

3.4.2 Energy Model Development

Building energy modeling is the practice of constructing a digital replica of an existing or
new building by using customized computer software to simulate its operational energy

performance. This process involves inputting various building parameters and features, as

40



summarized in Table 3.3, such as its dimensions, architectural design, construction materials
details (wall, roof, glass and partition wall, floor), HVAC systems, internal loads, fenestration
properties, insulation levels, utility rates, weather data, geographical location, occupancy
patterns, lighting, and equipment schedules. Through sophisticated algorithms, the software
can analyze these inputs to simulate thermal dynamics by using building physics and estimate
the building's energy usage accurately.

Table 3.3: Building Energy Model Input Categories

Building Project Form Envelope Equipment System
Level
Location Orientation Walls Lighting HVAC System
Building type Aspect ratio Roof Equipment Thermostats set points
Total Built-up Floor height Floor Control Components efficiency
Total floor Window location  Internal partition Daylight zone ~ HVAC operation
and size schedules
Weather data Window to wall ~ Window Operating Economizer setting
ratio schedules
Utility rates Shading Infiltration - -

3.4.2.1 Geometry of the Buildings

Geometry of buildings includes information regarding building orientation, aspect ratio,
window size, window-to-wall ratio, floor-to-floor height, and number of floors. Figures 3.6

and 3.7 show modeling screenshots from the software wizard.

N eQUEST DD Wizard: Shell Component -- 1F_16F ? X

General Shell Information

Shell Name: [1F_16F

Building Type: [Mulnfannly, High-Rise (interior entries) E

Shell Location within Site

Position this Shell Immediately Above L, of Reference Shell: IG? L]
Distance from Reference Shell: 0.0 ft
[V Specify Exact Site Coordinates Xz 0.0 ft Y I 0.0 ft 74 I 9.8 ft

Area and Floors
Bldg Shell Area: 96,768 ft2 Number of Floors: Above Grade: 16 Below Grade: 0

™ use Floor Multipliers

Other Data

Shell Multiplier: 1 Daylighting Controls: |Yes ¥ Usage Details: IHOUrlv Enduse Profiles _LI

v P | |
[v Prevent duplicate model components Component Name Prefix: EL2 Suffix:

(# of Prefix + Suffix characters must be <= 4)

Wizard Screen | 10f 26 ~ ()) Help & Next Return to %

Screen Navigator

Figure 3.6: Building Modeling
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Q eQUEST DD Wizard: Shell Component -- 1F_16F

Building Footprint

Footprint Shape: | ERTTGG | .. Building Orientation
Zoning Pattern: | custom - ﬂ Plan North:

Footprint & Zoning Dimensions

Zone Names and Characteristics I

_,—\_,—I_ﬂ_l—\_’—‘_ Area Per Floor, Based On

Flr-To-Flr: 9.8 ft

Roof, Attic Properties

™ pitched Roof

Figure 3.7: Building Floor Geometry Modeling

3.4.2.2 Envelop Materials and Construction Details

West North West v

Building Area / Number of Floors: 6,048 ft2

_‘_'_|J Dimensions Specified Above: 6,048 ft2
Floor Heights

Flr-To-Ceil: 8.8 ft

[~ Attic Above Top Flo

N
97.1% Percent Perimeter Zone
. revious ext eturn to
Wizard Screen | 20f26 ¥ (‘) Help ESC:I;e: Sbc!rexen Eavigator

(.

The envelope parameters describe the thermal properties of various envelope components i.e.

walls, roof, internal partitions, floors, windows, and glazing. The construction layer of

materials impacts the thermal transmittance value of the wall and roof and hence it required

modeling for each target analysis. Figures 3.8 and 3.9 show modeling screenshots.

N eQUEST Building Creation Wizard ? X
Layer-by-Layer Construction
Construction Name: | LEIESEIEI Surface Type: |Vertical Exterior Wall L]
Layers: (outside to inside)
: R-Value Thickness | Conductivity | Density | Spec. Heat
SpeciMetioc Category Piatanal (h-ft-oF/Btu) | (ft) | (Btu/h-ft-oF) | (Ib/ft3) | (Btu/lb-oF)
1 |Library Entry + |Cement Mortar  |Cement Plaster with Sand-Aggr v 0.066 0.4167 116.00 0.200§
2 |Library Entry [Brick w |Brick, Common, 4 Inch (BK0O1) 0.250 0.4167 120.00 0.200|
3 |Library Entry v |[Cement Mortar w |Cement Plaster with Sand-Aggr v 0.039 0.4167 116.00 0.200§
4 |Specify Resistal w 0.691
5 |- select materic w
Overall R-Value: 2.393 h-ft2-°F/Btu
Help @) Done :):Z'

Figure 3.8: Building Wall Construction Modeling
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N eQUEST Building Creation Wizard ? X

Layer-by-Layer Construction

Construction Name: | (Il MYSI<TE] Surface Type: |Roof Z]

Layers: (outside to inside)

s R e
1 |Specify Resistar v 0.291
2 |Specify Reastar? 0.043
3 |Library Entry TCement Mortar v |Cement Mortar, 1-3/4 Inch (CM v 0.098
4 |Library Entry ?Concrete 140 Ib w |Concrete, HW, Dried, 140 Lb., € w» 0.500
5 |Library Entry TCement Mortar v [Cement Plaster with Sand-Agar v 0.039
6 |- select matene?

Overall R-Value: 2.113 h-ft2-°F/Btu

Help ()) Done %
Figure 3.9: Building Wall Construction Modeling

3.4.2.3 Lighting and Other Controls

Since all ten buildings under consideration in this study are in varying stages of design,
development, and construction, precise data regarding lighting power and control could not
be found. ANSI/ASHRAE/IES 90.1-2016 (American Society of Heating, Refrigerating and
Air-Conditioning Engineers, 2016) recommended values are considered for the interior
lighting power density (LPD). A daylight control measure was turned on during energy
simulation in every design scenario to estimate the ensuing impact of daylight use on energy

performance.

3.4.2.4 HVAC System Details

Split air conditioners are typically used as active cooling measures for the conditioned spaces
in typical high-rise apartment buildings in Kolkata, and hence this is considered in all design
situations. ECBC 2017 and ENS Part-II specified HVAC system requirements are followed
along with BEE star labeling for higher energy efficiency. A typical modeling screenshot is
shown in Fig. 3.10.
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[N eQUEST DD Wizard: Air-Side System Type -- HVAC System 1 ? X

HVAC System Definition

System Type Name: I HVAC System 1

Cooling Source: |DX Coils LI Q

Heating Source: lEIectrlc Resistance Ll

System Type: ISpht System Single Zone DX with Elec HeatZI

System per Area: ’Svstem per Zone L] Component Name Prefix: S1

Return Air Path: IDuc ted L] Suffix:

(# Prefix+Suffix characters must be <= 4)
[V Prevent duplicate model components
System Assignment to Thermal Zones™
Shell Component(s) Description of Assigned Zones

1 |GF « |All Zones -
2 |1F_16F « |All Zones -
3 |- undefined - -

* Assignments here are superseded by HVAC assignments made on the zone group screen (by shell)

Wizard Screen | 10of 7 - = ')) Help ; S%f::n a szs]x:;r;tt; %
Figure 3.10: Building HVAC System Modeling

3.4.2.5 Weather File and Electricity Tariff Used for the Simulations

ISHRAE Weather files were created by exploring weather data from various sources like the
National Center for Environmental Data (NCEL), the Indian Bureau of Meteorology, and
satellite-driven solar radiation data developed by the National Renewable Energy Laboratory
(NREL). Using the eQUEST weather processor, the collected energy Plus weather file for
Kolkata (IND_Kolkata.428090 ISHRAE.epw) is converted to eQUEST usable format while
running the energy simulations.

Calcutta Electric Supply Corporation (CESC) is the electricity provider in Kolkata
City, and the electricity tariffs provided by them are used to prepare the electricity rate file

used in the energy simulations.

3.4.2.6 Various Schedules

The occupancy, internal lighting, and equipment schedules are chosen as typical for daytime

unoccupied (on weekdays) residential buildings as shown in Fig. 3.11.
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Figure 3.11: Typical Weekday Schedules for (A) Occupancy, (B) Internal Lighting, and
(C) Equipment

3.4.2.7 Model Validation

The buildings considered in the present study are at the design and construction stages.
Therefore, actual electricity bills are not available for directly validating the simulation
outputs. The envelope construction with finishing is complete for three buildings viz.

Building-1, Buiding-4, and Building-9. These buildings are chosen for validation, by
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comparing the simulated indoor temperatures with the measured indoor temperatures at the
apartments on typical floors. The zone temperature of different indoor spaces and the
associated heating-cooling energy performance of the same is directly affected by the
envelope performance. Therefore, a comparison of measured (Tmeasures) and simulated
temperature (Tsimuiared) 1S used validating the simulation models. The process is described in

detail in Section 4.3.1.2.1 of Chapter 4.

3.4.3 Energy Simulation

The ‘Whole Building Performance Method’ as described in ECBC, 2017 is used as a
guideline to run the whole building energy simulation to determine the operational energy
performance of the studied buildings. Once the energy simulation models were framed the
simulations were run to assess the annual operational energy consumption (for 8760 hours)
under different heads.

In Chapter 4, the simulation is run for five different design cases to compare the
energy performance of different ECBC-prescribed performance levels with the typically
practiced baseline. In Chapter 5, the operational energy performance of nine different exterior
wall alternatives is studied and compared through energy simulation. In Chapter 6, the nine
exterior wall alternatives are combined with five different room air conditioners to yield
forty-five different wall-AC combinations. The operational energy performance of these

combinations is assessed and compared through energy simulation.

3.5  Estimation of the Building Embodied Energy Performance

The embodied energy is defined as the total amount of energy consumed during the
excavation, manufacturing, transportation, fabrication, and assembly of construction
materials. In Chapter 5, the embodied energy associated with nine different fagade variations
considered as energy efficiency measures are estimated. The masonry work quantity for each
case is estimated for all ten buildings using the standard center line method (Chakraborti,
1987). Once the volume of the masonry units, cement mortar, and cement plasters are found
out, the mass quantities for each are estimated using the material densities. The mass
quantities of the masonry items are then multiplied by respective embodied energy
coefficients and are cumulated to find out the embodied energy for the exterior walls of a

building for a particular fagade option. The process is described in detail in Chapter 5.

46



3.6  Estimation of the Environmental Impact of Different Facade Variations

Every energy efficiency measure incorporated in the building design features has its
environmental impact. The environmental performances of the major energy efficiency
measures in terms of nine alternative exterior wall assemblies are investigated in terms of
their operational, embodied, and cumulative GHG emission potentials.

The greenhouse gas (GHG) emissions resulting from the building's operational energy
consumption throughout its lifespan are determined by multiplying the lifetime (fifty years)
operational energy consumption by the average GHG emission factor of the Indian electricity
grid. To find out the embodied GHG emission, the mass quantities of the masonry items for a
facade alternative are multiplied by respective Global Warming Potentials. The cumulative
GHG emission is given by adding the operational and embodied components. The process is

described in detail in relevant sections of Chapter 5.

3.7 Estimation of the Economic Impact of Different Wall-AC Combinations

At present, there is a lack of comprehensive and accurate economic understanding among
various stakeholders regarding energy-efficient high-rise buildings. There is a general
perception that energy-efficient buildings require substantial investment and cost, leading to
reluctance in their development or purchase. Hence, Techno-economic analysis of any
proposed energy efficiency measures holds the key to user acceptance. Along with the initial
capital investment of the forty-five different wall-AC combinations as proposed energy
efficiency measures, a life cycle cost analysis is performed. With needful quantity estimation,
the individual cost of the proposed options is estimated and averaged out for all the buildings.
These averaged capital costs were added to estimate the average initial capital investments
required for different wall-AC combinations considered in the study and presented in terms
of combined capital cost by adding each one for that specific case. The energy simulation
input for the utility rate incorporated the latest urban commercial tariff rate supplied by the
CESC for the calculation of electricity tariffs. The annual cost of operational energy
consumption for every simulation case was taken out of the simulation reports and reported
using the annual operational energy costs.

The annual inflation rate (r) of electricity was taken into account when calculating the
future annual expenses for paying electricity bills to estimate the life cycle cost. The relevant

discount factor (i) was applied to each case's future cash flow to convert it to its present
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value. To estimate the present value of the total expenditure the present value of the cash
flow for fifteen years is added to the combined capital cost for each of the considered

combinations. The process is described in detail in Section 6.2.2 of Chapter 6.

3.8  Statistical Analysis

The statistical method is adopted for the building design variable impact association analysis.
Correlation and linear regression are the two most widely used methods when analyzing the
association between quantitative variables. In Chapter 4 both of these analyses are carried out
to study the association between building operational energy performance and different
variables influencing it using ‘SPSS Statistics’ software (version 23).

In a multivariate scenario, the multiple correlation analysis assesses the statistical
association among different variables. The analysis is performed for both EPI and RETV to
identify their association with different influencing variables using ‘SPSS Statistics’ software
(version 23). Both Pearson Correlation Coefficients () and Spearman’s Rank Correlation
Coefficients (ry) are calculated. The coefficients showing significance at 0.01 level and 0.05
are reported and highlighted.

On the other hand, to develop a mathematical relationship between the energy
performance indices with the different influencing variables multivariate regression analyses
are run and regression equations are generated. These equations are subsequently used in

‘sensitivity analysis’ for critical influencing variable identification.

3.9  Sensitivity Analysis

To analyze the effects of the uncertainty in the input variables sensitivity analysis is widely
used by researchers. The ‘What If” kind of sensitivity analysis, as carried out in Chapter 4
(Section 4.3.3), typically identifies the critical parameter dependence of the solution
(operational energy performance in the present study) and helps in decision-making. The
‘TopRank’ software (version 5.5) of Palisade Decision Tools Suite (2009) is used to
comparatively assess the influence of different input variables on the operational energy
performance of the studied buildings and to point out the most critical ones demanding
attention. The critical influencing parameters identified in the process are chosen for further

analyses carried out in Chapter 5 and Chapter 6.
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3.10 Risk Analysis through Monte Carlo Simulation

Risk analysis, a core concept in financial theory, involves assessing uncertainties in economic
estimation. Monte Carlo Simulation (MCS), a widely used method based on probability
distributions, reliably forecasts economic conditions with stability. The MCS model of the
'@Risk' software (version 5.5) from Palisade Decision Tools Suite (2009) is used for
economic risk analysis by using probability distributions of input variables. Using mean ()
and standard deviation (o) parameters, this process produced probability distributions for the
present value of total expenditure for different wall-AC combinations considered in Chapter

6. The process is detailed in Section 6.2.3.1.

3.11 Assumptions and Study Scope Limitation

The scope of the study is limited to only high-rise residential apartment buildings in Kolkata
that represent a warm and humid climate. The building's occupants use it year-round to the
intended design and predefined user guidelines. Based on the building model, all predefined
parameters are followed and applied. However, these parameters are subject to change on
occasion based on evolving needs and conditions. The home appliances and equipment
function in compliance with a predefined schedule and the manufacturer's specifications.
Architectural energy efficiency measures and social constraints of high-rise occupants were

not considered in this study.
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Chapter 4

Assessment of Building Energy Performance and
Identification of the Critical Influencing Parameters

4.0 Introduction

Buildings currently consume about 33% of India’s total final energy consumption (Yu et al.,
2017). It is still increasing at around 8% annually (Dhaka et al., 2012). The residential
building sector, which is about 80% of the total housing stock, is the second highest energy-
consuming sector after the industrial sector in India. The residential building sector consumes
substantial energy in modern urban cities of India both due to improved living standards and
increasing population. Out of the total electricity consumed in the building sector, around
75% 1is used in residential buildings. From 55 TWh in 1996-97 to 260 TWh in 2016-17, the
gross annual electricity consumption in residential buildings has been rising sharply by more
than four times in a span of twenty years and future projections show that it is expected to
reach anywhere between 630-1100 TWh by 2032 (Central Electricity Authority 2017; NITI
Ayyog). The situation as of now demands the implementation of urgent measures to optimize
building energy demand in the residential building sector alongside others by increasing
building energy efficiency. Regulatory measures implemented through building energy codes
have been proven effective worldwide in this regard. Energy Conservation Building Codes
(ECBC) for commercial and residential buildings in India are already introduced by the
Bureau of Energy Efficiency (BEE). In the present chapter, the influence of different
envelope parameters as specified in the ECBC for residential buildings (Eco-Niwas Samhita,
2018, Part-1) on the energy performance of typical high-rise residential apartments in the
warm-humid climate of Kolkata, is studied in detail. Statistical association of the energy
performance with different variables regarding building geometry and envelope material
properties is also investigated. The effects of uncertainties in the variables on the building
energy performance are explored through sensitivity analyses. The most critical variables
influencing the building energy performance are thus identified through this sensitivity

analysis.
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4.1 Energy Conservation Building Codes (ECBC) for Residential Buildings

With an anticipated rapid growth in the residential building stock across India, BEE
introduced Eco-Niwas Sambhita, 2018, Part-1, the ECBC for residential buildings, which sets
minimum performance standards for four building envelope compliance parameters viz.
Window (possible to open) to Floor Area Ratio (WFR,p), Visible Light Transmittance (VLT),
Roof Thermal Transmittance (U,oo), and Residential Envelope Transmittance Value (RETV)
to ensure energy efficiency. The code applies to residential buildings or residential parts of
the ‘mixed land-use building projects’ built on a plot area > 500 m?.

Eco-Niwas Samhita, 2018 (Part-1) specifies minimum requirements for WFR,, i.e. the
ratio of areas that can be opened to the atmosphere to the carpet area of the dwelling units,
based on the climate zone of the building. It ensures sufficient external air ventilation to
improve thermal comfort and energy efficiency as per the recommendations of the National
Building Code (NBC, 2016).

The potential for daylight use is ensured by the optimum choice of glasses with
sufficient VLT. Eco-Niwas Sambhita, 2018 specifies the minimum VLT requirement based on
window wall ratio (WWR) i.e. the ratio of the area of non-opaque building envelope
components to the envelope area (excluding roof) of the buildings.

Transmittance or U-value is the heat flow density (W/m?) through a physical body
with a 1K temperature difference (AT) between the air inside and air outside of it, in units of
W/m?K (Szokolay 2004). Eco-Niwas Samhita, 2018 helps to reduce heat gain or loss through

the roof by setting a maximum limit to Uyor.

n
{a x Z (Aopaque,- X Uopaque,- x a)i )} +
i=1

n

RETV = 1 {b x Z (Anun—apaque,- X Unon—opaquel- x a)i )} + Equation (4 1)

i=1

envelope

{c X Zn: (Anon_o,,aque[ X SHGC ivatens, X ©; )}

i1

Eco-Niwas Sambhita, 2018 uses a single parameter named RETV to characterize the
thermal performance of the building envelope except the roof. RETV represents the net heat
gain rate through the building envelope components (excluding roof) per unit building
envelope area (excluding roof). RETV takes into account the conductive heat gain through

opaque (e.g. wall) and non-opaque (e.g. window glazing) envelops along with solar radiation
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heat gain through the latter as expressed in Eqn. (4.1). Limiting RETV helps reduce heat gain
and improve building energy performance.

In the above equation, Agpaguei represents the area of different opaque building
components (external brick wall) in all four cardinal directions of the building facade. Aon-
opaquei T€presents the same for non-opaque building components (window glazing). Thermal
transmittance of the external wall (Uspaguei 0 Uywanr), same for window glazing (Unon-opaquei),
and solar heat gain coefficient (SHGCequivatensi) for the window glazing represent the thermal
properties of the building envelope components. The orientation factors (w;), taking care of
direct and diffused solar radiation received on the vertical building surface in a specific
orientation are available in Annexure-6 of Eco-Niwas Samhita, 2018 along with the values of
the coefficients a, b, c.

The revised energy conservation building code for commercial buildings (ECBC,
2017) through its mandatory and prescriptive energy efficiency measures (EEM) for
envelope, HVAC and comfort systems, electro-mechanical systems, lighting, etc., encourages
energy efficient design of buildings through the Integrated Building Design approach. For
residential building codes, Eco-Niwas Sambhita, 2018, Part-1, dealing with the envelope
parameters is explored in the present chapter. Eco-Niwas Sambhita, 2021, Part-2, dealing with

the electro-mechanical systems is explored in the Chapter-6 of the thesis.

4.2  Objectives and Framework of the Study

The study in the present chapter is focused on the following objectives as detailed below. The

different stages involved in the study framework are presented in Fig. 4.1.

. To study the influence of different envelope parameters as specified in the ECBC for
residential buildings (Eco-Niwas Sambhita, 2018, Part-1) on the energy performance of
typical high-rise residential apartments in the warm-humid climate of Kolkata.

. To study the statistical association of building energy performance with different
variables regarding building geometry and envelope material properties.

. To probe into the uncertainty in the variables through sensitivity analyses and identify

the critical factors influencing the building energy performance.
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Figure 4.1: Framework of the Study

4.3 Methodology

4.3.1 Assessment of Energy Performance

4.3.1.1 Framing Energy Simulation Models

A total of ten high-rise residential apartment buildings in the warm-humid climate of Kolkata
are chosen as the test subjects for the present study. The details of the buildings are provided
in Chapter 3. The energy performance for each of the buildings is assessed through whole
building energy simulation by eQUEST 3.65. For each of the buildings, five design cases
were considered in framing the energy simulation models using the ‘Design Development
Wizard’ of the software. Models for Case-1 followed the actual design available from the
drawing and design documents and typical construction practices followed in Kolkata.
Required parameters are changed for Case-2 models to comply with the specifications of
Eco-Niwas Sambhita, 2018 (Part-1). Models for the remaining three cases viz. Case-3 (ECBC
2017 Baseline design), Case-4 (ECBC 2017 Plus design), and Case-5 (ECBC 2017 Super
design) followed the Energy Conservation Building Code (ECBC, 2017) specifications for
the considered parameters. The basic building geometry and orientation (parameters as

described in Table 3.2 apart from Aopague, Anon-opague aNA Aopenanie) Were kept the same as the
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actual one over all the design cases for a particular building. Typical floor plans and views of

the energy simulation models are shown in Fig. 4.2.

A —\_\7
s scaurmanrzone BUMNE L oo oz Building2 &
L

100.0% Barcent arimerarzone. BUMAINE 3 B 1000 secensarimurerzone  Building 4w
"
"5.'7}.*.; ‘
.
o
e
3
.
b
n
"

Building 5 & seveconsuimenzoe  Building 6w
|
=t
I LI:I/_I—L
[ETTR— Building 7w o, o cocansunmunrzine BUIING 8
a0z sarcent sarmacerzone BUHAINEY B sezecicuirvinnazie  Building 10

Figure 4.2: The Studied Buildings (A) Typical Floor Plans (B) 3D View of the Energy
Simulation Models

4.3.1.1.1 Compliance with ‘Openable’ Window to Floor Area Ratio (WFR,)

Specifications

For Case-1 models the actual value of WFR,, is calculated for all ten buildings. The openable
window area is 2/3™ of the overall window area as three-panel sliding doors and windows are
typically considered in Kolkata’s apartments. For the warm-humid climate of Kolkata, the
minimum code specified value for WFR,, is 16.66%. To comply, wherever required, the
overall WWR values for these buildings are increased till the WFR,, values cross the requisite
percentage. WWR values for the buildings which have already complied are kept unchanged.

The actual and modified values are presented in Table 4.1.
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Table 4.1: Actual and Modified WFR,, and WWR Values

Building Actual Values* Modified Values** Change in
Openable Window Openable Window Ell_):aq:;(lwa“
Window to  Wall Ratio Window to  Wall Ratio Window
Floor Area Floor Area P
Ratio Ratio

Symbol WFR ,, WWR WFR ,, WWR

Unit % % % % m’

Building 1 19.29 22.35 19.29 22.35 0

Building 2 17.1 16.98 17.1 16.98 0

Building 3 9.13 16.53 16.66 30.17 904.57

Building 4 16.34 1972 16.67 20.12 17.24

Building 5 13.61 30.61 16.66 37.47 557.29

Building 6 18.99 2241 18.99 22.41 0

Building 7 8.21 14.66 16.66 29.74 3384.8

Building 8 13.82 18.25 16.66 22 409.92

Building 9 13.76 21.02 16.67 25.45 37995

Building 10  9.01 13.64 16.66 25.24 1528.4

* Used for Case-1; ** Used for Case-2, Case-3, Case-4 and Case-5

4.3.1.1.2 Compliance with Visible Light Transmittance (VLT) Specifications

For residential apartments in Kolkata, single-glazed units (SGU) made of clear float glasses
are typically considered. Therefore, clear float glass properties for the products of three
leading glass manufacturers viz. Saint Gobain Glass (SGG), Pilkington, and Asahi India
Glass Limited (AIS) as presented in Table 4.2 are considered as available options. An
average VLT of 87.87% is considered for Case-1 models. For the remaining cases,
corresponding code-specified values as described in Table 4.3 are maintained considering the
market available options. Along with the VLT, the thermal properties (Ugiass and SHGC) of

the glass products played an important role in their choice.

55



Table 4.2: Properties of Market-Available Glass Products Considered in the Study

Manufacturer Product Type Glass Properties

Transmittance Visual Light  Solar Heat Gain
Transmittance Coefficient

Symbol U glass VLT SHGC

Unit W/m*K %

Saint Gobain Glass PLANILUX 5.7 89 0.82
Pilkington OPTIFLOAT 6 mm Clear 5.7 88 0.81

AIS CLEAR FLOAT Float Glass 5 68 86.6 0.81

Average 5.69+0.01*  87.87+1.21*  0.81+0.01%
Saint Gobain Glass EVO CLEAR COSMOS 3.8 28 0.29

AIS ECOSENSE EDGE NATURA g é“{;l Clear 44 28 0.3

Average 3.750+0.071%* 28.0+0.000%*  (0.295+0.007**

* Used for Case-1; ** Used for Case-2

Table 4.3: The Envelope Material Parameters Considered for the Design Cases

Description Symbol Unit Design Cases

Actual Compliance ECBC ECBC + ECBC Super

Design Threshold Baseline

Case-1 Case-2 Case-3 Case-4 Case-5
Roof U-value U roof W/m?°K 2.69 1.20** 0.33%* 0.20** 0.20%*
Wall U-value U vait W/m*°K 2.05 2.05 0.40%* 0.34%* 0:22**
Glazing Visual Light Transmittanmce VLT % 87.87 28 (27.00%) 27.00* 27.00* 27.00*
Glazing U-value U gtass W/m2K 5.69 398 L 2.2%% 22%%
Glazing SHGC (North) SHGC o001 0.81 0.295 0.50%* 0.50%* 0.50%*
Glazing SHGC (Non-North) SHGE sonsioim 0.81 0.295 0.27** 0.25%* 0.25%*
Residential Envelope Transmittance Value RETV W/m? 20.37£2.24  13.98+0.80 (15.00%*) 7.57=1.24 6.79x1.14 6.33x1.18
Window Shading Yes Yes Yes Yes Yes

* Minimum Required Values, ** Maximum Allowable Values

4.3.1.1.3 Compliance with the Roof Thermal Transmittance (U..o) Specifications

The typical roof construction practiced in Kolkata, as shown in Fig. 4.3, is considered for
Case-1 models. As a building roof typically consists of multiple material layers, the
methodology of calculation of thermal transmittance of roof and wall as specified in
Annexure-5 of Eco-Niwas Samhita, 2018 is followed. Thickness of the material layer () is
taken from the typical construction practiced in Kolkata. The material thermal conductivity
(ki) and the interior and exterior surface film thermal resistance (Ry; and Ry.) are taken from
material specifications provided in Eco-Niwas Sambhita, 2018 as well as ECBC, 2017. For the

remaining cases, U,qu values are kept at maximum allowable limits as described in Table 4.3.
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12 i Cenie e 50 i Ctisnt MoHsE Material Layer | Thickness | Conductivity | Resistance
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}".«"'- "‘.':_k.-'_'. 2\ - .,4.‘.. o arhg -
I A ey B B R IO RCC Slab 152.4 1.5800 0.0965
Y Cement Plaster | 12.0 0.7210 0.0166

Interior Surface Film Thermal Resistance (R,;) | 0.1700
12 mm Cement Plaster 152.4 mm RCC Slab

Exterior Surface Film Thermal Resistance | 0.0400
()
Total Thermal Resistance (Ry) 0.3723

Roof Thermal Transmittance (U, = 2.6860 W/m*°K

Figure 4.3: Typical Roof Construction as Practiced in Kolkata

4.3.1.1.4 Compliance with the Residential Envelope Transmittance Value (RETV)

Specifications

Thermal transmittance of the external wall (Uspaguei OF Uwair), same for window glazing (Uyon-
opaquei), and solar heat gain coefficient (SHGC.quivaiensi) for the window glazing represent the
thermal properties of the building envelope components required for RETV calculation using
Eqn. (4.1). For the calculation of thermal transmittance of the external opaque wall (Uwan),
the same methodology as specified in Annexure-5 of Eco-Niwas Sambhita, 2018 is followed.
The typical external brick wall construction practiced in Kolkata, as shown in Fig. 4.4, is
considered for Case-1 models. Also for Case-2, the wall construction is kept unaltered. For
the remaining three cases of ECBC, 2017 compliant designs the U,as values are kept at

maximum allowable limits as described in Table 4.3.

Material Layer | Thickness | Conductivity | Resistance
i 1
Symbo t ki Ri
— 20 mm Cement Plaster - -
Unit mm W/mK m-K/W
. Cement Plaster | 20.0 0.7210 0.0277
— 203. a
203.2 mm Brick Wall e e poen | 363 2 0.7400 0.2736
Clay Brick
¢ 12 mm Cement Plaster ["Cement Plaster | 12.0 0.7210 0.0166

Interior Surface Film Thermal Resistance (R,;) | 0.1300

Exterior Surface Film Thermal Resistance | 0.0400
(Rs)
Total Thermal Resistance (Ry) 0.4889

Wall Thermal Transmittance (U,,.;) = 2.0454 W/m™°K

Figure 4.4: Typical Wall Construction as Practiced in Kolkata

As already discussed, residential apartments in Kolkata typically use single-glazed

units (SGU) made of clear float glasses for non-opaque building envelope components like
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window glazing. Properties for market available options for the same are described in Table
4.2. An average Uyss value and SHGC of 5.69 W/m?°K and 0.81 respectively are considered
for Case-1 models. For Case-2 models, Eco-Niwas Samhita, 2018 specified that RETV of 15
W/m? is achieved by altering window glass thermal properties while keeping the Uwan
unaltered. For the remaining three cases, the glass thermal properties are considered as per
the ECBC, 2017 recommendations as described in Table 4.3. The resultant RETV values for

all the design cases are also presented.

4.3.1.1.5 Heating, Ventilation and Air Conditioning (HVAC), Lighting and
Equipment, Occupancy and Schedule

For typical apartment buildings of Kolkata unitary split air conditioners are generally used for
the conditioned spaces and the same is considered across all the cases. ECBC, 2017 specified
HVAC system requirements are followed in Case-3, Case-4, and Case-5 models. For actual
design in Case-1 and Eco-Niwas Samhita, 2018 (which sets and recommends provisions for
building envelope parameters only) compliant design in Case-2, HVAC system efficiency
and other parameters are kept the same as Case-3 design. For all the simulation runs the
cooling systems are sized by the ‘Auto-Size’ capability of eQUEST 3.65.

As all the ten buildings considered in the present study are either at the design stage or
are under construction, actual information about lighting power and control could not be
obtained. The interior lighting power density (LPD) is chosen as per the recommendation of
ANSI/ASHRAE/IES 90.1-2016 (American Society of Heating, Refrigerating and Air-
Conditioning Engineers, 2016). No consideration is made for exterior lighting either in any of
the design cases. To estimate the consequent impact of daylight use (by providing minimum
VLT as discussed in Seion-3.3.2) on energy performance, a daylight control measure was
activated during energy simulation for all cases.

The buildings are considered typical daytime unoccupied (on weekdays) residential
ones and the occupancy, internal lighting, and equipment schedules are chosen accordingly as
shown in Fig. 4.5. 5 kW intermittently operating elevators are assigned to the buildings as per
the building drawings. The HVAC system information as well as the information for lighting,

equipment, occupancy, and schedules is summarized in Table 4.4.
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Figure 4.5: Typical Weekday Schedules for (A) Occupancy, (B) Internal Lighting and
(C) Equipment

Table 4.4: HVAC, Lighting, Equipment, and Other Parameters for all the Design Cases

Description Symbol Unit Design Cases
Actual Compliance ECBC ECBC + ECBC Super
Design Threshold  Baseline
Case-1 Case-2 Case-3 Case-4 Case-5
HVAC System Type Split System, Single Zone DX
BEE Star Rating 3 Star 3 Star 3 Star* 4 Star* 5 Star*
E Cooling Energy Efficiency Ratio EER W/W 3.1 31 3.3 3i3* 3.5
e Zone Cooling set point degF 78 78 78 78 78
Zone Heating set point degF 68 68 68 68 68
- Lighting Power Density LPD W/ 0.70 (as per ANSI, ASHRAE, IES 90.1- 2016)
‘?: Daylight Control 30% light power dimming during daylight hours in the daylit areas
H
Equipment Power Density EPD W/ 0.30 (Software Default)
Elevator Power kW 5 kW/Elevator (number of elevators is as per the actual drawing)
Occupancy m¥Person 1250 (as per National Building Code, 2016)

* Minimum Required Values, ** Maximum Allowable Values
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4.3.1.2 The Energy Simulation

The ‘Whole Building Performance Method’ as described in ECBC, 2017 is used as a
guideline to run the whole building energy simulation to determine the energy performance
of the studied buildings for five considered design cases. eQUEST 3.65, a front-end to the
DOE-2.2 engine, has been used as the simulation tool. Energy Plus weather file for Kolkata
(IND_Kolkata.428090 ISHRAE.epw) is collected and converted to eQUEST usable format
by eQUEST weather processor which is used during the energy simulations. Calcutta Electric
Supply Corporation (CESC) is the electricity provider in Kolkata City, and their latest tariff
under effect from 4™ July 2018 (CESC, 2018) is used to prepare the electricity rate file used
in the energy simulations.

The simulations were run after framing the models and the annual operational energy
consumption under different heads was assessed. To normalize the annual energy
consumption the Energy Performance Index (EPI) as expressed in Eqn. (4.2) was calculated
for each building.

The EPI for cooling energy (EPlcooiing) and internal lighting energy (EPliighing) are

also calculated along with the overall £PI and are used for further analyses.

EPI - annual _energy _consumption

Equation (4.2)

Abuill —up

4.3.1.2.1 Validation of the Simulation Models

The buildings considered in the present study are at the design and construction stages.
Therefore, actual electricity bills are not available for directly validating the simulation
outputs. The envelope construction with finishing is complete for three buildings viz.
Building-1, Buiding-4, and Building-9. These buildings are chosen for validation, by
comparing the simulated indoor temperatures with the measured indoor temperatures at the
apartments on typical floors. The zone temperature of different indoor spaces and the
associated heating-cooling energy performance of the same is directly affected by the
envelope performance. Therefore, a comparison of measured (Teasured) and simulated

temperature (Tsimuiared) 18 used validating the simulation models.
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Figure 4.6: Measured and Simulated Indoor Temperature Comparison (A) Scatter Plots
(B) Diurnal Temperature Variation Pattern

In July 2019, automatic ambient temperature loggers (Make: HTC, Model: Easy Log,
Resolution: 0.1°C) were placed in the living rooms of the apartments of the selected
buildings, and ambient temperatures (7ineasured) Were recorded for a whole day. Six apartments
for Building-1, four apartments for Building-4, and six apartments for Building-9 were
chosen for monitoring. The ‘hourly reports’ for the ‘zone temperatures’ provide the simulated
temperatures (Tsimuiarea) for the same spaces. Scatter plots with Treasured and Tsimutarea are drawn
for all three buildings and the respective coefficient of determination (R?) is checked. A

calibration coefficient (CF), represented by the ratio of the Tieasured and Tiimuiated, 1S also
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calculated for each hour for each of the considered apartments, and the daily average is
calculated. The scatter plots and time series graphs for the considered three buildings are
shown in Fig. 4.6. Both R’ value and CF values being close to ‘1’ show a good association
between measured and simulated temperature and high simulation efficiency. Similar
observations were made earlier by Pellegrino et al. (2011), Biswas et al. (2013), and
Pellegrino et al. (2016) regarding hourly variations of indoor temperature for Kolkata

buildings.

4.3.2 Statistical Association Analysis

4.3.2.1 The Correlation Analysis

In a multivariate scenario, the multiple correlation analysis assesses the statistical association
among different variables. The analysis is performed for both £PI and RETV to identify their
association with different influencing variables using ‘SPSS Statistics’ software (version 23).
Both Pearson Correlation Coefficients () and Spearman’s Rank Correlation Coefficients (7)
are calculated. The coefficients showing significance at 0.01 level and 0.05 are reported and
highlighted. Strong (£0.5 < r < £1.0) to moderate (£0.3 < <+0.5) correlations are identified

and necessary discussions are made.

4.3.2.2 The Regression Analysis

Multivariate regression analyses were run using ‘SPSS Statistics’ software (version 23) to
generate regression equations, as described in Table 4.8, showing the mathematical
relationship of the three energy performance indices viz. EPI, EPlcooling and EPljighing With
different influencing variables. All sixteen variables were taken into account for the
regression analysis regarding overall EPI. For EPl.ooiing, VLT was omitted as it will not
influence the cooling energy consumption. The EER, U, and RETV are not taken into

account during the regression analysis for EPljigning for the same reason.
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4.3.3 Sensitivity Analysis for Identification of Critical Parameters Influencing the

Building Energy Performance

To analyze the effects of the uncertainty in the input variables sensitivity analysis is widely
used by researchers. Existing literature shows the use of sensitivity analysis in identifying the
influence of building materials, geometry, design, meteorological, and occupant behavior
parameters on building energy performance (Hemsath and Bandhosseini 2015; Kristensen
and Petersen 2016; Yang et al. 2016; O’Neil and Niu 2017; Liu et al. 2017; Tian et al. 2018;
Li et al. 2018; Rivalin et al. 2018; Gagnon et al. 2018; Vivian et al. 2020). Similar studies
have been performed in the Indian context also. Singh et.al (2016) carried out sensitivity
analyses of energy and daylight performances for an office building using external Venetian
blind shading in Jodhpur and identified WWR, glazing type, blind orientation, and slat angle
as the influencing factors. Gokarakonda et.al (2019) identified the cooling set-point
temperature, building size, window SHGC, and exterior surface properties as influencing
parameters when cooling energy consumption, thermal comfort conditions, and natural
ventilation hours are considered for mixed-mode buildings in India.

The ‘What If’ kind of sensitivity analysis, through its iterative approach, typically
identifies the critical parameter dependence of the solution and helps in decision-making. In
the present study, this technique is adopted while assessing the influence of different input
variables on RETV and EPI and the most critical ones demanding attention are identified. The
‘TopRank’ software (version 5.5) of Palisade Decision Tools Suite (2009) was used. The
variables in the generated regression equation (as described in Table 4.10) were used for EPI,
and for RETV, variables in the Eqn. (4.1) were used. These variables were varied in an
iterative way and standard ‘Tornado Diagrams’ and ‘Spider Diagrams’ were generated for

each case. Discussions are made regarding the critical influencing parameters thus identified.
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4.4 Results and Discussion

In this study, ten different buildings were considered to understand the dependency of the
EPI on building geometry parameters. Further, the dependence of EPI on different building
envelope parameters was verified by varying them for all the buildings over five proposed
design cases. The effect of these variations on operational energy performance, using the
results of the energy simulations, is analyzed and presented. The association of the energy
performance with the geometry and envelopn varying input parameters is assessed through
correlation and regression analysis. The effect of these input parameters on energy
performance is assessed through sensitivity analysis. In all the performed analyses cooling
and lighting energy performance (EPlcooling and EPljghing) 1s considered along with the
overall operational energy performance expressed in terms of EPI.

In Part 1T of the Eco-Niwas Sambhita, 2018 code, RETV is defined as a single
parameter that characterises the building envelope's thermal performance, considering walls
and glass with the exception of the roof. Its variation is also noted for each of the ten
buildings and the five suggested design scenarios. Additionally, the relation and sensitivity of

RETV with the input parameters are also analyzed and reported.

4.4.1 Variation of EPI and RETV over Considered Design Cases

Variation of energy performance over the five proposed design cases expressed in terms of
three energy performance indices viz. EPI, EPlcooiing, and EPljigning are given in Table 4.5.
The values are averaged for the ten considered buildings and the average percentage
improvement of these indices for the considered design cases over the actual design in Case-1
are calculated and shown in Fig. 4.7 (A).

The overall EPI, the Eco-Niwas Samhita, 2018 compliant design (Case-2)
demonstrate an improvement of 7.88% over the actual design (Case-1). The improvement is
further increased to 17.14%, 21.37%, and 25.57% respectively for Case-3, Case-4, and Case-
5 (ECBC, 2017 compliant levels). Earlier research regarding institutional and commercial
buildings implementing ECBC specified and other energy efficiency measures have shown
percentage energy savings in the order of 3.18-5.40% (Dutta and Neogi, 2013), 17-42%
(Tulsyan et al. 2013), 18.42-37.20% (Chedwal et al. 2015), 37-75% (Bano and Sehgal, 2018)

in various climatic zones of India.
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In the current study, the principal focus of input variation is set on the envelope
parameters that are expected to impact the EPlcooiing most. As expected, the corresponding
percentage improvements over the actual basecase design are more prominent (11.35%,
24.02%, 30.28%, and 36.34% respectively) for EPlcooiing. Pellegrino et al. (2016) reported
that HVAC energy savings of 35-76% for residential buildings in Kolkata employing

different low-cost energy efficiency measures.

Table 4.5: Energy Performance Improvement Observed for the Considered Design

Cases
Building Design Cases
Actual Eco-Niwas Sambhita ECBC (2017) ECBC (2017) + ECBC (2017) Super
Design
Casel Case2 Case 3 Case 4 Case 5
Parameters Energy Energy Percent Energy Percent Energy Percent Energy Percent
Performance Performance Improvement Performance Improvement Performance Improvement Performance Improvement
Index Index over Actual Index over Actual Index over Actual Index over Actual
Symbol EPI EPI Igp; EPI Igpy EPI Igpy EPI Igpy
Unit KkWh/m® KWhim® % KWhim® % KWh/m® % KWh/m® %
Building 1 120.03 104.5 12.94 99.14 17.4 94.72 21.09 89.76 2522
Building 2 88.95 85.29 4.11 75.65 14.95 72.19 18.84 68.64 22.83
Building 3 110.59 101.85 7.91 90.28 18.37 8521 2295 80.84 26.9
Building 4 121.99 109.82 9.98 100.5 17.62 954 218 89.24 26.85
Building 5 110.36 104.69 5.14 923 16.36 874 20.8 82.63 25.13
Building 6 114.73 103.11 10.12 934 18.59 88.56 22.81 83.72 27.02
OrenalbED)  paigy 103.66 96.7 6.71 86.96 16.11 824 20.51 7821 2455
Building 8 113.45 105.96 6.6 93.53 17.56 88.65 21.86 83.7 26.23
Building 9 80.58 7536 6.48 69.42 13.85 66.08 17.99 62.92 21.92
Building 10 117.28 106.93 8.82 93.12 20.6 87.91 25.04 83.19 29.07
Average 108.16 99.42 7.88 89.43 17.14 84.85 21.37 80.28 25.57
+13.53 +10.89 +2.64 +9.82 +1.93 +9.26 +2.04 +8.49 +2.12
Cooling (EPI .p,jng) 73.72 65.19 11.35 55.9 24.02 51.32 30.28 46.85 36.34
+11.67 +9.35 +2.92 +8.26 +1.47 +7.75 +1.44 +7.03 +1.43
Internal Lighting (EPI jigiing) 16.85 17.62 -4.7 17.68 -5.02 17.68 -5.02 17.68 -5.02
+1.57 +1.55 +3.97 +1.56 +4.09 +1.56 +4.09 +1.56 +4.09
80
A
% Change in Average EP/ 70 | Average RETV W)
% Change in Average EPliing
% Change in Average RETV over Actual Design
@ % Change in Average EPligniing 60 -
= 50 -
N sl 40 -
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Niwas Sambhita) 2017) 20174) 2017 Super)

Figure 4.7: Variation of (A) EPI and (B) RETYV over Considered Design Cases

The variation in internal annual lighting energy consumption performance expressed

in terms of change in EPljgning, represents the day-lighting performance of the considered
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design cases. For the actual design (Case-1), the VLT of the common clear float glass is
maximum (87.87%) and the corresponding day-lighting performance and EPljighing 1S best
compared to the code-specified minimum values at which the VLT for the remaining
considered desig cases are set (28% for Case-2 and 27% for Case-3, Case-4, and Case-5). As
expected, the EPljgning of the code-compliant design cases increased slightly from the actual
design and the percentage enhancement over the same became negative (-4.70% for Case-2
and -5.02% for Case-3, Case-4, and Case-5). However, this margial increment in EPlighiing
failed to influence the improvement in overall EPI as it is overwhelmed by the much-
improved performance in EPlooling.

The average RETV (averaged for the ten buildings under study) varies over the
suggested design cases is given in Figure 4.7 (B), and the percentage improvement in the
same illustrates the impact of changing the envelope parameters. The Case-2 design exhibits
a 30.71% improvement over the Case-1 design, while the Case-3, Case-4, and Case-5 designs

show improvements of 62.62%, 66.45%, and 68.75%, respectively.

4.4.2 Impact of Implementing Individual Compliance Parameters of Eco-Niwas

Samhita, 2018 on EPIco()[ing and EPI[ighting

In the previous section, the overall impact of Eco-Niwas Sambhita, 2018 code compliance on
the operational energy performance of the considered buildings is reported by comparing the
performances of the Case-1 and Case-2 models. To investigate the isolated impact of each of
the compliance envelope parameters specified in the code viz. Openable Window to Floor
Area Ratio (WFR,p), Visible Light Transmittance (VLT), Residential Envelope Transmittance
Value (RETV) and Roof Thermal Transmittance (U, ), and four additional subvariations in
the Case-2 models (denoted as Case-2A, Case-2B, Case-2C and Case-2D) were considered.
The subvariation Case-2A models all parameters were kept the same as the Case-2 compliant
models, except WFR,, values which were kept unchanged from actual Case-1 models. The
remaining three subvariations were built following the same method with remaining
compliance parameters viz. Uro, RETV, and VLT taking each one at a time. The results
highlights the isolated impact of these individual parameters on building cooling and lighting
energy performance.

Table 4.6 and 4.7 report the consequential impacts on EPlcooiing and EPlighting
respectively. The increase in window area does not have significant impact on the EPlcoojing.

It has caused a little more heat gain through the larger window area resulting in only a
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marginal 0.532% average increment in EPl.o0ing. Reduction in roof thermal trasmittance
value helped in reducing the building heat gain through the roof. The net average cooling
energy savings in terms of improvement (reduction) in EPIooling is 1.200% (0.879 kWh/m?).
All the buildings considered in the this study are high-rise apartment buildings (10-24
storeyed) and therefore, the envelope area is relatively higher compared to the roof area
(12.60 times higher on average). As a result, restricting the RETV value alone has

significantly improved (lowered) EPlcooiing by 13.719% (10.361 kWh/m? on average).

Table 4.6: Isolated Impact of Changed WFR,p, U,oor, and RETV on EPI ooiing
Building Design Cases

Eco-Niwas  Effect of WFR ,, Effect of U 0 Effect of RETV
Sambhita
Case 2 Case 2A Case 2B Case 2C
Parameters Energy Energy Percent Energy Percent Energy Percent
Performance Performance Improvement Performance Improvement Performance Improvement
Index Index over Case 2 Index over Case 2 Index over Case 2
Symbol EPI cooling EPI cooling d EPIcooling EPI cooling I EPIcooling EPI cooling I EPIcooling
Unit kWhm*  kwhm® % kWhm* % kWhm* %
Building 1 70.322 70.322 0.000 70.98 0.777 84.16 16.336
Building 2 51.487 51.487 0.000 52.176 1.244 55.104 6.526
Building 3 68.044 67.319 -0.952 69.157 1.461 83.156 19.85
Building 4 73.523 73.52 -0.003 75.017 1.748 84.27 12.566
Building 5 68.122 68.128 0.009 69.072 1.274 73.784 7.589
Cooling  Biidings  68.891 68.801 0.000 70,063 1.464 78.788 12371
(EP f cooling) —
Building 7 63.336 62.133 -1.723 63.428 0.132 77.299 19.983
Building 8 69.922 69.922 0.000 70.742 1.05 77.293 9.441
Building 9 45.457 45.457 0.000 46.35 1.733 50.735 10.242
Building 10~ 72.747 70.593 -2.649 73.653 1.113 90.873 22.289

Average 65.185£9.35 64.777+9.18 -0.532+0.95 66.064+9.47 1.200+0.48 75.546+12.8 13.719+5.58
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Table 4.7: Isolated Impact of Changed WFR,, and VLT on EPljignsing

Building Design Cases
Eco-Niwas Effect of WFR o Effect of VLT
Sambhita
Case 2 Case 2A Case 2D
Parameters Energy Energy Percent Energy Percent
Performance Performance Improvement Performance Improvement
Index Index over Case 2 Index over Case 2
Symbol EPI jighting ~ EPlijighting 1 zpriighting EPI jighting 1 EPriighting
Unit kWh/m’ KWh/m’ % KWh/m’ %
Building 1 17.256 17.256 0.000 16.577 -4.092
Building 2 18.690 18.690 0.000 17.921 -4.290
Building 3 17.140 17.934 4.689 16.576 -3.335
Building 4 18.277 18.282 0.030 17.043 -7.239
Building 5 19.390 19.404 0.077 17.946 -8.040
Lighting  plidings  18.248 18.248 0.000 17.248 -5.801
(EPIIighn'ng) o
Building 7 17.334 18.065 4.302 16.730 -3.550
Building 8 18.771 18.771 0.000 17.364 -8.101
Building 9 13.807 13.807 0.000 12.586 -9.700
Building 10  17.310 18.700 7.953 16.860 -2.507

Average 17.622+1.55 17.916+1.55 1.685+2.83 16.685+1.52 -5.666+2.46

However, the larger window area is probably going to help with better day lighting,
and as predicted, there is an average improvement (reduction) in EPljghing of 1.685%.
Lowering the VLT needed to comply with the code has a negative effect on day-lighting
performance, which causing higher EPljgning. On average the value has deteriorated

(increased) by 5.666% (0.937 kWh/m?).
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Figure 4.8: Impact of the Compliance Parameters on Percent Improvement in EPI oiing
and EPljighing over Actual Design
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The overall impact and the improvement in EPI values for each compliance parameter
separately are displayed in Figure 4.8. The code compliance measures as given in Eco-Niwas
Samhita, 2018 have clearly resulted in substantial improvement in cooling energy
consumption performance in terms of 11.345% (8.535 kWh/m?) average saving in EPooling.
This is to be expected since the compliant design's heat transmittance and consequent heat
gain through vertical facades and roofs were much lower than the actual ones. For lighting
performance, the advantage of increased window area in code compliant models is observed
to be nullified by the reduction in VLT. Overall, there is a minor decline in lighting energy

consumption performance, with an increase in EPljighing of 4.700% (0.767 kWh/m?).

4.4.3 Correlation Analysis

One common method for determining the statistical relationship between various variables in
a multivariate situation is multiple correlation analysis. With "SPSS Statistics" software
(version 23), the same is done for both EPI and RETV to determine their relationship with the
influencing variables. Both Pearson Correlation Coefficients (r) and Spearman’s Rank
Correlation Coefficients () are determined and those having significance at 0.01 level and
0.05 are emphasized and reported. The strong (£0.5 < < £1.0) to moderate (£0.3 <r <=+0.5)

correlations are figure out and discussed.

4.4.3.1 Correlation Analysis for EPI

The association of the three energy performance indices viz. EPI, EPlcooling and EPlighing
with the different influencing building design input variables are assessed and reported in
Table 4.8. EPI is strongly correlated with EER, VLT, U and RETV. A low to moderate
negative association is observed with the Aenveiope and A4,00r. The same variables are observed
to have a similar type of correlation with EPliooiing. For EPljigning a strong positive correlation

is observed with WWR.qs: and a moderate negative correlation with WWRous.
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Table 4.8: Correlation of Energy Performance Index (EPI) with Different Variables
Variables EPI EPI ;o00ing EPI igning

Correlation Coefficients

Pearson Spearman’s Rank Pearson Spearman’s Rank Pearson Spearman’s Rank
Correlation Correlation Correlation Correlation Correlation Correlation
Coefficient (*)  Coefficient (;)  Coefficient () Coefficient (r,) Coefficient () Coefficient (.)

H yuitiing -0.2141 -0.2217 -0.2035 -0.2135 0.0583 0.2142

H o0 -0.0804 -0.0206 -0.0819 0.0049 0.1786 0.029

A buiteup -0.2744 -0.3182%* -0.272 -0.3144* 0.1178 0.1925

A capet -0.218 -0.3182* -0.212 -0.3144* 0.0693 0.1925

A rnvetope -0.2085* -0.2709 -0.2078* -0.2512 0.1338 0.093

A oof -0.3269* -0.1822 -0.3430* -0.1836 0.2539 0.1862

WWR -0.1659 -0.2227 -0.1785 -0.212 0.0747 -0.067

WWR north -0.1713 -0.2001 -0.1621 -0.1731 -0.1826 -0.2441

WWR oo 0.0353 -0.027 -0.012 -0.0541

WWR souh -0.1807 -0.1865 -0.1557 -0.1567

WWR et 0.1 0.0579 0.0933 0.0412 0.118 0.2024

WTROP -0.2237 -0.1564 -0.24 -0.161 0.1291 0.0365

VLT -0.2137 -0.3191%

U roor -0.2018 -0.2929%

RETV -0.19 -0.3571%

** Correlation is significant at 0.01 level * Correlation is significant at 0.05 level

4.4.3.2 Correlation Analysis for RETV

Table 4.9 presents the statistical correlation between RETV and the various input variables,
as indicated by Equation (4.1). RETV is found to be strongly correlated with the thermal
transmittance value of the non-opaque windows (Uon-opague OF Ugiass), 0paque wall (Uspague or Unan),
and Solar Heat Gain Coefficient of the non-north window glass (SHGCon-norn). Moderate

correlation is observed for SHGC of the north window glass.

Table 4.9: Correlation of Residential Envelope Transmittance Value (RETV) with
Different Variables

Correlation Coefficients Variables

Unpaque or Uwall Umm-opaque or Uglass SHGCnnnh SHGCnnn-norlh

Pearson Correlation Coefficient () RETV

Spearman’s Rank Correlation Coefficient (+,) RETV

** Correlation is significant at 0.01 level * Correlation is significant at 0.05 level
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4.4.4 Regression Analysis

Using "SPSS Statistics" software (version 23), multivariate regression analyses are performed
in order to create regression equations and establish a mathematical relationship between the
three energy performance indices viz. EPI, EPlcooiing and EPljgning and the various
influencing variables as listed in Table 4.8. For overall EP/ all the sixteen variables are taken
into account. For EPlcooiing, VLT was not considefed from the list as it is not going to
influence the cooling energy consumption. For the same reason, EER, U,oor and RETV are not
taken into account while performing regression for EPlighing. Table 4.10 gives the regression
outcomes as well as its statistical data.

The multiple R values, which are in the range of 0.9911, 0.9903, and 0.9938, indicate
that the resultant regression models are capable of predicting EPI values based on input
variables with excellent accuracy. Therefore, these regression models are subsequently

applied in carrying out the sensitivity analyses as described in the following section.

Table 4.10: Results of the Regression of Energy Performance Index (EPI) with Different

Variables
Variables EPI EPI .o0ting EPI jigiring
Regression Statistics
Multiple R 09911 0.9903 0.9938
R Square 0.9824 0.9806 0.9876
Adjusted R Square 0.9738 0.972 0.9831
Standard Error 2.3234 21779 0.1985
Regression Equation (Intercept and Coefficients)
Intercept 272 596 85.235 44 495
H yuitiing 0.66 0.3051 0.011
Hgon -43.7511 48374 -6.9662
A gt s 0.0026 -0.006 0.0014
P [—— -0.0036 0.0078 -0.0023
O 0.0015 -0.0006 0.0013
A ook -0.0487 -0.0041 -0.0118
EER -18.6648 -19.6273 Omitted
WWR 0.0452 -0.9763 0.234
WWR ,or 5.027 2.5656 0.7477
WWR ... 0.1008 0.0295 0.1219
WWR . -5.5313 -2.9696 -0.7855
WWER i -0.3013 0.1225 -0.0558
WFR _, 1.1224 2.1046 -0.5266
VLT -0.0913 Omitted -0.0197
U oof 53584 2292 Omitted
RETV 0.8137 1.261 Omitted

71



4.4.5 Sensitivity Analysis

4.4.5.1 Sensitivity Analysis for EPI

To estimate the uncertainty of different input parameters and their influence on the three
energy performance indices viz. EPI, EPl.ooiing, and EPljigning, three sensitivity analyses or
‘What-If” analyses were run and the results are reported in Fig. 4.9.

Both the tornado diagrams and spider diagrams represent the sensitivity of the energy
performance indices to all the input variables as considered in the regression models
described in the previous section. However, to draw significant conclusions only those
variables having statistically significant moderate to strong correlation with the EPI (as
reported in Table 4.8) are focussed. Amongst such input parameters, the percent change in
overall EPI is found to be most sensitive to 400 followed by Aenveiope, RETV, Uroor, EER and
VLT. For EPl.o0iing the order of the influencing input parameters however changed to RETV
being the most influencing one followed by Aeuveiope, Aroof, EER, and Uroor. WWRsoun is found

to be having a greater influence on EPljighiing than WWR.as: among the correlated variables.

4.4.5.2 Sensitivity Analysis for RETV

For RETV, variables in Eqn. (4.1) are varied across the considered design cases for each of
the considered buildings in an iterative way. The result of the analysis is reported in Fig. 4.10
in the form of a tornado diagram (A) and a spider diagram (B).

The percent change in RETV is observed to be most sensitive to SHGC of the non-
north window glass (SHGCon-norm) followed by the thermal transmittance of the opaque wall
(Uspague ot Uywan). Amongst other variables, the non-opaque window area of the eastern facade
(Anon-opaque east) and opaque wall area of the western facade ((Aopague wesz) influence the change
in RETV most. Therefore, while deciding on the RETV, these are the variables to be looked

into with the most importance.
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Figure 4.9: Sensitivity of Energy Performance Index (EPI) on Different Variables (A)
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Figure 4.10: Sensitivity of RETV on Different Variables (A) Tornado Diagram (B)
Spider Diagram

4.5 Summary and Outcome

The study in the present chapter has been carried out for high-rise residential apartment
buildings in the warm-humid climate of Kolkata city. It has assessed the energy performance
improvement of the buildings by complying with building envelope requirements in Eco-
Niwas Samhita, 2018 (Part-1) and ECBC, 2017. The study results show, that compliance with
the envelope standards of the codes has huge potential for overall and cooling energy savings
(7.88-25.57% and 11.35-36.34% respectively) for residential apartments of Kolkata. Both
overall EPI and EPlcooiing are found to be strongly correlated with RETV (r = 0.7045, 0.7434),
Uroor (r = 0.6718, 0.7103), EER (r = 0.5604, 0.5965) and VLT (r = 0.5596, 0.5930). In the
warm-humid climate of Kolkata, cooling energy accounts for the major part of building
operational energy. The study, through sensitivity analysis of the influencing parameters,
identifies that the thermal transmittance of the building envelope in terms of RETV is going to
play a key role in influencing cooling energy efficiency. The efficiency of the HVAC system
in terms of EER also impacts the cooling energy efficiency significantly. Therefore, various

envelope options and HVAC systems are explored in more detail in the subsequent chapters.
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Chapter 5

Impact of Variation in Exterior Wall Assemblies on
Energy and Environmental Performance of the
Buildings

5.0 Introduction

The envelope of a building separates the habitable space from the outer environment, protects
the building occupants from the adversities of the outer environment, and provides a chance to
make the living space comfortable for the building occupants as per their needs. The indoor
environment and the energy required to maintain it depend largely on the nature of the fagade
of a building. Facades serve as the envelope’s vertical parts comprising opaque (walls) and
transparent (glazed openings) elements, which essentially impart a character to the building.
Since the indoor thermal and visual environment depends largely on the nature of the fagade
of a building, the energy required to maintain the occupant’s comfort (space cooling, space
heating, and space lighting components of the building’s operational energy) is directly related
to the same. The materials used in and the construction method of a building fagade also
determine the embodied energy of the same. These energy components and associated
greenhouse gas (GHG) emissions over a building’s life cycle contribute to the environmental
impact of the building.

The study in Chapter 4, has identified that the thermal transmittance of the building
facade is going to play a key role in influencing building cooling energy efficiency. In the
present chapter, the energy and environmental performance of typically practiced facade
options and their sustainable alternatives are dealt with in detail. Operational and embodied
energy performance and associated GHG emissions of nine exterior wall assemblies are also
compared for the same ten typical high-rise residential apartment buildings in Kolkata, India.
The overall energy performance and GHG emission for the studied buildings are assessed by
combining their embodied energy component with operational energy component considering

a building lifespan of fifty years.
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5.1 Different Alternatives for Exterior Wall Assemblies and their Thermal Properties

and Environmental Impacts

Masonry is the simplest, and most widely used technique used to build opaque envelopes since
the beginning of human civilization, where small pieces of masonry units like stone, bricks,
etc. are stacked upon one another in numerous patterns to reach the desired shape and design
(Allen and Iano, 2019). These masonry units are bound together using binder mortars placed
between two adjacent units. Once the masonry walls are built, they are covered both inside and
outside with plasters and finished by applying paints. The combination acts as the skin to the
masonry to protect the same against natural adversities like water moisture, wind, other
atmospheric elements, etc. to prevent weathering decay. Both these skins and additional
insulating materials further prevent unwanted transport of heat across the opaque envelope to

maintain a comfortable indoor thermal environment.

Solid Burnt Clay Brick Resource Efficient Hollow Brick

Concrete Block AAC Block Stabilized Soil Block
Figure 5.1: Masonry Unit Alternatives

Rising concern about climate change and the role of building construction in it has
resulted in widespread research regarding the energy and environmental performance of wall

construction materials along with others. The possibility of reduction in energy consumption
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and operational and embodied GHG emission reduction by enhancing the envelope design is
evident from the results of such studies. In the present study, six types of masonry units
presently popular in the construction of residential apartment buildings in India as shown in
Fig. 5.1 are studied in terms of their energy and environmental performance. The physical,
thermal, and environmental properties of different variations of these masonry units are
summarized in Table 5.1. Energy Conservation Building Codes (BEE, 2017; BEE, 2018] by
the Bureau of Energy Efficiency (BEE), the Government of India has also identified these units
as potential candidates for masonry units. The composition of material constituents and the

production process of the same are discussed briefly in the subsequent sections.

Table 5.1: Physical, Thermal Properties, and Environmental Impacts of Different

Masonry Units
Serial No. Masonry Units Physical and Thermal Properties Environmental Impact
Name Description Density Thermal Specific Embodied  Global
Conductivity Heat Energy Warming
Capacity Coefficient Potential
Symbol P A é EE co5r GWP
Unit kg/m’ W/mK kl/kgK MJ/kg kg CO, eq/kg
1 MI1_SBCB  Solid Burnt Clay Brick 1600 0.740 0.80 4.40 0.390
2 M2_REHB Resource Efficient Hollow Brick 1520 0.631 0.65 3.50 0.310
3 M3_FAB Fly Ash Brick 1650 0.856 0.93 0.83 0.200
4 M4_SCB Solid Concrete Block 25/50 2427 1.396 0.20 1.30 0.160
5 MS5_AACB  Aerated Autoclaved Concrete Block 642 0.184 1.24 3.70 0.500
6 M6_CSEB  Cement Stabilized Soil Block 1700 1.026 1.03 0.11 0.010
7 M7_DCB Dense Concrete Block 2410 1.740 0.88 1.30 0.160
8 M8_RCC Reinforced Cement Concrete 2288 1.580 0.88 1.90 0.200

[Source: IFC, 2017; CBERD & MNRE; BEE, 2017; BEE, 2018]

5.1.1 Burnt Clay Bricks

Solid Burnt Clay Bricks (SBCB) of different dimensions and densities are the most popular
masonry units for wall construction in India. Most of the low to midrise apartment buildings
use SBCB for fagade construction. Other available alternative forms of burnt clay bricks are
Resource Efficient Hollow Bricks (REHB) and honeycomb bricks are hollow bricks with low
water absorptivity, better finish, and improved crushing strength. These bricks use a lesser
quantity of materials and provide greater thermal resistance due to insulation provided by the
air gaps inside the units. India annually produces about 260 billion bricks and the process of
production essentially includes clay extraction and processing, brick forming, drying, and
burning the bricks. Bull’s Trench Kilns contribute the major share of production (about 70%)

followed by Clamp Kilns, High Draught Zigzag Kilns, and Hoffman Kilns. The fuels used at
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different stages of production are diesel, coal, firewood, and biomass fuels. As much as 24
million metric tons of coal is used annually for brick production in India. As a result, the
embodied energy and associated GHG emissions for burnt clay bricks are higher compared to

other alternatives (IFC, 2017; CBERD & MNRE).

5.1.2 Fly Ash Bricks or Blocks

The constituents of Fly Ash Bricks or Blocks are fly ash, lime, gypsum, and quarry dust and
after mechanical mixing the blocks are cured with water. Since fly ash, the chief constituent is
a waste material, embodied energy and associated GHG emissions of the blocks are much lower
than the conventional masonry units. They are also cheaper compared to burnt clay bricks and

are hugely popular as well (IFC, 2017).

5.1.3 Light, Medium, and Dense Solid Concrete Blocks

Cement, expanded clay, sand, and water are used to prepare hollow or solid lightweight (density
around 1100 kg/m*) and medium-weight (density around 1450 kg/m?) concrete blocks. Solid
and dense concrete blocks (density 1800-2500 kg/m?) are prepared using OPC, gravel, and
sand. Two types of solid concrete blocks (viz. Concrete Block 25/50 and 30/60) also known as
concrete masonry units (CMU) are precast with smooth sides and are gaining popularity in the
construction industry for making walls. These blocks have higher thermal transmittance than
the SBCB but the embodied energy content is comparatively much lower (IFC, 2017; CBERD
& MNRE).

5.1.4 Aerated Autoclaved Concrete (AAC) Blocks

Aerated Autoclaved Concrete also known as Aircrete is a porous, lightweight, and resource-
efficient precast construction material available as blocks, wall panels, floor and roof panels,
and lintels. The main advantages of AAC are many folds including very high thermal
resistance, fire, and mould resistance. Compared to other masonry alternatives AAC is much
lighter (density around 500-700 kg/m®) which reduces the material requirement of the RCC
frames by reducing the dead load. Aircrete blocks are prepared by steam curing a mix of sand
or pulverized fuel ash (PFA), cement, lime, anhydrite (gypsum), and an aeration agent. The

easy workability of AAC allows accurate cutting and installation minimizing solid waste

78



generation. India has more than 25 manufacturers of AAC and around 4 million cubic meters
of AAC are produced annually. AAC is becoming increasingly popular as a masonry unit

alternative and its demand is increasing rapidly (IFC, 2017; CBERD & MNRE).

5.1.5 Cement Stabilized Earthen (Soil) Blocks (CSEB)

Ordinary Portland Cement (OPC), Portland Slag Cement, and Pulverized Fly Ash (PFA) are
generally used as stabilizing additives (10%) to extracted, sieved, and processed soil (90%)
along with water to produce compressed CSEB. Once compressed, these blocks are cured for
4-5 days in natural air which lowers the embodied energy and associated GHG emission by

many folds compared to other alternative masonry units (IFC, 2017; CBERD & MNRE).

5.1.6 Reinforced Cement Concrete (RCC) Walls

Apart from the different masonry units discussed so far, steel-reinforced cement concrete
(RCC) walls are also practiced particularly for constructing the exterior walls of high-rise
apartment buildings. The ready-mix concrete used in RCC uses either Ordinary Portland
Cement (OPC) or Portland Pozzolana Cement (PPC) replacing 30% of OPC. Typical M40
concrete in India has cement (11%), gravel (47%), sand (37%), and water (5.7%) as per IS
10262: 2009 (BIS, 2009). Replacing 30% of cement with pozzolana (fly ash) reduces the
embodied energy of the concrete mix as well as the associated GHG emission. To make walls
or other structural elements ready-mix concrete is reinforced with steel reinforcement bars or
a mesh of steel wires strengthening the structure and holding the concrete in tension (IFC,

2017; CBERD & MNRE).

5.1.7 The Binders: Mortars

Mortars are used to fill the space between masonry units to keep water and wind from
penetrating and bind them together into a monolithic structural unit during masonry
construction. At the very beginning of masonry constructions, mud, smeared into the joints of
the rising wall served as mortars. The knowledge of turning limestone into lime, which
developed later, gradually caused the replacement of mud with lime mortar (Allen and Iano,

2019).
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Till the early 20t century traditional lime mortars, made from a mix of lime, sand, and
water were very popular. It continues to find use principally in the restoration of historic
structures. Lime is a non-hydraulic cement, and mortar made with the same cure through a
gradual reaction with carbon dioxide in the atmosphere called carbonation. The lime mortar
remains partially water-soluble and retains some ability to self-heal in the event of hairline
cracking caused by movement within the wall. Lime mortar also allows the masonry to be
easily reclaimed and reused at the end of life (Allen and lano, 2019; IFC, 2017; CBERD &
MNRE).

Table 5.2: Physical, Thermal Properties, and Environmental Impacts of Different

Mortars
Serial No.  Mortars Physical and Thermal Properties Environmental Impact
Name Description Density Thermal Specific Embodied Global
Conductivity Heat Energy Warming
Capacity Coefficient Potential
Symbol P A ¢ EE coef GIVP
Unit ke/m’ W/m.K kl/kg K MI/kg kg CO2
1 MR1_CMR Cement Mortar 1648 0.719 0.92 1.10 0.140
2 MR2_LMR Lime Mortar 1646 0.730 0.88 1.60 0.430

[Source: IFC, 2017; CBERD & MNRE; BEE, 2017; BEE, 2018]

Cement mortar, a mixture of cement, sand, and water is the most popular choice of the
modern era due to the quick setting and hardening time favorable for rapid construction, owing
to the hydraulic property of the cement. As the bond between cement mortar and masonry units
is very strong, the resultant masonry cannot be reused at the end of its life. The ratio of cement
to sand varies from 1:2-1:6 depending on the necessity and type of construction (Allen and

Iano, 2019; IFC, 2017; CBERD & MNRE). Table 5.2 summarizes the mortar properties.

5.1.8 The Skin (Plasters and Claddings)

Plasters and claddings act like skin on the masonry surface to make a smooth finish and to
protect it from different weather agents. Cement-based plaster constituted of cement (16%),
sand (75%), and water (11%) is the most popular and versatile, weather-resistant material used
for the purpose. Gypsum plasters prepared by mixing calcined gypsum with water are generally
used as interior coatings for masonry walls and other building interior features. For high-end
constructions, exterior walls are often covered with Aluminium composite panels (ACP) or
polished stone claddings to give the facade intended luxurious character (IFC, 2017; CBERD
& MNRE). The properties are summarized in Table 5.3 as follows.
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Table 5.3: Physical, Thermal Properties, and Environmental Impacts of Different
Plasters and Claddings

Serial No. Plasters and Claddings Physical and Thermal Properties Environmental Impact
Name Description Density Thermal Specific Embodied  Global
Conductivity Heat Energy Warming
Capacity Coefficient Potential
Symbol P A c EE copr GWP
Unit kg/m3 W/mK kl/kg K MI/kg kg CO2 eq/kg
1 PL1_CPL Cement Plaster 1762 0.721 0.84 4.80 0.440
2 PL2_GPL Gypsum Plaster 1120 0.512 0.96 1.30 0.099
3 CL1_ACP  Aluminum Composite Pannel 1520 0.245 0.84 220.00 18.000
4 CL2_GPL Polished Stone Cladding 3.70 0.310

[Source: IFC, 2017; CBERD & MNRE; BEE, 2017; BEE, 2018]

5.2 Objectives and Framework of the Study

The study in the present chapter is focused on the following objectives as detailed below. The
different stages involved in the study framework are presented in Fig. 5.2.

. To study the impact of facade variations on operational energy performance and

associated GHG emissions of the studied buildings

. To study the impact of fagade variations on embodied energy performance and

associated GHG emissions of the studied buildings

Whole Building

Energy Simulation

Lifetime Operational
Energy Consumption

Varying Thermal Exterior Wall
Properties Embodied Energy
|
Cumulative
Apartment Buildings Different Wall Varying Embodied Ene.rgy and
with Varying Geometry Assemblies Energy Environmental
Performance
Varying GHG Lifetime Operational
Emission Energy GHG Emission
Material Quantity Exterior Wall Embodied

Estimation

Figure 5.2: Framework of the Study

GHG Emission

To assess the overall energy performance and GHG emission for the studied buildings

by combining their embodied energy component with operational energy component

considering a building lifespan of fifty years for each of the fagade options.
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53 Methodology

5.3.1 Building Operational Energy Performance for Different Exterior Wall Assemblies

Solid Burnt Clay Bricks (SBCB) is a typical choice of masonry units for exterior walls in
Kolkata with cement plaster (CPL) applied outside and inside. This along with eight other
alternative wall assemblies with different masonry units (as described in Table 5.1) are
considered. One SBCB wall assembly, one curtain wall assembly (two layers of SBCB wall
with an insulating air gap in between) along with one assembly with Resource Efficient Hollow
Bricks (REHB) are chosen for burnt clay bricks. Two variations of concrete blocks (SCB and
DCB), one assembly of Cement Stabilized Soil Blocks (CSEB), and one assembly of AAC
blocks are also considered. Apart from that two additional wall assemblies with Fly Ash Bricks
(FAB) and RCC are also studied. The outside and inside plasters are kept the same for all the
cases. No cladding or wall insulation is considered as these are not commonly practiced in

apartment buildings.

Table 5.4: Facade Variations Considered in the Simulation Cases

Envelope Applicable  Construction Name and Description Symbol Unit Value
Parameters Simulation

Case

Case-1 Walll_ BW 20mm Cement Plaster+203.2mm Solid Burnt Clay 2.05

Brick+12mm Cement Plaster

Case-2 Wall2_ CW 20mm Cement Plaster+75mm SBCB+ 50mm air 1.74
gap+75mm SBCB+12mm Cement Plaster
Case-3 Wall3_REHB 20mm Cement Plaster+200mm Resource Efficient 1.88
Hollow Brick+12mm Cement Plaster
Case-4 Wall4_FAB 20mm Cement Plaster+200mm Fly Ash 223
Wall Brick+12mm Cement Plaster
Tr?msmittan ce Case5S Wall5_SCB 20mm Cement Plaster+200mm Solid Concrete Usar  W/m™K 2.80
Block 25/50+12mm Cement Plaster
Case-6 Wall6_AACB 20mm Cement Plaster+300mm Autoclaved 0.54
Aerated Concrete Block+12mm Cement Plaster
Case-7 Wall7_CSEB 20mm Cement Plaster+200mm Cement Stabilized 244
Soil Block+12mm Cement Plaster
Case-8 Wall§_DCB 20mm Cement Plaster+200mm Dense Concrete 3.04
Block+12mm Cement Plaster
Case-9 Wall9 RCC 20mm Cement Plaster+300mm Reinforced 247
Cement Concrete+12mm Cement Plaster
Roof Case-1-9 Roofl RCC 12mm Ceramic Tile+30mm Cement U,.., Wm™K 269
Transmittance Mortar+152.4mm RCC+12mm Cement Plaster
Transmittance Uga: W™K 569
Window Glaziag Windowl_SGU  Visual Light Transmittance VLT % 87.87
Properties Case-1-9 gx;'::lsCIear it Solar Heat Gain Coefficient SHGC 0.81
Window Shading Yes

[Source: BEE, 2018; Kumar et al., 2021]
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Table 5.4 presents details of the nine wall assemblies with respective thermal transmittance
values calculated following the methodology specified in Annexure-5 of Eco-Niwas Samhita,
Part-1 (2018) (BEE, 2018). Typical RCC roofs as practiced in Kolkata apartments are
considered for all the buildings. Kolkata apartments typically use single-glazed units (SGU)
with clear float glasses of 6 mm thickness for windows and the same is kept unaltered across
all the considered fagade variations. Based on the properties of the market available options
the values for Transmittance, Visual Light Transmittance, and Solar Heat Gain Coefficient are
taken as shown in Table 4.2 of Chapter 4. Therefore, the comparison of energy and
environmental performance of the fagade assemblies is going to reflect the variation in the

masonry units only.

5.3.1.1 Framing Energy Simulation Models

The operational energy of a building is the energy required to run the building during its
operational lifetime and consists of energy required for space heating, space cooling, space
lighting, running different appliances, etc. (Paul, Thakur, and Chakrabarty, 2011). The annual
operational energy requirements for each of the ten studied buildings are assessed through
whole building energy simulation using eQUEST 3.65 building energy simulation tool. The
energy simulation models of each building are framed for nine different fagade variations (as
detailed in the previous Section) using the software's ‘Design Development Wizard’ following
drawing and design documents. The building geometry as described in Table 3.2 of Chapter 3
is kept unaltered across all the nine cases for a particular building.

As the main purpose of this study is to see the impact of fagade variations on the
building energy performance, all other parameters regarding HVAC, lighting, equipment,
occupancy, and schedules as described subsequently are kept the same for all the ten buildings
across all the considered cases while framing the energy simulation models. Typical split air
conditioners with BEE 3 Star efficiency (as recommended baseline by the (BEE, 2021) as
generally used for the conditioned spaces of the Kolkata apartments are modelled. The cooling
systems are sized by the ‘Auto-Size’ capability of eQUEST 3.65. For interior lighting power
density (LPD) recommendation of ASHRAE (2016) is followed. A daylight control measure
was activated during the energy simulation. The receptacle equipment power density (EPD) is
kept the same as the software defaults. 5 kW intermittently operating elevators are assigned to

the buildings as per the building drawings.
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5.3.1.2 Energy Simulation

Once the energy simulation models were framed the simulations were run to assess the annual
operational energy requirement (for 8760 hours) for the studied buildings for all the seventeen
facade variations. The energy Plus weather file for Kolkata
(IND_Kolkata.428090 ISHRAE.epw) is collected and converted to eQUEST usable format by
eQUEST weather processor which is used during the energy simulations. The annual energy
consumption (kWh) for each case is normalized as the Operational Energy Performance Index
(EPI_OE in kWh/m?/Year) as expressed in Eqn. (5.1). The other simulation input parameters

are summarized in Table 5.5.

annual_energy_consumption
Apuitt—up Equation (5.1)

EPI_OE =

Table 5.5: Different Parameters Considered During Energy Simulation

Simulation Parameters Symbol Unit Values

HVAC System Type Split System, Single Zone DX

BEE Star Rating 3 Star

Cooling Energy Efficiency Ratio EER W/W 3.8

Zone Cooling set point degF 78

Zone Heating set point degF 68

Occupancy m>/Person 12.50 (as per National Building Code, 2016)
Fresh Air Ventilation CFM/Person  30.00 (Software Default)

Lighting Power Density LPD W/ fi2 0.70 (as per ANSI, ASHRAE, IES 90.1- 2016)
Daylight Control 30% light power dimming during daylight hours in the daylit areas
Equipment Power Density EPD W/ fi2 0.30 (Software Default)

Elevator Power 5 kW/Elevator (number of elevators is as per the actual drawing)

[Source: ASHRAE, 2016; BIS, 2016]

5.3.2 Building Embodied Energy Performance for Different Exterior Wall Assemblies

In order to find out the embodied energy of the different facade variations considered in the
present study, the masonry work quantity for each case is estimated for all ten buildings using
the standard centre line method (Chakraborti, 1987). Once the volume of the masonry units,
cement mortar, and cement plasters are found out, the mass quantities for each are estimated
using the material densities provided in Table 5.1 through Table 5.3. The mass quantities of the

masonry items (M in kg) are then multiplied by respective embodied energy coefficients (EEcoes
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in MJ/kg) and are cumulated to find out the embodied energy for the exterior walls of a building

per unit built-up area (EE_Ext Wall in kWh/m?) for a particular facade option using Eqn. (5.2).

Equation (5.2)

EE_Ext_Wall = 0.2778 X [%]

built—up

5.3.3 Combined Energy Performance of the Buildings for Different Exterior Wall

Assemblies over Operational Life

The energy simulation estimates a building’s annual operational energy requirement. It has to
be multiplied by the service life of a building (SL_Building in years) to get the total Lifetime
Operational Energy Consumption (OE_Life in kWh/m?) of the same during its lifetime as
shown in Eqn. (5.3). The reference service life (RSL) is taken as 50 years in this study. OE Life
for a building for each of the facade variations is then added with the corresponding
EE Ext Wall to calculate the Cumulative Energy Performance Index (EPI Cumulative in
kWh/m?) as shown in Eqn. (5.4). The process is repeated for all ten buildings and the results

are averaged.
OE_Life = EPI_OE x SL_Building Equation (5.3)
EPI_Cumulative = OE_Life + EE_Ext_Wall Equation (5.4)

5.3.4 Environmental Performance of the Considered Variation in Exterior Wall

Assemblies

The GHG emission due to operational energy consumed over a building’s lifetime
(GHG_OE_Life in kg CO, eq/m?) is found out by multiplying the Lifetime Operational Energy
Consumptions (OE_Life in kWh/m?) with the average GHG emission factor of the Indian
electricity grid taken as 0.91 kg CO> eq/kWh (Satola et al., 2022) using Eqn. (5.5).

GHG_OE_Life = 0.91 X OE_Life Equation (5.5)

To find out the embodied GHG emission, the following procedure is adopted. The mass

quantities of the masonry items (M in kg) for a fagade alternative are multiplied by respective
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Global Warming Potentials (GWP in kg CO» eq/kg) using the material data provided in Table
5.1 through Table 5.3. These are cumulated to find out the Exterior Wall Embodied GHG
Emission of a building per unit built-up area (GHG Embodied Ext Wall in kg CO2 eq/m?) for
that particular facade option using Eqn. (5.6). The cumulative GHG emission
(GHG_Cumulative in kg CO, eq/m?) is estimated by adding the operational and embodied

components using Eqn. (5.7).

Equation (5.6)

GHG_Embodied_Ext_ Wall = [M]

built—up
GHG_Cumulative = GHG_OE_Life + GHG_Embodied_Ext_Wall Equation (5.7)

5.4 Results and Discussion

5.4.1 Comparison of the Building Operational Energy Performance for different

exterior wall assemblies

The energy performance of the fagade alternatives as described in Table 5.4 are assessed and
compared based on operational and embodied energy. The annual operational energy
requirements of the buildings considering the nine alternative exterior wall assemblies are
estimated and projected over the operational lifetime of the buildings. The embodied energy is
estimated only for the exterior walls with the considered alternatives. Finally, they cumulated
and the energy performances are presented per unit area of the considered buildings.
Operational Energy Performance Index (EPI_OE in kWh/m?/Year) as expressed in Eqn.
(5.1) and the result is presented in Table 5.6. Amongst the nine external wall assemblies’
variations studied, Wallo6_ AACB made with AAC blocks as masonry units shows the best
performance regarding operational energy consumption (least consumption) for all the
buildings while Wall§ DCB uses dense concrete blocks (DCB) is observed to consume the
highest operational energy. AAC blocks are composed of fly ash, cement, lime, aluminum
powder, and water. and Notable performance of AAC blocks is due to its pore structure that

offers thermal insulating properties.
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Table 5.6: Operational Energy Requirement of the Studied Buildings for Different

Facade Variations

Building Operational Energy Performance Index

Symbol EPI OE

Unit KWh/m?/Year

Construction Walll Wall2  Wall3  Wall4 WallS_ Wall9
Name BW CW REHB FAB SCB RCC
Building 1 102.72 101.95 102.32 103.16 104.30 103.68
Building 2 8226 81.16 81.68 8290 84.64 83.68
Building 3 9598 94.72 9531 96.70 98.70 97.59
Building 4 10591 104.58 105.21 106.67 108.75 107.60
Building 5 98.98 97.74 9833 99.69 101.79 100.60
Building 6 99.97 9883 99.36 100.66 102.68 101.56
Building 7 90.33 89.04 89.65 91.09 93.19 92.02
Building 8 97.35 9582 96.54 9823 100.69 99.33
Building 9 7547 7450 7496 76.05 77.72 76.78
Building 10 97.57 96.01 96.74 9849 101.03 99.63
Mean 94.65 9343 94.01 9536 9735 96.25
S.D. 941 9.35 9.38 9.44 9.53 9.48

Table 5.7: Exterior Wall Embodied Energy of the Studied Buildings for Different

Facade Variations

Building Exterior Wall Embodied Energy Consumption

Symbol EE_Ext Wall

Unit KWh/m®

Construction Wall3_ Wall4_ WallS_ Wall6_ _ Wall9_
Name REHB FAB SCB AACB RCC
Building 1 299.61 12224 20241 167.40 353.52
Building 2 276.38 112.76 186.72 154.43 326.11
Building 3 209.85 85.62 141.77 117.25 247.62
Building 4 325.13 132.66 219.66 181.67 383.64
Building 5 145.12 59.21 98.04 81.08 171.23
Building 6 269.44 109.93 182.03 150.55 317.92
Building 7 211.02 86.10 14256 11791 249.00
Building 8 286.23 116.78 193.37 159.93 337.74
Building 9 238.65 97.37 161.23 133.34 281.59
Building 10 249.70 101.88 168.69 139.52 294.63
Mean 251.11 102.46 169.65 140.31 296.30
S.D. 52.43 2139 3542 29.30 61.87
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5.4.2 Comparison of the Building Embodied Energy Performance for different exterior

wall assemblies

The results for all the buildings for all nine facade variations are presented in Table 5.7.
Wall7_CSEB made with cement-stabilized soil blocks as masonry units is found to be the most
efficient in terms of embodied energy consumption whereas Walll_BW with conventional
solid burnt clay bricks is found to be the least energy efficient. Walls with Fly ash brick (lesser
by 212.40%) and AAC blocks (lesser by 128.12%) showed moderate improvement in

embodied energy performance compared to brick walls.

5.4.3 Combined Energy Performance of the Buildings for Different Facade Alternatives

over Operational Life

The average energy performance of the ten buildings for each of the nine facade variations is
presented in Table 5.8. Figure 5.3 shows the percentage change in operational, embodied, and
cumulative energy performance of the considered fagade variations over solid burnt clay brick
wall (Walll_ BW). The AAC Block wall (Wall6. AACB) is found to be the most energy
efficient in terms of cumulative energy performance while the reinforced cement concrete wall

(Wall9_RCC) is observed to be the least.

5.4.4 Comparison of the Environmental Performance of the considered variations in

exterior wall assemblies

The environmental performances of the fagade alternatives for each of the ten buildings are
estimated in terms of their operational, embodied, and cumulative GHG emission potentials.
Each of these three parameters is averaged for the ten buildings and the results are presented
in Table 5.8. Figure 5.4 shows the percentage change in operational, embodied, and cumulative
GHG emissions of the considered fagade variations over solid burnt clay brick wall
(Walll_BW). The operational and cumulative GHG emissions are found to be the least for
AAC block walls (Wall6_ AACB) and the embodied emission is lowest for walls with cement-
stabilized earthen blocks (Wall7_CSEB) showing the same pattern as energy performance. The
highest operational and cumulative GHG emissions are observed for dense concrete block
walls (Wall8 _DCB). For embodied GHG emission, however, reinforced cement concrete wall

(Wall9_RCC) is found to be the highest emitter.
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A. Lifetime Operational Energy Consumption
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B. Exterior Wall Embodied Energy Consumption
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C. Cumulative Energy Performance Index
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A. Lifetime Operational Energy GHG Emission
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B. Exterior Wall Embodied GHG Emission
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Figure 5.4: Percent Change in the GHG Emission of Facade Alternatives over Solid
Burnt Clay Brick Wall
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5.5 Summary and Outcomes

The environmental impact of solid burnt clay bricks has always been of great concern because
of non-renewable resource consumption, energy consumption, water consumption, GHG
emissions, and waste generation. Research is going on to find sustainable alternatives that could
reduce the use of virgin clay, recycle different industrial wastes having low embodied energy,
and provide improved thermal properties. Besides reviewing the recent research trends in this
regard, it also compared the operational and embodied energy performance and associated
GHG emissions of eight alternative exterior wall assemblies with the common solid burnt clay
brick wall for ten high-rise residential apartment buildings in Kolkata, India. Walls made with
AAC blocks showed 6.63% (operational) and 10.36% (overall) improvement in energy
performance and 6.63% (operational) and 7.57% (overall) lesser GHG emission compared to
brick walls. Walls with cement-stabilized soil blocks showed best embodied energy
performance (lesser by 452.25%) and least embodied GHG emission (lesser by 437.44%) than
brick walls. Reinforced cement concrete walls and dense concrete block walls are found to be
the worst performing in terms of energy and GHG emission amongst the chosen alternatives in
this study.

Analysis in the previous chapter (Chapter 4) identified thermal transmittance of the
exterior facade and the efficiency of the HVAC systems are the key factors impacting the
energy efficiency of high-rise residential buildings in warm-humid climate and need to be
explored in detail. The energy performance, combining the embodied and operational energy
impacts of different exterior wall options is studied in detail and reported in the present chapter
along with associated GHG emissions. In the next chapter (Chapter 6) a detailed integrated
methodology to determine the most suitable combination of outside walls with matching RAC

out of available options for the best energy efficiency and economy will be presented.
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Chapter 6

Impact of Combined Variation in Air Conditioners
and Exterior Wall Assemblies on Energy and
Economic Performance of the Buildings

6.0 Introduction

India is experiencing enormous urbanization due to rapid economic and population growth.
Projections indicate that India's residential built-up area in urban regions will grow over three
times over 30 years, from 5.9 billion square meters in 2020 to 22.2 billion square meters by
2050 (Rawal et al., 2020). The expansion of the built-up area increases cooling needs
significantly. India's cooling action plan predicts an almost eight-fold increase in overall
cooling demand across sectors from 2017-18 to 2037-38. Building space cooling load is
projected to grow nearly 11 times during the same period, accounting for 74% of total
cooling demand by 2037-38, up from 57% in 2017-18 (MoEF&CC, 2019). Energy-efficient
envelope materials combined with efficient AC systems can help manage this increasing
cooling energy demand effectively (Stephan and Stephan, 2016).

Energy consumption per unit land area of high-rise buildings is high, specifically for
space cooling in warm-humid climates. With the globally increasing high-rise buildings in
big cities, the energy efficiency of such buildings is emerging as a critical issue. Properly
selected outside walls of buildings combined with the selection of a suitable room air
conditioner (RAC) can offer an optimal solution for the best energy efficiency and economy.
The energy performance, combining the embodied and operational energy impacts of
different exterior wall options is studied in detail as reported in Chapter 5 along with
associated GHG emissions. The study in the present chapter reports a detailed integrated
methodology to determine the most suitable combination of outside walls with matching
RAC out of available options for the best energy efficiency and economy. The study is
conducted with the data of the same ten typical high-rise residential apartment buildings in
Kolkata, India. The optimum recommended solution is obtained through an iterative process
with whole building energy simulation for all possible combinations of wall material, its
construction as well as selection of a suitable air conditioner. The methodology is

demonstrated with data from Kolkata, India. Though the finally recommended best
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combination of wall and RAC for this study is based on Indian (specifically, Kolkata) data,

the demonstrated methodology is generic and may be used for any other location.
6.1 Objectives and Framework of the Study

The study in the present chapter is focused on the following objectives as detailed below.

. To study the effect of varying combinations of exterior walls and air-conditioners on
the operational energy performance of typical high-rise residential apartments in the
warm-humid climate of Kolkata.

. To study the cost-effectiveness of the chosen wall-AC combinations

. To find out the optimum wall-AC combination for the possible best energy

performance at a minimum cost considering the time value of money.

Whole Building Framing Energy
Energy Simulation _| Simulation Models

Wall Assemblies with | Air Conditioners with Simulation Run and
Varying Thermal Properties Varying Efficiency Energy Performance
Index Calculation
oo r====-==
Ar.aartmer?t Buildings Different Wall-AC | T :
I Combinations I ;
Geometry (3.2) Operational I
! | Energy Cost !
______ E—— T | SR SR SRR et = |
Material Quantity Heat Load and AC Quantity I
Estimation Estimation |
l l Present Value :
Market Survey and - - Market Survey and of Total .
Rate Analysis Combined Capital | | pate Analysis Expenditure |
Cost for Wall-AC through MCS ‘
Variations :
Capital Cost for Wall I Capital Cost for AC r=——3-"=-=
Variations Variations I Conclusions
|

Figure 6.1: Framework of the Study

To fulfill the mentioned objectives, the study in this chapter is carried out on the same
ten typical high-rise residential apartment buildings in the warm-humid climate of Kolkata,
India. For each building, forty-five wall-AC combinations are modelled and explored
considering nine wall configurations and five instances of active cooling measures. A market
survey has been conducted for available energy-efficient market products and the

corresponding cost-effectiveness is also analyzed. To tackle the uncertainties linked with
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stochastic input variables, Monte Carlo Simulation (MCS) is used. To find the best
technological as well as business solutions for enhancing the operational energy performance
of buildings, the cost-effectiveness of the stated combinations is studied considering the cash
flow over fifteen years. The different stages involved in the study framework are presented in

Fig. 6.1.

6.2 Methodology

6.2.1 Assessment of Energy Performance

6.2.1.1 Framing Energy Simulation Models

The annual operational energy requirements for each of the ten buildings under this study
were assessed through whole building energy simulation using eQUEST 3.65 building energy
simulation tool. The energy simulation models of the buildings were framed using the
‘Design Development Wizard’ of the software following drawing and design documents. The
details of the studied buildings are already provided in Chapter 3. Basic building geometry
and orientation, as described in Table 3.2, were kept unaltered across all the design cases for a
particular building. Typical floor plans and views of the energy simulation models for the

studied buildings are shown in Fig. 4.2.

6.2.1.1.1 Baseline Case Envelope Details

In framing the opaque envelope for the baseline design case (Case-1) for the studied
buildings, the roof and wall construction typically opted for Kolkata were considered and the
material layer combinations with respective thermal properties are shown in Fig. 6.2. In
calculating the thermal transmittance of the roof and the wall the calculation methodology as
specified in the Annexure-5 of Eco-Niwas Sambhita, Part-1 (2018) was followed (BEE, 2018).
For window glazing, single-glazed units (SGU) with clear float glasses of 6 mm
thickness as typically practiced in Kolkata, were considered. Based on the market available
options for such products, the average values are considered for Transmittance (Ugiass = 5.69
W/m?°K), Visual Light Transmittance (VLT = 87.87%), and Solar Heat Gain Coefficient
(SHGC = 0.81) (Kumar et al., 2021). The same values were used here across all the design

cases.
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A | Material Layer | Thickness Conductivity Resistance
12 mm CeramicTile 30 mm Cement Mortar | Symbol t k R,
1 Unit mm WimK mPK/W
b Ceramic Tile 12.0 1.5996 0.0075
Cement Mortar | 30.0 0.7190 0.0417
RCC Slab 152.4 1.5800 0.0965
Cement Plaster | 12.0 0.7210 0.0166
Interior Swface Film Thenmal Resistance (R.;) 0.1700
Exterior Surface Film Thermal Resistance (R.,) 0.0400
12 mm Cement Plaster 152.4 mm RCC Slab - _
Total Thermal Resistance (Rp) 0.3723

Roof Thermal Transmittance (U, = 2.6860 W/m*’K

]

203.2 mm Brick Wall

12 mm Cement Plaster

20 mm Cement Plaster

Material Layer | Thickness Conductivity Resistance
Symbol t k; R;

Unit mm W/mK MKW
Cement Plaster | 20.0 0.7210 0.0277
Solid Buint 2032 0.7400 0.2746
Clay Brick

Cement Plaster | 12.0 0.7210 0.0166
Interior Surface Film Thermal Resistance (R.;) 0.1300
Exterior Surface Film Thermal Resistance (R.,) 0.0400
Total Thermal Resistance (R;) 0.4889

Wall Thermal Transmittance (U,,;) = 2.0454 W/m*°K

Figure 6. 2: Typical Construction of the Opaque Envelope (A) Roof (B) Exterior Wall
for the Baseline Case (Case-1).
Table 6.1: Envelope Parameters Considered in the Simulation Cases

Envelope Applicable  Construction Name and Description Symbol Unit Value
Parameters Simulation
Case
Case-1 Walll_ BW 20mm Cement Plaster+203.2mm Solid Burnt Clay 205
Brick+12mm Cement Plaster
Case-2 Wall2_ CW 20mm Cement Plaster+75mm SBCB+ 50mm air 1.74
gap+75mm SBCB+12mm Cement Plaster
Case-3 Wall3_REHB 20mm Cement Plaster+200mm Resource Efficient 1.88
Hollow Brick+12mm Cement Plaster
Case-4 Wall4_FAB 20mm Cement Plaster+200mm Fly Ash 223
Wall Brick+12mm Cement Plaster
Tr:nsmittan ce CaseS Wall5_SCB 20mm Cement Plaster+200mm Solid Concrete Ut W/m™K 2.80
Block 25/50+12mm Cement Plaster
Case-6 Wall6_AACB 20mm Cement Plaster+300mm Autoclaved 0.54
Aerated Concrete Block+12mm Cement Plaster
Case-7 Wall7_CSEB 20mm Cement Plaster+200mm Cement Stabilized 244
Soil Block+12mm Cement Plaster
Case-8 Wall§_DCB 20mm Cement Plaster+200mm Dense Concrete 3.04
Block+12mm Cement Plaster
Case-9 Wall9_ RCC 20mm Cement Plaster+300mm Reinforced 247
Cement Concrete+12mm Cement Plaster
Roof Case-1-9 Roofl_ RCC 12mm Ceramic Tile+30mm Cement U - Wim°K 2.69
Transmittance Mortar+152.4mm RCC+12mm Cement Plaster
Transmittance Ugae: W/m™®K 569
Window Glazi Windowl_SGU  Visual Light Transmittance VLT % 87.87
indow Glazing
Properties Case-1-9 GGEZCM Flost ¢ tar Heat Gain Coefficient SHGC 0.81
Window Shading Yes

[Source: BEE, 2018; Kumar et al., 2021]
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6.2.1.1.2 Wall Construction Options

Apart from the typical brick wall as modelled in the baseline design case (Case-1), eight
additional wall variations (Case-2 through Case-9) as detailed in Table 6.1, were modelled for
each building. These wall materials were chosen from Annexure-5 of Eco-Niwas Sambhita,
Part-I, 2018 namely solid burnt clay brick (SBCB), Resource-efficient hollow brick (REHB),
fly ash brick (FAB), solid concrete block (SCB), autoclaved aerated concrete block (AACB),
cement stabilized soil block (CSEB), dense concrete block (DCB), and reinforced cement
concrete (RCC) (BEE, 2018). The thermal transmittance of these wall materials was
calculated as before. Other properties for roof and window glazing were retained unaltered

from Case-1 to Case-9.

6.2.1.1.3 Heating, Ventilation, and Air Conditioning (HVAC) Options

Split air conditioners are typically used in high-rise residential buildings of Kolkata and were
also modelled here with five efficiency variations (Case-A through Case-E). For the baseline
design case (Case-A), 1 star-rated AC as per the preceding BEE Star Rating applicable from
1% January 2018 to 31% December 2020 was considered (BEE, 2021a). BEE specified HVAC
system efficiencies (3-star, 4-star, and 5-star rated AC as per prevailing BEE Star Rating
applicable from 1* January 2021 to 31% December 2023) were followed in Case-B, Case-C,
and Case-D models (BEE, 2021 a, b). For the Case-E model, 5-star rated AC as per the next
proposed BEE star rating was considered. For all the simulation runs, the cooling systems
were sized by the ‘Auto-Size’ capability of eQUEST 3.65. Different HVAC-related

parameters used in framing the energy simulation models are summarized in Table 6.2.

6.2.1.1.4 Lighting and Other Loads

For all the design cases American Society of Heating, Refrigerating and Air-Conditioning
Engineers recommended values were considered for the interior lighting power density
(LPD) [40]. As the main purpose of the study is to explore the impact of wall and HVAC
variation on building energy consumption, exterior lighting was not considered during energy
simulation. However, the impact of day-lighting was considered by activating the daylight
control feature of the software during energy simulation. Being residential apartments, the

operational schedules for the studied buildings were typically considered as daytime
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unoccupied (on weekdays) residential ones, and the schedule for occupancy, internal lighting,

and equipment was chosen accordingly. The relevant information is summarized in Table 6.3.

Table 6.2: Heating, Ventilation, and Air Conditioning (HVAC) Parameters Considered
for the Different Design Cases

HVAC Parameters Symbol Unit Design Cases
BEE (Old) BEE (Prevailing) BEE (Proposed)
Case-A Case-B Case-C Case-D Case-E
HVAC System Type Split System, Single Zone DX
BEE Star Rating 1 Star 3 Star 4 Star 5 Star 5 Star
Cooling Energy EER wW/wW 3.1 3.8 44 5.0 5.5
Efficiency Ratio
Zone Cooling set degF 78 78 78 78 78
poimt
Zone Heating set degF 68 68 68 68 68
point
Occupancy m?/Person 12.50 (as per National Building Code, 2016)
Fresh Air Ventilation CFM/Person  30.00 (Software Default)

Table 6.3: Lighting and other Load Details

Simulation Parameters Symbol Unit Values

Lighting Power Density LPD W/ fi2 0.70 (as per ANSI, ASHRAE, [ES 90.1- 2016)

Daylight Control 30% light power dimming during daylight hours in the daylit areas
Equipment Power Density EPD W/ 2 0.30 (Software Default)

6.2.1.1.5 Annual Operational Energy Requirements

Energy simulations for a total of forty-five design cases with nine wall variations (Case-1 to
Case-9) and five AC variations (Case-A to Case-E) were carried out for each of the ten
studied buildings. Operational energy requirements for each of these cases were determined
through energy simulation following the ‘Whole Building Performance Method’ as described
in ECBC, 2017 (BEE, 2017). The simulation tool used was eQUEST 3.65, a front-end to the
DOE-2.2 engine. The Energy Plus weather file for Kolkata
(IND_Kolkata.428090 ISHRAE.epw) was used in the simulations, which was converted to
eQUEST usable format by the eQUEST weather processor. The latest urban commercial tariff
rate from Calcutta Electric Supply Corporation, the electricity provider in Kolkata city, was
used as the electricity tariff in the energy simulations (CESC, 2022). The simulations were
run to assess the annual operational energy requirement (for 8760 hours) under different
heads. The annual operational energy consumption (OE Annual in kWh/Year) for each
simulation case was normalized as the operational energy performance index (EP/ OFE in

kWh/m?/Year) as expressed in Eqn. (6.1) while reporting.
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OE_Annual

EPIOE === Equation (6.1)

6.2.2 Financial Impact of Wall and AC Variations

6.2.2.1 Wall Cost Estimation

The quantities of required materials for the nine alternative wall assemblies considered in the
study were estimated for all ten buildings using the standard centre-line method (Chakraborti,
1987). Once the quantities of materials (in m*® for masonry and m? for cement plaster and
cavity) were found, the corresponding mass quantities (in kg) for each were estimated using

the material densities provided in Table 6.4.

Table 6.4: Density and Cost Rates of Wall Construction Materials
Wall Materials Density Cost Rates

Material Construction
Cost Rates Cost Rates

Symbol 2 C waii_Mat C waii_con
Unit kg/m’ INR/m’ INR/m’
*INR/m’ *INR/m’
Solid Burnt Clay Brick 1600 5500 9400
Resource Efficient Hollow Brick 1520 11430 15300
Fly Ash Brick 1650 4450 10400
Solid Concrete Block 2427 9800 14400
Aerated Autoclaved Concrete Block 642 3510 8100
Cement Stabilized Soil Block 1700 8310 12200
Dense Concrete Block 2410 13350 19000
Reinforced Cement Concrete 2288 12670 16640
20 mm Cement Plaster* 1762 142 584
12 mm Cement Plaster* 1762 85 527
Cavity in Wall2 CW* 194

[Source: BEE, 2017; BEE, 2018; CPWD, 2021; Market Survey by Authors]

A market survey was conducted to get the present market rates of different masonry
items considered in the nine alternative wall assemblies studied presently. The average
material cost rates (Cwar-mar in INR/m? for masonry and INR/m? for cement plaster) were
calculated based on the survey data obtained from multiple vendors. Construction cost rates

(Cwait-con in INR/m? for masonry and in INR/m? for cement plaster and cavity) for each were
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calculated based on these material cost rates following the ‘analysis of rates’ as specified by
the Central Public Works Department (CPWD, 2021). The cost rates are provided in Table
6.4.

The quantities of the masonry items were then multiplied by respective construction
cost rates and were cumulated to estimate the wall construction costs for each of the buildings
for all nine wall assembly alternatives using Eqn. (6.2). The resulting cost is presented as the
wall capital cost (CC_Wall in INR/m?) per unit built-up area of the building for a particular
facade option.

CC_Wall = [M] Equation (6.2)

Abuilt—up

6.2.2.2 HVAC Cost Estimation

The present study explored split air conditioners with five efficiency variations for all the
studied buildings. A step-by-step methodology elaborated subsequently was followed to
assess the cost impact of choosing more efficient air conditioners (Case-B, Case-C, Case-D,
and Case-E) compared to the baseline case (Case-A). The process involved in estimating the
associated cost is to find out how many split air conditioners of what capacity would be
required to cater to the cooling load of the conditioned spaces of a building. The cost of the

air conditioners with different efficiency ratings was then estimated through a market survey.
6.2.2.2.1 Cooling Load Estimation

In the first step, the cooling load of each of the conditioned spaces (bedrooms and living
rooms) of an apartment on the typical floor of a building was determined. Cooling load is the
rate at which heat must be extracted from a space to maintain a desired room condition. Heat
gain occurs through the building envelope whenever the exterior temperature exceeds the
interior temperature. The rate is affected primarily due to the properties of the covering
materials (glazing, roof, side walls, doors, window frames, and end walls). The other sources
of heat gain are from the lighting, equipment, occupancy, infiltration, and ventilation air.

The cooling load of the conditioned spaces (bedrooms and living rooms) of an
apartment was estimated following the guidelines of the ISHRAEE HVAC Handbook, 2007,
and ASHRAE Handbook - Fundamentals, 2017 (ISHRAE, 2007; ASHRAE, 2017). A
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summary of the design parameters considered during cooling load estimation for air
conditioner sizing is shown in Table 6.5. A typical industry-practiced heat load calculation
spreadsheet format utilizing the total equivalent temperature differential (TETD) method was
used to perform the required calculation in a structured manner considering the following
steps.

In the first step, the solar heat gain through glazing (SHGguss) was calculated
considering the radiation heat entering through all the window glazing facing North, East,
West, and South as well as the skylight glasses. As 6 mm clear float glasses were considered
in the study, ‘Ordinary Glass’ at 22°N latitude at 3 PM in the month of June was considered
for fixing the solar heat gain factor (SHGF)). Appropriate shading correction factor (SCF) was
considered for ordinary single pane glass with light color inside Venetian blind.

Secondly, the solar heat gain through the opaque envelope (SHGopaque) consisting of
the exterior walls and the exposed roof was calculated. The complex dynamic nature of heat
transmission through exterior walls and roofs was handled with the equivalent temperature
difference (ETD) concept. Generally, in the northern hemisphere, the south side wall would
have the highest load around noon and therefore, contribute the maximum load around 3-4
PM. The envelope construction with solid burnt clay brick wall (Walll BW) and RCC roof
(Roofl RCC) as considered for the baseline design case (Case-1) was considered for
transmission coefficients (U) calculation. Corrected equivalent temperature difference
(EqTD) was calculated, accounting for outside and inside design temperatures and applicable
correction factors for all orientations by referring to the ISHRAE design handbook.

The third part of the cooling load estimation included heat load calculation due to
transmission on account of the temperature difference between the external temperature and
the inside temperature. This part included all glass areas added together with partition walls,
ceilings, floors, and the sensible heat component of infiltration air load. This calculation was
based on accounting transmission coefficient for glass and partitions (U), area of glass (4),
and temperature difference (47) between the surroundings and the conditioned space.

In the next step, different internal loads due to space occupants, light, and equipment
were assessed. The human body generates heat and releases it into surrounding space. The
amount of heat generated depends upon the activity level of the person. Human beings
contribute sensible as well as latent heat (Qsensivle and Qiaenr). The occupancy, internal

lighting, and equipment load were considered as per Table 6.5.
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Finally, the effective room total heat (ERTH) and grand total cooling loads (GTCL)
were estimated. The ERTH refers to the combined impact of room sensible heat load, room
latent heat load, and supply air losses. It takes into consideration factors such as infiltration,
ventilation rates, and air changes per hour. The GTCL includes room loads, supply air losses,
return air losses, and outdoor air loads. The effective room load, which accounts for the
sensible and latent heat load components of supply air losses, determines the amount of air

that needs to be cooled and dehumidified by the cooling coil.

6.2.2.2.2 Air Conditioner Requirement Estimation

Once the cooling loads for all the conditioned spaces of an apartment were found, the total
number of split air conditioners (of 1.0 TR, 1.5 TR, and 2.0 TR capacity as per the
requirement of the space) required to cater to that estimated cooling load was calculated. The
same process was repeated for all the buildings on a typical floor of the concerned building
and the number of split air conditioners was added up.

Once the total number of split air conditioners, required for a typical floor of the
concerned building (N4c 7r) was calculated, multiplying the same with the number of typical
floors (N7r) resulted in the total number of split air conditioners required for that building
(N4c B). The same process was repeated for all the ten buildings under study using Eqn. (6.3),

and Table 6.6 summarizes the results.

Nac_g = Nac_rr X Nrp Equation (6.3)

6.2.2.2.3 HVAC Cost Estimation for Different Cases

The costs of the air conditioners with different efficiency ratings were then estimated through
a market survey. The unit price of split air conditioners (with different capacities and
efficiency ratings as considered in the present study) from all leading manufacturers were
collected and the average market price (C4c) for each kind was calculated as presented in
Table 6.7.

The building HVAC cost for a particular case was obtained by multiplying the
average market price (Cuc) of a particular kind of split air conditioner by the total number of

the same required for that building (N.4c 8) and cumulating the results for 1.0TR, 1.5TR, and
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2.0TR machines. The resulting cost is presented in terms of HVAC capital cost (CC_AC in
INR/m?) per unit built-up area of the building as expressed by Eqn. (6.4).

CC_AC = ECacNacs Equation (6.4)

Abuilt—up

Table 6.7: Average Market Price of the Considered Split Air Conditioners

Split Air Cooling Energy Average Market Price
Conditioner Efficiency Ratio
Symbol EER Clia
Unit W/W INR

1.0 TR 1:5'TR 20TR
Case-A 31 32213.00 + 762.17 36695.00 + 2165.74 48337.50 + 1796.32
Case-B 3.8 32744.25 + 1498.07 38857.50 + 1438.92 48470.00 + 3124.03
Case-C 4.4 36677.25 + 2088.09 44742.25 + 2630.25 55990.00 + 141421
Case-D 5.0 42093.00 + 4307.52 48659.67 + 7633.70 59990.00 + 7000.00
Case-E 5.9 48701.50 + 6663.07 49479.67 + 2154.46 65492.77 + 3300.64

6.2.3 Cost Impact Assessment over Time

In order to assess the combined cost impact of wall and HVAC variations a step-by-step
approach was followed. The wall capital cost (CC_Wall) and HVAC capital cost (CC_AC) for
different wall assemblies (Case-1 to Case-9) and AC options (Case A to Case E) were found
and averaged for all the buildings. These averaged capital costs were added to estimate the
average initial capital investments required for different wall-AC combinations considered in
the study and presented in terms of combined capital cost (CC_Comb in INR/m?) for a

particular case (Case-1A to Case-9E) as shown in Eqn. (6.5).

CC_Comb = CC_Wall + CC_AC Equation (6.5)

The latest urban commercial tariff rate from Calcutta Electric Supply Corporation
(CESE, 2022), the electricity provider in Kolkata City, was used to prepare the electricity
tariff used in the energy simulations. For each simulation case, the annual cost for operational
energy consumption (C_OE Annual) was extracted from the simulation reports and presented
in terms of annual operational energy costs (C_OE in INR/m?/Year) as expressed by Eqn.
(6.6) while reporting. The results were averaged for all the buildings for a particular case

(case-1A to case-9E).

C_OE_Annual

COF = Abuilt—u Equation (6.6)

105



The cost impact of the considered variations was estimated over the average life span
of split air conditioners (L) which was considered to be fifteen years. The future annual
expenditures for paying electricity bills were calculated considering the annual inflation rate
(r) of electricity. The corresponding future cash flow for each case was converted to its
present value by applying the appropriate discount factor (7). The present value of the cash
flow was added to the combined capital cost for the corresponding case to estimate the
present value of the total expenditure (C_7ZotalPV in INR/m?) for a particular case (Case-1A
to Case-9E) as shown in Eqn. (6.7). Results for all the cases were compared to the baseline

case i.e. Case-1A.

C_OE(141)t

_ L
C_Total_PV = CC_Comb + Y-, ) Equation (6.7)

6.2.3.1 Handling the Stochastic Inputs

All the input variables used in Eqn. (6.7) are stochastic in nature and the Monte Carlo
Simulation (MCS) was used to determine the risk. The probability distributions of the input
variables were fed to the MCS model of ‘@Risk’ software (version 5.5) of Palisade Decision
Tools Suite (2009) and the simulations were run for 10000 iterations. The resulting present
value of the total expenditure (C_Total PV in INR/m?) for each case was noted as probability
distribution in term of its mean (p) and standard deviation (o).

For each of the forty-five simulation cases the combined capital costs (CC_Comb in
INR/m?) and annual operational energy costs (C_OE in INR/m?/Year) were averaged for all
the ten studied buildings and were fed into the MCS model as normal distributions with mean
(n) and standard deviation (o). For discount factor (i), the social time preference rate (STPR)
was used. Murty et al. (2018, 2020) estimated the STPR as 8% for projects with gestation
period of less than 30 years for India. For climate change mitigation projects, the study
suggested a STPR of 6% because of its longer run. In the present study a triangular
distribution for the discount rate was used in MCS with an average value of 7% (High: 8%,
Low: 6%). The annual percentage increase in electricity cost for India was recorded for the
period of 2009-2010 to 2019-2020 (CERC, 2021). The average rate of annual inflation in
electricity cost () over the period was estimated to be 5.75 + 4.98% and used in the MCS

model as normal distribution.
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6.3 Results and Discussion

6.3.1 Operational Energy Consumption for Wall and AC Variations

A total of forty-five simulations (Case-1A to Case-9E) were run with different combinations
of walls and split air conditioners for each of the studied buildings and the operational energy
consumption (OE _Annual in kWh) under different heads for each simulation case. Figure 6.3
shows typical simulation outputs for building-1 for three different combinations viz. baseline
Case-1A (Walll BW and AC_A), least energy consuming Case-6E (Wall6. AACB and
AC_E), and most energy consuming Case-8A (Wall§_DCB and AC_A). Similar trends are
also observed for all the buildings.

The results for all the simulation cases are converted to operational energy
performance index (EPI_OE in kWh/m?/Year). For each of the Wall-AC combinations the
performance is averaged for all the studied buildings and the result is presented in Table 6.8
and Fig. 6.4.

Thermal transmittance of the exterior wall assemblies plays a significant role in
determining cooling load and associated energy consumption. Lower thermal transmittance
allows less heat from outside to penetrate to the interior spaces and keeps the space cool
reducing the energy required to maintain the desired thermal comfort (modelled as cooling
set-points). On the other hand, higher HVAC efficiency requires lesser energy to produce
same cooling output. The results obtained clearly corroborates the same. For Case-6E, the
lowest thermal transmittance (Uyaz = 0.54 W/m*°K) of AACB block wall and highest cooling
efficiency (EER = 5.5 W/W) of 5-star AC results in 37.53% improvement (reduction) in
energy consumption over baseline. Case-8A with highest thermal transmittance (Uwan = 3.04
W/m?*°K) of DCB wall and lowest cooling efficiency (EER = 3.1 W/W) of 1-star AC results

in 3.87% more energy consumption over baseline.
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Figure 6. 3: Annual Operational Energy Consumption for Building-1 for Baseline
(Case-1A), Least Energy Consuming (Case-6E), and Most Energy Consuming (Case-
8A) Cases: (A) Monthly Consumption Trends (B) Percentage Break-Up under Different

Heads
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Figure 6.4: Impact of Wall and AC Variations on Operational Energy Consumption of
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Baseline (Case-1A)
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6.3.2  Financial Impact of Wall and AC Variations

6.3.2.1 Impact on the Capital Cost

Capital costs of wall variations (CC_Wall) and AC variations (CC_A4AC) were determined for
all the buildings. The average values are compared in Fig. 6.5. Reinforced cement concrete
wall (Wall9 RCC) is the costliest (CC_Wall = 4133.82 = 863.11 INR/m?) which is 102.01%
greater than that (CC_Wall = 2046.30 + 427.25 INR/m?) of the baseline burnt-clay brick wall
(Walll_BW). The higher cost of steel reinforcements, cement, and skilled labour is the
reason. The curtain walls with burnt clay bricks (Wall2_CW) is the cheapest (CC_Wall =
1838.98 + 383.96 INR/m?) and 10.13% lower than the baseline. For the most energy efficient
wall option (Wall6. AACB), the capital cost (CC_Wall = 2398.47 + 500.78 INR/m?) is
however found to be 14.68% higher than the baseline. Regarding HVAC variations, average
cost of providing buildings with higher efficiency air-conditioners are also higher and most
efficient Case_E, i.e., 5-star split air conditioners are found to be the highest (CC_AC =
2452.08 + 481.85 INR/m?).

The combined capital costs for providing the buildings with different Wall-AC
combinations (Case-1A — Case-9E) were estimated for all the buildings. The average values
are presented in Table 6.9 and Fig. 6.6. Case-2A with the combination of curtain wall
(Wall2_ CW) and one star (old rating) split air conditioners (AC_A) shows the lowest
combined capital cost (CC_Comb = 3539.18 + 514.10 INR/m?) which is 5.86% lower
compared to the baseline Case-1A. Case-9E with RCC wall (Wall9_RCC) and new efficient
five star split air conditioner (AC_E) is the costliest option (CC_Comb = 6585.89 + 1018.49
INR/m?) being 43.11% costlier than the baseline Case-1A. For most energy efficient
combination (Case-6E) the required capital investment (CC_Comb = 4850.54 + 719.64
INR/m?) is expectedly higher by 29.47% higher than the baseline.
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Figure 6.6: Variation in Combined Capital Costs of Installing Different Combinations of
Wall and AC (Case-1A to Case-9E) for the Studied Buildings (A) Variation in CC_Comb
(B) Percent Change in CC_Comb over the Baseline (Case-1A)
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Figure 6.7: Impact of Wall and AC Variations on Annual Operational Energy Cost of
the Studied Buildings (A) Variation in C_OE (B) Percent Change in C_OEF over the
Baseline (Case-1A)
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6.3.2.2 Impact on the Annual Operational Energy Costs

The annual operational energy costs (C_OE) for the different wall-AC combinations were
estimated through whole building energy simulations using the latest CESC tariff and
averaged for all the buildings. The results are presented in Table 6.10 and Fig. 6.7. Case-6E
(Wall6_ AACB and AC _E) with lowest EPI OF shows the lowest value for annual
operational energy cost (C_OE = 635.76 + 58.10 INR/m?/Year) as well which is 37.58%
lower than the baseline case-1A. Case-8A (Wall8 DCB and AC _A) is found to be the
costliest (C_OE = 1058.18 + 106.56 INR/m?/Year), 3.89% greater than baseline Case-1A.

6.3.2.3 Cost Impact over a Time Span

The cost impacts of the considered variations of wall-AC combinations are finally estimated
over a future span of fifteen years which is the average life span of split air conditioners. The
present value of the entire cash flow is estimated for all the cases considering appropriate
values of the annual inflation rate (») for electricity in India and discount factor (i) in terms of
STPR. The risks of the input variables are dealt with through MCS and the present values of
the total expenditure (C Total PV) for each of the cases are calculated. The resulting
distributions of three combinations viz. baseline Case-1A (Walll BW and AC_A with
C Total PV = 18836.87+6151.87 INR/m?), least expensive Case-6E (Wall6. AACB and
AC_E with C_Total PV = 14265.00+3867.60 INR/m?), and most expensive Case-9A
(Wall9_RCC and AC_A with C_Total PV =21203.08+6332.41 INR/m?) are presented in Fig.
6.8.

Results for all the cases are summarized in Table 6.11 and Fig. 6.9. Case-9A is proved
to be the most expensive with a 12.56% greater expenditure compared to the baseline Case-
1A. The much higher capital cost of the RCC wall (102.01% higher than baseline brick wall)
could not justify it as a sustainable choice as in terms of energy efficiency.

It may be noted that 29.47% higher capital investment of Case-6E over baseline gets
well compensated by the 37.58% lower annual expenditure for operational energy making the
combination not only most energy-efficient but most cost-effective as well for a longer

operational lifetime of the building when future cash-flow is considered.
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Figure 6.8: Results of MCS Estimating Present Value of total Expenditure for (A)
Baseline (Case-1A) (B) Least Expensive (Case-6E) (C) Most Expensive (Case-9A)
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6.4 Summary and Outcome

The study in the present chapter demonstrates a detailed methodology for selecting the
optimum combination of walls and air conditioners for the possible best economic and energy
efficiency performance of high-rise buildings in a typical warm-humid climate. The study is
conducted with data from the same ten typical high-rise residential apartment buildings in
Kolkata, India. The optimum recommended solution is obtained through an iterative process
with whole building energy simulation for all possible combinations of wall material, its
construction as well as selection of a suitable air conditioner.

Results show that in terms of operational energy performance combination of AACB
block walls and 5 Star AC is proved to be the best and the combination of dense concrete
block walls and 1 Star AC shows the highest energy consumption. In terms of combined
capital costs, the combination of curtain wall and 1 star AC is found to be the cheapest and
the combination of RCC wall and new efficient 5 Star AC is the costliest option. To combine
the energy and cost performance of the wall-AC variations the respective annual costs for
paying electricity bills (C_OE) over a fifteen-year time-period is cumulated with the
respective capital costs for construction and installation. The future cash flow is converted to
present value by applying the appropriate discount rate (/) and inflation rate (7). The resulting
present value for total expenditure (C_Total PV) for each wall-AC combination is chosen as
the comparison metric. Because of its much-improved energy performance, the combination
of AAC block wall and 5 Star split air conditioner proved to be the most energy-efficient and
least expensive option showing a 37.53% lesser energy consumption and 24.27% reduction in
total expenditure over the future fifteen years as compared to typically practiced baseline.

Though the methodology is demonstrated using typical building data of Kolkata, the
same methodology may be used for other climatic conditions also investigating site-specific
wall material options and HVAC systems available there. Hence the obtained optimum
solution is specific for Kolkata, India, but the demonstrated methodology is generic for other

climatic conditions.
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Chapter 7

Conclusions and Future Scope of Work

7.0 Conclusions

The study explores pressing issues of building energy performance associated with escalating
urban population density, particularly in expanding cities of developing nations. High-rise
buildings forced to be accepted as vertical solutions with horizontal spatial constraints, emerge
as focal points for energy optimization and environmental stewardship due to higher use of
material resources per unit land area. The culmination of this thesis emphasizes the pivotal role
of early design stage sustainable practices in high-rise residential building energy efficiency,
particularly in warm-humid climates such as Kolkata. Through an in-depth analysis of energy
performance, environmental impact, and economic considerations, several key conclusions
emerge, each contributing significantly to the discourse on sustainable urban development,
specifically for highly populated cities. This research details the pathway for applying energy
efficiency to residential high-rise buildings, which can be demonstrated through careful
integration of envelope materials, spatial design features as prescribed in the code, and efficient
cooling system choice in the early design stage.

Suitable policy in terms of code and standards at national and sub-national levels is a
key driver for any design stage adoption for energy efficiency. The Eco-Niwas Samhita (ECBC
for residential buildings) code recommendation for building envelope design and its efficacy
in terms of operational energy performance required investigation for more adoption and
building science development, given the known fact that the code was recently developed.
Embodied energy associated with any energy efficiency measures is a missing link in all policy
frameworks and early design decisions due to a lack of data and low research priority. The
residential segment is more cost-sensitive, and the success of any design solution highly
depends on cost-effectiveness and the demonstration of values to all stakeholders. In this thesis,
the influence of envelope parameters, statistical association of energy performance with
different design variables as specified in code, sensitivity analysis for critical influencing
factors for building operational energy, and cooling demand are explored. Further analysis of
the overall energy performance, which combines the operational and embodied energy impacts

of various exterior wall options and the corresponding greenhouse gas emissions, is considered
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as one of the most important features of this study. Finally, a techno-economic analysis is
performed for the integrated wall-AC combination while taking the time value of money into
account to achieve the best energy performance. The specific findings addressing the research
questions framed in Section 2.9 (Chapter 2: Literature Review) are summarized subsequently.

The first research question (RQ1) was framed to assess the extent of enhancement in
the energy efficiency of typical high-rise residential apartment buildings in the warm-humid
climate of Kolkata as a result of implementing the updated energy conservation building codes
in India and to identify the pivotal factors influencing the improvement. The first major finding
in this regard pertains to the efficacy of enhancing building envelope standards, as delineated
in Eco-Niwas Sambhita, 2018, and ECBC, 2017. This study showcases the substantial savings
achievable in overall operational energy consumption (7.88-25.57%) and even more in cooling
energy consumption (11.35-36.34%), for high-rise residential buildings by adhering to these
standards. Both overall and cooling energy performance indices (EPI and EPIooiing) are found
to be strongly correlated with thermal transmittance of building envelope components and
energy efficiency of air conditioning systems. The sensitivity analysis also revealed the critical
dependence of the buildings’ operational energy performance on the said parameters.

The second research question (RQ2) investigated the influence of different exterior wall
assembly materials on the embodied and operational energy performance and environmental
sustainability of high-rise residential structures. To address the same, further investigation into
sustainable alternatives to conventional building materials by accounting for embodied energy
alongside the operational energy, exemplified by autoclaved aerated concrete blocks (AACB)
and cement stabilized soil blocks (CSEB), elucidates a pathway towards greener construction
practices. Walls with fly ash brick and AACB showed moderate improvement in embodied
energy performance compared to brick walls. The superior energy performance of AACB and
the relatively reduced environmental footprint in terms of GHG emissions of these alternatives
underscore the importance of embracing eco-friendly materials in modern construction
paradigms. The results not only highlight the potential for environmental conservation but also
underline the economic benefits associated with reduced energy consumption.

The third and final research question (RQ3) explored the effect of variations in wall
material compositions and air conditioning system specifications on the overall energy usage
and cost-effectiveness of high-rise residential buildings. Addressing the same, the work is
carried out further to demonstrate a detailed methodology for selecting optimal wall-air
conditioner combinations. The process not only improves energy efficiency but also aligns with

cost-effectiveness, thereby demonstrating a holistic approach towards sustainable building
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operations. Furthermore, the study emphasizes the critical role of space cooling in high-rise
buildings, especially in warm-humid climates. With cooling energy constituting a significant
portion of overall energy consumption, strategic interventions in material selection and HVAC
system design are imperative. The findings underscore the potential for substantial economic
savings and environmental benefits through the adoption of energy-efficient technologies and
practices. One of the noteworthy outcomes is the identification of the AACB wall and 5-Star
split air conditioner combination as the most energy-efticient and cost-effective option showing
a 37.53% lesser energy consumption and 24.27% reduction in total expenditure over the future
fifteen years as compared to typically practiced baseline. This exemplifies the synergy between
sustainable building materials and advanced HVAC systems in achieving optimal energy
performance. Conversely, traditional approaches using dense concrete block walls and lower-
rated air conditioners exhibit higher energy consumption and overall expenditure, highlighting
the necessity for paradigm shifts in building design and operation.

Importantly, while the energy-efficient design approach is demonstrated using typical
data of Kolkata, representing warm and humid climates, the methodologies and insights
presented are transferrable to diverse climatic contexts. The generic nature of the approach
ensures its applicability in addressing sustainability challenges in high-rise buildings across
various regions, thereby fostering a global discourse on environmentally conscious urban
development.

In conclusion, the thesis underscores the intricate interplay between energy efficiency,
environmental sustainability, and economic viability in high-rise building design. The new
contribution of this work is the demonstration of a method through a newly adopted code to
design low-energy, low-carbon, cost-effective, and optimal high-rise buildings. By advocating
for enhanced building standards, embracing sustainable materials, and optimizing HVAC
systems, it advocates for a future where urban growth aligns harmoniously with ecological
stewardship. This comprehensive approach not only helps prospective residents but also creates
the foundation for future generations of urban high-rise infrastructure designers and developers

to work with resilience and sustainability.

7.1 Future Scope of Work

As the present thesis concludes, it represents not only the completion of research work but also
the start of a journey towards making bigger and more meaningful contributions to sustainable

building design. This section discusses the future possibilities for research and residential
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building science development, focusing on improving energy efficiency, and the overall

environmental impact of buildings.

. Expansion to Diverse Climate Zones: The present study is limited to a warm and
humid climate zone with a generic methodology. By tailoring the same methodology to
other climate conditions and integrating ENS code compliance, a more precise
estimation of energy performance can be achieved. This extension will also necessitate
an investigation of critical design variables that significantly influence energy
performance across different climates.

. Enhanced Sustainability and Carbon Neutrality: To advance towards enhanced
sustainability and achieve carbon neutrality goals, the inclusion of a broader spectrum
of building materials and services is imperative. Future research could explore
optimizing operational and embodied energy during the design stage for all building
materials. Additionally, conducting GHG emission benchmarking will facilitate the
development of a more robust sustainable design approach.

. Exploration of Alternative Cooling Options in High-Rise Developments:
Leveraging the advantage of height and premium construction in high-rise
developments, there is an opportunity to explore alternative cooling options. Integrating
natural ventilation or Variable Refrigerant Flow (VRF) systems, alongside
experimenting with various fagade materials, can significantly contribute to achieving
optimal energy with reduced cooling demands.

. Exploration of the Variation in Energy Consumption of Different Blocks of the
Same High-Rise Building through Cost-effective and Optimized Instrumentation:
Future research should explore the use of cost-effective and optimized instrumentation
methods for accurately measuring the likely variations in energy consumption and
efficiency across different blocks within the same high-rise buildings. This would help
to address different issues regarding the variation in energy consumption patterns
within the same building and find the optimum efficiency measures complementing the

design optimization strategies explored in this study.

These avenues for future research not only expand the scope of the current work but
also pave the way for more sustainable and energy-efficient practices in the realm of building

and operation.
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