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Preface

India is making a robust and sustained effort towards sustainable growth and a climate-conscious lifestyle, aiming to
reduce emissions intensity by 45% by 2030 from a baseline of 2005 and achieve net zero emissions by 2070. These
objectives are enshrined in the revised Nationally Determined Contributions (NDCs), the Lifestyle for the Environment
(LiFE) movement, and India's presidency of the G20. Energise 2023 aligns with India's national efforts and is structured
around lifestyle, energy efficiency, and climate action. By soliciting papers under three main categories—Buildings,
Cities, and Governance and Markets—uwe aspire to make Energise 2023 one of the most significant and pertinent research-
focused conferences addressing energy efficiency, net-zero goals, and resilience in the built environment. The third
edition of the Energise conference, hosted by the Alliance for an Energy-Efficient Economy (AEEE) in collaboration
with the CEPT Research and Development Foundation (CRDF), the Indian Institute of Technology Delhi (11TD), and the
Indian Institute for Human Settlements (11HS), took place from October 15t to November 4™ 2023, in Goa, India. This
conference brought together civil engineers, urban architects, policymakers, technology experts, and related professionals
to showcase the latest developments and advancements in energy efficiency within buildings, cities, governance, and
markets, contributing to sustainable development and offering a platform for discussions on future energy efficiency
directions.

Approximately 160 abstracts were submitted and rigorously peer-reviewed by the conference steering committee along
with a panel of esteemed reviewers. From these, about 60 full technical papers were chosen for presentation at the
conference. This published volume features 37 of these peer-reviewed papers.The conference was organized around three
central themes: (1) Buildings, (2) Cities, and (3) Governance and Markets. The Buildings theme concentrated on
improving energy efficiency and achieving decarbonization in architectural designs. The Cities theme advocated for a
holistic strategy to enhance energy efficiency within urban areas, focusing on elements such as urban planning, data
management, and the integration of essential infrastructure with renewable energy sources. Lastly, the Governance and
Markets theme highlighted the urgent need for robust policy frameworks and dynamic markets to underpin energy
efficiency governance, which is crucial for facilitating sustainable energy transitions and development.

Efforts towards utilizing innovative and sustainable solutions, as well as efficiently managing existing resources, are
crucial for enhancing the quality of life in urban environments worldwide. We trust that this publication will serve as a
valuable resource towards this endeavour. The publication of these peer reviewed Proceedings has been a collaborative
effort, and we extend our sincere appreciation to all who contributed to making it possible. Special thanks to Prof. Rajan
Rawal (CEPT University), Prof. Amir Bazaz (Indian Institute of Human Settlement (IIHS)) and Prof. Dibakar Rakshit
(Indian Institute of Technology Delhi (I1'TD)), Mr. Prasad Vaidya (Director, Solar Decathlon India) and Dr. Satish Kumar
(President and Executive Director, AEEE) for their active assistance in the publication of the Proceedings.
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Highlights

< Modular System for onsite construction housing, designed as DIY Kit.

e Wall paneling system designed for thermal insulation.

» Use of eco cooler

« Design and prototyping focusing on affordability, scalability, and adaptability.

Abstract

Construction workers are among our cities' most important service providers, but their contribution to the urban economy
is frequently overlooked. Most construction workers are migrants, and the primary reason for their migration is to find
good job opportunities along with an improved standard of living. The big question is whether this migration and growth
of the infrastructure industry benefits the migrant workers' standard of living. The primary goal of the research has been
to design and test a prototype housing system for onsite construction workers for indoor environmental quality. It presents
a part of the ongoing research examining the parameters that influence the onsite housing system for construction workers
in terms of building materials, services provided, and indoor environmental comfort. Simulation studies were carried out
using Design Builder software to assess the annual performance, operational energy use, and indoor thermal comfort
condition of the Business-as-usual case and the proposed design case. The EPI for the Business-as-Usual Case is 31
kWh/m?, while the EPI for the Design Case is 19 kwh/m2. To put the idea to the test, an actual prototype of a construction
worker housing system was created and tested for thermal performance and user experience, along with onsite installation
and long-term viability. The primary findings of the study are that onsite workers living in modular prefabricated housing
can achieve indoor environmental comfort by using a wall paneling system made of paper honeycomb board sandwiched
between powder-coated G.I. sheet can provide thermal comfort with additional aluminum bubble wrap insulation for the
roof. Lower U values for the wall assembly and the use of Eco coolers, a passive cooling system, have increased thermal
comfort and ventilation, respectively. The research also evaluated the affordability, scalability, and adaptability of the
suggested prototype for a holistic housing system. The current study's objective is to assess how well the created unit
performs in Pune or another city with a comparable climate.

Keywords: Onsite Construction Workers Housing, Thermal Comfort, Modular Construction, Eco Coolers, Data
Loggers

Introduction

The construction sector is one of the biggest employment generators in India. The infrastructure projects that lead to the
growth and development of cities generate employment for migrant workers who come from all parts of the country to
earn money and grow. But the major question is, are these migrant workers getting any share of this growth? A
Construction worker who is the most integral part of the construction sector, is most vulnerable and often gets neglected.
We have seen great development in the architectural world, from small shacks to high-rise buildings, but the living
conditions of these workers have not changed much [1].

In addition to minimum wages, overtime pay, and weekly off, migrant construction workers should be provided with
comfortable housing and other social security benefits under labour laws [2]. As a result, it is the developers' responsibility
to ensure that the working conditions for their construction workers meet some basic standards. To understand the
developer's perspective and the challenges they face with migrant construction workers, we must first understand that
these construction workers are typically migrants who stay onsite for anywhere between 3 months to 3 years. Because
construction site locations change repeatedly, developers end up providing these workers with temporary shelters, as
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building a permanent residence for construction workers does not provide builders with any direct financial benefits, as
a result jeopardizing their comfort [3].

Indoor thermal comfort affects humans psychologically and physiologically. It positively impacts health and productivity
and improves the sense of well-being [4]. Thermal comfort is defined as "that mental state expressing satisfaction with
the thermal environment.” The ASHRAE-55 standards recommend an indoor temperature of 26°C for long-term thermal
comfort. For all types of buildings, Indian codes require uniform comfort temperatures ranging from 23 to 26°C [5].

For these reasons, thermal comfort for all should become an important goal for all developing countries. Under the 2030
Agendas for Sustainable Development that proposed 17 Sustainable Development Goals, Goal 11 says to make cities and
human settlements inclusive, safe, resilient, and sustainable, while target 11.1 of the Sustainable Development Goals aims
to "ensure access for all to adequate, safe, and affordable housing by 2030."Developers should consider SDG goals and
plan for inclusive development. They should provide these migrant onsite workers with adequate housing that is modular,
adaptable, and thermally comfortable so that workers are happy and productive as a result of the comfort they have in
their homes [1].

Method

The research was conducted in three stages, starting with a literature review, which was conducted by reading various
papers and articles related to the research topic to gain an overview of current research, establish understanding and
relevance of research, and identify gaps in current research. The literature review also helped to select a method to be
followed for the study.

The next step was to establish a methodology, which is a combination of interviews, case studies, observations, and
content analysis. As a result, quantitative data about the selected parameters was gathered via onsite measurements and
physical building assessments, and qualitative data was obtained via an occupant satisfaction survey to gather first-hand
information about users' experiences of living in labour housing. Leading developers in Pune were identified for research
purposes. The primary goal of data collection is to gain a comprehensive understanding of onsite workers' housing and
user comfort, for which an interview-based survey of construction workers and developers was conducted. The sample
selection was purposive due to permissions to access construction sites.

A survey of 5 officials from the developers' side and 33 construction workers from various backgrounds was randomly
conducted. Onsite workers (Male/Female) were the primary respondents. With the help of a pre-tested structured
questionnaire, data was collected focusing on user comfort, details of construction techniques, materials, their thermo-
physical properties, and various schedules based on the occupant's behaviour and occupancy. The data collection included
specific information about comfort in the summer and winter. Other parameters include providing water for drinking and
other uses by constructing or organizing necessary water-related infrastructure, sanitation infrastructure, sewage disposal,
drainage, solid waste management, provision of electricity, and facilities like creche, health services, and recreation areas.

Further mapping exercise was carried out where photographic documentation and physical measurements were taken to
capture the current situation. For checking indoor environmental comfort, Spot measurements of specified parameters of
comfort, mainly temperature, humidity, air movement, and air quality, were taken using Five in one meter and a CO; data
logger.

?‘ﬂ"‘ I

il

Figure 1: Interior and exterior spaces at labour camp (Business-as-usual case)

Findings from Developers Survey and Construction Workers Survey

Construction workers occupy housing on construction sites anywhere between 3 months to 6 years. Feedback says indoor
temperature in summer is typically unacceptable, there is no ventilation, and lighting conditions are very poor. All the
workers use mechanical ventilation, mostly ceiling fans, as an adaptive strategy to reduce temperatures. Following is the
set of questions asked to the onsite construction workers as part of the survey:

What is the typical size of one usnit?




Energise 2023 Conference Proceedings

4 responses

2

2 (50%)

1 (25%)

1 (25%)

100010 100012 gz

Figure 2: Graph Showing the typical size of labour unit

What materials are used for the construction of housing units for onsite workers?

4 responses
MS Sections 4 (100%)
Gl Sheet for wall paneling 4 (100%)
Gl Sheet for roof 4 (100%)
PCC for ground floor 4 (100%)
Deck slab for first floar 2 (50%)
0 1 2 3 4

Figure 3: Graph showing materials used for construction

Can these materials be reused again?

4 responses

@ Yes
@® No
@ Maybe

Figure 4: Graph showing the reusability of materials

What is the duration of the construction period for a particular project?

23 responses

3 Months
6 Months
9 Months
12 Months
2 Years

6 years

1 Year

1.5 years
9 years

8 years

6 years fotal- 3 complete
6 year

2 (8.7%)
2 (8.7%)

1(4.3%)
1(4.3%)

0 2 4 6 8

Figure 5: Graph showing the duration of construction

8 (34.8%)
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What is the typical duration of occupancy of a construction worker on site?

@® 3 Months
@ 6 Months
@ 9 Months
@® 12 Months
@® 2 Years
@® 1 Year

@ 4 years

® 3 years

Figure 6: Graph showing occupancy of construction workers on site

Daylight in the house

60.9%

@ Too Dark

® Dark

@ Comfortable

@ Option 4

@ Too Bright

@ 1 tubelight, electricity throughout the day

Figure 7: Graph showing daylight hours in the workers' housing unit

Indoor temperature in summer

Air Movement /Ventilation

@ Unacceptable

@ Unsuitable

@ Suitable

@® Good

@ Perfect

@ G cooler at day time and f cooler at night
time

@ At night it cools down

Figure 8: Graph showing indoor temperature

@ Too High

@ High

@ Neutral/Comfortable

® Low

@ Too Low

@ Keep open at night, helps in ventilation
@ Window is ther, but keep it shut,as lot...
@ No ventilation

Figure 9: Graph showing the ventilation rate
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What is the adaptive strategy in summer?

@ Natural Ventilation
@ Ceiling Fan

A Table Fan

@ Evaporative Coolig

@ Cooler
@ Both, table, ceiling

Figure 10: Graph showing adaptive strategy for summer

Based on the literature review and data gathered from the site, the users were not comfortable inside the existing housing
due to harsh temperatures and no ventilation. It was decided to build a prototype unit for onsite construction workers'
housing to improve environmental comfort parameters. The proposed design's ideation was completed. Design Builder,
an energy simulation tool, was used to simulate comfort in the proposed prototype, which was later built to evaluate the
thermal comfort solution provided. A comparative analysis of current housing and the proposed prototype was carried out
to evaluate thermal comfort. Data loggers were installed in one of the units from the current worker housing unit and
proposed built prototype. The data was recorded for 15 days, from the 29" of April to the 15" of May 2022.

A design approach was developed in the last stage based on the literature review and data gathered from the site. The
users were not comfortable inside the existing housing due to harsh temperatures and no ventilation. It was decided to
build a prototype unit for onsite construction workers' housing to improve environmental comfort parameters.

The proposed design's ideation was completed. Design Builder, an energy simulation tool, was used to simulate comfort
in the proposed prototype, which was later built to evaluate the thermal comfort solution provided. A comparative analysis
of current housing and the proposed prototype was carried out to evaluate thermal comfort. Data loggers were installed
in one of the units from the current worker housing unit and proposed built prototype. Feedback from users was taken at
this stage.

Design development of proposed prototype:

Two cases were considered for design development: business-as-usual case and the design case. The business-as-usual
case is the existing housing units. These units have metal pipes as structural elements, corrugated metal sheets for the
wall and roof paneling, often in poor condition due to multiple reuses, and no or poorly done flooring. The units were hot
to live in during the summer. There are no windows and only one door, resulting in insufficient natural light and ventilation.
Environmental comfort is rarely considered in this case. The findings from the survey of construction workers say that
indoor temperature in summer is typically unacceptable; there is no ventilation, and lighting conditions are very poor. All
the workers use mechanical ventilation, mostly ceiling or table fans, as an adaptive strategy to reduce temperatures. The
literature review also states that construction workers are the most neglected people in the construction industry, and there
is a strong need to redefine labour accommodation. A new design approach to address these issues concerning onsite
construction workers' housing requirements was developed through a design case that focuses on providing a comfortable
abode to this working class. To achieve this aim, the design intent was defined, focusing on achieving comfort for the
user by selecting an appropriate building system and materials constructability of the module. Manufacturing and
assembly were also considered in the design case.

To incorporate thermal comfort concepts into affordable housing, POE performance indicators like Design quality,
building layout, Interior and exterior appearance, Access to campus facilities, quality of the indoor environment (IEQ),
Improved indoor air quality- The quality of air within a facility or the built environment, Acoustic comfort, Visual comfort,
Security and fire protection, quality of building support services were identified [6].

Wall and roof assemblies were selected for research as they provide a unique opportunity for energy conservation as these
surfaces receive most of the solar radiation. Criteria for selection materials in the proposed case were durability, low cost,
local, and healthy comfort creating. At the same time, the parameters defined for the system were sturdy, reusable,
transportable, modular, lightweight, additive, fireproof, and waterproof. A series of experiments were carried out to
finalize the material and system for the proposed prototype. For wall paneling, various assemblies of material were
explored. These assemblies were analyzed for durability, cost, maintenance, strength, moisture resistance, fire resistance,
and, most importantly, the thermal comfort they provide. Based on the comparative analysis of assemblies, in the proposed
prototype, a paper honeycomb board for the wall paneling is used because it is a good thermal insulator due to the presence
of air cavities. It is an indefinitely recyclable material made from wastepaper, which is why it is not naturally waterproof.
That's why it is sandwiched between a powder-coated G.I. Panel, which also helps to prevent fire. It is light, strong, and
stiff, which helps in building modular systems.




Energise 2023 Conference Proceedings

The proposed prototype's walling assembly is 35 mm thick and is fixed within a 50 mm M.S. section. It does not need to
be plastered. The components in this assembly can be recycled and have a good market presence. The value of this
assembly was checked using the Testo 635 U-value promo set, which essentially measures a material's thermal insulation
properties. For the roof, along with G. 1. Sheet, an Aluminum bubble wrap sheet is used to control the heat gain from the
roof.

@ _

PeeS
—ra
Geced
‘:/:\J\\T} =y "\T

Figure 11:(1) M.S. pipe for the frame, (2) Honeycomb board wall panelling, (3) cement sheet for the floor, and (4) G.1.
Sheet with aluminium bubble wrap for insulation

In the business-as-usual case, it is clear from the survey and onsite observations that there is no provision for a window.
Ventilation is another crucial aspect of creating a comfortable indoor environment. A highly cost-effective method of
improving indoor ventilation is the eco cooler. Mr. Ashis Paul of Bangladesh devised this straightforward assembly.
Discarded PET bottles are split in half, fixed on a plywood panel, and then mounted on a window frame. By enabling
improved ventilation, this ventilation technique improves not only indoor air quality but also lowers the interior air
temperature, which i is used in the proposed design case [7]

Figure 12: Eco Cooler

Modular construction is a relatively new concept in India. This concept requires awareness and education among builders
and developers in order for its application to be maximized [8]. To make the proposed solution practical, scalable,
affordable, and adaptable, it must be simple and quick to build, and that is why modular construction is one of the key
approaches used in the proposed prototype.

The prototype has been designed as a DIY kit that can be easily assembled or dismantled on site. The construction of the
proposed unit was done in 3 stages: manufacturing, packaging, and transportation. The process of onsite installation is
explained in Figures 12, 14, and 15.

Figure 13: Bucket Foundatlon Figure 14: Installation Process Figure 15: Prototype

Conclusion

Despite being the key stakeholders in the construction industry, migrant workers are sometimes disregarded when it comes
to ensuring a decent quality of life. According to the research and survey, these onsite construction workers work largely
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indoors in the evenings and outdoors throughout the day. As a result, it is critical that the workers should feel comfortable
inside the dwelling unit at night. The energy simulation technique, as well as survey data, demonstrate that in the current
scenario (business-as-usual case) of a temporary dwelling unit, indoor environmental quality is poor due to heat build-up
via the envelope and a lack of ventilation. U value of the structure was reduced by increasing the thickness of the envelope
using prefabricated paper honeycomb board sandwiched panels and adding aluminium bubble wrap insulation to the roof,
resulting in less heat gain and lower temperatures, resulting in better indoor comfort. The addition of an entrance and the
usage of eco-coolers aid in ventilating and lowering the temperature of the planned unit. Moving this research forward
will necessitate a focus on wall panelling thickness to increase thermal mass and limit heat gain even further.

This research has helped the development of a modular onsite housing system for onsite construction workers that is
comfortable to live in. The onsite live-scale prototype building and testing for indoor environmental parameters, as well
as user feedback, helped to create a statement of assurance of the workability of the structure and indoor thermal comfort
for the users. The research conclusions will be significant to emerging countries where construction workers are important
development stakeholders.
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Highlights

» Green Affordable Housing (GAH) project’s sustainability is expressed using four Key Parameters: Climate Response,
Climate Resilience, Gender Sensitivity, and Affordability.

 Relationships between prevailing Green Building Rating Programs’ (GBRP) criteria and Key Parameters explored.

« Insights into the on-ground execution of GBRP criteria gathered from Green Building Rating Agencies and
Consultants.

* Gaps in the prevailing GBRPs were identified.

» Suggestions are made to prevailing GBRPs to enhance their future relevance.

Abstract

Resource-efficient buildings conducive to occupants’ health and well-being are termed Green Buildings (GB). Dedicated
organizations, called Green Building Rating Agencies (GBRA), are involved in formulating Green Building Rating
Programs (GBRP). The GBRPs feature predetermined, intent-based Rating Criteria (RC). Their rating mechanism is
based on a relative comparison between the building’s base-case and Green-iteration, apathetic to its absolute operational
performance.

This study identified four Key Parameters: Affordability, Gender Sensitivity, Climate Response, and Climate Resilience,
representing a Green Affordable Housing (GAH) project’s holistic — Financial, Social, and Environmental — sustainability.
GBRPs were studied to gauge whether and to what extent the RC embodies the Key Parameters. Concurrently, inputs
regarding the on-ground execution of GBRPs were gathered from GBRA and Consultants. This study illuminates the
gaps in the prevailing GBRPs and makes suggestions to maintain their future relevance. It concludes with the requirement
of a rating framework anchored to absolute design baselines and operational performance benchmarks.

Keywords: Green Building Rating Programs; Green Affordable Housing; Climate Resilience; Adaptation; Holistic
Sustainability

Introduction

Humans’ ever-increasing desire for fast-paced progress has led us to rely heavily on fossil fuel-based mechanical and
economic systems, resulting in incessantly increasing carbon emissions, global warming, and climate change. The
continual rising of the earth’s surface temperatures, disruption of natural weather patterns, and extreme weather events
such as heatwaves, flash floods, cyclones, wildfires, droughts, etc., are manifestations of climate change [1]-[5]. These
events are predicted to worsen consistently in the coming years, having already resulted in the loss of more than 2 million
lives and USD 4.3 trillion in the last five decades [6]. Countervailing efforts to mitigate and adapt to the aggravating
climate change scenario are bound to impact individuals, communities, and industries alike.
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Construction is the world’s biggest industry, constituting thirteen percent of the global Gross Domestic Product (GDP)
[7]. On the one hand, the construction industry is responsible for more than one-third of global carbon emissions [8]. On
the other hand, it is severely vulnerable to extreme weather events. Such events would not only physically distress the
building’s construction workers and occupants but also endanger its asset value. Confronted by these consequences, the
construction industry, including all products and processes, is currently exploring decarbonization pathways to develop
in a sustainable and secure manner. One such market initiative to propel sustainability was Green Buildings (GB). By
definition, these are buildings planned, designed, constructed, and operated in a manner that consumes fewer resources,
is energy efficient, and is conducive to occupants’ health, comfort, and well-being [9]. Dedicated organizations, called
Green Building Rating Agencies (GBRA), are currently in place at national- and international levels. Their primary
functions include a) formulating Green Building Rating Programs (GBRP) applicable nationally or internationally,
tailored to various building typologies, and b) awarding a building ‘Green’ certification by examining whether it has been
designed and constructed as per the GBRPs. Essentially, GBRPs encompass Rating Criteria (RC) that deal with
optimizing design, resource use, and construction practices. Another set of organizations involved in the on-ground
implementation of GBRPs are Green Building Rating Consultants (GBRC); they play a pivotal role in ensuring the
building is executed per the GBRP’s requirements.

GBs are treated as a pinnacle in the built environment. They are often sold or rented at a premium, although their
incremental development cost in comparison to conventional buildings may be reasonably small [10]. GBs also have
significantly lower operational costs. However, their higher upfront cost makes them unaffordable, thus making them
inaccessible to the Economically Weaker Section (EWS) and the Lower Income Group (LIG). These groups of people
are the most vulnerable to the ill effects of climate change, making it all the more important for them to have access to
sustainable residences that are resilient to extreme weather events. Notably, a vast demand-supply gap already exists
globally in the affordable housing market. With more than half of the world’s population dwelling in cities in 2022 [11],
governments worldwide have been struggling to bridge the affordable housing gap. Developing sustainable/Green
residences amidst the looming climate change threat is yet another challenge. Green and Affordable Housing (GAH) is
the means to overcome these two challenges and unify their intents.

Countries have developed GAH projects under their social and/or affordable housing programmes [12]. India, too, is
developing affordable housing through a pipeline of several central and state-level schemes. Notably, the Pradhan Mantri
Awas Yojana (PMAY) scheme has contributed to both affordability and sustainability. Alongside developing affordable
housing, the scheme has prioritized occupant comfort by incorporating new and alternative construction materials,
technologies, and passive design features [13]-[15]. Furthermore, the development of ‘adequate, safe, and affordable
housing’ is one of the United Nation’s seventeen Sustainable Development Goals (SDGs); it can further give impetus to
other goals, such as ‘clean and affordable energy,” ‘gender equality,” and ‘responsible consumption and production,’
unlocking development and social equality [16]. In the context of a GB, “sustainability’ has conventionally referred to
Environmental Sustainability; however, in a GAH project, it has a broader meaning. Housing is at the confluence of
multiple domains; it is required to provide its occupants with the physical infrastructure/shelter while simultaneously
satisfying their social and economic aspirations. Therefore, the GAH framework adopts a holistic outlook of sustainability,
which may be seen as a three-tiered pyramid, wherein no one tier is compromised for the other. The types of
sustainabilities and their corresponding implications for a GAH project are described in Figure 1.

Holistic Sustainability

Financial

Social

In context of a GAH project

Occupant able to afford upfront and operational costs

Key Parameters
Up-front and Operational
Affordability

Pivoted on focal points of inclusivity, accessibility, health, and
safety for all

Gender Sensitive Design

Environmental

Low embodied and operational carbon emissions:
Capable of withstanding current and future weather conditions

Climate Response

Climate Resilience

Execution Stage

Metri

Spatial Scale

Figure 1: Pyramid of Sustainability and the Four Key Parameters

The first tier — Financial Sustainability — unlocks the means for a person of a weaker economic background to afford a
Green residence. How affordable a product/service is is one of the primary factors determining its feasibility from the
user’s perspective, thus their likeliness of choosing it. Therefore, demonstrating Financial Sustainability is the first and
foremost step to unlocking market demand for GAH. The second tier — Social Sustainability — acknowledges the integral
social needs of the individuals and communities residing in the housing project. Sensitivity to the nuanced ways people
of varying backgrounds perceive and use the space is at the core of rendering a socially sustainable GAH project. A
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gender-sensitive lens could do an excellent job of capturing the occupants’ distinct contexts and satisfying their needs of
inclusivity, safety, health, and well-being through design, construction, and operation. The third tier ensures that the
project is environmentally sustainable, requiring the project to be: a) Planned, constructed, and operated resource-
efficiently, principled to respond to the climatic context — reducing the project’s carbon emissions, and b) Resilient to
the present and future environment/climate and extreme weather events while maintaining a comfortable indoor
environment for the users. For this study, the broader core intent of each of the sustainability tiers have been moulded
into suitable Key Parameters, namely, Affordability, Gender Sensitivity, Climate Response, and Climate Resilience,
shown in Figure 1. Their definitions have been elaborated in Table 1.

These parameters can explicitly communicate the underlying measure to achieve each sustainability tier; they are specific
and may be quantified with the help of checklists and/or metrics. The following points shall help the reader gain insight
into the author’s thought process behind selecting each Key Parameter and their significance from the perspective of
affordable housing:

Table 1: Key Parameters and Definitions

Key Parameter Definition

Defined in terms of how a person, household, community, organization, or state acts in response to climate
Climate Response | change. Their response would involve responding to the climate change already in the pipeline, reducing
emissions, and stabilizing the levels of heat-trapping greenhouse gases in the atmosphere [1].

Defined as the ability of social, economic, and environmental systems to cope with a hazardous event, trend,
or disturbance. This would involve responding or reorganizing in ways that maintain their essential function,
Climate Resilience | identity, and structure while also maintaining the capacity for learning and transformation [1].

The “hazardous events” for the scope of this study have been limited to heatwaves and floods — since India
is a tropical country and more susceptible to the said events.

Generally defined with regards to unit size and cost, occupant’s income, and the unit cost-to-income ratio.
This study adopts the PMAY guidelines’ definition of affordable housing, mentioned below [17]:

Unit size: The carpet area of Dwelling Units is required to be up to 30 m? for the EWS category and up to 60
m? for the LIG category.

Occupant’s Income: The qualifying annual household income for the EWS is set as INR 0.3 million, and for
the LIG, the corresponding value is between INR 0.3 million and INR 0.6 million.

This study simply appeals that the upfront and maintenance costs be affordable for the occupant; however,
the study does not want to prescribe a specific — absolute or percentage — value to affordability. The GBRPs
are free to adopt a befitting value in terms of GB’s incremental development cost, unit-to-income ratio, and
S0 on.

Affordability

Refers to the ability to acknowledge and highlight the existing gender differences and inequalities between

women and men. It guarantees that such differences are factored into the design and implementation of

policies and actions [18].

It is an approach of holistic planning of the built environment, manifesting as but not limited to:

Gender Sensitivity | « Conscious selection of the GAH site: ensuring proximity to social and public infrastructure.

< Appropriate spatial planning: incorporating parks, recreational, entrepreneurial activities, and social
gathering spaces.

« Dwelling Unit being designed to adapt to occupants’ evolving spatial and social needs.

« Dwelling Unit being solely or jointly owned by the household’s women.

« Affordability: A project would be financially sustainable if it is affordable on an upfront- and operational basis, in line
with the definition of affordability.

» Gender Sensitivity: Gender Sensitive design principles pay careful attention to aspects of safety, health and comfort,
and inclusivity at all spatial scales. These aspects are equally relevant to and affect all residents. However, females,
children, and the elderly spend more time indoors than their male counterparts; hence, the appropriate fulfillment of
these aspects would hold relatively higher importance for the former group. Integrating a gender-sensitive design lens
would illuminate the challenges women face in the parlance of affordable housing and overcome them by including
women as critical stakeholders in the decision-making process.

« Climate Response: A project’s local climatic and geographic context provide crucial clues for its design. When used
wisely, these clues may enlighten passive design strategies and locally available materials, which could facilitate
maintaining a comfortable indoor environment, naturally, without using energy frivolous Air Conditioning (AC)
systems. Hence, responding to the climate would lead to a reduction in the operational and embodied carbon emissions
of the project.

« Climate Resilience: Over time, a project would be faced with extreme weather events such as heatwaves and floods.
Designing with resilience in mind would ensure that the project infrastructure is physically capable of withstanding
such events, simultaneously maintaining a comfortable indoor environment for its users. Notably, achieving a
comfortable indoor environment without increasing the economic burden on occupants makes the four Key parameter
tenets of a successful GAH project.

10
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The study has contextualized the Key Parameters’ conceptual definitions in terms of physically implementable measures,
such that the intent behind the Key Parameters is met. As mentioned in Figure 1, the measures may be applicable at
various ‘Spatial Scales,” i.e., the entire project (Site), one building block (Building), and one residence (Dwelling Unit),
and incorporated during the Design, Construction, and/or Operation ‘Execution Stages’ of the project. These measures
may be in terms of design optimization and integration of components; their efficacy may easily be assessed in terms of
‘Metrics,’ i.e., resources — by examining a change in their consumption. For instance, Climate Response measures would
be (a) using finishes with a high Solar Reflective Index (SRI) — at Site-scale, (b) using appropriate walling material having
low thermal transmittance value — at the building scale, and (c) designing for optimized ventilation — at Dwelling Unit-
scale.

This study assesses prevailing GBRPs from the perspective of the four key parameters and provides suggestions to
maintain their future relevance in the parlance of GAH. The study’s objectives included conducting a detailed study of
the prevailing GBRPs, understanding whether and the extent to which the RC embodied the Key Parameters, and studying
the current market trends concerning GBRP execution by conducting surveys with GBRA and GBRC.

Methods

This study’s first stage involved a detailed review of the following GBRPs: The Green Affordable Housing Rating
Program from the Indian Green Building Council (IGBC), the Green Rating for Integrated Habitat Assessment (GRIHA),
and the Sustainability Certification from the Green and Eco-friendly Movement (GEM) and Excellence in Design for
Greater Efficiencies (EDGE) [19]-[22]. The authors selected these GBRPs solely based on their availability in India; this
study treats all these GBRPs as independent entities, not comparing them against each other. All GBRPs mentioned above
are voluntary compliance-based, encompassing RC related to optimizing the following Aspects: Site, Energy,
Environment, Water, Waste, Material, and on-site Practices. While the IGBC and GRIHA have a dedicated GBRP for
affordable housing, the GEM and EDGE GBRP apply to all residential, commercial, and factory buildings alike. The
Green Affordable Housing Program from the IGBC is a 75-credit-based program, requiring a minimum of 38 credits for
certification, with four certification levels, namely — Certified, Silver, Gold, and Platinum; the GBRP from GRIHA is a
100-credit-based system, requiring a minimum of 25 credits for certification, with one-to-five-star certification levels.
Similarly, the Sustainability Certification from GEM is a 135-credit-based system, requiring at least 40 credits for
certification, with Gem 1 to Gem 5 certification levels. However, the EDGE GBRP is not a point-based system; it
calculates the certification level with respect to the project’s savings in water, material, and energy. Here, the project
would receive a Level 1 certification by achieving 20% savings in water and material. Moreover, the project could receive
a Level 2 or Level 3 certification based on the additional savings achieved in energy, i.e., 40% for Level 2 and 100% for
Level 3.

Detailed study of the GBRPs led to categorizing the RC into ‘Aspects,” “Variables,” and *Attributes.” Here, Aspects refer
to the overarching domain addressed by the RC, Variables refer to the sub-domain-level strategies, and Attributes refer to
the detailed micro-level measures required to achieve compliance. The elaborate list of Aspects, Variables, and Attributes
can be found in Figure 3. After that, the relationships between the RC and the Key Parameters were assessed to understand
whether and to what extent did the GBRPs embody the latter. Firstly, the one-on-one relationships between the Attributes
and the Key Parameters were assessed; the resultant relationship between an Aspect and Key Parameter was derived by
averaging the relationship scores of all Attributes of that particular Aspect. The relationship score was marked on a scale
of 0 to 2, where O indicated ‘No Relationship,” 1 indicated an ‘Indirect Relationship,” and 2 indicated a ‘Direct
Relationship;’ it was assigned based on the degree of explicitness of the Attribute’s connection with the Key Parameter.
The relationship scores were marked by building science researchers and GB professionals with a background in
architecture, civil, and mechanical engineering, a post-graduate degree, and four years’ worth of work experience in the
construction industry. The following set of questions was framed to help the building science researchers and GB
professionals assign relationship scores:

a) Affordability: Does the Attribute impact the project’s upfront and operational costs?

b) Gender Sensitivity: Does the Attribute contribute to acknowledging and satisfying the needs of various occupant
categories?

c) Climate Response: Does the Attribute impact the project’s carbon emissions?

d) Climate Resilience: Does the Attribute impact the project’s ability to withstand heatwaves and floods? How would
the Attribute help maintain a comfortable indoor environment?

e) An additional question was posed to help understand the explicitness/directness of the relationship: Can the link
between the Attribute and Key Parameter be described as a one-step cause-effect dynamic?

Essentially, the relationship only represents the magnitude of correlation and not its direction — positive or negative. For

instance, the relationship score between the ‘On-site Renewable Energy’ Attribute and Climate Resilience is 1.67,

implying that they are directly connected. However, the relationship score does not indicate whether the Attribute

improves or impairs the project’s Climate Resilience.

11
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The study’s second stage involved gathering insights from the organizations engaged in the implementation of GBRPs,
namely, GBRA and GBRC. Communication with the high-level officials of the leading GBRAs was established via emails,
requesting information regarding the total number of GBs and GAH projects developed in the past five years, their
locations, and the most commonly and rarely attempted RC by project proponents. The project location-related data was
then superimposed against the following:

a) The State Energy Efficiency (EE) Index is a measure of an Indian state’s readiness concerning energy efficiency [23].
This study desired to 1) test the relationship between a state’s EE Index and its available resources to make
improvements in affordable housing and 2) perceive whether the projects were only found to be present in those cities
having a higher EE Index.

b) Net State Domestic Product (NSDP) per capita is a measure of the net value of finished goods and services of the
state per capita. The NSDP per capita of 2021, for this analysis, was obtained from [24].

c) Climate zone — The National Building Code (NBC) 2016 [25] divides India into five climatic zones; classifying project
locations per their respective climate zones would help determine whether projects are consolidated in a particular
climate zone. Subsequently, this classification could also highlight whether there is a climate zone-based trend to
achieving ratings within a tight budget.

d) Heatwave and Flood Vulnerability zones - A project’s disaster vulnerability depends on location. Thus, Climate
Resilience measures would also be determined with respect to the project’s location. Here, the project locations have
been superimposed on heatwave [26] and flood vulnerability [27] maps.

Furthermore, dedicated online survey forms were shared with thirteen — large-scale as well as independent — GBRCs
requesting information concerning the GB project proponents’ most commonly and rarely executed RC. The GBRCs
were also asked to rank the Aspects — ‘Site Selection,” ‘Energy Conservation,” “Water Conservation,” ‘Material,” and
‘Environmental Quality” on five-point scales representing their technical and financial feasibility.

Notably, the group of building science researchers and GB professionals involved in assigning Attribute and Key
Parameter relationships was separate from the GBRAs and GBRCs.

Results and Observations

The RC in the IGBC, GRIHA, and GEM GBRPs provide detailed instructions about the method/means to be followed to
achieve the credits, while the RC in the EDGE GBRP delineates the performance goal to be achieved. All studied GBRPs
are pivoted on demonstrating a relative improvement between a project’s base-case — one which has no regard for
sustainability whatsoever, and its Green-iteration — one which has incorporated green measures. Owing to a difference in
the RC nature, this study has presented the assessment of the three GBRPs: IGBC, GRIHA, and GEM. Figure 2 illustrates
the credits allocated to different Aspects by various GBRPs.

GEM Sustainability Certification @3%
% GRIHA for Affordable Housing .4%
IGBC Green Affordable Housing . 505
Energy Environment Material  Practice Site Waste
Aspects

Figure 2: GBRPs and credit distribution as per Aspects
Interrelationship between the RC and Key Parameters

Figure 3 illustrates the relationship between the RC and Key Parameters. The Aspects, their corresponding Variables,
and Attributes have been mentioned on the left; the individual one-on-one relationships between the Attributes and
the Key Parameters have been averaged and presented as a ‘Resultant’ relationship between the Aspects and the Key
Parameters.

The following observations can be made based on Figure 3:

< Affordability is strongly related to the ‘Energy’ Aspect. This is because of Attributes influencing GB’s operational
affordability, namely — “Incorporation of BEE 5-star rated equipment” and “Provision of on-site renewables.” Figure
3 highlights that the ‘Environmental’ related Attributes — “Ventilation,” “Daylight,” and “Air quality concerns” — that
have the most substantial influence on affordability are a function of window design and operation. Moreover, almost
all the ‘Material’ related Attributes show direct relationships with affordability. Notably, the decisions concerning a)
the design and functioning of windows and b) the selection of walling and roofing material are Design-stage inputs.
These inputs continue to influence the GB’s Affordability during the Construction-stage and Operation-stage.

e Gender Sensitivity is not directly related to any of the Aspects at the macro level. However, only a few Attributes
directly related to Gender Sensitivity, namely — “Adaptive Comfort, Daylight,” and “\entilation,” concern spatial
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design. The rest of the Attributes directly related to Gender Sensitivity concern the provision of facilities. Moreover,
the Attribute of “Access to clean sources of cooking fuel,” which has a strong relationship with Gender Sensitivity,
was only found in one of the GBRPs [20], surprisingly, not as a mandatory requirement.

Climate Resilience is, essentially, the project’s capacity to withstand events like heatwaves and floods. Now, the RC
can only help equip the building to resist extreme heat and/or drain overflowing flood water but not directly cause the
building to be immune to heatwaves and/or floods. Evidently, none of the Attributes would have a direct relationship
with Climate Resilience.

Climate Response is influenced directly by the ‘Energy’ and ‘Site’ Aspects and indirectly by the ‘Environment,’
‘Material,” and “Practice’ Aspects. The ‘Site’ and ‘Environment’ related Attributes deal with Climate Response by
employing design strategies according to the local climate, thus reducing the indoor heat gain and mechanical cooling
demand. In contrast, the ‘Energy’ related Attributes employ energy-efficient devices to achieve a reduction in energy
consumption. Ultimately, both the design strategies and energy-efficient devices lead to a reduction in operational
carbon emissions. Furthermore, the ‘Material’ and “Practice’ related Attributes contribute to Climate Response by
targeting the reduction of embodied carbon emissions. This can be achieved by deploying innovative construction
technologies and using materials with recycled content. Additionally, handling — reducing, and recycling —
construction waste could significantly reduce the burden on virgin resources while neutralizing their contribution to
embodied carbon emissions.

13
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Stakeholders Insights
» GBRAs Insights
The GBRAS’ insight showed that the number of generic residential GB projects far exceeded that of their GAH

counterparts in the last five years. Their ratio was 1:8. Figure 4 [a] to [d] visualize the project locations against the state
EE Index, the NSDP per capita, the climate zone, and the heatwave and flood vulnerability, respectively.
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Figure 4: Correlations between Project Locations and [a] State EE Index, [b] NSDP per capita, [c] Climate Zone, and
[d] Heatwave and Flood Vulnerability

Figure 4 [a] illustrates the superimposition of the project locations and the state EE index. The current study has been
able to establish only an empirical relationship between the two, owing to the limited publicly available data concerning
the projects. Also, the spread of GAH projects was found to be more aligned with the metric of NSDP per capita than the
state EE Index, as visualized in Figure 4 [b]. In simplistic terms, this could mean that the wealthier states with higher
NSDP per capita were better positioned to prioritize spending on GAH projects. Figure 4 [c] shows GAH projects to be
scattered across all climate zones. Hence, no trend was found between project locations and climate zones. Figure 4 [d]
illustrates the hazard vulnerability of the project locations. Here, the heatwave vulnerability was taken from [26]. It is
represented as Heat Vulnerability Index (HV1) and highlighted in the form of the state’s background colour, where red
indicates a higher degree, and blue indicates the lowest degree of heatwave vulnerability respectively. Additionally, the
flood vulnerability derived from [27] has been indicated as solid-blue-coloured circles. Figure 4 [d] indicates that the
flood vulnerability has clear patterns across the coast and along the Ganga, Brahmaputra, and Sabarmati. Moreover, the
central Indian states were seen to be the most vulnerable to heatwave hazards since the Tropic of Cancer passes over them.
The states of Madhya Pradesh, Chhattisgarh, and Jharkhand were identified to be at the highest heatwave risk, yet they
had the least penetration of GAH projects. Moreover, the states of Rajasthan, Uttar Pradesh, Maharashtra, and Odisha
only had GAH projects in districts with lower heatwave vulnerability. Furthermore, the states of Uttar Pradesh and Bihar
were seen to be vulnerable to both floods and heatwaves.

Figure 5 [a] illustrates the most commonly and rarely targeted Attributes per the GBRASs. The most commonly targeted
Attributes were the ones related to the “Site,” ‘Energy,” “‘Water,” and ‘Material” Aspects. Contrarily, the most rarely targeted
Attributes were the ones related to the ‘Energy’ and “‘Practice’ Aspects. Examining the Attributes’ and Key Parameters’
one-on-one relationship scores, it can be said that the most as well as least commonly targeted RC by GB projects can
significantly strengthen Climate Response and Climate Resilience and directly contribute to affordability. Moreover, the
groups of most and rarely targeted Attributes are not strongly linked with Gender Sensitivity.
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Figure 5: Most Commonly and Rarely targeted RC according to [a] GBRA and [b] GBRC

GBRC:s Insights
Figure 5 [b] illustrates the most commonly and rarely targeted criteria per the GBRCs. The most commonly implemented
Attributes are predominantly provision-based criteria; they have no spatial design-related implications on the project. The
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GBRCs also highlighted that the Attributes of “Measures for Air Quality” and “Access to Clean Sources of Cooking Fuel”
were rarely implemented in affordable housing projects. The ‘Environment’ related Attributes include “Provision of
Proper Ventilation,” “Provision of Daylight,” and meeting requirements of “Adaptive Thermal Comfort.” The GBRCs’
responses indicate that an added money constraint would increase the difficulty and complexity of complying with those
Attributes.

0\ Very hard 5
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% . Energy Conservation
s Neutral 3 ‘Water Conservation
5 ® Materials
i3] @
A Easy 2 Environmental Quality
K

Very easy 1
1 2 3 4 5
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Figure 6: Technical and Financial Feasibility of Aspects

Figure 6 illustrates the average technical and financial feasibility score of various Aspects. The GBRCs’ responses
delineate that the ‘Environment’ Aspect is the most complex and expensive to implement in GAH projects. It can be seen
that none of the Aspects made it to the ideal scenario, a combination of “Very Easy” in terms of technical feasibility and
“Very Cheap” in terms of financial feasibility. The most viable Aspects were found to be “Water Conservation” and “Site
Selection,” as they fell within the “Neutral” boundary of both feasibilities.

Discussion

A list of Attributes directly (relationship score >1.5) influencing two or more Key Parameters was compiled and has been
illustrated in Figure 7. These Attributes could impact all Key Parameters, improve occupant comfort and well-being, and
render the envelope energy efficient. Moreover, compliance with Eco Niwas Samhita (ENS) [28] can achieve two
Attributes. Thus, the prevailing GBRPs can benefit from including “ENS Compliance” as RC.
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Figure 7: Attributes affecting more than one Key Parameter
The following elaborate on the gaps identified by this study:

a) GB’s Intent Vs. Performance: GBRPs certify buildings as ‘Green’ based on their compliance with the RC - realizing
the intent of the GB. However, there are little to no RC aimed at monitoring and ensuring that the certified GB also
performs as a GB.

b) Clean Cooking Fuel Access: It is the only Attribute that has the potential to impact operational carbon emissions and
is related to Affordability as well as Gender Sensitivity. Nevertheless, this Attribute is not mandatory in any GBRP.

c) Incremental Cost and Split Incentive: Incorporating green interventions in GB may be accompanied by additional
upfront costs — often borne by the developer, which do not get passed onto the occupants; moreover, the occupants of
GBs would pay lower operational costs. This creates a split incentive. Thus, the GBRPs can benefit from elaborating
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on a) the maximum incremental cost and b) the mechanism to address and eliminate the split incentive between the
occupants and developers.

d) Climate Resilience: GBRPs have limited RC pertaining to heatwave and/or flood resilience. It must also be noted that
both these disasters have seasonal occurrences. The GBRPs do not include any RC or credits involving seasonal
strategies or preventive measures for extreme-event management. Moreover, since GBs are subject to disasters of
varying intensity, it would make sense for the credits to be weighted accordingly with respect to the Site’s disaster
prevalence and intensity.

e) Adaptive Thermal Comfort: Despite recent publications [29] suggesting that most heatwave casualties occur in the
EWS and LIG, the “Adaptive Thermal Comfort” Attribute was not found to be mandatory in any of the GBRPs.
Moreover, occupants’ overall comfort is only addressed via post-occupancy surveys, including lighting levels,
temperature, relative humidity, etc., while there are no established comfort requirements to adhere to. To ensure the
GB’s performance as ‘Green’, the thermal comfort needs to be evaluated at the design stage through simulations.
Moreover, the Residential Envelope Transmittance Value (RETV), as mentioned in the ENS 2017 [28], may serve as
a preliminary indicator of thermal comfort. The RETV is a measure of heat escaping into the building, thus lowering
the RETV and the occupants’ discomfort. This criterion is potent enough to have a significant impact on the building’s
Climate Response, Climate Resilience, Gender Sensitivity, and Affordability.

f) Embodied Energy: GBRPs include RC concerning the embodied energy of construction materials, but they are rather
prescriptive. The percentage reduction in embodied energy with respect to a conventional ‘Not Green’ is not mentioned,
let alone necessitated.

g) Supplementing urban-level systems: Urban-level systems refer to the pre-existing municipal services, systems, and/or
programs already in place for the zone/region where the GAH project would be developed. Hence, the GBRPs may
benefit from incorporating RC that can supplement and downscale the Urban-level systems in place for waste, water,
electricity, environment, and disaster management.

These gaps are essential from the point of view of GB’s holistic sustainability. The GBRPs must integrate these gaps by
adding new RC or enhancing the existing ones. However, this may not be limited to simply adding or enhancing RC. The
prevailing GBRPs are intent-based; they will be required to shift their core ideology in order to create holistically
sustainable GB.

Conclusion

This study assessed prevailing GBRPs in India from the perspective of Climate Response, Climate Resilience, Gender
Sensitivity, and Affordability. It was found that the prevailing GBRPs approximately assimilate the RC pertaining to the
four Key Parameters. However, they forgo the opportunity to establish and enhance the criteria for Climate Resilience.
The inputs from GBRAs indicate that GAH projects are spread across the country. The most targeted RC were provision-
based, while the least commonly targeted ones were related to spatial planning or building operation.
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Figure 8: Guidance for enhancing prevailing GBRP

Prevailing GBRPs are primarily focused on mitigating climate change, i.e., Climate Response; their rating framework is
relative-comparison based; and their core ideology is based on satisfaction of the intent of a GB. Figure 8 describes the
domains in which the prevailing GBRPs may be required to evolve. The two methods — ‘Bottom-up’ and ‘Top-down’ are
suggestive of the level of making change. The ‘Bottom-up’ approach would involve starting with surface-level changes,
i.e., shifting the focus from Climate Response to Resilience. The ‘Top-down’ approach would involve making a change
in the GBRP’s core ideology, i.e., embracing a Performance-based appreciation.
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Highlights

e Study of thermal performance of Rammed earth and Laterite stone.

* Monitoring using hand-held instruments in a built environment.

* Rammed earth wall, due to thermal properties, has an overall 2°C lower surface temperature compared to laterite stone.

Abstract

Traditionally in coastal Karnataka, mud was used in residential construction, but due to its labour-intensive nature, the
construction shifted to laterite stone in the mid-20th century. Presently, with the growing need for thermal comfort and
interest in sustainable approaches, there is increased interest in traditional mud architecture. A study was conducted to
understand how these two materials- Rammed earth and Laterite stone perform in their built environment in a warm and
humid climate. The analysis of inner surface temperatures of the east wall showed that 45% of the temperature for rammed
earth and 97% of the temperature for laterite stone were more than 28°C. 1°C difference in mean WBGT showed that the
indoor spaces in rammed earth residences have lower heat stress compared to laterite stone. Additionally, cooling loads
can be reduced by 10%, and surface temperature can be reduced by 2°C for rammed earth compared to laterite stone walls.

Keywords: Thermal performance, Laterite stone, Rammed earth, Surface temperature, WGBT.
Introduction

Energy efficiency is the need of the hour with ever increasing population and demand for built spaces and comfort
conditions. Energy consumption by the building sector constitutes a significant portion of energy use, which cannot be
compromised. Energy use in buildings depends on the indoor environmental requirements and the ability of the building
envelope to create an environment that is comfortable for the occupants. In warm and humid climates, passive thermal
comfort is mainly attained with the building geometry, placement of openings, natural ventilation, and use of materials in
the construction. Walls and roofs form a major portion of the building envelope; hence, an envelope with good thermal
performance can act as an energy conservation measure to reduce energy use in a building. Thus, the study of envelope
performance will help us optimize the use of energy and provide indoor thermal comfort.

In coastal regions of Karnataka, Mud was the traditional building material used in the construction of residences. The
walls built of mud were generally 0.9 m to 1.2 m thick. It helped in controlling the indoor thermal conditions of the built
environment. But, due to the high labour and time intensive method of construction for mud walls, the building paradigm
shifted to the use of laterite stone for faster and stronger construction. As per the Indian census of 2011, Dakshina Kannada
district has almost 67% of the residences built in Laterite stone, and only 22% of residences were built in mud and unburnt
bricks. Today, with the introduction of stabilizing agents and better construction technologies, mud is gaining importance
again as an eco-friendly, sustainable construction material in the form of rammed earth walling and compressed earth
blocks for residential buildings.

The study on the thermal performance of rammed earth walls and laterite stone in a built environment has not been studied
in the Indian subcontinent. Hence, the thermal performance study on the two materials will provide an insight into their
potential for providing a comfortable indoor environment in naturally ventilated residences in warm and humid climates.
The study aims to benefit architects and energy efficiency studies as it will provide insight into the existing building
materials used and their performance.
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Methodology
Study building selection

The objective of the study was to evaluate the thermal performance of the materials in their built environment; hence, a
residence, each built with rammed earth and laterite stone, was considered as the building materials most used in the
coastal regions of Karnataka.

The two-case study buildings are selected based on the following criteria.

» Natural ventilated residences
» Construction material used.
e Number of floors (G+1)

» Total built up area.

The rammed earth residence has 3 bedrooms and vaulted ceilings with a clay tile sloped Mangalore roof. The first storey
holds a single bedroom and a toilet. The laterite house is a G+1 structure with 3 bedrooms on each floor. The built-up
area, WWR, wall thickness, etc., are noted in Table 1. The floor plans are shown in Figures 1 and 2. The study was limited
to only the ground floor as the number of rooms on the first floor is not the same, and conducting measurements on the
exterior with hand-held devices will be difficult. Additionally, the rammed earth residence has a ventilated roof, and hence,
the ground floor of the laterite house was only considered for the study as the first floor can be considered as a ventilated
attic.

Table 1: Characteristics of the residences

Rammed earth residence Laterite stone residence
Total built up area 205.6sqm. 242.9sqm
Wall thickness 230mm 230mm
WWR 17% 19%
Roof Vaulted c:r:::;r:;%r\/]\grt:t:c;?g:;:;eg Ieeaslrth block Concrete slab with Ventilated floor.

Data gathering methods

The data collection technique implemented in the study was Monitoring and Measurements using hand-held instruments
(onsite measurements) and simulation through thermal modelling to evaluate the dynamic thermal performance of the
material over the year.
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Figure 1: Floor plan and measurement points in the Rammed Earth residence
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Figure 2: Floor plan and measurement points in the Laterite stone residence
Onsite measurement

Data was collected through on-spot measurements using an infrared thermal thermometer for surface temperature
measurement. The surface temperature measurements are taken on different external wall surfaces and ceilings to assess
the heat transfer through the day with the movement of the sun. The surface temperature was measured inside and outside
of the walls at the same spot to note the decrement caused by the envelope characteristics. The measurements are taken
away from any columns, fenestration, or any other composite surface that might influence the heat transfer. The points of
data measurements are marked in Figures 1 and 2.

Indoor temperature, Relative humidity, and mean radiant temperature were measured with a Wet-bulb globe thermometer
placed at the centre of the room. An anemometer was used to measure the wind velocity at the centre of the room. Outdoor
temperature, relative humidity, and wind velocity measurements were taken away from any shaded obstruction within the
premises of the residence. The instruments, their resolutions, and their accuracy are listed in Table 2.

Table 2: Parameters measured and Instruments used

Parameter Model _Image of Measuring Range Resolution Accuracy
measured instrument
\ +0.3°C (0-35°C)
teriurefre:iiﬁre I;'Jz?ri?i It\:loerr]r-rfgrr:st(:; " ‘ 0°C to 100°C 0.1°C +0.2°C (35.1-42.4°C)
P b +1.0°C (42.5-100°C)
Temperature -10°C to 45°C 0.2°C +2°C
GM816 Anemometer
Wind velocity 0-30 m/s 0.1m/s +5.0%
Wet bulb Globe Q 0°C t0 59°C 0.1°C +1°C
temperature @
METRAVI-Heat 1 " ” o o
Globe temperature stress WBGT meter LY 0°C to 80°C 0.1°C 0.6°C
Air temperature WBGT-188 =i 0°C to 50°C 0.1°C +0.8°C
Relative humidity = 1% to 99% 0.1% 13.0% (20-80%)

Measurement protocol

Indoor air temperature, Globe temperature, Relative humidity, and wind velocity were taken at the centre of the room at
the height of 1.1m from the floor surface [1]. Wind velocity was taken at the centre of the room at the height of 1.1 m
from the floor surface [1], and the anemometer was oriented in the X, Y, and Z directions. Inner and Outer surface
temperature measurements were taken at 10cm from the wall as per the optimum distance mentioned on the infrared
thermometer. Ambient temperature and Relative humidity were measured at the location outside the residence with at
least a 3 m distance from any surrounding obstructions. During the measurements, the windows of the rooms were opened,
providing an effective opening area of 50 %, and fans were switched off, allowing the building to be naturally ventilated.
The measurements were conducted at an interval of 1 hour from 10:00 to 18:00 hrs.
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Figure 3: Measured readings of the surface temperature of laterite stone- East wall

The outdoor temperature (T_amb) measured on the premises of the residences ranged within the limits of 27.5°C to 35°C.
The grey regions are days when cloudy weather conditions were observed, and hence, lower ambient and surface
temperatures are measured. On the 25th day in April, thundershowers were observed on the night before hence, a lower

temperature profile was observed. The surface temperature at each wall was analyzed to understand the influence each
material had on heat transfer.

The east wall was shaded throughout the day due to the presence of a tiled shaded porch area adjacent to the wall, and
measured data is shown in Figure 3. For the east wall, the inner surface temperature (TS_in) ranged between 27.5°C to
31.3°C with a mean of 29.5°C and the outer surface temperature (TS_out) ranged between 28.2°C and 33.6°C with a
mean of 31.2°C. The standard deviation of TS_in was 0.8; hence, we can observe that it fluctuates within a narrow band
of values. Meanwhile, TS_out has a deviation of 1.25, which shows that its values are 1.2 times away from the mean value.
This is due to external ambient temperature and the radiant heating effect of the sun. Hence, TS_out observed a peak
temperature at 15:00 hours along with the ambient temperature. From Figure 3, we can observe that the difference between
TS_out and TS_in is around 2 to 3°C. This shows that the wall has a higher transmittance as the heat is transferred from
the external to the internal at a higher rate.
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Measured readings of the surface temperature of laterite stone- South wall

The south wall was exposed throughout the day during the months of January and February till 13:00 hours and gets
shaded in the latter half of the day, as can be observed in Figure 4. On the south wall, the TS_in ranged from 27.7°C to
31.8°C with a mean of 30.0°C whereas TS_out ranged from 29.2°C to 47.0°C with a mean of 34.5°C. The standard
deviation of TS_in was 0.83, and for TS_out, it was 3.9. Due to the high temperature attained due to the solar exposure
on the wall surface, TS_out has a high 4 times the deviation from the mean value. In the last few days of February and
the month of March, due to the earth’s revolution, the south wall was shaded and not exposed to the sun, and hence
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TS_out ranged between 31°C to 35°C during which the TS in varied between 29°C to 31°C. Thus, solar exposure
influences the rate of transfer of heat within the wall assembly.

The north wall was shaded throughout the year, and hence the TS_in ranged between 27.8°C to 31.2°C with a mean of
29.3°C and TS_out ranged between 27.5°C and 32.7°C with a mean of 30.6°C. As the wall surface was unexposed, we
observed that the surface temperature fluctuated within a range of 2°C and 4°C, respectively. The west wall was exposed
to the sun after 15:00 hours, so the outer surface temperature peaked. TS_out ranged from 28.1°C to 46.3°C with a mean
of 35.4°C and TS_in ranged from 27.9°C to 32.1°C with a mean of 29.9°C. The standard deviation of TS_in was 0.82,
and for TS_out, it was 5.06. Even though the wall has high exposure, during the measurement period, the TS_in
fluctuations are within a 1°C range in a day and only start to increase in the latter half of the day (after 15:00 hours). It
could be observed that since the wall gets time to lose the heat attained on the previous day and as the measurements are
not conducted during the night-time, the steep increase in TS_in temperature is not observed, unlike the south wall.

Laterite stone residence- Indoor conditions of south east room

From Figure 5, we can observe that the Indoor temperature (T_in) ranged from 28.6°C to 32.5°C with a mean value of
30.8°C. The Globe temperature (T_GT_in) ranged from 29°C to 32.6 °C with a mean of 31.0°C. We can observe that the
T_in and T_GT_in were almost the same with a very small difference of 0.2°C. This is because the building was
maintained in naturally ventilated conditions; the globe temperature, which is a measure of the radiant effect of the
surfaces on the air temperature, is in good correlation with an R? value of 0.95 with the air temperature as it fluctuates
very closely with the outdoor temperature. The Wet bulb globe temperature (T_WBGT _in) is measured as a product of
wet bulb temperature and globe temperature; hence, it has a lower range compared to other indoor parameters.
T_WBGT _in ranged between 26.2°C to 29.4°C with a mean of 27.9°C and a standard deviation of 0.42. This shows that
the T_WBGT_in fluctuates within a narrow band of values. The Indoor relative humidity (RH_in) was higher than the
Ambient relative humidity (RH_amb), as its mean values are 67.7% and 64.8%, respectively. The variance for RH_in
was 3.09, and RH_amb was 4.73.
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Figure 5: Indoor temperature and relative humidity with the ambient conditions in laterite stone residence
Rammed earth residence- Surface temperature

The outdoor temperature (T_amb) measured on the premises of the residences ranges within the limits of 27.4°C to 35°C.
The grey regions are days when cloudy weather conditions were observed, and hence, lower ambient and surface
temperatures are measured.

The east wall was shaded throughout the day due to the presence of a tiled shaded area adjacent to the wall. For the east
wall, the TS_in ranged between 25.3°C to 30.7°C with a mean of 28.0°C and the TS_out ranged between 24.3°C and
34.7°C with a mean of 30.8°C. The standard deviation of TS_in was 1.33; hence, we can observe that it fluctuates within
a band of 2°C. Meanwhile, TS_out had a deviation of 1.87, which shows that its values are 2 times from the mean value.
As TS out varies directly with the ambient temperature, it observes a peak at 15:00 hours along with the ambient
temperature, as seen in Figure 6.
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Figure 7: Measured readings of the surface temperature of rammed earth- South wall

The south wall was exposed throughout the day during the months of January and February till 13:00 hours and gets
shaded on the latter half of the day, as observed in Figure 7. On the south wall, the TS_in ranged from 25.5°C to 31.3°C
with a mean of 28.4°C whereas TS_out ranged from 25.2°C to 42.5°C with a mean of 34.1°C. The standard deviation of
TS_inwas 1.32, and for TS_out, it was 2.91. Due to the high temperature attained due to the solar exposure on the wall
surface, TS_out had 3 times the deviation from the mean value. In the last few days of February and the month of March,
due to the sun’s path, the south wall got shaded and was not exposed to the sun; hence, TS_out ranged between 32°C to

38°C during which the TS_in varied between 28.5°C to 31°C. This shows that solar exposure and ambient temperature
conditions influences the rate of transfer of heat within the wall assembly.

The north wall was shaded throughout the day as it was not exposed to the sun due to the presence of a covered veranda.
TS_in ranged between 24.7°C to 30.3°C with a mean of 27.3°C and outer TS_out ranged between 24.1°C and 33.9°C
with a mean of 29.4°C. As the wall surface is unexposed, we observe that the surface temperature fluctuates within a
range of 2°C and 4°C, respectively. On the west wall, TS_in ranged from 24.8°C to 30.6°C with a mean of 27.8°C whereas
TS_out ranged from 24.1°C to 38.1°C with a mean of 31.0°C. The surface temperature measurements of rammed earth

show a large difference between TS_out and TS_in. This difference can be attributed to the low transmittance and specific
heat characteristics of the wall.
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Figure 8: Indoor temperature and relative humidity with the ambient conditions in rammed earth residence
Rammed earth residence- Indoor condition of southeast room

From Figure 8, we can observe that the Indoor temperature (T_in) ranged from 28.0°C to 32.8°C with a mean value of
30.7°C. The Globe temperature (T_GT_in) ranged from 27.8°C to 32.3 °C with a mean of 0.2°C. We can observe that the
T_inand T_GT_in have a very small difference where T_GT_in is less by 0.5°C, which shows the cooling effect of the
wall surfaces. As the building is maintained in naturally ventilated conditions, the globe temperature, which is a measure
of the radiant effect of the surfaces on the air temperature, is in good correlation with an R? value of 0.98 with the air
temperature as it fluctuates very closely with the outdoor temperature. T_WBGT _in ranged between 24.7°C to 28.4°C
with a mean of 27.1°C and a standard deviation of 0.64. The Indoor relative humidity (RH_in) was higher than the
Ambient relative humidity (RH_amb), as its mean values were 67.3% and 62.1%, respectively. The variance for RH_in
was 3.65, and RH_amb was 5.11. Figure 8 shows the variation of the indoor temperatures over the days the measurements
were conducted.
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Figure 9: Surface temperature range for the east wall
Study of the buildings and the criteria for selection of similar analysis spaces

As the residences considered for the study are not identical, a direct comparison of the results will be inaccurate as internal
conditions and heat transfer are influenced by their surrounding conditions. Each space was analyzed for its building
surroundings, and to evaluate the suitability of the analysis space, a shading mask and external wall exposure time were
used to evaluate the obstructed area in each of the cases.

Figure 9 shows the measured data range for the east wall, and Figure 10 shows the data for the south wall of the southeast
room for both residences. It can be observed from the figures that 75 % of TS_in points for rammed earth residence is
lower than the 25% of TS_in for laterite stone. Thus, the heat transferred in the case of the rammed earth house is lower
than laterite in both the east and south wall surfaces. The standard deviation of TS_out of rammed earth was 33% higher
than that of laterite stone for the east wall, and for the south wall, it was 25% lower.
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Figure 10: Surface temperature range for south wall

From the surface temperature data, it can be observed that the rammed earth wall showed 2°C lower TS_in compared to
laterite stone in the months of January and February. In the months of March and April, the difference between TS_in is
reduced to 1°C and could be attributed to the higher ambient conditions. TS_out of the rammed earth wall was higher
compared to laterite stone throughout the measurement period of 4 months, as observed in Figure 10. This property of
high TS _out and low TS_in of rammed earth compared to laterite stone is due to the thermal conductivity and thermal
mass of the material.
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Figure 11: Distribution of the TS_in and TS_out for a) east and b) south walls

Figure 11 shows the distribution of the surface temperature of the east and south walls for the southeast room. In Figure
11 (a), we can observe that even for the same outer surface temperature of the east wall, 45% of TS_in for rammed earth
and 97% of TS_in for laterite stone points are more than 28°C. In Figure 11 (b), we can observe that the TS_in shows 35%
of rammed earth data points and 88% of laterite stone data points are more than 29°C. The two figures show that the
rammed earth wall, due to its thermal properties, has an overall 5% lower surface temperature for both walls compared
to the laterite stone wall. Hence, the rammed earth wall has a significant reduction in the heat transferred from the outside
to the inside.

Evaluating the indoor air temperature and the relative humidity, it can be observed from Figure 12 that they are inversely
proportional as they have equal slopes. As the study subjects are in a warm and humid climate, the relative humidity levels
are more dispersed and range between 60 to 80%, whereas the air temperature ranges between 29°C to 32.5°C. Even
though the ambient temperature and relative humidity ranges are similar, we can observe that 76% of the data for rammed
earth observed a temperature less than 31°C while the relative humidity was less than 68% compared to laterite stone.
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The indoor comfort conditions vary with the outdoor conditions in a naturally ventilated building. Hence, the WBGT is
measured to assess the indoor comfort conditions as it takes into consideration the climatic conditions. From Figure 13,
we can observe that the mean WBGT for rammed earth was lower by 1°C (3%) compared to the laterite stone house,
while the outdoor conditions are relatively equal. 61% of the rammed earth data is less than 28°C compared to laterite
stone. Hence the occupants in rammed earth houses will experience lower heat stress due to the material and thus a higher
sense of indoor comfort conditions.
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Figure 13: Distribution of WBGT with ambient temperature
Thermal simulation model and its Results

Thermal simulation of the building was conducted to analyze the year-round performance of the walling material. A
thermal simulation model was developed on Design Builder software to mimic the as built conditions. The thermal
properties of the building envelope are based on various research papers since the exact thermal properties of the material
were unknown. The window openings are modelled with a 50% effective opening area and a wind discharge coefficient
of 0.65. No HVAC system was provided, and the model was run in a naturally ventilated condition. The simulation output
was compared with measured data, and the properties with the highest correlation and least variance were considered for
further analysis (The final values are listed in Table 3. The TMY weather file for Mangalore (Warm and humid) was used
to simulate the building, and parameters such as indoor air temperature, relative humidity, mean radiant temperature and
operative temperature were analyzed.
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Table 3: The final selected thermal properties with its correlation and variance w.r.t the measured data

Wallin Densit Thermal Specific Thermal Thermal Covariance
materie?l (k /m%)p Conductivity, k|  heat, Cp effusivity, e diffusivity, a Correlation difference
g (W/mK) (lkgK) | (3/meK s¥2) (mm?/s)
"S‘“ttgrr]ge 1930 [2] 055 [2] 9959[2] | 1030[2] 029 [2] 0.96 0.04
RZ’;‘r’tT;]ed 1730 [3] 0.60[3] 648.0 [3] 820 [3] 0.54 3] 0.97 0.02
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Figure 14: Simulated data for peak summer day (May)

In Figure 14, we can observe that the peak TS_out was attained at 15:00 hours in both cases. The peak TS_in for rammed
earth was attained at 20:00 hours, whereas for laterite stone, it was attained at 22:00 hours. The time lag for rammed earth
is 5 hours, and for laterite stone, it is 7 hours. The decrement factor for both walls remains the same at 0.85, as both walls
have the same thickness. As the walls held the heat longer due to their high specific heat capacity, the laterite wall
remained warmer, and the stored heat was dissipated into the room volume. Hence, the Tmrt for laterite stone was higher
compared to rammed earth. Comparatively, rammed earth, due to its lower specific heat capacity and density, reaches
peak surface temperature 2 hours earlier, giving the wall time to cool faster. Thus, we observe a lower Tmrt for rammed
earth during the day-time hours. The high fluctuation in TS_in compared to laterite was due to the thermal conductivity
and specific heat capacity of rammed earth.

Conclusion

As the properties of the wall influence the amount of heat conducted into the room, it is essential to understand the thermal
properties and how they directly influence the indoor conditions. In this study, an experimental take on the thermal
performance of two materials rammed earth and laterite stone, was conducted in its built environment. The study was
done with hand-held devices measuring the surface temperature, indoor temperature, and humidity conditions at intervals
for 1 hour for 9 hours in the day.

The study observed that laterite stone walls showed a mean inner surface temperature range of 29.3°C to 30°C on all the
walls oriented along different directions. The lowest inner surface temperature was observed on the north wall and the
maximum on the south wall due to its exposure to the sun. The outer surface temperature depends on its exposure to the
sun and ranges from a mean of 30.6°C on the north wall to 35.4°C on the west. The indoor air temperature was observed
to have a mean of 30.8°C, whereas the indoor globe temperature, a measure of the radiant impact of the surfaces, had a
mean of 31°C. The small increase in the globe temperature compared to the air temperature showed that the walls are
radiating heat to indoors.

In the rammed earth residence, the mean inner surface temperature was the lowest for the north wall at 27.3°C and highest
for the south wall at 28.4°C. The mean outer surface temperature ranged from 29.4°C on the north wall to 34.1°C on the
south wall. A consistent increase in outer surface temperature on the west wall was not observed due to the presence of
trees facing the wall. The presence of trees and other shading elements can help reduce the high surface temperatures. The
large difference between the outer surface temperature and inner surface temperature of the rammed earth wall can be
attributed to the higher thermal conductivity of the wall. The indoor air temperature was observed to have a mean of
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30.7°C, whereas the indoor globe temperature had a mean of 30.2°C. Lower globe temperature compared to the air
temperature showed that the walls provide a cooling effect for the indoor spaces.

As the building designs are not identical, an attempt was made to analyze spaces with similar exposure and adjacency to
have a preliminary understanding of the difference between the two materials. The distribution pattern of the surface
temperatures of the east wall showed that 45% of the inner surface temperature for rammed earth and 97% of the inner
surface temperature for laterite stone points are more than 28°C. Hence, the rammed earth wall, due to its thermal
properties, has an overall 2°C lower surface temperature for both walls compared to the laterite stone wall. Comparing
the indoor air temperature and relative humidity levels, it was observed that 76% of the data for rammed earth observed
a temperature less than 31°C while the relative humidity was less than 68% compared to laterite stone. The 1°C lower
mean WBGT shows that the indoor spaces in rammed earth residences have lower heat stress compared to laterite stone
and hence provide a higher degree of comfort. To understand the impact on the built environment, a thermal simulation
study was conducted considering the thermal properties obtained from other studies and compared with the measured
data. This study showed that rammed earth had a thermal conductivity of 0.6 W/mK, and for laterite stone, it was 0.55
W/mK. Evaluating the thermal properties of a single residence, it was found that with the use of rammed earth, the
cooling load for a space can be reduced by 10%. Additionally, the rammed earth wall had a lower time lag of 5 hours
compared to laterite stone of 7 hours, which showed that the walls cool faster due to its higher thermal conductivity, which
helps naturally ventilated buildings to lose heat faster and cool, leading to higher comfort levels.

Limitations and Future scope of work

As the study was conducted for a period of 3.5 months, the data from peak summer months couldn’t be measured. The
actual thermal properties of the walls are not measured or calculated, and properties from other studies are relied on to
understand the material performance. Since thermal properties are taken from other studies and variations of weather data
(TMY) with actual climatic conditions, the simulation results will not match the exact on-site conditions. Additionally,
the measurements are conducted using hand-held instruments due to the unavailability of digital data loggers and are
conducted hourly from 10 am to 6 pm; hence, the measured data will show the thermal response for the daytime hours
and not the night-time hours.

Although preliminary comparisons are made by identifying similar living spaces, identical rooms, or spaces, there is
uncertainty due to the design, presence of other buildings and trees, elevation, etc. These uncertainties can cause
discrepancies in understanding the thermal performance of the materials. The study can be further tuned by using identical
building cells with data loggers, which can be built in the same location and have the same surroundings, thereby reducing
the design and locational discrepancies for the study. Additionally, testing of the material used for its thermal properties
will help better evaluate and understand the nature and heat transfer abilities of the material.
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Highlights

o Identification of critical parameters influencing energy consumption in Indian homes, finding the correlation of
selected parameters with energy consumption and EPI
e This study provides insight into energy consumption behaviour at the end-user level.

Abstract

Indian residential energy consumption increased nearly 50 times its levels in 1971. Studies have reported a wide variation
between the statistically projected and actual energy consumption values in residential buildings. Access to reliable energy
consumption data is limited in Indian cities. This study aims to use primary datasets to develop a baseline for residential
energy consumption in India. Its first objective is to understand the prevailing practices adopted in residential energy
studies. The second is to understand the contributions of socioeconomic factors to it. This research analyses 2327 primary
survey samples from Jaipur. The dataset was analyzed using the multivariate statistical technique. The results highlighted
the uptake in appliance ownership and its implications on energy consumption across income groups. The study has also
compared the relevance of EPI (annual consumption/total area) and annual energy consumption as indicators in the
building benchmarking process for Indian homes.

Keywords: baseline study, residential energy consumption, Socioeconomic factors

Introduction

Under various user conditions, the behaviour of building systems can create a wide range of variations in the energy
consumption pattern. Researchers must learn about the distinctive components and their dynamics within the structural
assembly of a building. Hence, it is necessary to study them and various building types at different scales [1]. With the
development of better computing capacity and building energy modelling tools, accessing future consumption in various
user conditions (including new technologies and materials) is becoming more accessible. With higher income levels,
average household-level equipment ownership has also increased. It has significantly enhanced the volume of
consumption data and created a scope for data-driven decision-making [2] for Indian homes to achieve better energy
efficiency.

India is the third largest energy consumer in absolute terms; it stands at 47" in per capita energy consumption globally,
which is 62% lower than the world average [3]. It indicates the vast, repressed demand potential for energy, which will
eventually surface with growth in per capita income levels. Since 2000, the Indian energy sector has undergone
development and reform. With increasing political focus on making electricity more accessible to all, governments (at all
levels) have been interested in developing policies to facilitate this. As a result, many publicly funded surveys have been
done to learn about equipment ownership, energy mix, access quality, and several similar socioeconomic factors related
to energy consumption behaviour at the household level. CENSUS and NSSO are two notable national-level sampling
survey agencies with reliable databases. In addition, NCAER has done two sets (2004-05 and 2011-12) of nationwide
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household-level sample surveys. The survey is IHDS (open database), which is currently available on the ICPSR website.
This development led to independent academic studies across the country and abroad. Several of these studies have used
secondary or aggregator-level datasets. Few of them have referred to the above-mentioned national-level databases. A
few studies have used primary datasets obtained by surveys or intrusive monitoring. Additionally, the expansion of the
real estate market in India has influenced dwelling typologies in urban areas. Hence, researchers need to look at this sector
with fresh eyes and reposition its relevance in the context of future energy demand.

Methodology

Different kinds of literature use many parameters in other contexts. From a methodological point of view, it was
essential for us to investigate each of them. Moreover, in an Indian context, collecting every data point may not always
be feasible due to the wide variation of building types. Hence, the study intended to find out the correlation of various
parameters with energy consumption reported in the literature for the Indian context. The relevant parameters are
shortlisted in three stages (Figure 1).

1 Parameters were shortlisted from literature.
I A household survey was conducted to collect primary data. I
The strength of the correlation of each shortlisted parameter was
3 calculated, and only parameters with strong correlation were selected.

Figure 1: Methodological flow chart
Identification of relevant parameters

The parameters were shortlisted in two phases. In the first stage, a list of parameters was prepared based on the literature
review. It comprised journal papers, reviewed reports (by government and non-government agencies), and national-level
survey documents. The focus was more on Indian studies or studies relevant to the Indian context. Several studies from
other countries were also reviewed to identify the number of possible parameters. Then, a logical assessment was done to
eliminate parameters from the list. For example, studies in several countries classify building stock based on the utility
companies that provide electricity connections [4]. In the Indian context, we have a single utility for each city.

Similarly, being a single-location study, the climatic context remained constant. However, this study does not discount
the eliminated permanents’ contribution to household energy consumption. It was a decision purely taken considering the
context of this study. Hence, we strongly recommend that future researchers make their assessments before shortlisting
their parameters. A reference to the processes followed in this study may be helpful for them to supplement their
methodology. The final list of parameters was broadly divided into three categories: Socioeconomic, equipment, and
geometric. Similar parameter classification is adopted in the TABULA project [5] and DoE [6]. However, this study also
included socioeconomic data sets besides geometry, construction, system, and operation data. It is essential to note that
the building specifications could be more standardized in India, unlike the U.S. and Europe. Hence, depending on standard
specification data can be misleading. Moreover, socioeconomic factors like household income can significantly influence
consumption behaviours. Similarly, there is no standard norm for maximum occupancy for a dwelling unit in India. Hence,
these parameters need to be scrutinized. Table 1 contains the shortlisted parameters for the building stock classification.

Table 1: The table contains the shortlisted parameters

Classification of Parameter Used for Building Archetypes [The shortlisted parameters]
Other National
,S\E' szfggiegn‘w::élsls Published CeITdUiSaOf Building Remarks
) Literature Code (NBC)
Building

Building Height Height As per part 4, buildings above 15 meters are considered high-
High-rise / Low - g rise. As per the norms of NBC, fire provisions are mandatory

rise High-rise for such buildings.
/Low rise

High-rise/ Low
rise

Several building classifications (energy consumption based)
Age of the > e S
2 o -- - - have used building age as a significant criterion for
buildings A
classification.

Journal papers focusing on residential energy
Household A .
3 | Household Income - - consumption in the Indian context have suggested
Income . "
household income as a critical factor.
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Household The number of people living in a dwelling may influence the
4 Occupancy -- - -- AR S
sizes energy consumption in the buildings.
Using air conditioners significantly contributes to the
5 HVAC Type HVAC Type building’s total energy consumption. This parameter will be
addressed as a part of the “Equipment Ownership” criteria.
6 Arealsize Arealsize Number of The _area/sm_e of the pundl_ng z_ilso demands more
rooms cooling/heating and illumination.
7 Equipment Equipment Indian studies focusing on residential energy have used
Ownership /Asset equipment ownership to understand the consumption pattern.

While conducting the survey, data for the above-shortlisted parameters are collected for principal component analysis (PCA) to
shortlist the parameters further. Different data types are collected from each household, including the data related to the
parameters shortlisted above.

Data collection

The survey conducted in Jaipur was designed to investigate the finer aspects of energy consumption in Indian households.
The study identified a list of parameters from the existing literature and tested its correlation with energy consumption.
This paper elaborates on factors that nudge end-user’s consumption behaviour and other related decisions that contribute
to the same. The survey was limited to the municipal boundary of Jaipur. Hence, the climatic and cultural aspect of
consumption was a constant for this study. The survey only considered census households with a legal electricity
connection. The squatter settlements and semi-formal housing stock were not included in this sample. Random sampling
was done to select the households for each income class and dwelling type. The survey study depends on user feedback
to derive its conclusions. Independent sensor-based monitoring was not a part of this study. That is why equipment-based
consumptions are represented in ranges instead of absolute values. The feedback was collected through structured and
semi-structured questionnaires. The survey form is divided into three sections: the socioeconomic section, the equipment
data section, and the geometric and construction data section. In each section, the different types of data points are
included, which are listed in the table below.

Table 2: Classification of data collected through the survey

Categories Description
Socioeconomic Household size, Household income
Equipment Ownership of equipment, Hours of operation [within a range], annual energy units consumed [actuals]
Geometric & Building type (single family unit, multifamily units, single/multi-storied unit), area, number of rooms,
Construction building envelop specification, Fenestrations (window types and material)

The samples were spatially distributed across the city in various residential neighbourhoods. The distributed sample
collection locations and their percentage share are presented in Figure 2.

Figure 2: Sample distribution across Jaipur. Source of the map used: Jaipur Municipal Corporation (CC BY-NC)
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Distribution of samples across various building types and BHK configurations
There are broadly three significant configurations of these building units:

1. Single-family units (both single-floor and multi-stories)
2. Multifamily Mid-rise Buildings (usually ground + 3 floors)
3. Multifamily High-rise Buildings (usually six floors and above)

The survey team aimed to gather data samples that accurately represent the full spectrum of residential buildings in Jaipur,
encompassing both spatial and typological diversity. A comprehensive collection effort yielded 2345 samples from various
locations throughout the city. Of these, only 2,327 samples were finally selected for further analysis. Table 3 shows the
distribution of samples across various BHK configurations.

Table 3: Distribution of sample collected during the case study across different BHK Types

Sample required 1536 For a 95% confidence level in each BHK type
Assuming 15-20% of samples may be lost due to

Samples collected 2345 unforeseen circumstances.
1 BHK 526 23 % of the total sample size
2 BHK 601 26 % of the total sample size
3 BHK 622 27 % of the total sample size
4 BHK 578 25 % of the total sample size

Total number of samples after eliminating

the inconsistent samples
The survey samples include dwelling units from all floor levels. Many low- and middle-income families usually live in
multi-storied apartments in Jaipur. There are also a good number of duplex units within the sample. These units are
independent, two-storied buildings occupied by one household. Hence, they are treated as one single unit in the data set.
During the survey, it was observed that most old habitable buildings had been renovated periodically. Thus, the building
envelope has changed due to the application of new materials. Hence, the old building behaves like a new building despite
being considered old by its occupant.

The household is classified into five broad income groups. This study has adopted the income classification from the
PMAY program of the Government of India. The program classifies households into four groups, based on their income
level, to provide them with appropriate housing assistance. The first group’s income goes maximum up to 0.3 million
INR per year; the second group lies between 0.3 to 0.6 million INR per year, the third group earns between 0.6-1.2 million
INR per year, and the fourth group’s income remains within the range of 1.2-1.8 million INR per year. A fifth income
group was added to this study to bring more diversity to the sample. The fifth group includes a household income higher
than 1.8 million INR per year. The figure below shows the distribution of samples across five income groups. Central
government’s housing schemes classify housing based on income. Housing allocations are done based on income levels.
In addition, we found that in the real estate market, both for rental and purchase, dwelling units are usually classified in
BHK terms. BHK stands for Bedroom (B), Hall (H), and Kitchen (K) dwelling configuration. Most units are often referred
to as 1BHK, 2BHK, or 3BHK units, meaning a team with 1, 2, or 3 bedrooms. It is necessary to mention that these units
do not necessarily have a standard size or shape.

2327

® [ncome Group 1
® [ncome Group 2
18% Income Group 3

# [ncome Group 4

Income Group 5

Figure 3: Percentage distribution of samples across income groups
Moreover, in CENSUS of India 2011, the dwelling units are also classified based on number of rooms. It makes this
classification more practical. This study has four BHK types (1BHK, 2BHK, 3BHK, and 4BHK) that were considered for
sampling. One of the prime objectives of this study was to understand the consumption pattern in Indian homes. As per
the studies done by Prayas in 2008, 90% of the annual residential energy consumption was contributed by lighting, cooling,
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heating appliances (fans, evaporative coolers, room heaters, geysers, refrigerators, and air conditioners) and Television
[7]. Though this study had made few assumptions, the broader range defined by this study was helpful. Similar studies
by the World Bank [8] and NITI Aayog [9] have also found similar trends. However, a large-scale intrusive monitoring
study must define these equipment-level consumption averages. Hence, for this case, only the devices mentioned above
are considered for the survey. A wide range of variation is found in appliance ownership across various households from
different socioeconomic backgrounds. Previous studies show that the equipment ownership pattern at the household level
reveals the suppressed potential of growth in consumption levels soon [10] [11] [8] [9]. Hence, the paper presents an
overview of the current state of equipment ownership reported during the survey.

Equipment Ownership across Income Groups

Name of Equipments

Figure 4: Equipment Ownership of different Income groups.

The survey only considers houses with formal electricity connecting with monthly bills only. The fan was available in
almost all households except a few homes in the low-income class (only two houses were reported on fans). The
evaporative cooler is one of the most used electrical appliances in homes in Jaipur, with a minimum ownership of 92%.
To our surprise, even high-income homes (Group 4) also have evaporative coolers in Jaipur and use them to cool down
large common spaces during the summers. In most cases, they prefer A.C. over evaporative coolers during the summers.
It is important to note that many high incomes homes also have air-conditioners in the common areas. It shows critical
aspects of user behaviours. Many low-income homes have old evaporative coolers bought from the second-hand market.
Refrigerators have a moderate presence (only 41 %) in low-income houses (Group 1). Despite low-cost new models and
good deals from the second-hand markets, low-income groups hesitate to buy this equipment due to the recurring monthly
cost of consumption.

In some cases, households reported seasonal use of the equipment in low-income homes. Television has a very high
penetration in almost all kinds of households. Some households reported (17 out of 451) mobile phones or laptops as
preferred entertainment devices. Room heaters are rare among low-income families in Jaipur. Many said burning dry
wood during winter for heat. However, in high-income homes, heaters are prevalent for warmth during winter. A very
peculiar trend was found in geysers and immersion heating rods. The ownership of geysers increases with income level,
and the ownership of immersion rods drops. Few high-income houses reported safety concerns over using immersion
rods at home. Whereas in low-income homes, this was reported as quick and handy for heating water. All surveyed homes
from Groups 3 and 4 (higher income band) own air-conditioners. In Group 2, only 53% ownership is found, whereas no
household from Group 1 has air-conditioners. Extensive examples exist of multiple air-conditioners in one home from
Groups 3 and 4 (high income). In some cases, people from Group 2 reported having used air- conditioners purchased
from the second-hand market.

Table 4: Pearson correlation coefficients for each selected parameter

. . Target/output Variable
Floor | BHK | Age of Occupanc Occupancy| Income |Built-up| Equipment | Load
Level | Type |Building Pancylarea Class area Load /Area EPI Annual
Consumption
Floor Level | 1.00 | 0.16 | -0.29 0.12 -0.04 014 | 013 0.18 012 | 0.0 0.18
BHK type | 0.16 | 1.00 | -0.24 0.20 052 079 | 055 0.88 0.78 | 0.66 0.89
Ageof | o9 | L024| 1.00 0.10 0.11 028 | -0.11 029 |-032| -0.28 -0.28
Building
Occupancy | 0.12 | 0.20 | -0.10 1.00 0.60 0.09 | 0.02 0.15 013 | 0.12 0.15
OC/CXE:‘;CV 004 |-052| 011 0.60 1.00 055 | -0.50 052 | -044 | -0.30 -0.53
Income class| 0.14 | 0.79 | -0.28 0.09 055 1.00 | 059 0.89 0.84 | 075 0.89
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Built-uparea] 013 | 055 | -0.11 0.02 -0.50 059 | 1.00 0.57 038 | 024 0.56
Eq‘ﬂgge”t 018 | 0.88 | -0.29 0.15 0.52 089 | 057 1.00 094 | 076 0.94
Load/Area | 0.12 | 0.78 | -0.32 0.13 -0.44 084 | 038 0.94 1.00 | 0.86 0.88

EPI 010 | 066 | -0.28 0.12 -0.30 075 | 024 0.76 086 | 1.00 0.85
Annual
consumption| 018 | 0.89 | -0.28 0.15 -0.53 089 | 056 0.94 088 | 085 1.00

Result and Discussion

A correlation matrix was generated for all the parameters selected in the preceding section. In addition to the previously
identified parameters, several new variables were evaluated to enhance understanding of their correlation with annual
energy consumption. Table 4 (correlation matrix) contains each parameter’s Pearson correlation coefficient.

The income groups are transformed into corresponding numerical values arranged in ascending order. The numerical
value of 1 indicated the lower socioeconomic stratum, denoted as group 1. Analogously, the values 2, 3, 4, and 5
corresponded to groups 2, 3, 4, and 5, respectively. Likewise, representative numerical values are assigned to the age of
buildings. Parameters that exhibit an r-value greater than 0.5 are deemed significant and are subsequently chosen for
further analysis. Notably, the correlation between energy consumption and two variables changed significantly upon
factoring them in. The variable of household size exhibits a weak correlation (0.15) with energy consumption. Upon
considering the developed space of the residential unit, its correlation coefficient increased to 0.53. In a separate instance,
although the correlation between equipment loads and the area is considered, it is observed that the correlation between
equipment load and energy consumption is only slightly reduced. When factoring variables of varying strengths, there is
a possibility of significant correlation shifts when one variable is strong and the other is weak. However, the resulting
correlation shift may be marginal if both variables are strong. The study has identified several key variables that
significantly impact energy consumption in residential buildings. These variables include BHK types, occupancy per unit
area, income class, built-up area, equipment load, and equipment load per unit area.

14000
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Annual Consumption [ kwh/year]

F

1

Below 0.3 Million Between 0.3 - 0.6 Million Between 0.6 - 1.2 Million Between 1.2 - 1.8 Million Above 1.8 Million
Indian Rupees/yr Indian Rupees/yr Indian Rupees/yr Indian Rupees/yr Indian Rupees/yr
[income Class 1] [ Income Class -2 ] [ Income Class -3 [Income Class-4] [Income Class-5]

Figure 5: Income groups versus annual energy consumption
EPI and Annual Energy Consumption as an indicator of the energy performance of buildings

Notably, variation exists in the correlation coefficients of each parameter with the annual energy consumption and the
Energy Performance Index (EPI), represented as the quotient of total annual energy consumption and the building’s area.
Remarkably, each parameter demonstrates a more robust correlation with annual consumption than the EPI metric.
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Despite this, the EPI has assumed a pivotal role as a primary yardstick for evaluating building benchmarks. A particularly
intriguing phenomenon arises when buildings sharing identical energy consumption profiles are assessed through the
prism of the EPI metric. Such an analytical shift has the potential to engender divergent perceptions. Consequently, the
energy-saving potential intrinsic to larger buildings might need to be more obscured solely due to their representation
within the EPI framework.

Moreover, it’s noteworthy that a higher occupancy density is accommodated within a confined built-up space within low-
income households. Their energy consumption remains substantially lower compared to their counterparts in higher-
income brackets. This observation underscores the potential limitations of the EPI as an all-encompassing indicator for
capturing a building’s comprehensive energy performance. The multifaceted nature of building energy dynamics calls for
a nuanced approach when interpreting and selecting indicators. While the EPI has proven valuable, its reliability in
portraying overall energy performance is context-dependent, necessitating careful consideration of the specific attributes
under evaluation.

Household size

The survey found more individuals living in low-income dwelling units compared to the same dwelling unit with higher
income classes. Despite that, the annual energy consumption levels are lower (in low-income units) than in the higher-
income units with fewer people. Hence, more people in the household will consume less energy. There were examples of
6-8 people living in a 2BHK unit with very low consumption in low-income houses found during the survey. On the
contrary, a similar 2BHK unit with higher income levels consumed more energy.

Household Income and Equipment Ownership

The income levels of households play a crucial role in influencing energy consumption behaviour. While discussing with
consumers from various economic classes during the survey, we realized a deep psychological connection between wealth
and equipment ownership. People show their economic well-being through new household appliance purchases. Hence,
especially among the lower-income classes, the aspiration to own a refrigerator or an air-conditioner is some shot of an
economic milestone.

Hence, while looking into the energy consumption aspect of equipment, the aspirational and psychological impact of such
ownership must not be discounted. There is a strong consensus among the people for more consumption. Across all
economic classes, there is an inherent aspiration to buy more and consume more for better comfort.
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Figure 6: The figure depicts the correlation between equipment Wattage and annual energy consumption

However, higher income and equipment ownership only sometimes generate higher energy consumption. A wide variation
in energy consumption is found within higher-income groups with higher equipment ownership.

Limitations and scopes for future studies

The scope of this study is restricted to examining residential buildings exclusively within the city of Jaipur. Consequently,
the investigation is limited to a solitary climatic zone. Furthermore, the dataset employed in this research originates from
a household survey, whereby information is garnered directly from participants. The operational schedules of appliances
and other pertinent end-user details are derived from the responses provided by these participants. The future researcher
may undertake similar studies in other geographic locations. It helps compare the impact of various parameters in different
contexts. Moreover, loT-based monitored datasets may be able to unfold the correlations with better accuracy. Additionally,
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studies may focus on different social groups (ethnic groups, caste-based groups, etc.) to understand their energy
consumption behaviours.

Conclusion

Households exhibit varying energy consumption patterns, yet this study underscores the pivotal role of household income
as a determinant shaping energy consumption patterns within Jaipur’s residences. In the upcoming years, comprehensive
large-scale investigations will be imperative to delve into the nuanced intricacies of end-user energy consumption patterns
spanning urban and regional contexts. The collection of end-user energy consumption data across multiple strata holds
paramount significance.

Amidst the survey, a prevailing aspiration for enhanced comfort resonated across all income brackets. This aspiration,
coupled with the advancing efficiency of appliances and the burgeoning household incomes of the aspiring Indian middle
class, augurs an exciting trajectory for India’s energy landscape in the foreseeable future. Within our survey and
subsequent data analysis, three pivotal insights emerged:

1. Establishing a standardized framework for conducting surveys is imperative, fostering data sharing within the
research community. This approach is critical as equipment-level datasets are essential for refining statistical models
and calibrating simulation outcomes.

2. Contrary to expectation, increased equipment ownership does not necessarily translate to rising energy consumption
levels in the same proportion across all income groups.

3. Annual energy consumption is a viable alternative to the Energy Performance Index (EPI) as an indicator for
evaluating building energy performance.

This study sheds light on the complexity of energy consumption behaviours and the influence of income, advocating for
a holistic approach to data collection and refined metrics for effective energy management.
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Highlights

« PCM integrated space heating system is a novel off-grid solution.

e Airis used as the heat transfer medium for keeping the room temperatures in optimum range.

< The results validated the space heating solution by maintaining room temperature above 15 °C.

e For 24 hours, while the ambient varied between 0 and 5 °C, the room temperature was controlled in the range 15-
20°C.

» The current system needs aesthetical and functional improvements to be commercialized.

Abstract

Phase change materials (PCM) integrated solar-powered space heating plays a crucial role in maintaining thermal comfort
in cold regions where the temperature shoots down to -10 °C. This paper presents the experimental results of using PCM
HS22 integrated with solar energy to maintain comfortable conditions inside the experimental prototype in the cold
ambient. The solar energy is stored in PCM during the daytime to use it for night-time during off-sunshine hours. The
results show that the room temperature is maintained in the 10 to 20 °C temperature range when the ambient was between
-10 to 0 °C. The room temperature was maintained consistently for 24 hours.

Keywords: Space heating, Thermal energy storage, Phase change materials, Thermal comfort, Cold climate conditions
Introduction

North India alone consumes 364 million GW of electricity in a year, of which 130 million GW is consumed in extremely
cold regions and 260 million GW in moderate climates. It is estimated that 30% of this consumption in moderate climates
and 70% in cold areas is due to space heating. Not only in India, but 61% of US homes also depend on electricity-based
heating systems, and 69% of Europe’s total electricity consumption is because of space heating. About 5000 trillion
kWh/year of energy is generated over India’s land area. Northern India receives solar insolation of 3-7 kWh/m?/day.

Solar energy plays an important role in responding to the growing demand for energy as well as dealing with pressing
climate change and air pollution issues. Solar energy features low density and intermittency; therefore, an appropriate
storage method is required [1]. Thermal energy storage (TES) has become very important in recent years since it balances
the energy demand and improves the efficiency of solar systems. Thermal energy storage systems must have the necessary
characteristics to improve the performance of the storage systems. The usage of PCMs for energy storage provides a great
benefit, but their low thermal conductivity becomes a major drawback. This can be compensated with the use of phase
change material in an appropriate design for the effective functioning of the system [2]. The most sensitive parameters
affecting the performance of the storage unit are the melting point of the storage material, the mass of PCM, and the
airflow rate [3]. The usage of TES for storing energy is a favorable technology that is used in current years[4]. Recently,
PCM technology improvement has helped the use of different types of PCMs to increase the energy and exergy efficiency
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of TES. PCMs can also be incorporated into conventional heating or cooling systems so that their capacity can be reduced.
Considerable research has been done on the application of PCMs for space heating and cooling, yet at present, there are
limited systems in use [5]. Latent heat thermal energy storage (LHTES) is becoming more and more attractive for space
heating and cooling of buildings [6]. The advantage of using space heating in buildings is the ability to store the heat
during the day and use it continuously later in the night, particularly in the winter, by reducing diurnal temperature
fluctuations.

By avoiding conventional methods for thermal storage, PCMs provide heat storage and nearly constant temperature at
much higher energy storage densities. This technology can meet up to a maximum of this demand depending on the
region’s climate. Active and passive systems are used for this purpose [7]. Both the useful energy and the solar fraction
of the system are influenced obviously by the amount of solar radiation. The change in the temperature in the heating
room is bigger than that of the contrast as the ambient temperature changes [8].

In this experimental work, the discharging of PCM in a specified fabricated room is presented. This paper gives a clear
idea about the feasibility of solar heating systems to achieve stabilization temperatures inside a room. The amount of
PCM required, the type of PCM to be used, and the Heat Exchanger (HX) design is the important aspect that this paper
clarifies with the experiments performed based on theoretical calculations.

The room-in-room model called the test bed, is set up for the testing of solar space heating experiments. The annular
space between the rooms is maintained below -5 °C temperature, and the inner room is heated by the hot convecting air
from the ETC. The Solid Works 3D model of the test bed with an ETC has been developed for better visualization.

Materials and Methods

The room-in-room model called the test bed, is set up for the testing of solar space heating experiments. The annular
space between the rooms is maintained below -5 °C, and the inner room is heated by the hot convecting air from ETC.
The SolidWorks 3D model of the test bed with an ETC collector has been developed for better visualization.

Manifold Hot Alr

Ducting

Annular space at -20 deg C

PUF insulation with GRP e

e

{

T Vaive 1
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Heat Exchanger model

Cold Air
S

Fan-

Figure 1: 3D model of test bed (L) Isometric view of model (R) Air flow schematic diagram

The heat transfer from the air to PCM takes place in PCM air HX. The design of the HX is such that the maximum heat
transfer takes place by exposing the maximum surface area of the panels to the convecting air. It can accommodate 30
HDPE panels. The insulation is done around the HX to concentrate the incoming heat from the ETC and to prevent heat
losses to the room.

Table 1: Test bed specifications

S. No. Particulars Specifications
1. Outer room(mm) 4880x4880x4200
2. Inner room(mm) 3000x3000x3000
3. Outer room PUF insulation(mm) 100
4. Inner room PUF insulation(mm) 60
5. Inner room and outer room wall material 1.5mm GRP at inner and outer side with PUF insulation
6. Window (mm) 1000x1000
7. Window material Double glazed glass
8. PVC pipe for ducting(mm) 1500
9. ETC manifold(mm) 100 ©
10. ETC manifold material Gl with Aluminum fins

The metal-made roof of the HX is removed and replaced by a foam sheet in which the 5 mm diameter holes are given to
exhaust the comparatively less hot air. This is done to increase the residence time of hot air inside HX, which will
ultimately increase the heat transfer from the hot air to the PCM panels.
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Table 2: HX material specifications

S. No. Particulars Specifications
1. PCM Air HX (mm) 1180x1380x680
2. HDPE extruded panel (mm) 840x200x20
3. HX insulation thickness (mm) 25
4. HX insulation material Nitrile Rubber Foam
5. Density of insulation (kg/m3) 4042
6. PCM in each Panel (kg) 3.68
7. Power capacity of Fan (W) 60
8. Fan type Inline Duct fan
9. PCM type savE® HS29
10. Total PCM quantity (kg) 110
11. Thermocouple type K-type

Iy

Figure 2: (L) PCM air HX closed view (R) Stacking of the HDPE extruded panels inside HX open view

The HX is connected to the ETC of 20 tubes set with the help of ducting. The ducting has been done with a 6” (150 mm)
diameter PVC pipe.

|

PCM Air Heat Exchanger

i

Figure 3: (L) ETC solar collector system with ducting (R) PCM air HX with Nitrile rubber foam insulation and
dampers to switch the air circulation during night-time.
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Figure 4: (L) Inside view of the inner room with HX, fan, data logger, and ducting (R) Sucking inlet of the room air

The air suction is created by inline fans connected from the HX in the room to the ETC. The manifold of the collector is
made of Gl pipe. The copper heat pipes have been inserted in the manifold to transfer the heat to the flowing air through
it. To maximize the contact surface area of the air, aluminum fins were inserted into the manifold. The insertion of the
fins improves the heat transfer to the air. Successive experiments are performed to achieve the set target of stabilizing the
room in the required temperature range.

First, all the equipment, like the data logger and thermocouples, were calibrated, and then the thermocouples were
installed at different locations in the setup. The amount of PCM needed was calculated using thermal calculations, and
then the encapsulation of the PCM was decided. After this, the design of the HX model was done.

Table 3: Specifications of savE® HS29.

S. No. Property Unit Value
1 Melting Temperature °C 29.0
2 Freezing Temperature °C 26.0
3 Latent Heat Melt kd/kg 196
4 Latent Heat Cool kJ/kg 199
5 Liquid Density kg/m?3 1540
6 Solid Density kg/m?3 1651
7 Liquid Specific Heat kd/kg K 2.53
8 Solid Specific Heat kJ/kg K 2.27
9 Liquid Thermal Conductivity W/mK 0.56
10 Solid Thermal Conductivity W/mK 1.13

First, U is calculated using Equation 2, and then Equation 1 is used to calculate heat conducted through all surfaces of the
inner room. Based on this calculation, the net heat load is calculated using Equation 3. Where Q is the heat transferred,
U is the overall heat transfer coefficient, A is the area over which the heat transfer occurs, T is the difference in temperature,

Q=UXAXAT (1)
U=%=§ )
Qnet: QX t X 3600 (3)

A negative sign of Qne Shows the heat loss from the system. After calculating the net heat load, the quantity of PCM (m)
required is calculated using Equation 4. Cp is the specific heat of the PCM, Ti is the initial temperature of the PCM when
the heat transfer was initiated, and Tm is the temperature of melting of the PCM.

— |Qnet|
m= (L+Cp x(Ti-Tm)) x 1000 (4)

Working of the Test chamber — An inline fan installed at the inlet of the PCM air HX creates suction in the pipe connected
with the ETC. The convecting air carries the heat generated by the ETC during a good sunny day. The heat carried by the
air passes through the barriers created by the aluminum fins, which are in direct contact with the heat pipes. The aluminum
fins are installed inside the ETC manifold to increase the contact surface area of the air to maximize the heat gain. Then,
the heated air enters the HX through PVC ducting with a force convecting fan installed at the inlet of the HX. The heated
air passes over the PCM panels and charges them for later use. The heat gets accumulates in the HX as the inlet of the air
into the HX is from the bottom, and the outlet is provided at the top of it. The outlet velocity of the air from HX is very
low as the holes’ size is very small, through which it escapes to the room space. The air coming out from HX heats the

41



Energise 2023 Conference Proceedings

inner room, along with the remaining heat inside it. This air is then recirculated through an extra opening in the room.
This process is repeated during the daytime. During the sunshine hours, damper valve 1 remains open, and valve 2 is
closed, as shown in Figure 1. But after sunshine hours, the valves are toggled, and valve 1 and valve 2 remain closed and
opened, respectively, till sunrise. During off-sunshine hours, the room air is passed through the HX and gets heated up
after coming into contact with charged savE® HS29. The PCM slowly starts discharging till the whole energy of the PCM
gets exhausted. The experiments were performed in May month of the year 2018-19. The GHI for this month is 6.65
kWh/m?/day in the geographical location of Bawal, Haryana (Lat, Lon: 28.05, 76.55).

The thermocouples at the inlet, center, and top of the HX are installed to get an idea of the temperature variations inside
it. The thermocouples at the ETC collector inlet and outlet, sucking air outlet pipe, inner room volumetric center point,
and an annular space between two rooms are also installed.

Results

The results produced for the complete cycle of the PCM inside the test bed are shown in the figure given below. The
testing is done for a full day to check the complete charging and discharging of the PCM.

Figure 5 depicts the temperature variations at different locations in the test bed and the HX for the complete 24 hours.
The collector inlet temperature is at 15 °C, and the collector outlet temperature is at 30 °C at the start of the experiment.
The collector outlet temperature increases to 50 °C at around 02:00 PM, which is the peak time of the beam solar radiation
capturing, and annular space temperature is maintained between 0 to -5 °C during sunshine hours and -10 to -15 °C during
off-sunshine hours. The collector inlet temperature varies between 20 °C to 35 °C. The collector inlet and outlet
temperatures rose to very high temperatures during off-sunshine hours. This is because valve 1 is closed after sunshine
hours, and the diffused radiation of the sun captured in ETC increases the temperatures of the collector, and there is no
heat transfer from the collector to HX during off-sunshine hours.
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Figure 5: Temperature variations in the inner room and at other locations

The sudden shoot-up of the collector outlet temperature (Peak 1) is due to the solar radiation capturing in the ETC
manifold after closing valve 1, which supplies the air from the collector to the room. This results in a rise in collector
inlet temperature. Peak 2 is due to the same reason as peak 1, as valve 1 has not been opened till 08:48 AM, which resulted
in the rise of the temperature inside the ETC assembly. At the beginning of the experiment, the inner room temperature
is around 15 °C and varies between 10 °C to 25 °C temperature for 24-hour span. The inner room temperature is at its
maximum of 25 °C at around 05:00 PM, and then it starts decreasing. The room temperature remains above 15°C till
around 05:00 AM and remains between 10-15°C temperatures for the next 3-4 hours. So, the backup hours for the PCM
are approximately 11 hours during off-sunshine hours.

As the temperature at the fan outlet was above 30°C for more than 4 hours, the PCM melted inside the HX very easily.
This molten PCM releases its energy for the next 12 hours and warms up the inner room.
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Conclusions

The results from the scaled-up model indicate that the PCM savE®HS?29 is suitable for maintaining room temperature
in the range of 15-25 °C.

The annular space temperature varies from 0 to -5 °C in the daytime and -10 °C to -15 °C at night. During this, the
collector outlet temperature varies from 30 °Cto 43 °C.

The temperature is maintained in the required range inside the room till 6 AM and remains between 10-15°C for the
next 3-4 hours till the solar collector gets enough radiation that can increase the air temperature above 15°C.

The heat conducted by the inner room to the annular space maintained at -20°C temperature is balanced by the heat
gain in the room through PCM for approximately 12 hours.

The work has not been carried forward because of the installation challenges in the COVID times. The thermal energy
storage setup discussed in this paper has the potential to be integrated into Leh. However, there will be several challenges
that need to be catered. For example, air density at higher altitudes is low, and hence, heat transfer will be slow. The wind
speed has not been simulated in the test chamber. The temperature variation is large in the higher altitudes. To solve all
these challenges, some modifications will have to be made to the current setup. To do this, the next step is to undergo
simulation studies that take into account the weather conditions at higher altitudes.
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Highlights
* Need to integrate micro-zoning, thermal zoning and spatial planning of open-plan offices

 Protocols for micro-zoning outlined
 Planned micro-zones save 44% of HVAC energy consumption

Abstract

Air-conditioning energy consumed in buildings can be reduced by cooling only occupied regions. With modern open-plan
offices being adaptable with flexible work hours, there is a need to virtually divide thermal zones based on varying thermal
requirements. Micro-Zonal Occupant-Centric Control (MZOCC) saves HVAC energy by creating micro-comfort zones
around occupants through independent diffuser control. However, research gaps exist between thermal zoning for HVAC
design and micro-zoning. There is a lack of clarity on the method of micro-zoning and factors to be considered, such as
size and shape of micro-zones. The aim of this study is to delineate protocols for micro-zoning and evaluate the benefits
of planned micro-zones. Characteristics of existing Indian open-plan offices are studied, and a method for micro-zoning
is delineated. Results indicate that planned micro-zoning saves 44% of energy. The micro-zonal layout acts as the starting
point for optimising diffuser allocation and airflow control, which will further improve energy savings.

Keywords: Energy-efficiency, Thermal-zones, Micro-zones, Open-plan offices

Introduction

Micro-zonal occupant centric control (MZOCC) has emerged as a significant method to improve energy efficiency in
open-plan offices. This creates micro-comfort zones around occupants, enabling a reduction of energy wastage in
conditioning unoccupied regions within a thermal zone. MZOCC acts as an alternative to personalised ventilation (PV)
that uses personal fans or air handling units placed very close to occupants. Though PV creates a micro-comfort zone
around the occupants, it requires a high initial investment to lay ducts and equipment for bringing airflow to the occupant’s
face and body [1]. This also causes intrusion to occupants [2], and the conditioned air is concentrated in a very small area
[3]. Most importantly, this does not allow flexibility in changing architectural layouts. Hence, there is a need to improve
standard HVAC systems so that micro-comfort zones can be created by virtually dividing the thermal zones.

The potential of such virtual sub-zoning to improve energy efficiency [4][5], thermal comfort [6], and air quality in open-
plan offices is established in the literature. However, there is a lack of clarity on how micro-zones are to be planned. There
is a research gap between micro-zoning and thermal zoning. Current methods of thermal zoning do not consider the
parameters required for micro-zoning. In addition, most studies on micro-zoning have chosen arbitrary sizes for micro-
zones as per convenience, and inter-micro-zonal interactions are either modelled using steady state models [5] or transient
empirical models [4]. Previous studies that used transient CFD models for MZOCC indicated that unplanned micro-
zoning can lead to energy wastage and thermal discomfort due to inter-micro-zonal interaction. It can lead to the merging
of cool air jets from adjacent diffusers or the clinging of cool air to walls and surfaces, creating heavy thermal gradients
[71, [8]. In this regard, there is a need to develop protocols for micro-zoning such that HVAC energy can be saved without
violating thermal comfort. The aim of the study is to explore the considerations in micro-zoning by giving
recommendations on the size of micro-zones, the shape of micro-zones, the distance between diffusers, etc., and evaluate
energy savings due to micro-zonal air-conditioning with respect to standard zone-based air-conditioning.
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Literature Review

The method of creating micro-comfort zones for reducing energy wastage has been of great interest to researchers.
Personalised ventilation, personal comfort systems [9], and task ambient systems are used to attain comfortable air
temperatures around occupants even when the zone is at a higher air temperature. Personalized ventilation (PV), which
creates a micro-comfort zone around the occupant by supplying fresh air to the breathing zone of occupants, saves 50%-
60% of air conditioning energy [10][11] [12]. The type of airflow and micro-comfort zone created depends on the air
terminal device (ATD) used. A few common ATDs are moveable panels (MP), which throw air through a personal air
handling unit (AHU); computer monitor panels (CMP), which throw air through an AHU above the computer monitor;
vertical desk grill (VDG), horizontal desk grill (HDG), which throws air from an opening near the desk [13], personal
environmental modules (PEM) which are placed on partitions [14] [15], air blowers on headsets [2] or their seat [13] etc.

Airflow from each diffuser type can further be controlled by altering air temperature, mean velocity, turbulence intensity,
direction of supply air, area of supply vents, the targeted area of supply, activities, and ergonomics of the space [9]. Since
PV vents are placed very close to the occupants, the supply air has a higher temperature and lower velocity (approximately
0.25m/s) compared to standard HVAC systems [16]. This restricts the spread of air jets from PV and cools only a small
area around the occupant. But this also leads to discomfort due to thermal asymmetry and gradients for occupants who
are not near PV vents [3]. Hence, PV is usually operated along with a standard room air conditioner, which maintains a
higher setpoint temperature. Strategies linking the control between the micro environment due to PV and the macro
environment due to room HVAC systems are developed [17]. Personal comfort systems have cooling mechanisms
integrated to personal equipment such as personal chairs, coolers, blankets, mattresses [18], and clothing [9]. The
boundary of the micro-comfort zone of PV varies based on the properties of the ventilation system, such as temperature,
mean velocity, turbulence intensity, direction of supply air, area of supply vents, and the targeted area of supply. Factors
such as occupant movement [19], furniture design and arrangement [14], and other spatial elements in the zone also
influence the boundary.

Virtual zoning of thermal zones into sub-zones and controlling airflow in each sub-zone using occupant centric control
has emerged as an alternative to PV. Such virtual sub-zoning is mostly done by dividing the thermal zone into geometric
grids, with each grid having one air node [5] [4] [6]. ‘Fine grained zoning’ [20] [6] divides the thermal zone into finer
grids of size 7.2mx7.2m. The grid boundaries are considered virtual with a constant air exchange flow, and the grid size
is chosen based on separations on the fagade[6]. However, with variations in heating and cooling in each fine zone, the
thermal coupling between adjacent micro-zones varies; hence, assuming a constant flow may lead to errors. Further, it
was observed that while fine grained zoning reduced comfort violations, energy consumption increased in a few cases.

Thermal interactions through the virtual boundary have been modelled in studies that aimed at exploring HVAC energy
efficiency using sub-zoning. A steady-state CFD model was developed to model the thermal interaction between the
virtual boundary of a zone of size 7mx6.6m divided into two sub-zones of 2.9mx6m [5]. The study leveraged on thermal
coupling to cool adjacent sub-zones and was able to reduce 10% energy consumption. To capture the transient variations
in thermal coupling, a mathematical model with bi-directional airflow was developed in a study on a co-working office
in India [4], [21]-[24]. This model was used to predict the indoor temperature at each sub-zone for a given time in order
to allocate workspaces to occupants based on their thermal preferences. The size of each sub-zone was 10mx15.25m. The
set-point temperatures of the occupied sub-zone are decided based on the requirements of the users in the sub-zone. But
it is also seen that, several unoccupied sub-zones are to be conditioned to reach setpoint in the occupied sub-zones. This
is because airflow through the diffusers in the occupied sub-zones is not sufficient and requires thermal coupling from
adjacent sub-zones. This highlights the need for connected control of diffusers.

For a detailed understanding of thermal interactions through virtual boundaries, recent studies by the authors used
experimentally validated transient state CFD models for MZOCC [7], [8], [25]. These revealed that uncontrolled
intermicro-zonal interactions could lead to increased energy consumption due to the merging of adjacent air jets and lead
to a deflection of air jets away from occupied regions. Two factors are found critical in controlling this merging: (1)
relative location of diffusers and (2) supply velocity [25]. When two supply diffusers were placed at a distance of 2m, air
jets were found to merge and move away from the occupied micro-zone. The merging is due to the attraction induced by
the low-pressure region created between the diffusers. Low velocity jets were found to deflect towards high velocity jets
due to the reduced momentum of the former. The presence of surfaces such as walls or furniture also causes the deflection
of air jets due to the Coanda effect [8]. Thus, the diffusers placed in corner regions produce smaller micro-zones than
those in the centre of the room. Air movement is also influenced by the type of furniture and height of partitions [8] [26].
Considering the aforementioned properties of air jets, two strategies for controlling air movement and inter-micro-zonal
interactions are proposed. (1) setback flow — maintaining a low velocity flow and (2) setback temperature — maintaining
a higher setpoint temperature. These are maintained in either all unoccupied micro-zones or only the micro-zones adjacent
to the occupied micro-zones such that thermal gradients and draft are minimal with maximum energy savings. MZOCC
using setback flow and setback temperature-based control strategies can bring about 60% energy savings [8].
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Several strategies for thermal zoning are discussed in the literature, but there is a research gap between thermal zoning
and micro-zoning. Thermal zones or HVAC zones are regions with uniform thermal requirements and catered by a single
thermostat [27] [28]. The common assumption is that the thermal conditions within a zone are uniform at any point of
time. This assumption is used in simulation zoning, where the building is discretized into regions of uniform thermal
conditions to reduce model complexity [29]. For zoning in early design stages when room separations or interior loads
are unknown, the standard core-perimeter model is used [30] such that externally and internally heated spaces are
separated. The prescribed perimeter depth varies in different standards, with a range of 3m to 6m, with 4.5m to 5m being
the most commonly used. Further, the cardinal zones are separated as the intensity of solar radiation varies. Thus, the 5
zone model is the most basic form of zoning and is used in several automatic zoning algorithms [29] [31]. Most studies
consider room-based zoning, where physical partitions form the zonal boundaries, to be the most granular thermal zoning
[32]. In between room-based zoning and core perimeter zoning, several methods of grouping spaces into zones, such as
grouping based on function [32], function and orientation [32], thermal loads [29] [33], adjacency of rooms, and similarity
in HVAC requirements [34] have been explored. Recently, a cluster-based method of thermal zoning has been proposed,
where a large space is divided into finite grids and grouped based on transient heat gained [35].

From the literature, the parameters that influence thermal zoning can be simplified as transient heat gain and source of
heat (external or internal), function and activities, schedule of usage, and adjacency of spaces. On the other hand, in
microzoning, parameters such as the location of diffusers, inter-micro-zonal interaction, partition heights and air
movement, variations in thermal preferences, etc., are important. There is a need to merge this gap between thermal zoning
and microzoning and outline a method of micro-zoning. Further, from the literature on micro-zones, it is observed that
micro-zonal sizes were decided arbitrarily, with each study having its own grid size. It is suggested in the cluster-based
zoning method that the minimum grid size will depend on the area required for the activity and the area catered by a
diffuser [35]. In continuation, there is a need to explore minimum grid sizes for common activities and diffuser types
found in open-plan offices. In this regard, there is a need to study considerations in the spatial design of open-plan offices
from literature as well as built spaces.

Open-plan offices originated with the idea of designing spaces for free communication without the barriers of walls [36].
Important parameters to be considered by planning open-plan offices are work patterns [37], activities [38], organizational
hierarchies [39], and the needs of the occupants [40]. The guide on planning open-plan offices prepared in 2010 highlights
relevant functional, technical, and financial factors to be considered while planning open-plan offices [39]. Modular
planning, plug facilities, and flexible ceilings/partitions upgrade a standard open-plan office to a ‘flexible’ office [41].
Attempts to improve office atmospheres have also led to the emergence of ‘activity-based’ offices, which provide a variety
of work settings for occupants to choose from as per the requirement of the assigned work [38].

From literature, the common office types can be categorised as into 5: (1) Bullpen, which is a full open-plan office with
no partitions [40], (2) caves and common design [42], where individual cabins surround open workspaces, (3) Team
enclosures [40], where each team occupies an open-plan office, (4) flexible offices, which contains a mixed of dedicated
workspaces and shared areas [41] and (5) activity-based offices [38]. Similarly, in terms of work culture, open-plan offices
can be divided into four [37]. (1) Hive, where one works independently with minimum interaction with the colleagues,

(2) cell, some amount of interaction is present, but most work is done independently, and the worker also works remotely;
(3) Den, which requires a highly interactive environment to accommodate group work; and (4) club, which has both
concentrated work and group work. A survey of Indian open-plan offices is conducted in this study to explore whether
Indian offices follow such characteristics.

Several strategies to improve open-plan layouts to facilitate better communication [43], reduce sedentary time [44], and
make the space livelier [45] are discussed in the literature. Inadequate air-conditioning [46], over-conditioning, and lack
of control over the thermal environment [37][38] can cause dissatisfaction among occupants. As discussed, this also
increases energy wastage. Hence, customisation of the thermal environment with a perceived sense of control is important
in open-plan offices. Spatial attributes such as social density (number of occupants in the space) [46], spatial density (size
of the space) [46], and office space occupation (number of occupants per enclosed office) [47] are important while creating
such personal thermal environments. This gives an estimate of how many people each diffuser serves and how many
diffusers are required to serve each activity. This is important in deciding the minimum size of micro-zones.

Listing the common activity spaces and occupant densities (the ratio of social density and spatial density) in open-plan
offices for each activity, commonly used air conditioning diffusers, furniture types, and clusters helps in planning
microzones. Open-planned offices are often tightly packed to reduce facility costs. Indian offices have occupant densities
of 6-8m?/person [48], indicating crowded work spaces [49]. Further, the occupant densities can vary for different spaces
in the open-plan office, such as workspaces, corridors, activity-based work areas, and leisure spaces. Hence, the air
conditioning requirement in each region can be different.

To summarise, the location of diffusers, furniture in the space and their arrangement, activities, occupancy in the zone,
and other spatial features influence micro-zoning. The need to find optimal virtual boundaries to place thermostats within
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micro-zones is highlighted in previous studies [7], but there is a need to develop a method for the same. At this point, it
is imperative to have guidelines to plan the appropriate size of micro-zones, diffuser location, minimum distance of
diffusers from walls, minimum distance between diffusers, furniture height, and arrangement basis the activity and
requirement of micro-zones before OCC is implemented in MZOCC. Open-plan offices are diverse, with a variety of
activities, and require varying levels of air-conditioning in different regions. Though few studies have proved the
efficiency of MZOCC, there is a disconnect between micro-zoning and thermal zoning. The aim of this study is to give
guidelines on planning micro-zones in open-plan offices. In this matter, open-plan offices in India are studied to explore
how similar these offices are with respect to the characteristics observed in the literature. This also gives insights into the
additional factors to be considered for MZOCC. The novel contribution of this study is that it identifies the considerations
in micro-zoning Indian open-plan offices, gives guidelines on appropriately planning micro-zones, and evaluates the
energy savings due to possible micro-zonal divisions. While previous studies have arbitrarily divided thermal zones into
micro-zones [6] or divided considering function planning of the zone [50], this study establishes that planning micro-
zones considering the aforementioned spatio-temporal characteristics of the office saves more energy compared to micro-
zoning based on function alone.

Method

The study follows a three-stage approach as outlined in Figure 1, wherein the first stage, considerations for micro-zoning
open-plan offices, are identified from the literature, following which existing open-plan offices in India are surveyed to
identify the similarities of these offices from the ones observed in the literature. From these, considerations for micro-
zoning Indian offices are identified.

Figure 1: Methodology

A variety of open-plan offices built in the last decade are surveyed to explore the characteristics and existing conditions
of Indian open-plan offices. The objective of the survey is to include all possible varieties of open-plan offices to have a
holistic understanding. Hence, sampling is terminated when all varieties are studied. Forty-two offices, with a total of 116
open-plan office rooms, are studied, and 65 varieties of open-plan office layouts are observed.

To analyse the characteristics of these offices, the distribution of area of the floor plate, area of open-plan offices, aspect
ratio, occupancy, occupant density, activity types, furniture used and their arrangements, etc., are analysed. The additional
features in “flexible’ offices and ‘activity-based’ offices that need to be considered while sizing micro-zones are also
explored. The existing conditions in these offices are evaluated in terms of thermal zoning and diffuser allocation. For
each activity and diffuser type, the minimum size of micro-zones as per existing office layouts are delineated. In the
second stage, protocols for micro-zoning are outlined based on the observed considerations.

The cooling load in the hour with the peak demand is considered the design load. The variations in energy consumed due
to changes in occupancy are computed separately after estimating the cooling load. The Radiant Time Series (RTS)
method is used to estimate cooling load. The RTS method considers the time delay due to conductive heat gain from
building surfaces and delay in radiative heat gain to convert to cooling load [51]. The radiative heat gain absorbed by the
interior surfaces adds to the cooling load when it is transferred to room air by convection. Conductive time series (CTS)
is used to calculate conductive heat gain at the exterior using equation (1)

Qigq-n = UA(te.q—n —tre) 1)
Where,
q; q—n is the conductive heat input for the surface n hours ago, (W)

U is the overall heat transfer coefficient for the surface, (W.m2.K)
A is the surface area, (Wm?)

te.q—n 1S the sol-air temperature n hours ago (K)

t,. 1s the presumed constant room temperature, (K)
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Table 1: U values assumed in the study

Type Material U (W/m2.K)
Roof 4 inch lightweight concrete 1.275
Exterior Wall 8 inch lightweight concrete block 0.8108
Interior Walls Frame partition with % gypsum board 1.4733
Ceilings 8 inch light weight concrete 1.3610
Floors Passive floor 2.9582
Slabs Uninsulated solid 0.7059

Doors Metal 3.7

Exterior windows Large double-glazed windows 2.914

Sol air temperature at an hour is calculated using equation (2):
te=to+ aE¢lho— €ARIho 2
«a is the absorptance of the surface for solar radiation
E:is the total solar radiation incident on surface (W/m?)
ho is the coefficient of heat transfer (W.m2.K)
to is the outdoor temperature in K
€ is the hemispherical emittance of the surface

AR is the difference between long-wave radiation incident on the surface from sky and surroundings and radiation emitted
by a blackbody at outdoor air temperature (W/m?)

The weather conditions are input using weather station data. The U values for different materials are assumed as given in
Table 1. The overall U value is estimated by adding the reciprocal of the R-values of the materials.

Hourly conductive heat gain is computed from the conductive heat gained in the past 23 hours using equation (3)

q = CoQiq + C1Qiq T C2qiq T ="+ C3qiq (3)
qq is the hourly conductive heat gain for the surface, (W)
q; q 1s the heat input for the current hour (W)
Co, €4 is the conduction time factors (CTS values for wall and roof are followed as per ASHRAE 2017 [30])
Heat gain through surfaces from adjacent zones is computed using equation (4)

q = UA(t, - t) 4)

q is the heat transfer rate, (W)
U coefficient of overall heat transfer between conditioned and adjacent space, (W.m2.K)
A is the area of separating section (Wm?)
t»is the average air temperature in the adjacent space (K)
t; is the indoor temperature

Popular energy simulation tool energy-plus is used to calculate the cooling load, and inter-micro-zonal interactions are
modelled using an airflow network [52] with a constant air exchange value of 10 exchanges per hour, as given in previous
studies [6]. Though assuming a constant air exchange may overlook the transient variations in inter-micro-zonal
interactions, the assumption is made as the objective of this analysis is to plan micro-zones to have a good starting point
to further optimize airflow control. Computing inter-micro-zonal interaction using CFD simulations is computationally
extensive and is not required at this stage. While planning airflow control, the air jet trajectories can be traced using CFD
simulations to further improve MZOCC. The supply air temperature is set at 12 °C, and the setpoint is at 23 °C. It is
assumed that the zone is conditioned using a variable air volume system (VAV). On computing the cooling load required
in each micro-zone for the peak hour, the total cooling energy consumed for a day is estimated using equation (5)

E =Y (CLm; * Occ) 5)

CLn; is the cooling load in each micro-zone, and Occ is the percentage of occupants in a micro-zone at a given hour. It is
assumed that the diffusers in the micro-zones are operated following MZOCC protocols formulated in this study.
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Figure 2: Distribution of year of construction, climate, ownership, work style and office type
Results and Discussion

Stage 1

Characteristics of open-plan layouts in Indian offices
The distribution of climatic zones, building types, work patterns, and layout types of surveyed offices are shown in Figure
2. Offices were surveyed through physical inspection by studying the layouts and interactions with office staff.

The area of floor plates ranges from 15-15000 sqm. The percentage of area allocated for open-plan offices ranges from
8%-90%. Figure 3 shows the distribution of floor plate area, percentage of open-plan offices, and aspect ratio of floor
plates. Indian offices are observed to have similar characteristics to those observed in the literature on open-plan offices.
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Figure 5: Photos of a few surveyed spaces

Figure 4 shows the distribution of the area of each open-plan office room with the occupant density in the room. The
offices where interior layouts are not planned are removed from the distribution. It is observed that more than 50% of the
offices have occupant density less than 4, i.e., very low area available per occupant. This contrasts the assumption of
taking 6-8 m?/person in Indian offices [48]. Customising thermal environments in such crowded spaces is challenging.
More number of people need to be served by a single diffuser. Thus, people and activities will have to be grouped based
on thermal preferences. Most of the offices have rectangular tables (72%), followed by L-shaped tables (18%). Circular
tables and other customized furniture types are also seen. On analysing partitions, 3.28% of furniture have partition heights
above 1.65m, 47.5% have part partitions between 1.65m and 1.2m, and 49.2% have partition heights below 1.2m. A
variety of activity-based work (ABW) environments, leisure spaces, break-out areas, informal discussion areas, spaces
with active furniture (e.g., tables with adjustable heights), etc., are found in the offices. Glimpses of a few offices are
shown in Figure 5. In a few offices, the common work areas have double-height ceilings with cool air thrown from the
ceiling, as shown in Figure 5e. The efficiency of MZOCC under such circumstances has not yet been explored.
Considering the spread of jets and the diffusion of air, it can be asserted that MZOCC is challenging under such work
settings, and the creation of micro-comfort zones will require personalised ventilation (PV).

Thermal zoning and HVAC systems in Indian open-plan offices

The zoning strategies in each of the floor plates are examined, and the spaces present in the core and perimeter and their
distributions are plotted in Figure 6. It is observed that for more than 50% of offices, even the standard core-perimeter
zoning strategy is not followed. This indicates that external heat gained is heterogeneous within these offices. Further, for
the offices where the perimeter is separated, it is observed that perimeter depths are greater than 10m for cases where
open-plan offices are located in the perimeter (as shown in Figure 7). This shows there is a gap between the literature and
the implementation of thermal zoning for energy efficiency in open-plan offices.
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Table 2: Throw of each diffuser type
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Figure 8: Thermal images of common diffusers

About 95% of the offices have centralised control. Occupants were casually asked how they felt about the thermal
environment. Two occupants stated that overcooling is common, and occupants adapt to the thermal environment by
carrying jackets to be worn inside the office, even on summer days. This indicates a clear wastage of HVAC energy and
discomfort among occupants. Around 4% of office rooms had diffusers with independent control, such as cassette Acs.
But in an office that allowed independent control of diffusers, an occupant was observed to relocate to avoid over-cooling.
On enquiring, the occupant stated that he feared disturbing other senior staff in the office and hence, decided to adapt to
the thermal environment. Though these observations cannot give general conclusions about the office behaviour of
occupants, it is observed that MZOCC is needed to maintain thermal comfort in these offices. Most open-plan offices
have ducted systems with the throw from either the ceiling or the top portion of the walls. There were instances where
diffusers were placed very close to each other. This would lead to air jets hitting each other. Thermal images of the most
common diffuser types found in surveyed offices are shown in Figure 8. It is observed that the size of diffusers, CFM,
diffuser features, and the presence of a false ceiling, lights, or other installations in the ceiling all influence the throw.
Spaces such as corridors are designed to have setback flow or a low-velocity flow. Side grill diffusers have a linear throw,
where the region above the occupied zone (above 1.8 m) is at a lower temperature than entrained air in the occupied zone.
Hence, these are not suitable for MZOCC. The minimum area catered by various ceiling diffusers is given in Table 2.

Area required for each activity

Common activity spaces found in surveyed open-plan offices are workstations, formal and informal meeting areas,
collaborative spaces, waiting areas, queuing areas, lounges, activity-based workstations (ABW) such as couches to work,
work cafes, swings with work tables, garden tables, low height seating, furniture with adjustable heights, etc. The unit
area required for work station varies based on the furniture type and cluster. Hence, a non-uniform grid prioritizing the
activity spaces must be developed. Dimensions of the lowest grid possible for workstations from the survey are plotted
in Figure 9. The minimum area required for other activity spaces, as observed from the survey, is given in Table 3. In the
absence of a furniture layout, a grid size that can accommodate the planned activity must be used. When furniture layouts
are available, the grid should not be overly customized for a given layout, as this will prevent future adaptations. Hence,
an optimal grid size, which is also flexible to accommodate other activities in the future, must be chosen.
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Table 3: Minimum grid size for each activity

~J

6. Activity Type Grid (m)
Rectangular or circular workstations
= (4seater facing each other) 33
54 1 Workstations attached to walls or pillars | offset of 2m from surface
E 34 Meeting spaces — 12 people 5x4
; 5 - — . Collaborative spaces 2x1.5
7 Waiting area 2x2
H Lounges 2x2
0 N R T TR B R R ABW - Individual Couches 3x1.5
o mo s Length (m) LWL ABW — Work cafes 6x9
e oocupants ABW - Swing tables 4x4

Figure 9: Minimum grid-size for workstations
Stage 2: Protocols for micro-zoning
Based on the observations so far, an outline of the protocol for thermal zoning can be framed as:

1. Start with standard thermal zoning separation of core-perimeter (perimeter depth can vary from 6m-8m depending on
the solar radiation and activities assigned in the perimeter)

Further, divide into micro-zones based on planned activities

Choose the micro-zonal grid size based on activities. (Table 2 can be used as a reference in this process)

Select diffuser type. (Table 1 can be used as a reference for this)

Alter the grid size based on area catered by diffusers, minimum distance between diffusers (e.g., at least 3m for 4-way
square ceiling diffusers), and minimum distance of diffusers from walls (at least 2m). This has to be further altered
while planning airflow control.

6. Alter the grid size to account for flexibility and future activities

7. Choose the grid size and diffuser that gives minimum energy consumption

It is to be noted that this micro-zonal division will not be the optimal one, but a good starting point for further evaluation.
This is because transient factors such as occupancy schedule, thermal preference, inter-micro-zonal interaction, air
movement, etc., are assumed at this stage observed in the literature. The optimal division will be such that occupied
microzones are conditioned without the unwanted merging of air jets, thermal gradients, and drafts. Hence, after micro-
zoning and initializing airflow, CFD simulations must be done to adjust micro-zones. This process will be an interesting
future study.

Stage 3: Evaluation of micro-zoning in an existing office: A case study

The importance of micro-zoning is evaluated considering an existing open-plan office. The office is located in Hyderabad
and is designed for hot and dry climates. Energy consumption under seven zoning layouts is evaluated. Zoning type ‘a’ is
the typical HVAC zoning that currently exists in the studied office space. The entire open-plan office is zoned into a single
thermal zone. The meeting room, which is separated by physical partitions, is zoned separately. Since the room has no
external walls, core-perimeter zoning is not considered. Micro-zoning layouts ‘b’ to ‘g’ are shown in Figure 10. Zoning
type ‘b’ divides each activity space in the open-plan office into different micro-zones. As discussed, the occupancy
schedule and thermal preferences for each activity space are different. Hence, they need to be virtually separated. The
occupancy in different activity spaces at the given hour is assumed, as shown in Figure 11. A setback temperature of 26
degree C is assumed for the corridors. Zoning type ‘c’ further divides functional micro-zones into large grids. This division
is along the circulation paths observed in between workstations. The occupant density, schedule, and thermal requirements
in each micro-zone are updated for cooling load estimation. In zoning type ‘d’, the functional micro-zones are further
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under various micro-zoning

divided to form rectangular grids. Under this division, 2 square ceiling diffusers will be present in each microzone. In
zoning type ‘e’, the micro-zones are further divided such that only one square ceiling diffuser is present in each micro-
zone. Considering the area catered by a 4-way square ceiling diffuser of size 45x45cm, the micro-zone is sized 3x3m.
Further division of micro-zone will lead to unwanted merging of air jets. But, under such division, in a few microzones
(informal meeting spaces), the distance between supply diffusers and the wall is less than 1.5m. As discussed, this will
lead to clinging of cool air to the walls. Hence, a larger rectangular grid is taken as shown in case ‘f’. Further, it is observed
that the corners of the micro-zones containing workstations need not be conditioned. Hence, in zoning type ‘g’, the shape
of micro-zone is altered to an octagon of side 3m. This makes the micro-zone more compact while serving larger
occupancy. The total number of diffusers needed is also reduced. Thus, micro-zonal divisions ‘¢’ to ‘g’ are planned
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considering the current understanding of micro-zoning, spatio-temporal characteristics of the office, and inter-micro-zonal
interaction. Such analysis will give insights on how much more energy is saved through micro-zonal division compared
to functionbased division. The energy consumption is computed as discussed in the method section, considering the
occupancy schedule given in Figure 11. The results showing the energy consumption and percentage of energy saved in
each micro-zonal division with respect to the single zone model are plotted in Figure 12. The results and calculations are
uploaded as data [53].

It is observed that energy consumption drastically reduces from room-based zoning (‘a’) to function-based zoning (‘b’).
This is because, mostly, activity spaces such as informal meeting areas, activity-based work areas, etc., are unoccupied,
and separate airflow control following the occupancy schedule reduces energy consumption. There is only a mild increase
in energy savings from function-based zoning (‘b”) to zoning using large grids (‘c’) and rectangular grids (‘d”). This is
because the occupancy pattern does not vary much between these micro-zoning strategies. But, when the most granular
square grid (“‘e’) is applied, energy savings increases. This is because, under such granular division, there are several
micro-zones that are unoccupied, and air-conditioning can be completely switched off. But, as discussed, such granular
division is not feasible considering air jet movement. Micro-zoning ‘f’, where few micro-zones are merged to prevent
clinging of cool air to surfaces, saves about 40% energy consumption and is a suitable micro-zonal division. The grid
with a mix of octagonal divisions and granular square divisions (‘g’) saves 44% energy consumption and abides by all
protocols regarding preventing the merging or clinging of air jets. Further, the increased size of micro-zones allows greater
flexibility. Thus, improving the size and shape of micro-zones based on the current understanding of micro-zoning helps
in reducing 16% more energy compared to function-based zoning. This micro-zonal division is, hence the best starting
point to evaluate airflow strategies for MZOCC.

Conclusion

Creating micro-comfort zones around occupants to reduce energy wastage in open-plan offices has been of great interest
to researchers. Several methods, such as personalised ventilation, personal comfort systems etc., which use additional
54igeria54g54ture to create micro-thermal environments and diffuser level micro-zonal control of standard HVAC
systems, are used in this regard. The latter is preferred due to reduced investment and increased flexibility. Though few
studies discuss the importance of planning micro-zones to avoid the merging of air jets to reduce draft and thermal
gradients, there is no clarity on how micro-zones are to be planned. The parameters critical in micro-zoning have been
identified in this study and are observed to be different from those of thermal zoning. There is a need to establish a link
between micro-zoning and thermal zoning. Further, micro-zoning must also be linked to the spatial planning of open-plan
offices. This study explored considerations in micro-zoning by performing a survey of existing Indian open-plan offices.
It is observed that while Indian offices have characteristics similar to the ones observed in the literature, even standard
thermal zoning methods are not employed, indicating huge energy wastage. The area required for each activity and the
area catered by diffusers are analysed, and references for minimum micro-zonal grid sizes are outlined in the study.
Protocols for micro-zoning are delineated, and an existing open-plan office with different activity spaces is micro-zoned
using the protocols. Results indicate that planned micro-zoning reduces energy consumption by about 44% compared to
zonal conditioning.

One limitation of this study is that the energy savings were estimated only using simulations, which are based on several
assumptions. Field studies can be conducted to get a realistic understanding of the potential of MZOCC by choosing the
best micro-zonal planning and strategizing airflow control. Future studies can look into planning airflow control
considering micro-zonal divisions and further improve micro-zoning. Transient factors such as occupancy, activity
schedule, location of occupants, occupant’s thermal preferences, air movement, etc. will be critical in this regard. Based
on these, choice of control strategies such as setback flow or setback temperature, whether these are to be employed in
all micro-zones or only micro-zones adjacent to occupied micro-zones; and whether similar micro-zones must be
combined into one micro-zone are to be decided. Thermal comfort within micro-zones is to be evaluated in the second
stage. Thus, a linked bi-level framework with micro-zoning optimized in the first level and airflow control strategies
optimised in the second must be framed. Thus, the protocols derived in this study give important contributions to the
future development of a bi-level framework for optimised MZOCC.
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Highlights

« Globally, countries are committing to decarbonizing their building stock. Achieving climate mitigation targets requires
an understanding of the efficiency levels of existing buildings. Energy performance benchmarking helps establish
baseline efficiencies and provides policymakers, building portfolio owners, and managers with the information they
need to design and implement building efficiency programs.

» We tested a novel benchmarking methodology for offices in Kochi to understand the availability of data and practical
challenges if benchmarking were to be scaled up.

» For each office, we derived a Building Performance Index (BPI) using statistical regression techniques. Twenty-two
offices out of 50 had a BPI < 1 or were relatively more efficient than other offices. We also observed an average
Energy Performance Index (EPI) of 130 kilowatt-hours per square meter per year (kWh/m?/year) for sample office
buildings, with EPI values ranging from 21.3 to 441.7 kWh/m?/year.

« Through a qualitative survey, we documented perceptions of the importance of energy efficiency (EE) services in
offices of varying ownership and management structures. There were no significant differences in the attitudes and
perceptions of owner- and tenant-occupied offices.

» City-level benchmarking can be done in India with minimum data by supporting back-end statistical analysis resources
and tools. The benchmarking methodology we have adopted in this study could guide such efforts at national and
subnational levels. We recommend India take a more institutional approach to benchmark energy performance.

Abstract

Many developed countries regularly conduct building energy use benchmarking for continuous monitoring and evaluation
of energy efficiency (EE) programs and policies to inform the design of new ones. Such activities also provide an
opportunity to engage with building owners, tenants, and managers on RE and EE policies and programs. Our study was
aimed at developing a methodology for citywide energy benchmarking exercises in India. We tested a novel
benchmarking methodology for offices in Kochi to understand the availability of data and practical challenges if
benchmarking were to be scaled up. The study was also aimed at documenting barriers to retrofits for different owner-
tenant models.

Keywords: Buildings, energy efficiency, benchmarking, energy performance

Introduction

In 2021, the buildings and construction sector accounted for around 37% of energy- and process-related CO; emissions
and over 34% of energy demand globally [1]. In India, buildings were responsible for 33 percent of total electricity
consumption in 2018-19 [2], with more than 60 percent of India’s electricity needs coming from thermal power [3].
During 2019-20, in Kerala, buildings with LT connections alone consume nearly 67% of the total electricity consumption
in the state [4]. This share will further increase if we consider the data regarding commercial and residential buildings
with HT connections, which are not available separately. These numbers highlight the importance of decarbonizing
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buildings in the state if it wants to achieve its goal of becoming a carbon neutral state by 2050 [5]. Achieving climate
mitigation targets requires an understanding of the efficiency levels of existing buildings. Energy performance
benchmarking helps establish baseline efficiencies and provides policymakers, building portfolio owners, and managers
with the information they need to design and implement building efficiency programs. In this context, we tested a novel
benchmarking methodology for offices in Kochi to understand the availability of data and practical challenges if
benchmarking were to be scaled-up.

The status quo of building energy performance benchmarking

Many developed countries regularly conduct building energy use benchmarking for continuous monitoring and evaluation of
EE programs and policies to inform the design of new ones. Benchmarking provides a baseline of energy use of existing
buildings, compares their energy performance with others after homogenizing for physical and operational characteristics,
and provides policymakers data on the relative efficiencies of buildings. While building codes and standards speak to new
buildings, benchmarking programs specifically address the efficiency of existing buildings. Citywide benchmarking
systems can be used by policymakers as a yardstick of energy performance in buildings when benchmarks are disclosed
publicly [6]. A citywide benchmarking program where the information is shared publicly serves three purposes [7]: It
informs and empowers the real estate market to pay attention to energy efficiency (EE); it motivates building owners to
invest in EE services and retrofit projects; and it can help policymakers design better EE programs and policies. Consistent
benchmarking efforts across a large sample of buildings can inform better building energy codes. Good performers can be
rewarded (e.g., US Department of Energy’s Sustainability Awards), while low performers can be penalized (e.g., the
Minimum Energy Efficiency Standard [MEES] regulations in the United Kingdom).

Benchmarking activities also provide an opportunity to engage with building owners, tenants, and managers on RE and
EE policies and programs. These activities provide information to market actors and allow building owners to
prioritize measures for improvements. In India, the Bureau of Energy Efficiency (BEE) attempted to collect
building energy performance data from 2007 to 2009 through primary and secondary surveys. These results were
used to develop and launch a Star Labelling Program for office buildings in 2009. However, this program has not been
revised since 2009.

In 2010, the USAID ECO-III project partnered with BEE to conduct a large-scale benchmarking effort involving data
from 760 commercial buildings of various typologies [8]. In 2014, with support from the Shakti Sustainable
Energy Foundation, BEE launched the EcoBench Tool [9] for benchmarking and rating the energy performance of
hospitals using ECO-111 Project survey results. No such national benchmarking exercise was repeated in India.

About This Paper

Our research began with the objective of developing a citywide energy benchmarking program. We reviewed the
literature, consulted experts with previous experience in benchmarking studies in India, and developed the survey
questionnaire. We surveyed 50 offices in Kochi to understand the data available for such a citywide program and to
develop a Building Performance Index (BPI) for the offices using statistical regression techniques. Our findings may
not be representative due to the small sample size of data fields used in the survey, which had implications on the
interpretation of some of the findings (e.g., reasons that some offices performed better than others).

We also conducted a qualitative survey, where we spoke with the office managers to understand their perceptions of EE
services and retrofits and their awareness of energy service companies (ESCOs). In several markets globally, ESCOs have
been instrumental in driving building energy performance improvements, especially in cases where up-front
investments in EE are high. We also asked questions to help assess the applicability of common barriers, like the split
incentive and financing barriers facing EE retrofit projects. Split incentives refer to transactions where economic
benefits of energy savings do not accrue to those who invest in energy efficiency, such as when building owners
pay for investments in energy efficiency while occupants pay the energy bills [10].

Research Objectives

Our research objectives include the following:

1. Assess the feasibility of conducting a citywide benchmarking exercise for office buildings.

2. Develop a BPI for the offices.

3. Document barriers to retrofits for different owner-tenant models as well as enablers to seeking EE services.

Approach and Methodology

We collected data on 50 office spaces in Kochi city. We chose offices because they account for 27 percent of large
commercial consumers in Kochi, the second largest category after retail spaces, as per the data we collected from the
KSEB. We decided to focus on office buildings also because they are included in BEE’s Star Labelling Program typology.
Also, office spaces are more amenable to the initial landscape assessment due to more typical operational hours and
building design. For defining large commercial consumers, we wanted to follow the threshold based on data on buildings
within the Energy Conservation Building Code (ECBC). ECBC applies to commercial buildings with connected load >
100kW or contract demand > 120 kVA. However, since the number of such buildings in Kochi was low, we defined them
as those with connected load > 75kW or contract demand > 100 kilovolt ampere (kVA). We adopted a two-part
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methodology—a quantitative survey to benchmark the energy performance of selected office spaces and a qualitative
questionnaire (over the telephone) with managers of the offices.

Scope of Study

The scope of our study is office spaces and the electricity consumed and managed within these boundaries. We have not
benchmarked office buildings, which would refer to additional energy services provided as “common services” to all
offices within the building in the form of elevators, water pumping systems, and common area lighting. Hereafter, we
will refer to the sample as “offices.”

Sample Identification

After fixing the sample criteria as offices with connected load > 75 kW, we sought their electricity consumption data from
the electric utility, the KSEB. Since the KSEB used a different method to document this information, we had to work
with it to clarify the consumer categories and shortlist 91 consumers. We contacted these consumers to seek their
willingness to participate in the study. Based on the discussions, 62 joined the survey. Upon further analysis to ensure
homogenization, we finalized 50 office spaces for the advanced analysis on benchmarking energy performance and
qualitative research to ensure the homogeneity of the sample.

Primary Data Collection

According to Kumar et al. [11], in India, several efforts have been undertaken to collect energy use data of commercial
buildings. These have seen only limited success for the following reasons: difficulties in standardizing questionnaire
terms with the vocabulary used by office managers; challenges in ensuring data quality; addressing data confidentiality
concerns of participating buildings; and inability to strike a balance between depth of data and the ease of collecting
information. Keeping these lessons in mind, we developed our survey questionnaire.

This survey sought to collect data on basic energy use to enable comparisons of energy performance. Since this was a
first-of-a-kind initiative at a city scale in India, we were also opportunistic and focused on datasets that the office manager
could provide without much effort.

We had a letter of support from the Kochi Municipal Corporation (KMC), which immensely helped our data gathering
efforts. Primary data was collected over a period of two months, starting in November 2019, by a trained survey agency
that used in-person and remote data collection techniques. The survey agency’s experience and expertise in data collection,
measurement, and verification techniques have helped the researcher obtain quality data from offices. Some data fields
were classified as mandatory to enable benchmarking; others were voluntary.

Benchmarking Approach

Energy performance of a building depends on various parameters, including its size, number of occupants, conditioned
area, and so forth. While a building is to be compared with other buildings for its energy performance, it is important that
we factor in these parameters to warrant a justifiable comparison. Using the Building Performance Index (BPI) as a
yardstick to compare buildings for their energy performance allows us the flexibility to factor in these parameters. While
the Energy Performance Index (EPI) is one of the most widely used metrics to indicate a building’s energy performance,
it only considers a building’s annual energy consumption and its floor area to assess its performance. Our study was more
focused on a detailed assessment that demanded the use of BPI over EPI for benchmarking buildings.

Our methodology for benchmarking is adapted from Sarraf et al. [12], where regression-based statistical methods were
used to benchmark the energy performance of 760 commercial buildings. The approach was used to develop India’s first
national-level benchmarking platform (EcoBench), which we previously mentioned in the paper. Under this approach, a
building’s energy performance is compared with a “benchmark” building of similar characteristics using a scoring system.
Statistical methods were used to estimate the energy consumption of the “benchmark” building and the scores or relative
rankings of the buildings on the BPI. Under this approach, a building’s energy performance is compared with a
“benchmark” building of similar characteristics using a scoring system. Statistical methods were used to estimate the
energy consumption of the “benchmark” building and the scores or relative rankings of the buildings on the BPI. The
process we followed is delineated below.

Step 1: Homogenizing sample data

First, we looked at office spaces with a connected load > 75 kW. We then collected data on physical characteristics (e.g.,
floor area, conditioned space) and operations and management (e.g., employee density, working days, and operating
hours). We also analysed their impact on the dependent variable—the office’s annual electricity consumption. Through
this process, we identified 12 buildings that behaved significantly differently from others and decided to remove them
from the sample. The parameters, along with the criteria used for the homogenizing sample, are listed in the below table.

59



Energise 2023 Conference Proceedings

Table 1: Independent Variables Considered and Their Contribution to Homogenizing Sample

Parameter Criteria for removing buildings with heterogeneous behavior from sample
Operating hours Only single-shift operations were considered. Data points with 24 x 7 operations were excluded.
Operation Buildings that are not fully occupied/operational.
Year of operation Buildings that only started operating in the last 6 months.
A]ngillti'ggsl Buildings that had additional facilities like laboratories, etc.

Step 2: Estimating energy consumption of benchmark building

Taking guidance from the methodology adopted by Sarraf et al. [11], we used multiple regression techniques to estimate
the energy consumption of our “benchmark building.” A benchmark building is a hypothetical building with the same
characteristics as the building to be benchmarked. There is a standard equation that defines the energy use of a benchmark
building.

Energy use of a benchmark building = Function (building type, construction, physical, operational, and location
characteristics)

Using the data from the 50 offices, we used multiple regression to derive an equation that calculated the benchmark
building’s energy consumption, using the coefficients for values of independent variables that impact or drive energy use
in a building. A multiple regression predicts a dependent variable’s value based on the value of two or more independent
variables. Comparing the actual consumption (actual performance) of the building to be benchmarked with that of the
benchmark building (expected performance) gives the building’s relative efficiency. The small sample dataset limited our
choice of functional forms of the regression model. We explored different forms and confirmed through the scatterplots
that there were nonlinear relationships between the dependent and independent variables.

This process also helped assess the significance of interactions between the different independent variables. By trying out
different regression models and closely examining the coefficients of independent variables, we identified the following
variables as significant in influencing the annual electricity consumption of the building: carpet area (m?), employee
density (number of employees/unit area), and conditioned area (percent). Some variables initially assumed to be
significant were later removed from the regression analysis. For example, the p-value of the dummy variable for operating
hours was not significant and required that we disregard it as a determinant variable for developing the regression model.
However, it is likely that with a bigger sample size of buildings, operating hours will play a more significant role in
determining the annual electricity consumption of a building. We disregarded it in our analysis because of its statistical
insignificance in the regression analysis.

At various stages in our analysis, we tried regression models using different variables to explore their significance before
establishing the final regression model. The final model was based on those variables’ observed significance (p-value);
we have included or disregarded these variables, as appropriate, in further analysis. The final regression model is based
on a log-linear functional form in which the log of annual electricity consumption was the dependent variable and the log
of carpet area, employee density, and the dummy variable to indicate whether the building is 50 percent air-conditioned
or not (variable = 0 if < 50% area is conditioned by ACs; variable = 1 if > 50% area is conditioned) are the independent
variables. An R-squared (R?) value of 0.75 was observed for this model with a residual standard error of 0.1712. The
derived equation for predicting the log of the annual electricity consumption of a building is given below.

Log (Annual electricity consumption) = 2.29532 + 0.83155*Log (Carpet area) + 2.30037*Employee density +
0.21033*dummy variable for conditioned area Q)

Step 3: Estimating Energy Consumption of Benchmark Building

The results of the multivariate regression provided the equation to estimate the energy consumption of a benchmark
building. The next step was to compare actual energy consumption to that of the benchmark office.

The Building Performance Index (BPI) was calculated for each office and used to compare offices with each other. The
BPI is defined below.

BPI = Actual energy consumed by the office space / Estimated energy consumed by the benchmarked office space

A BPI of 1 indicates that the building’s energy consumption is equivalent to the benchmarked building after normalizing
construction and operational characteristics.

Buildings with BPI > 1 indicate that their energy consumption is higher than that of the benchmarked building; buildings
with BPI < 1 indicate lower energy consumption. Buildings with a BPI of 2 suggest that they consume twice the energy
of a comparable benchmarked building, while a BPI of 0.5 means that the building consumes half the energy of a
benchmarked building. So, the lower the BPI, the better the building’s energy performance relative to its peers.
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Observations

Ownership and occupancy related observations

» Occupancy categories: For each office, we also collected ownership information. Of the 50 buildings, 17 were owned
by the central government, 6 by the state government, and 27 by private companies.

* Premise ownership and facilities management: We further classified the buildings into five categories based on
facilities management. The details of buildings based on their ownership and management types are given below.

Category Definition N%Tf?sg;)f
Owner-occupied and
managing The owner is also the occupant and manages the facilities in-house 23

facilities

The owner is also the occupant of the office premises but has engaged a
third party to maintain the facilities wholly or partially. This could include 9
managing of electrical equipment and energy service systems.

Owner-occupied and private
management of facilities

Multitenant office space, Multiple tenants occupy the building, and the owner manages the

management by owner facilities for them. This owner can be government or private. 8
Multitenant office space, . - . .
management of individual Mul:clpl_(i_t?nantshoccupy the bllj(ljl(kj)mg, and they manage their rke)spsctlve 7
facilities by tenants acilities. The tenants could be government or, private or both.
Single-tenant office space,
Facilities management by Asingle tenant occupies the office and manages the facilities. 3

tenant

e Owners occupied most of the buildings surveyed (32 of the 50 buildings). Facilities in 23 offices were managed by
in-house teams, and third parties managed the remaining 27.

» Tenants occupied 18 offices; 15 were present in buildings where there were other tenants as well. In 8, the owner
managed the facilities, and in the remaining 10, tenants did.

* None of the leased facilities had third-party facilities managers.

Energy- and equipment-related characteristics

Connected load and annual consumption: Of the 50 offices, 21 had a connected load ranging between 75kW and 100
kW. The remaining 29 had a connected load above 100 kW. There were 11 offices with a load greater than 200 kW. The
highest load recorded was 690 kW for a 21-floor office space. The 50 offices had a combined annual electricity
consumption of 12 million units and a total connected load of 8.192 MW.

Air-conditioning: Three of the 50 buildings had centralized air-conditioning. The percentage area conditioned by ACs
varied from 2 percent to 100 percent, indicating a mixed-mode ventilation practice in many offices.

Rooftop solar: Seven of the 50 offices have rooftop solar plants. Of these, 6 were in owner-occupied offices where the
owner also managed the facilities. One multitenant building managed by the owner also had a rooftop solar installation.

Energy performance benchmarks: The benchmarking exercise aimed to collect empirical data to produce statistically
robust BPI values and generate a simple ranking of buildings while normalizing for independent variables’ impact on
individual offices’ energy performance. We allotted building IDs to the 50 buildings, calculated their BPIs, and converted
them to ranks ranging from 1 to 50. BPI values ranged from 0.34 to 2.19 (Figure 1). Although we could not conduct more
in-depth investigations into the reasons behind the different energy performance of the same type of buildings, we are
presenting some observations:

The Top 22 ranks are for offices with BPI < 1

» 14 of the 32 owner-occupied offices (44 percent) are in the top 22. Of these, 11 are offices where the owner occupied
and managed the facilities, and third parties managed the remaining three.

e There are also 6 office spaces occupied by tenants and managed by the owner (75 percent of this category) in the top
22.

« 2 of the 3 offices where a single tenant occupied the building and managed the facilities are in the top 22, with BPI
scores of 0.48 and 0.60.

» 14 of the 22 offices were occupied by private companies (54 percent of private companies), 4 by central government
(21 percent of central government buildings), and 4 by state government (80 percent of the state government buildings).

The bottom 28 ranks are for offices with BPI > 1

» Eighteen owner-occupied offices are in the bottom 28. There are 12 offices where the owners occupied and managed
the facilities in-house, and third parties managed the remaining 6.

61



Energise 2023 Conference Proceedings

« All 7 offices where multiple tenants occupied and managed facilities are in the bottom 28.
« Fourteen of the 28 offices at the bottom are occupied by central government agencies, 12 by private companies, and
the remaining 2 by state government bodies.

Qualitative Survey

We conducted a qualitative survey of the 50 offices over the telephone due to COVID-19 restrictions. The survey’s
primary respondents were office managers and building supervisors who had provided the quantitative survey data. The

interviews focused on two questions:
What are the barriers to implementing EE retrofits in buildings?

Barriers to EE retrofits in buildings are an acknowledged knowledge gap [13]. We wanted to test the applicability of the
“split incentives” and other barriers across different buildings.

BPI

Owner-occupied and managing facilities
Owner-occupied and private management of facilities

m Multitenant office space, management of individual
facilities by tenants

m Single-tenant office space, facilities management by tenant
m Multitenant office space, management by owner

il

Rank

Figure 1: BPIs and Building Ranks by Building Categories
What are the enablers (or drivers) to EE services?

We wanted to document specific drivers of EE services, including retrofit projects. We wanted to see if the benchmarking
survey results changed mindsets or receptivity toward EE services in existing offices.

Based on the survey, the findings and inferences are tabulated below.

Barrier Category

Findings from Kochi

Inferences

Split incentives

Most offices were bare when tenants moved in. The tenant
had to invest and install cooling equipment (e.g., ACs) and
lighting. Although tenants could have installed efficient
equipment, most did not, except for Level 1 interventions
(replacing broken bulbs with LED lights). [Based on the
responses, we classified the replacements and retrofits into
three levels: Level 1, referring to no changes or minor
replacements (e.g., lights in case of a breakdown to LEDS);
Level 2, referring to full-scale retrofits of the lighting system
and fixtures to more efficient LEDs; and Level 3, referring to
the replacement of higher-cost ACs with higher-efficiency
equipment.

Tenants having to invest up-front in efficient
equipment typically opt for low-cost equipment
and appliances. EE considerations are unlikely
to be prioritized unless they are readily available
(e.g., LED lights). Also, though tenants could
make their own decisions, the owners’
management of services may have impacted
their decision not to purchase and install more
efficient equipment.

Financing

In offices where owners or tenants managed facilities,
operations budgets paid for replacements or retrofits, even
for new ACs. However, most offices, irrespective of who
owns or occupies them, had only carried out Level 1
interventions. When asked, all except one identified
financing as a challenge to installing new EE equipment.
Interestingly, we found that there is no interest in taking loans
to finance retrofits.

Upgrading and retrofitting HVAC systems is
generally expensive and may need significant
capital (especially in small offices). Given the
limited presence of HVAC systems in the study,
replacing split ACs with energy-efficient ones is
important. ACs or retrofitting efficient fans
appears to be easier to implement. However,
these do not achieve scale (in terms of cost
savings), and more expensive upgrades need
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management approval if they are financed from
operational budgets.

Most electrical upgrades or replacements are
Interest All the surveyed offices ranked energy saving as one of their| postponed until there is a breakdown of
motivation top five priorities. But beyond stating this, they did not do| equipment. Even then, EE is not the first
saving energy | much to achieve that goal. Their primary need was the| consideration for replacement. Alternatives that

and in presence of a reliable power backup. are readily available and affordable are
prioritized.
Broader In mature markets, ESCOs can aggregate

smaller projects on behalf of office owners to
lower project management and implementation
costs [14]. In India, while ESCOs operate in the
building sector, awareness of their existence and
utility is limited.

information and | Most offices surveyed were aware of energy-saving

awareness on measures. However, knowledge and awareness of ESCOs
the energy were limited across the board.

services market

Discussion

Findings and Critical Observations

« Benchmarking building energy use is possible in Indian cities with minimal data. We used readily available or
collectable data for establishing relative energy efficiency levels of buildings. However, statistical applications for
data analysis would require training and capacity-building of program officials.

» Interest and involvement of ULBs are very important. ULBs play a critical role in supporting the data collection
exercise.

» There was little evidence of the split incentive barrier. Most tenants moved into offices where the owner provided only
basic lighting and core services. Though tenants had the choice of installing efficient equipment and appliances, they
preferred purchasing lower-cost and more readily available average efficiency alternatives in the market, except light-
emitting diode (LED) lights, because of their ubiquitousness.

e There is no demand for financing high-cost upgrades. None of the offices expressed interest in taking loans or
accessing other finance for more expensive retrofits or replacements. They were satisfied with their operations budget
for upgrades and replacements.

« Saving energy is considered important to offices even though their actions suggest otherwise. Offices ranked energy
savings as one of their top five priorities, but their actions, for example, on energy audits or purchase of high-efficiency
equipment, do not back this up.

« Awareness of ESCO models is low. Offices were not aware of energy service companies (ESCOs) and their business
models. Those who had heard of ESCOs perceived the business model to be more suited to industries.

Conclusion and Recommendations

» City-level benchmarking exercises are the starting point for evaluating the performance of buildings and identifying
opportunities to improve operational performance.

» Regular benchmarking can support the development of outcome-based building codes, elevating India’s building
efficiency policy efforts.

» Availability of tools and approaches for benchmarking at local levels is necessary to ensure regular improvements.

» Kerala Institute of Local Administration (KILA) can sensitize local bodies on the importance and benefits of energy
benchmarking to track the performance of their buildings and encourage energy retrofits afterward.

» Energy Management Centre in Kerala can adopt the methodology attempted in this study to build a benchmarking
tool for application throughout the state, thus informing the design of local EE programs and schemes on building
stock efficiency improvements in cities.

e The success of EE policies and programs can vary due to local market factors. A deeper understanding of local
variations in EE’s perceived barriers and opportunities can inform better design and implementation of EE schemes
in existing buildings.
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Highlights
« Thermal mass on the interior side and insulation on the exterior side of walls exhibit better thermal performance in
cold climates.

» It reduces the HED by 4% and HDD by 3% across the different climate severities.
» The South orientation is preferred over other orientations.
» Higher WWR leads to higher energy consumption and heat loss.

Abstract

This study investigates the effect of thermal mass and insulation position on the thermal performance of residential
buildings in a cold climate. A combination of numerical simulations and field measurements is employed to assess the
impact of different wall configurations on heating energy demands and comfort. Configurations with thermal mass placed
on the interior side of walls exhibit better thermal performance, reducing temperature fluctuations and enhancing thermal
comfort. The study also explores the influence of climate severities, changing the window-to-wall ratio and building
orientation on energy savings and comfort for various wall configurations. Wall B (thermal mass inside and insulation
outside) reduces HED by 4% and HDD by 3% across different locations. Wall B reduced HED by 9.8% and HDD by 1.4%
for a south facing building, and reduced HED by 3.2% and HDD by 2.2% for 10% WWR.

Keywords: Thermal performance, Thermal mass, Insulation, Residential buildings, Cold climate.

Introduction

As the world grapples with the escalating challenges of climate change and the urgent need for sustainable development,
it becomes increasingly vital to optimize energy consumption and enhance thermal comfort in residential buildings. In
India, a country with diverse climatic zones, the demand for housing is rapidly escalating due to a growing population
and urbanization. The energy demand accounted for about 35% of building energy use in 2021, up from 30% in 2010 [1].
In the context of a cold climate, where low temperatures prevail for a significant portion of the year, the key factors
influencing thermal performance in residential buildings are the placement of thermal mass and the implementation of
proper insulation [2]. Thermal mass refers to the ability of a material to absorb, store, and release heat. Its strategic
positioning within a building can help moderate indoor temperatures by absorbing excess heat during the day and
releasing it when the ambient temperature drops. Additionally, insulation serves as a vital component in reducing heat
transfer between indoor and outdoor environments, effectively mitigating thermal losses during cold weather.

Several studies have already demonstrated that different configurations of insulation and thermal mass have varying
effects on both heating and cooling energy consumption and comfort. Kossecka and Kosny [3] carried out a whole-
building energy analysis and concluded that the material configuration of the exterior wall could significantly affect
annual thermal performance. The best performance was obtained when massive materials were located on the inner side.
Al-Sanea and Zedan [4] showed that the insulation layer location had a significant effect on transmission loads. By placing
the insulation on inside, the transmission load was reduced to 20% of that of outside insulation. Results also showed that
wall orientation had a significant effect on the thermal behaviour of the building. A south-facing wall was most favoured
and gave a 12% lower transmission load compared to the least favourable orientation. Changes in WWR in a low and
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high thermal mass building leads to lower heating and cooling demands for different climates [5]. Furthermore, there is
a lack of research focusing on the performance of thermal mass in cold climates [6]. The research that does exist relating
to cold climates is patchy and contradictory, and few studies look at its effects in a generalizable, quantifiable sense [6].

The primary objective of this study is to investigate the effect of thermal mass and insulation position on the thermal
performance of residential buildings in a cold climate. For this purpose, a residential building is modelled, and simulations
were carried out to evaluate the appropriate positioning of thermal mass and insulation required to achieve energy
efficiency and improved thermal comfort. The effect of orientation, WWR, and climate severities is also evaluated for the
wall configurations with respect to comfort and energy savings. The findings will guide policymakers, architects, and
engineers in formulating effective building design strategies, constructing energy-efficient housing, and ultimately
contributing to the sustainable development of residential infrastructure in cold climate regions of India.

Methods

A residential building was investigated through real-time field measurement. The reference building was modelled in
TRNSYS software and validated using real-time field data. Simulations were carried out in the reference building model
to study the variation in comfort and heating energy demand for different wall configurations. Wall configurations with
the same U-value but different thermal mass were considered for simulations. The effect of the wall configurations on
comfort and heating energy demand is investigated for various orientations, WWR, and climate severities.

Climate and Building Characteristics

The study pertains to Mussoorie city (30.45°N; 78.06°E), located in Uttarakhand state in India, which represents a cold
climate zone (Cwhb). The dry bulb temperature ranges from -4°C to 18.5°C in winter (January) and 9.8°C to 33°C in
summer (May). The diurnal temperature range during winter is around 15°C, and that during summer is about 17°C. A
naturally ventilated residential building was chosen to study the thermal performance through real-time field
measurements. The indoor and outdoor air temperature and relative humidity are recorded at ten minutes intervals from
January 2021 to December 2021 [7]. Table 1 shows the characteristics of House A.

Table 1: Characteristic description of residence.

Parameters House A
Perimeter 41m
Floor Area 84 m?
\olume 235 m?
Floor-to-floor height 2.8m
Orientation South facing
Wall type 230 mm Brick Masonry
Wall U-value 2.18 W/m?K
Roof type 150 mm RCC Slab
Roof shape Flat
Roof U-value 3.75 W/m?K
Window type Wooden frame with 3 mm Single clear glass
Sill height 0.8m
Lintel height 2m
WWR 10%
Overhang depth 0.6 m

Figure 1 shows the floor plan with the location of sensors (grey circle) and the view of House A.

BEDROOM A BEDROOM B
DRAWING ROOM 36mx 3.6m 3.7m x 3.6m
3.6m x 5Sm

KITCHEM

Figure 1: Floor plan showing sensor location and view of House A

66



Energise 2023 Conference Proceedings

Figure 2 shows the real-time indoor environment conditions in the bedroom and drawing room for four consecutive days
in the winter month of January, the transition month of March, and the summer month of May. The readings are obtained
using a temperature and humidity data logger with a precision of £0.50C & +3% RH and a resolution of 0.1°C & 0.1%
RH. The outdoor temperature ranges from -0.7°C to 31°C, and relative humidity ranges between 15% to 96% during the
recorded period. The indoor temperature ranges from 3.3°C to 33.2°C, and relative humidity ranges between 20% to 95%
for the measured period in House A.

REAL TIME OUTDOOR & INDOOR TEMPERATURE : WINTER REAL TIME QUTDOGOR & INDOOR TEMPERATURE : TRANSITION
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8
4
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Figure 2: Indoor temperature variation measured in House A in January, March, and June

The indoor temperature of both the drawing room and bedroom remains within the IMAC (Indian Model for Adaptive
Comfort) comfort band of 85% acceptability limits [8] in winter. But remains hotter during the transition and summer
months. This may be due to the South-West orientation of the drawing room and the absence of external walls and
windows in the bedroom. The external windows on the south and east of the drawing room remain open from 8 am to 5
pm in summer and transition months, while in winter, the windows remain open from 10 am to 3 pm. The internal window
of the bedroom remains closed throughout the year.
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Figure 3: (a) Validation of measured and simulated indoor temperature data for three consecutive days. (b) Scatter plot
showing R? value of the measured and simulated data for the measured period

Validation

House A was modelled in TRNSYS, and the simulation results were validated with the actual field measurements under
similar conditions comparing the indoor air temperature. The results of a survey on the average and maximum errors
recorded in simulation validation studies are presented, whereby the typical maximum error is below 7°C, and the average

67



Energise 2023 Conference Proceedings

error is 4.3°C. The CVRMSE (Coefficient of Variance of the Root Mean Square Error) value between modelled and
measured indoor air temperature is 9.4%. According to the ASHRAE Guide [9], the models are validated when the
CVRMSE values fall within 30%, and the R? value is > 0.75 for hourly data. CVRMSE is given by Equation (1):

$Ni (Mi—gi)z
CVRMSE = Y""—"_Ni__ (1)

NiZi Mi
where Mi — Measured data; Si — simulated data; Ni — count of the number of the data used in the validation. Figure 3 (a)
shows the simulated and measured indoor temperature data for three consecutive days in House A. There was a delay in
peaks of measured and simulated data due to infiltration. This validated model is used to carry out further simulations.
Figure 3 (b) shows the R? value of the simulated and measured temperature for the measured period.

Wall Configuration

Wall assemblies were created to carry out simulations to compare heating energy demand and comfort. Wall assemblies
with the same U-value were considered, while they differ with regard to location and number of insulation layers. One,
two, and three insulation layers are investigated. The thermal mass comprises either one 300-mm-thick Random rubble
masonry or two 150-mm-thick random rubble masonry, as it is practically applicable and locally available material in
Uttarakhand [10]. A 10-mm-thick cement plaster on each side encloses the wall assembly. The properties of materials are
summarized in Table 2, while Table 3 gives the schematics, U-value, and internal areal heat capacities [11] of wall
configurations. The internal areal heat capacity describes the real capacity to accumulate heat on the inner side of a
building element. Since the main idea was to investigate the effect of varied thermal mass, the U-values have been kept
the same in all the cases, and hence, the conventional brick wall with cement plaster is not included, as its U-value will
change with respect to other wall assemblies.

Table 2: Material Properties [12]

Material Density Conductivity Specific heat
(kg/m?3) (W/mK) capacity (J/kg K)
Random rubble 1922 1.585 880
Cement plaster 1762 0.721 840
Insulation_EPS 30 0.032 1250

Table 3: Wall configurations with differing locations of insulation and thermal mass [13]

U-value | Internal Areal heat

Schematics Wall Assembly (Inside to outside) (Wim2K) | capacity (kJ/m2K)

10 mm thick cement plaster + 30 mm thick
wall A EPS insulation + 300 mm thick random rubble masonry 0.75 20.6
+ 10 mm thick cement plaster

10 mm thick cement plaster + 300 mm thick random
Wall B | rubble masonry + 30 mm thick EPS insulation + 10 mm 0.75 72
thick cement plaster

10 mm thick cement plaster + 150 mm thick random
rubble masonry + 30 mm thick EPS insulation + 150 mm
thick random rubble masonry + 10 mm thick cement
plaster

Wall C 0.75 77.5

10 mm thick cement plaster + 15 mm thick
EPS insulation + 150 mm thick random rubble masonry
+ 15 mm thick EPS insulation + 150 mm thick random
rubble masonry + 10 mm thick cement plaster

Wall D 0.75 26

10 mm thick cement plaster + 150 mm thick random
rubble masonry + 15 mm thick EPS insulation + 150 mm
thick random rubble masonry + 15 mm thick EPS
insulation + 10 mm thick cement plaster

Wall E 0.75 75.4

10 mm thick cement plaster + 15 mm thick
EPS insulation + 300 mm thick random rubble masonry
+ 15 mm thick EPS insulation + 10 mm thick cement
plaster

Wall F 0.75 254
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10 mm thick cement plaster + 10 mm thick
EPS insulation + 150 mm thick random rubble masonry

Wall G + 10 mm thick EPS insulation + 150 mm thick random 0.75 31.4
rubble masonry + 10 mm thick EPS insulation + 10 mm
thick cement plaster

Grey: Cement plaster; Red: Insulation; Yellow: Random Rubble masonry

The wall configurations were compared to investigate the heating energy savings and reductions in HDD (Heating Degree
Days) with respect to climate severities, orientation, and WWR. The Heating Degree Days are calculated in accordance
with the EN 15251 standard [14], which provides a comprehensive method for determining the HDD values based on the
outdoor temperature. The study includes three locations with varying climate severity levels: MILD: New Tehri (HDD =
2983), COLD: Mussoorie (HDD = 3237), and COLDER: Chakrata (HDD = 3491). The window-to-wall ratio (WWR)
ranges from 10% to 40%, and all four orientations (North, South, East, and West) are simulated to evaluate the impact of
wall configurations on the thermal performance of the residence. The drawing room facing south west was selected for
running simulations on the validated model of House A for assessing the heating energy demand and heating degree
discomfort hours.

Results

The paper investigated the effect of thermal mass and insulation position on the thermal performance of residential
buildings in a cold climate. Simulations were performed for seven different wall configurations to assess the heating
energy demand and comfort. The drawing room was simulated under two conditions: First — naturally ventilated condition,
where the windows were programmed to open when the indoor temperature exceeded 24°C and close when the outdoor
temperature surpassed the indoor temperature. Secondly — heating conditions, where a heating set point of 22°C is set as
per EN 15251 standard to heat the room and maintain a comfortable temperature inside. This provides insight into the
thermal behaviour of the room and heating energy requirements for different wall configurations.

Figure 4 a) shows the fluctuations in indoor temperature conditions for different wall configurations on a peak winter day
(December 21).
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Figure 4: (a) Indoor air temperature and (b) surface temperature conditions for different wall configurations on a peak
winter day

The outdoor temperature ranges from 1.4°C to 10°C on a peak winter day (December 21) considered here. Analysis of
indoor temperature reveals that Wall A exhibits an ambient temperature that is 1.4°C lower than Wall B at 7 am when the
indoor temperature is lowest. Despite having the same U-value, the variation in the positioning of thermal mass and
insulation causes differences in indoor temperature conditions. Based on the decreasing order of preference in terms of
indoor temperature, the ranking of walls would be Wall B, Wall E, Wall C, Wall G, Wall F, Wall D, and Wall A. Figure 4
b) shows the indoor surface temperature for a south exposed wall for different wall configurations. The exterior surface
temperature of the walls varies between 3.3°C and 9.6°C. The indoor surface temperature for Wall A is 1.8°C lower than
Wall B. The AT for Wall A is 1.6°C whereas AT for Wall B is 1°C only on a peak winter day. This suggests there is less
fluctuation in the indoor surface temperature for Wall B than for Wall A. The outdoor temperature ranges from 18°C to
32°C on a peak summer day (June 21). Analysis of indoor air temperature and surface temperature reveals that at 6 pm,
when the indoor temperature reaches its peak, Wall A maintains an ambient temperature of 0.1°C cooler than Wall B,
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while its surface temperature is 0.2°C warmer than Wall B. Since there is no significant difference in indoor air
temperature and surface temperature, Wall B remains the preferable choice over Wall A, even during the summer months.

To evaluate the thermal performance of the buildings, various thermal performance indexes like time lag, damping, and
decrement factor are used [15]. Table 4 presents the maximum and minimum thermal performance of different wall
configurations in terms of decrement factor for surface temperature, damping, and time lag based on indoor and outdoor
air temperature for a typical winter month (Dec+Jan).

Table 4: Thermal performance of different Wall configurations in winter month

Wall Decrement factor Damping (%) Time lag (hrs)
min max min max min max

Wall A 0.3 0.7 40 62 1 4
Wall B 0.1 0.5 42 89 1 5
Wall C 0.1 0.7 23 90 1 5
Wall D 0.3 0.7 22 69 1 3
Wall E 0.1 0.7 31 90 1 5
Wall F 0.3 0.8 21 68 1 3
Wall G 0.2 0.9 10 72 1 3

From Table 4, it is evident that Wall B exhibits the lowest decrement factor, highest damping, and highest time lag among
the different wall configurations. This indicates that Wall B outperforms the other configurations in terms of thermal
performance. Figure 5 shows the heating energy demand for a peak winter day with different wall configurations.
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Figure 5: Heating energy demand for different wall configurations on a peak winter day

Analysis of heating energy demand for a peak winter day shows that HED for Wall A is 150 Watts or 12% higher than
Wall B. Therefore, Wall A serves as the reference case for comparing the energy savings and reduction in heating degree
days among other wall configurations.

Effect of Wall Configuration on climate severity wise thermal performance

The study examined the variations in indoor air temperature and heating energy demand across different climate severities
represented by the selected locations, i.e., New Tehri, Mussoorie, and Chakrata. The locations were selected to represent
the mild, cold, and colder conditions. The results are for the drawing room with external walls facing south and west. The
results demonstrated that buildings located in harsher climates experienced higher heating energy demand and more
significant temperature fluctuations. Table 5 shows the reduction in HED and HDD for different wall configurations and
climate severities.
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Table 5: Effect of wall configurations on climate severities showing reductions in HED and HDD

Wall New Tehri Mussoorie Chakrata

HED (% HDD % HED (% HDD % | HED (% HDD %

Savings) reduction | Savings) reduction | Savings) reduction
Wall A 1642 kWh 2035 hrs 1720 kWh | 2150 hrs | 2211 kWh | 2210 hrs
Wall B -4.2 -3.1 -3.2 -2.2 -2.8 -0.5
Wall C -4 -2.3 -3 -1.7 -2.6 -0.4
Wall D -1.7 -0.6 -1.3 -0.6 -11 -0.2
Wall E -4 2.7 -2.8 2.1 -2.6 -0.4
Wall F -1.7 -1 -1.2 -0.6 -1 -0.1
Wall G -2.3 -1.2 -1.7 -0.9 -1.4 -0.2

There is an increase of 25% in HED with the increase in climate severity from New Tehri to Chakrata. Among the various
wall configurations, Wall B demonstrated a reduction in Heating Energy Demand (HED) ranging from 3% to 4% and a
reduction in HDD ranging from 0.5% to 3% across the different

locations.

Effect of Wall Configuration on orientation wise thermal performance

The impact of different building orientations on indoor air temperature and heating energy demand was analyzed. The
results are for the drawing room in Mussoorie. The results indicated that buildings with favorable orientations, such as
south-facing walls, experienced better thermal performance. These orientations allowed for increased solar gain, resulting
in reduced heating energy demand and improved thermal comfort. Table 6 shows the reduction in HED and HDD for
different wall configurations and orientations.

Table 6: Effect of wall configurations on orientation showing reductions in HED and HDD

North East West South

Wall HED (% HDD % HED (% HDD % '_|(0E/0D HDD % HED (% HDD %

Savings) reduction | Savings) reduction Savings) reduction Savings) reduction

Wall A 1720 kwh | 2150 hrs i?/\?rl] 2119 hrs E’/\% 2045 hrs | 1297 kWh 1989 hrs
Wall B -3.2 -2.2 -3.9 -1.8 -7 -1.7 -9.8 -1.4
Wall C -3 -1.7 -3.2 -1.3 -5 -1.1 -7.3 -1
Wall D -1.3 -0.6 -14 -0.5 -2.7 -0.4 -35 -0.4
Wall E -2.8 -2.1 -2.9 -1.4 -5.6 -1.3 -8.3 -1.2
Wall F -1.2 -0.6 -1.4 -0.5 -1.8 -0.5 -1.9 -0.4
Wall G -1.7 -0.9 -2 -0.8 -2.7 -0.7 -3.2 -0.6

As the orientation of the building changes from north to south, the HED is reduced by 24%, and the HDD is reduced by
8%. Among the various wall configurations, Wall B demonstrated a reduction in Heating Energy Demand (HED) of 9.8%
and a reduction in HDD of 1.4%, specifically for the south orientation. These reductions in HED and HDD indicate that
Wall B outperformed all other wall configurations, demonstrating the highest energy efficiency and improved thermal
performance for all orientations.

Effect of Wall Configuration on window-to-wall ratio wise thermal performance

In a cold climate, the increase in Window-to-Wall Ratio (WWR) can have a notable impact on building heating energy
demand. As the WWR increases, the surface area of windows also increases, leading to higher heat loss from the building
envelope. This increased heat loss through windows can result in higher heating energy demand to maintain desired indoor
temperatures. Simulations were carried out to study the effect of wall configurations on increasing WWR. The simulations
are for the drawing room facing south and west in Mussoorie with a 3 mm single clear glass window with a U-value of
5.6 W/m?K. Table 7 indicates the reduction in HED and HDD for different wall configurations and WWR.
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Table 7: Effect of wall configurations on WWR showing reductions in HED and HDD
WWR 10 % WWR 20 % WWR 30 % WWR 40 %

Wall HED (% HDD % HED (% HDD % HED (% HDD % HED (% HDD %
Savings) | reduction | Savings) reduction Savings) | reduction Savings) | reduction

Wall A 1720 kWh | 2150 hrs | 1762 kWh | 2162 hrs | 1795kWh | 2188 hrs | 1886 kWh | 2252 hrs

Wall B -3.2 -2.2 -2.5 -1.7 -2 -1.6 -1.8 -1.3
Wall C -3 -1.7 -2.2 -1.3 -1.9 -1.2 -1.7 -1.1
Wall D -1.3 -0.6 -1.1 -0.2 -1 -0.2 -0.8 -0.1
Wall E -2.8 -2.1 -2.5 -1.3 -1.7 -1.2 -1.5 -1.1
Wall F -1.2 -0.6 -1 -0.2 -1 -0.2 -1.3 -0.2
Wall G -1.7 -0.9 -1.5 -0.4 -1.3 -0.3 -0.9 -0.3

It was observed that as the WWR increased, the HED increased by 8.8% from WWR 10% to WWR 40%, and the HDD
increased by 4.5%. This indicates that in cold climates, lower WWR is preferred. Among the various wall configurations
studied, Wall B consistently demonstrated a reduction in Heating Energy Demand (HED) and Heating Degree Days
(HDD). For a 10% WWR, Wall B exhibited a decrease in HED by 3.2% and HDD by 2.2%. This trend persisted as the
WWR increased from 10% to 40%. However, higher WWR with double glazed windows and brick masonry walls will
lead to lower heating energy demand [16], which is opposite to the case discussed here.

Conclusion

In conclusion, this study investigated the effect of thermal mass and insulation position on the thermal performance of
residential buildings in a cold climate. The research aimed to understand the impact of these factors on energy
consumption and thermal comfort conditions in residential buildings. The results of the study demonstrated that the
positioning of thermal mass and insulation significantly influenced the thermal performance of residential buildings. By
varying the wall configurations, it was observed that different combinations of thermal mass position and insulation had
varying effects on both heating demands as well as indoor thermal comfort. The findings indicated that the location of
thermal mass played a critical role in regulating indoor temperatures. Configurations with thermal mass placed on the
interior side of the walls exhibited better thermal performance by reducing temperature fluctuations and enhancing
thermal comfort. In contrast, configurations with thermal mass placed on the exterior side resulted in higher temperature
variations and increased energy consumption.

Furthermore, the study explored the impact of climate severities, orientations, and window-to-wall ratio on energy savings
and comfort. The study revealed that harsher climates resulted in increased heating energy demand, while changing the
orientation from north to south decreased heating energy demand, and increasing the window-to-wall ratio led to higher
heat loss and increased heating energy demand. Among the various wall configurations analyzed, Wall B, with thermal
mass positioned on the interior side and insulation on the exterior side, consistently exhibited superior performance in
terms of energy demand reduction and thermal comfort across all conditions of climate severities, orientation and WWR.
The thermal mass layer inside delays the heat loss and maintains the indoor air temperature while the thick insulation
layer outside resists the heat loss to outside.

Nonetheless, practical challenges arise when applying insulation on the outer side of the wall rather than the inner side.
Additional protective measures must be taken externally to shield the insulation from potential harm caused by sun and
rain exposure. Consequently, there is a 10% escalation in costs due to the need for separate scaffolding installation.

Overall, this research highlights the significance of thermal mass and insulation positioning in optimizing the thermal
performance of residential buildings in cold climates. The findings of this study contribute valuable insights for architects,
engineers, and policymakers in designing energy-efficient residential buildings in cold climate regions. By considering
the optimal positioning of thermal mass and insulation, it is possible to create buildings that provide comfortable living
conditions while minimizing energy consumption and promoting sustainability in the built environment.

In future research, there is potential for exploring additional thermal mass materials such as dense concrete, heavy-weight
hollow concrete blocks, brick, and cavity walls. These materials play a crucial role in the thermal properties of the building
envelope, affecting the temperature difference between the indoor and outdoor environments and consequently impacting
energy efficiency. Furthermore, conducting a sensitivity analysis on the key thermophysical properties of construction
materials with respect to climate severities could be an area of focus for future studies.
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Highlights

< Machine learning for predicting OT as a scalable approach for adaptive comfort controls.

< Using the corrective power index for cooling to adjust the upper limit of the thermal comfort band based on air speed
achieved by ceiling fans.

< Thermal comfort study of comfort votes and energy consumption, compared to a 24°C constant setpoint.

e Cooling energy savings of more than 97% with higher comfort votes for the demonstrated control sequence.

Abstract

This study aims to use the corrective power of personal comfort systems of -1K to -6K [2] and prioritise ceiling fan
operation over AC to reduce energy consumption and implement controls based on Operative temperature (OT). We use
a machine learning algorithm that takes indoor air temperature and outdoor values for air temperature, wind speed, and
relative humidity as inputs and predicts the indoor OT of a space. The predicted OT is used to determine thermal comfort
according to the India Model for Adaptive Comfort (IMAC). We have developed a control sequence that automates ceiling
fan speed operation and air-conditioning (AC) set-points. The control sequence is tested in two different rooms; one, a
passively designed building with an insulated envelope, and another, a typical uninsulated building, tested against a base
case of 24°C set-point suggested by the Bureau of Energy Efficiency (BEE), India, with no ceiling fans operating. The
testing shows that the control sequence that prioritises ceiling fan operation has higher comfort votes than the BEE base
case, and the control sequence provided more than 80% cooling energy savings compared to the BEE base case.

Keywords: Adaptive thermal comfort, operative temperature, corrective power Index, machine learning, ceiling fans
Introduction

Per capita annual energy consumption for space cooling in India is only 69 kWh compared to the global average of 272
kWh [1]. However, rising temperatures and income levels will increase India’s cooling energy requirement, and the India
Cooling Action Plan [2] calls for synergistic actions across sectors to provide sustainable cooling that is affordable. Most
of the new buildings are air-conditioned, and much of the existing building stock is being retrofitted with AC systems.
This has resulted in a wide array of mixed mode buildings and begs a closer look at mixed mode operation.

The existing controls are mostly based on air temperature because the operative temperature is difficult to measure in
real-time, while it is a better indicator of indoor thermal conditions [3]. Also, the automation of ceiling fan controls is not
explored well since most of the research performed already focuses on providing fan controls to occupants in cases of air
speeds higher than 0.8 m/s [4].

This study aims to implement controls based on operative temperature (OT) used in the adaptive comfort model (IMAC)
of the National Building Code (NBC) of India. We use the corrective power of personal comfort systems (PCS) of -1K to
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-6K [5] and prioritise ceiling fan operation over AC to reduce energy consumption and implement controls based on
Operative temperature (OT).

We use a machine learning (ML) algorithm that takes indoor air temperature and outdoor values for air temperature, wind
speed, and relative humidity as inputs and predicts the indoor OT of a space. The predicted OT is used to determine
thermal comfort according to the IMAC. For this study, the control sequence is tested in two different rooms; one, a
passively designed building with an insulated envelope, and another, a typical uninsulated building, tested for these 3
conditions:

< Base case of 24°C (AC set-point suggested by the Bureau of Energy Efficiency, India) with no ceiling fans operating.
e IMAC AC set point at the neutral temperature of the comfort band, without fans.
e Ceiling fan prioritised control sequence

The aim of this research is to develop, implement, and test a control sequence that prioritizes the use of ceiling fans over
air-conditioners, integrating products available in the market to provide energy efficient and comfortable cooling while
maintaining the thermal comfort of the occupants.

The significant contributions of this work are to demonstrate that OT predicted in real-time with ML can be used in a
control sequence that automates the prioritisation of ceiling fans and that in tropical conditions such as those prevailing
in India, occupants report higher levels of comfort with ceiling-fan induced air movement and higher temperature set
points. The findings of this study point to a method of space cooling that takes full advantage of the IMAC and can be an
affordable and sustainable cooling approach.

Additional research can determine the extent to which this method is scalable to other building typologies and climates.
Literature review

Static models of thermal comfort helped in the formulation of thermal comfort standards that were applied universally,
but they rely solely on-air conditioning to maintain the thermal comfort of occupants [6]. A location-specific adaptive
comfort model, which includes the building’s ventilation type, was developed by Manu et al., which will help in not only
help in maintaining the thermal comfort of occupants but also help in reducing energy consumption [6], [7]. It allows
buildings to operate within a broader range of indoor operative temperatures.

The elevated air speed comfort zone method in the ASHRAE Standard 55 standards allows us to define limits for comfort
for indoor operative temperature for defined air speed in the space when other parameters like met value and clo value
are held constant. In the 2017 version of the ASHRAE Standard 55, the upper limit of airspeed was increased to 1.6 m/s
[8]. Occupants in warmer countries prefer warmer temperatures since they have adapted to high temperatures, especially
in naturally ventilated buildings where the outdoor temperature has a significant influence on the indoor comfort
parameters [9]. A study by Candido & de Dear [10] also states that occupants who feel hot prefer more air movement. Y.
Zhai et al. [11] concluded that the provision of air movement is more important than temperature control in such warm
environments.

Ceiling fans are an efficient adaptive comfort strategy to induce air movement, improve comfort, and have a corrective
power index (CP) of -1K to -7K when the air speed is as high as 1 m/s, and the ambient temperature is as high as 33°C
[12]. Corrective power is defined by ASHRAE 55 as the ability of a PCS to correct the thermal sensation of a person
toward the comfort zone. It is expressed as the difference in operative temperatures between two instances where equal
thermal sensation is achieved, one with PCS and one without PCS [4]. In a thermal comfort study conducted in California
with a hot and dry climate across 10 buildings with air conditioners, ceiling fans provided comfort at 26.7°C with air
movement rather than having only air conditioning at 22.2°C [13],[14]. In another study conducted in the tropics, ceiling
fans provided comfort up to 27°C, but if given a preference, the occupants chose to have minimal air conditioning along
with the ceiling fans as a preference to attain comfort [15]. A study by Bongers et al. [16] in Australia states that the use
of ceiling fans can increase the temperature limit when the air conditioning needs to be switched on. The study reports
annual energy savings up to 76%. A thermal comfort tool by the Center for Built Environment [17] shows that the upper
limit of the comfort model shifts further upwards in response to increased airspeed in space. De et al. [3] used the tool to
obtain the upward shift for several conditions and developed an equation to apply the effect of air speed on the IMAC
band.

Methodology
Validation of ML model

The ML model for predicting OT was developed by [3] De et al. for a workstation room in a passively designed building
with significant envelope insulation. This model was tested by comparing its predictions for OT with 1-week long hourly
data from measurements of the globe temperature, air temperature, and airspeed in the two conference rooms where the
control sequence was to be implemented. These measured data were used to calculate the mean radiant temperature and
the OT based on 1SO 7726-1998. These calculated OT values were then compared with those predicted by the ML model.
Mean bias error (MBE) and Root mean squared error (RMSE) were calculated. The RMSE = 4% and MBE = 3%, the
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accuracy was found to be 96.77 %. With these results, the ML model was then used to predict OT for use in the control
sequence.

Equipment installation and setup in spaces

Two conference room spaces in Bangalore were selected for the study. One was in a passively designed insulated office
building, and the other was in a typical business as usual, uninsulated office building. Both rooms had split AC units and
were operated in mixed mode. Atomberg brushless direct current (BLDC) smart fans were installed in both rooms.

Indoor environmental quality (IEQ) boxes were installed in both rooms to collect air temperature relative humidity data.
The boxes also had sensors for CO, PM. s, and PMyo, but this data was not used in the study. Outdoor weather parameters
are collected with a weather station on the building. Energy meters were installed to collect energy consumption data for
the AC and the ceiling fans. Infrared (IR) blasters were installed to control the ceiling fans and the AC units. See Figure

Energy Meter

IR Blaster

(c) (d)
Figure 1. Images of the hardware installed in each room: (a) BLDC ceiling fan, (b) IEQ box, (c)IR blaster, and (d)
energy meters

Developing the control sequence
We use the IMAC for determining the thermal comfort band. Based on the National Building Code 2016, Volume 2, the
90% acceptability range for mixed-mode buildings band is calculated as

IMAC_upper = ((0.28 x outdoor temperature) + 17.87) + 3.46 @

IMAC _lower = ((0.28 x outdoor temperature) + 17.87) - 3.46 2
Where IMAC_upper and IMAC_lower are the upper and lower limits, respectively, of the thermal comfort band.
The IMAC _upper is used as the threshold for determining comfort.
The OT prediction ML model runs every minute using the data from the IEQ box and the weather station. The predicted
OT is compared with the upper limit of the thermal comfort band.
To determine the upward shift of the upper limit of the band when air speed is introduced as a variable in space, we use
the equation determined by De et al. (2022) [3].

y=-1.39x*+ 4.92x - 1.38 3)

where y is the shift in the upper limit of the band and x is the air velocity.
The BLDC fans have 5 speed settings. For each setting, the air speed experienced by the users in the space is calculated
as an average for the air speeds experienced by all the users. The air speed experienced by each user is calculated as the
average air speed measured at heights of 0.6 m and 1.1 m from the floor level [18]. This approach was used to precalculate
the airspeed achieved for each fan speed. The shift of the extended upper limit (extended IMAC_upper) of the comfort
band is calculated using the airspeed achieved at each setting and equation 3.
If the predicted OT is lower than IMAC _upper, the control sequence keeps the ceiling fan and AC off.
If the predicted OT is higher than IMAC_upper but lower than the extended_IMAC_upper, the control sequence turns on
the ceiling fan to the appropriate air speed but keeps the AC off.

If the predicted OT is higher than the extended IMAC_upper for the highest fan speed setting, the fan is switched on at
the highest speed to use its full potential, and the AC is switched on with the highest set-point possible. This setpoint is
calculated in the following steps:
1. By using the OT formula from 1SO 7726-1998 to calculate the MRT in the space using the predicted OT value.
2. Then the air temperature in the space is calculated using the same formula since MRT and the desired OT values
are known.
3. The calculated air temperature is sent as set-point temperature to the AC.
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Thermal comfort study and energy monitoring

Atotal of 70 respondents participated in the study, with 34 males and 36 females. The respondents were not compensated
for taking part in the study. They signed a consent form for taking part in the study and were part of one session. Each
session spanned across 2 hours and 15 minutes. The first 30 minutes were orientation, filling of forms, and acclimatisation.
The forms included data related to their age, gender, height, and weight, history of their space cooling adaptations and
preferences, recent physical activity, and documentation of the clothing that they were wearing.

The respondents were exposed to 3 different types of conditions for 30 minutes each, with 5-minute break outside the test
room between the 3 conditions. The conditions were: condition 1 - room maintained at a constant 24°C setpoint without
ceiling fans; condition 2 - room maintained at IMAC band neutral temperature without ceiling fans; and condition 3 -
room comfort maintained using the proposed control sequence.

The thermal comfort study was carried out from 14th March 2023 to 17th March 2023 in the BAU building for a total of
8 sessions with 40 participants, and on the 14th, 27th, and 28th of March in the passive building for a total of 5 sessions
with 30 participants. Respondents filled out Google Forms, and their responses were collated in Google Sheets.
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Figure 2: Three scenarios for the control sequence

Figure 3: Thermal comfort study in progress
Energy used by the air conditioners and ceiling fans in kWh was recorded by the meters.
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Figure 4: Space conditioning data from the survey
Results
Data summary

The outdoor temperature varied between 29°C and 35°C during the study. Around 60% of the respondents were in the age
group of 20 to 39 years, and the gender ratio was almost equal. (51% male, 49% female). Most of the respondents were
involved in sedentary activities before taking part in the survey. Figure 4 shows the space conditioning habits and
preferences of the respondents. Almost 98% of the respondents answered that they use ceiling fans for space conditioning
in their residence, followed by operable windows and usage of curtains/blinds. But in their workplaces, ceiling fans were
used by 68% of the participants, and operable windows and air conditioners were used by about 49% of the participants.
The preference for space conditioning methods shows ceiling fans are preferred by 49% and operable windows by 35%,
respectively. ACs were preferred by only 15% of the respondents.

During the study period, the IMAC neutral temperature setpoint was calculated at 24°C. This resulted in identical setpoints
for condition 1 and condition 2, and the results for thermal comfort and energy for those 2 conditions are very similar.
Therefore, the thermal comfort and energy analysis results below only show Condition 1 and Condition 3

Thermal comfort analysis

120%
100%
80%
60%

40%

Percentage of Votes (%)

20%

0%
BEE 24" Fan priority control

mComforiable mUncomfortable
Condition 1 Condition 3
Figure 5: Thermal comfort votes for the 3 conditions tested

About 77% of the respondents reported being comfortable in condition 3 - fan prioritized control sequence condition
compared to about 69% in the other two conditions of the study (see Figure 5). While the study demonstrates that the fan-
prioritised control sequence was preferred by the respondents, the statistical significance of these results needs to be
determined.
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Fan-setting and Airspeed Acceptability
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Figure 6: Acceptability of fan speeds

The respondents were also asked whether the airspeeds they experienced were acceptable to them. When the ceiling fan
was off, 80% found this unacceptable. Since the fans did not come on at settings of 1 and 2 (FS1 and FS2) during the
study, the data on these are not available. The airspeed of 0.4 m/s was acceptable to 75% of the respondents. The
acceptability decreases when the air speed is 0.53 m/s and 0.65 m/s but seems to slightly increase again when the speed
increases to 0.68 m/s (see Figure 6).

Energy analysis

Energy Consumption Energy Savings Comparison
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Figure 7: Energy Analysis Results, energy consumption (total during the study period in both buildings), savings for the
fan-priority control compared to BAU for each building.

The energy consumption for each condition was calculated as the difference in energy meter readings at the start and the
end of the condition. It is to be noted that the BEE 24°C baseline amounted to 3.32 kWh across all sessions while the fan
prioritized control sequence consumed up to 0.07 kWh, resulting in a cooling energy savings of 97.9 % (see Figure 7,
graph on the left). Please note that the outdoor dry bulb temperature was in the range of 35 °C to 29°C during the study
period.

In the typical BAU building, the cooling energy savings were 97.9%, and in the passively designed building, the savings
were 100% (see Figure 7, the graph on the right). The savings were 100% in the passive building because the OT was
generally in the comfort band, and in the rare cases when it was outside the comfort band, it was lower than the
extended_IMAC_upper. Thus, only the ceiling fan was switched on a few times, and the AC was never switched on. Due
to the high efficiency of the ceiling fans and the least count of the energy meters, no energy consumption was recorded
in the passive building. In the BAU building, while the OT was often greater than the IMAC_upper, it was generally
lower than the extended_IMAC_upper, resulting in ceiling fans being switched on quite often. During the entire duration
of the study in the BAU building, the AC was switched on for a duration of 5 minutes in condition 3, with the setpoint
maintained at 30°C. Thus, the energy savings for this 5-minute period (compared to the BEE 24°C condition) was 82%.
This shows that significant energy savings are possible with a ceiling-fan prioritised control sequence. This needs to be
tested when higher outdoor temperatures are prevalent, where the air conditioner will kick in more often.

79



Energise 2023 Conference Proceedings

Conclusion

This paper shows the use of a machine learning model for predicting operative temperature as a scalable approach to
providing comfort based on the adaptive model of the National Building Code of India. The approach that was developed
earlier was validated in 2 test rooms for this study.

The control sequence developed in this study uses the CBE approach, where the corrective power index (CP) of ceiling
fans was developed as an equation by De et al. [3]. It prioritises the use of ceiling fans in an automated control sequence,
and this is tested in two conference rooms, one in a passive and one in a typical BAU building. This approach raises the
upper limit of the thermal comfort band based on air speed achieved by the ceiling fan and also raises the AC set points
when the ceiling fans are in operation.

The results show that 77% of the respondents found the space comfortable with the fan prioritised control sequence, as
opposed to only 69% for the BEE proposed constant setpoint of 24°C. The fan-prioritised control sequence also resulted
in cooling energy savings of 98% during the study period, when outdoor temperatures varied between 29°C to 35°C.

The significant cooling energy savings and the fact that ceiling fans were adequate to provide comfort without ACs for
several instances in the study period show that the ceiling fan prioritised controls or just ceiling fans for cooling can be a
pathway to affordable and sustainable cooling.
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Highlights

« Determination of life cycle embodied energy for a mid-rise building in the Indian context

« Comparative assessment of the determined embodied energy to existing studies and highlighting the variation in
findings

« Comparative assessment of building's envelope based on embodied energy, identifying the most and least efficient
materials

Abstract

This paper addresses the estimation of a residential building's embodied energy through real-time data and evaluates the
influence of diverse infill wall materials on its embodied energy. The investigation centers on a 10storey residential
structure situated in Roorkee, India's composite climate. The study encompasses initial embodied energy from the bill of
quantities and recurring embodied energy from maintenance and replacement cycles. Calculated at 11630 MJ/m2, the
determined lifetime embodied energy comprises 98.6% initial and 1.4% recurrent energy. A comparative analysis is
conducted against existing literature and extended to alternative building envelopes. Findings indicate that using fly ash
lime brick for infill walls minimizes embodied energy, potentially saving around 515MJ/m2 across the building's lifespan.
This research provides valuable insights into estimating and comparing the embodied energy of residential buildings and
highlights the potential energy efficiency benefits of specific building envelope choices.

Keywords: Life cycle embodied energy, Initial Embodied energy, Recurrent Embodied energy
Introduction

In recent years, the impact of buildings on global energy consumption and greenhouse gas emissions has become a
growing concern in the context of climate change. According to the 2019 Global Report for Buildings and Construction
[1], buildings accounted for a staggering 36% of global energy consumption and contributed 39% of global emissions.
This alarming data highlights the urgent need to address the energy efficiency of buildings to mitigate climate change and
global warming.

The energy consumption of buildings occurs in two key domains over their lifetime: operational energy, which is the
energy consumed by the building's electrical load, and embodied energy, which is the energy embedded in the construction
materials used. To achieve significant reduction in the life cycle energy of buildings, it is crucial to minimize both
operational energy and embodied energy. This paper focuses specifically on the determination of the embodied energy in
a real-time building situated in the composite climate of Roorkee. Additionally, it undertakes a comparative analysis of
embodied energy for the same building, considering a range of nine different building envelopes. Each envelope
represents an alternative infill wall material, offering insight into the potential energy savings achievable through the use
of different materials in terms of embodied energy.

By shedding light on the embodied energy of buildings and the energy-saving potential associated with alternative
materials, this study contributes to our understanding of sustainable practices in the construction industry. Ultimately, it
aims to inform decision-makers and stakeholders about the importance of reducing embodied energy as part of
comprehensive efforts to create energy-efficient and environmentally conscious buildings.
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Methodology

The study was conducted following the methodology outlined in Figure 1. The research consisted of two main parts, each
addressing a specific aspect of embodied energy in buildings.

In the first part of the study, the calculation of embodied energy was performed for a residential case building located in
the composite climate of Roorkee. To determine the initial embodied energy, the bill of quantities for the building was
utilized. This involved quantifying the energy embodied in the construction materials used in the building's construction
phase. Additionally, the recurrent embodied energy for a 50-year period was calculated by considering the maintenance
and replacement cycles observed in the previous years. The calculated values of embodied energy were then compared
to the findings of the existing studies in the field of assessing the relative magnitude of the embodied energy for the case
building.

Figure 1: Methodology for the study

The second part of the study focused on investigating the impact of different wall materials on embodied energy. Nine
wall materials, identified according to the list provided by NBCC [2], were selected as alternate materials for analysis.
For each material, the initial and recurrent embodied energy values were calculated for the residential building, accounting
for the specific variation in the building envelope. A comparative analysis of the embodied energy values associated with
the different wall materials was performed, allowing for meaningful conclusions to be drawn regarding the energy-saving
potential offered by these materials.

By following this methodology, the study aimed to provide a comprehensive understanding of embodied energy in
buildings, both in the context of a specific case building and the influence of various wall materials. The findings of this
research contribute to the body of knowledge in the field and offer valuable insights for decision-makers and stakeholders
seeking to promote sustainable practices in the construction industry.

Introduction to the case study building

The case study building, depicted in Figure 2, is a real-time building situated in the composite climate of Roorkee. Table
1 provides an overview of the specifications for this particular building. Constructed in 2022, the building is a G+10
residential apartment building with a reinforced concrete frame structure and pile foundation serving as its structural
system. It is part of an apartment complex consisting of three identical building blocks, as illustrated in Figure 2. The
ground floor of each block is allocated for stilt parking.

Table 1: Specifications of the building

Specifications
Building Name River View Apartment
Location Roorkee, Uttarakhand, India
Year of Construction 2022
Climate Composite (as per ECBC)
Structural System Reinforced concrete frame structure with pile foundation
Building Typology Residential building
User Typology Staff and Faculty Housing for 1IT Roorkee
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No. of floors Stilt + 10
No. of blocks 3
No. of residences 60x3 blocks
Typology of residences 3 bhk
Built up area of 1 block 14850 m? approx.
Built up area of 1 residential unit 204 m? approx.

Phase 2: BlockB & C | |
(60 x 2) flats =

Construction completedj
in 2022

e

#’ =

261 m

0 100M
Figure 2: Apartment complex consisting of the case study building

L W |
L
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Figure 3: Typical floor plate of the apartment building.

Each typical floor plate of the building contains six residential units, as showcased in Figure 3. The total area of a typical
floor plate is approximately 1485m?, with approximately 18% of the space dedicated to circulation. Each residential unit
is a 3 bhk apartment encompassing an area of around 204 m? and featuring balconies on three sides. A visual representation
of a typical residential unit layout can be seen in Figure 4. For the purposes of this study, the anticipated life span of the
building is considered to be 50 years, aligning with established industry standards [2].
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Embodied Energy Calculation for the real time building

Initial Embodied Energy Calculation (EEinitita)

The EEinitital, Which represents the embodied energy of the construction materials, is determined for the case study building.
The bill of quantities is used to calculate the EEiniis. The embodied energy values are sourced from the "Indian
Construction Materials Database of Embodied Energy and Global Potential” [3], a report published in 2017 by the
International Finance Corporation and European Union. The embodied energy values consider the “cradle to gate" system
boundaries and do not include transportation from production to the building site. All embodied energy values are

expressed in Mega Joules per unit area.

The calculation of embodied energy covers various aspects of civil work, including concrete work, reinforced concrete
work, masonry work, marble and granite work, wood and PVVC work, steel work, flooring, roofing, finishing, pile work,
and aluminum work. The specific scope for calculating embodied energy is outlined in Table 2.

i

A

Y

A Unitl Layout (204 sqm) 0 SM
Foyer & Living
Study Dining Toilet
Kitchen Bedroom Balcony

Figure 4: Typical layout of the residential unit
Table 2: Scope of embodied energy calculation

S.No. | Works considered for Embodied Energy Calculation Works not considered for Embodied Energy calculation
1 Concrete Work Earthwork
2 Reinforced Cement Concrete Road work
3 Masonry/ brick work Sanitary Installations
4 Marble and granite Water Supply
5 Wood and PVC Drainage
6 Steel Work Water Proofing
7 Flooring Extra (New technology/materials)
8 Roofing Horticulture and landscape
9 Finishing Lightings
10 Pile Work Fire Alarm and PA System
11 Aluminum Work Lifts/ Elevators
12 Sub-station
13 DG Set
14 Earthing and Miscellaneous Items
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15 CCTV Surveillance
16 Fire Fighting Work
17 Pumps, Solar Hot Water System and Equipment

The EEiniita for each block of the case study building is determined to be 170321035.50 MJ, equivalent to 2838683.92 MJ
per residential unit. The calculated EE;niita per unit area is approximately 11469.43 MJ. Table 3 provides details on the
amount of building materials and the associated energy consumed per unit area. It is worth noting that cement and steel
account for nearly 90% of the initial embodied energy consumption despite comprising only 31% of the total material
quantity.

Table 3: Initial Embodied Energy consumed per unit area

o _ Quantity Embodied Ene_rgy Percent EEinitital
S.No. Building Material (kg/ m?) values reported in the | EEinitital (MJ/m?) consumed_by the
database (MJ/kg) material
1 Cement 1052.96 6.40 6738.98 58.76%
2 Steel 108.00 24-30 3255.08 28.38%
3 AAC 42.45 115 488.17 4.26%
4 Aluminum 0.64 330.00 211.52 1.84%
5 Tile 21.30 7.8-8.2 174.63 1.52%
6 Bricks 42.87 3.6-4.4 154.32 1.34%
7 Sand 1383.64 0.11 152.20 1.32%
8 Stone Aggregate 1069.00 0.11 117.59 1.02%
9 Kiln Dried Timber 7.81 15.00 117.21 1.02%
10 Cement based plaster 8.43 4.80 40.45 0.35%
11 Float Glass 0.60 17.00 10.10 0.08%
12 Stone Floor Tile 13.53 0.44 5.95 0.05%
13 Glass Reinforce Concrete 2.71 1.30 3.52 0.03%
3753.94 - 11469.43

It is important to recognize that there is currently no globally accepted standard or method for determining embodied
energy [4]. Consequently, an attempt is made to benchmark the calculated values of the case study against existing studies
conducted within the Indian context. Table 4 presents a compilation of such studies that have estimated the initial
embodied energy in various buildings. Notably, Figure 5 illustrates the absence of a clear pattern or relationship between
the height of the building and the initial embodied energy per unit area. The wide variability observed in different studies
can be attributed to the use of different databases, inventories, methods, and scopes employed when determining the initial
embodied energy. Achieving consistency in study outcomes demands the adoption of a shared boundary and standardized
embodied energy value. However, practical implementation poses challenges due to the substantial material diversity
inherent in various construction projects. Buildings draw materials from diverse sources, spanning both local and
international origins. Furthermore, the manufacturing processes for identical products can diverge significantly based on
geographical context. Consequently, deriving a universal embodied energy value for the same material, produced across
distinct locations, risks oversimplification in the face of intricate contextual nuances.

This underscores the inherent unpredictability and breadth of variations observed in studies. It accentuates the call for
standardized methodologies in assessing embodied energy within construction—an endeavor rife with practical
complexities, yet ongoing efforts strive for advancements in this realm.

Table 4: Initial Embodied Energy per unit area of existing studies in Indian scenario

S.No. Number of floors Structural System/ Specifications (IIE\AEJ"/“;:% Climate Source
1 1 Load bearing 4550.00 - [5]
2 2 Load bearing system Wlth'alternate or low 1610.00 ) [6]

energy materials
3 2 Load bearing system_wnh conventional 9920.00 i [6]
materials
4 2 Load bearing system 3950.00 - [5]
5 2 Load bearing system with alternate materials | 4700.00 Warm-Humid [7]
6 2 Load bearing system_wnh conventional 5600.00 Warm-Humid 7]
materials
4 Reinforced concrete frame system 3700.00 - [5]
4 Reinforced concrete frame system 7358.00 [8]
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9 7 Reinforced concrete frame system 10800.00 | Warm-Humid [9]
10 8 Reinforced concrete frame system 4210 .00 - [6]
8 Reinforced concrete frame system 4250.00 Moderate [2]
River-View . .
11 Apartments (S+10) Reinforced concrete frame system 11138.6 Composite
12 14 Reinforced concrete frame system 3472.22 Warm-Humid [10]
13 34 Reinforced concrete frame system 10510.00 Moderate [2]
14000
= 12000 11469
& 10800 TR
% 10000
%'" 8000 4358
M
E i 5600
2 4550 4700 2 175
E 3950 i 4210 4250
M 4000 3472
- 2920
- J— 1610 | |
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1 2 2 2 2 2 4 4 7 8 8 11 14 34

Number of floors

Low Rise  ®Mid Rise This Study ®High Rise

Figure 5: Initial Embodied Energy per unit area of existing studies in Indian scenario.
Recurrent Embodied Energy Calculation (EErecurrent)
The EEecurent is determined by the embodied energy associated with the maintenance work carried out on similar buildings
within the campus that have been constructed in the past. Specifically, three apartment buildings — HillView Apartment,
Canal-View Apartment, and Shivalik Apartment- are selected for this analysis. These buildings share similarities with the
case study building in terms of resident type, floor area, and maintenance practices. Detailed specifications of these
buildings can be found in Table 5.

Table 5: Specifications of buildings considered for recurrent embodied calculation

S.No. Building's Name Year of_ Built up area Number of FIo.or area of a typical
Construction per block (m?) floors residential unit (m?)
1 Hill View Apartment 2005 15192.50 Stilt+7 181.12
2 Shivalik Apartment 2012 12126.75 Stilt + 6 163.08
3 Canal View Apartment 2014 12126.75 Stilt + 6 163.08
4 River-View Apartment 2022 148500.00 Stilt + 10 200.00

The calculation of EEecurent incorporates the embodied energy of both scheduled and unscheduled maintenance works.
Scheduled maintenance activities, such as internal painting, external painting, and varnish work, are performed at regular
intervals. On the other hand, unscheduled maintenance works encompass civil work carried out based on specific
requirements. By averaging the embodied energy values of the maintenance work performed on these similar buildings,
the recurrent embodied energy for the case study building is determined. The results, as presented in Table 6, indicate an
annual EEecurent Per unit area of approximately 3.27MJ. It is noteworthy that the EEecurent accounts for only 1.40% of the
EEinitial OVer the building's lifetime.
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Table 6: Annual Recurrent Embodied Energy consumed per unit area

Average EErecurrent for
S.No. Building's Name Type of maintenance work EErecurrent (MJ/m2/year) the case study building
(MJ/m?/year)
Painting Work 1.97
1 Hill View Apartment | Civil work and maintenance work 0.87 3.29
Tiling work 0.45
- Painting Work 1.97 3.27
2 Shivalik Apartment — 2.73
Tiling work 0.76
) Painting Work 2.06
3 Canal View Apartment — 3.77
Tiling work 1.71

Comparing the findings with existing studies [4], it is important to note that the range of recurrent embodied energy
reported varies widely, spanning from 0.6 to 294.3 MJ/m?/year. In this context, the EErecurment fOr the case study building
falls on the lower end of the spectrum, showcasing relatively efficient maintenance practices and lower embodied energy
requirements. This observation highlights the significance of appropriate maintenance strategies and their potential to
minimize the recurrent embodied energy, contributing to the overall energy efficiency and sustainability of the building.

Comparison of embodied energy with varying building envelope using alternative building
material

In order to explore the impact of different wall materials on the embodied energy of the building, the study considers a
set of nine alternative infill wall materials. Given the potential for a considerable shift in a building's operational energy
due to changes in infill wall materials, the study delves into the extent to which such adjustments impact embodied energy.
These 9 materials endorsed by NBCC [11] are thoughtfully curated for their lower embodied energy values, making them
viable options for building construction in the Indian context. For determining the Life Cycle Embodied Energy with
alternate infill material, EEiniial is derived for each material, followed by the determination of EEecurrent. EErecurrent fOr the
alternate materials is determined considering recurrent embodied energy at 1.4% of the initial embodied energy
(established for the reference building). Table 7 provides an overview of the life cycle embodied energy for the building
envelope using the selected set of alternative materials, as well as the life cycle embodied energy for the case study
building.
Table 7: Life cycle Embodied Energy consumed per unit area for different building envelopes

Life cycle Savings in life cycle
. EEinitial EErecurrent | Embodied | Embodied Energy compared
S:No. Alternate Material (MJ/m?) (MJ/m?) Energy to the real time building
(MJ/m?) (MJ/m?)
1 Machine mold(_ad mc_)dular clay bricks, 11363.60 159.09 11522 69 107.31
designation 7.5
2 Machine molded_ nonjmodular clay bricks, 11199.78 156.80 11356 58 273.42
designation 12.5
3 Machine mold_ed m_odular clay bricks, 11148.59 156.08 11304.67 395,33
designation 12.5
4 Hollow concrete block 11765.45 164.72 11930.17 -300.17
5 Sand lime bricks 11036.82 154.52 11191.34 438.66
6 Clay Fly Ash Bricks 11024.88 154.35 11179.23 450.77
7 Solid concrete block 11714.26 164.00 11878.26 -248.26
8 Fly Ash lime bricks 10959.18 153.43 11112.61 517.39
9 Aerated Autoclave Concrete Block 11808.11 165.31 11973.42 -343.42
10 Brick and AAC block (Case Study 11469.43 | 16057 11630.00 -
Building)

By evaluating the embodied energy associated with these different wall materials, the study aims to quantify the potential
energy savings that can be achieved by making informed choices regarding the building envelope. Comparing the life
cycle embodied energy of the case study building with the alternative wall materials; the result shed light on the energy
efficiency benefits that can be achieved by opting for lower embodied energy materials. The findings in Table 7 highlight
the variations in embodied energy values across the different building envelope options, allowing for a comprehensive
understanding of the potential energy savings achievable through the material selection.
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Conclusion

In conclusion, the life cycle embodied for the G+10 real-time building is determined to be 11630MJ/m?2, comprising
approximately 98.6% initial embodied energy and 1.4% recurrent embodied energy. The analysis reveals that the initial
embodied energy is higher compared to existing studies, while the recurrent embodied energy is relatively lower. The
research also emphasizes the wide variation in embodied energy found across different studies, which can be attributed
to the absence of a globally accepted standard method or determination along with different system boundaries and
embodied energy values considered while determining the embodied energy.

By examining nine different building envelopes based on their infill wall materials, the study demonstrates the significant
impact of the building envelope on embodied energy. Among the investigated envelopes, the use of fly ash lime bricks is
found to be the most favourable, resulting in a minimum life cycle embodied energy with a savings of approximately
517.39MJ/m? (equivalent to 4.45% of the total life cycle embodied energy of the actual building). Conversely, the building
envelope utilizing aerated autoclave concrete blocks is identified as the least efficient, contributing an additional 343.42
MJ of embodied energy per unit area (representing an extra 2.95% of the total cycle embodied energy).

These findings underscore the importance of carefully selecting building envelope materials to achieve significant energy
savings. It is crucial to note that changes in embodied energy through the building envelope will inevitably impact the
operational energy consumption of the building. Therefore, a comprehensive approach is necessary to optimize life cycle
energy and reduce embodied energy simultaneously in order to achieve sustainable building practices.
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Highlights

» Strategic pathways for sustainable development in India's residential sector.

« Study focuses on reducing carbon impact, which is crucial for achieving the net-zero target.

« Practical implications for energy-efficient interventions, aiding informed decision-making.

» Sectoral connections and resource considerations emphasized for effective net-zero transition.

» Incorporating thermal comfort enhances the potential for significant operational energy savings.

Abstract

This study analyzed potential low-carbon pathways to achieve net-zero residential buildings in India. With the building
sector contributing to 33% of global energy-related CO, emissions, decarbonizing it is crucial for a net-zero economy.
The study used a system dynamics model—Sustainable Alternative Future for India—to capture sectoral interlinkages
and explore the implications of meeting India's development goals related to energy, resources, materials, and emissions.
Three scenarios were developed, constituting interventions from the building, power, and material industry sectors. The
business-as-usual scenario assumes that existing policies will persist, whereas the other two decarbonization scenarios
consider different levels of realistic interventions, such as electrification and behavioural shifts. The study discusses the
residential cooling demand and transition cost to high-efficiency appliances. Furthermore, it highlights the importance of
considering sectoral interlinkages and resource constraints in achieving net-zero energy residential buildings.

Keywords: Residential Sector, Greenhouse Gas Emissions, System Dynamics, Operational Energy, Embodied Energy

Introduction
India's building sector

India's building sector is growing rapidly, contributing to approximately 24% [1] of the nation's greenhouse gas (GHG)
emissions. According to the Bureau of Energy Efficiency, the building sector is solely responsible for 30% [2] of India's
energy consumption, with the residential segment accounting for 25% of total energy demands [3]. A report by the
National Institute of Urban Affairs and Rocky Mountain Institute (RMI) on India's building sector—"From the Ground
Up: A whole-system approach to decarbonizing India’s buildings sector*—states that most of the building stock that is to
exist in 2050 has not been built [4], warranting a considerable increase in emissions and energy consumption in the
coming years. Since the majority of the country's building stock is yet to be built, it presents a unique opportunity for
designing sustainable decarbonization pathways for the sector and to adhere to the Sustainable Development Goals
(SDGs), such as SDG 11 (Sustainable Cities and Communities) and SDG 13 (Climate Action).

India is a developing country with challenges in several areas, such as housing, education, and healthcare. Amongst these,
challenges related to the two core areas of housing and thermal comfort are addressed by national policies. The Pradhan
Mantri Awas Yojana Scheme (PMAY) operationalizes affordable housing for all by 2024 [5]. Moreover, the Indian
Cooling Action Plan (ICAP), released in March 2019 by the Ministry of Environment, Forest and Climate Change
(MoEFCC), addresses thermal discomfort due to increasing heatwaves and rising temperatures and highlights the
importance of access to sustainable cooling. The plan has incorporated cooling demands from different sectors and
established actions to reduce cooling requirements by promoting energy efficiency and stressing passive cooling through
the Energy Conservation Building Code (ECBC) [6]. Some of the targets set to be achieved by 2037-38 are to reduce
cooling demand by 25-30% and cooling energy requirements by 25-40% [6].
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This paper aims to present different decarbonization pathways of India's building sector to assess the impact on energy
consumption, GHG emissions, and resource implications. The study draws valuable perspectives from a system dynamics
model—Sustainable Alternative Futures for India (SAFARI), developed by the Centre for Study of Science, Technology
and Policy (CSTEP) [7]. The SAFARI's housing sector (residential) module was used to develop three realistic scenarios,
considering India's development objectives, resource constraints, and climate targets. The first scenario is a business-
asusual (BAU) scenario, the second is based on moderate-level technology-based interventions on buildings and
interlinked sectors, and the third includes more stringent interventions than the second one. These scenarios represent a
balanced approach between India's climate targets and development goals.

Several studies have attempted to model decarbonization pathways for India's building sector, with the most significant
study being based on the high-efficiency building model of the Central European University [8]. The study explored
energy demand scenarios, highlighting the significance of high-efficiency buildings. The study findings indicate a
possibility of halving global building thermal energy demand by 2060 through ambitious policies, while a lack of support
could lead to a 34-83% increase in thermal energy demand. Furthermore, the RMI report integrates solutions and
innovative financing mechanisms to transform India's building sector, addressing embodied carbon reduction, energy
demand curtailment, and efficient energy utilization [4]. Unlike the previous studies, this study presents a novel
perspective—introduced through the lens of a system dynamics model—and offers an alternative approach to model
India's building sector.

Modeling logic

In this study, SAFARI was used to model potential decarbonisation pathways for India's building sector till 2100. The
model focuses on the demands arising from achieving India's development goals pertaining to different economic sectors.
Socio-economic parameters, such as population and gross domestic product (GDP), are also considered. The GDP output
is obtained from a macroeconomic computable general equilibrium model that is soft-linked to SAFARI, thereby ensuring
macroeconomic consistency. The model works in a bottom-up manner to provide a more comprehensive and nuanced
understanding of the interdependencies between sectors and the trade-offs that must be made to balance development
objectives with climate action [7].

By using the modeling software Stella Architect, SAFARI estimates sectoral demand in a dynamic and non-linear manner,
capturing the synergies and feedback loops that exist between different variables over time. The model explores the
implications of meeting development goals on materials, energy, resources, and emissions.

The residential building sector in SAFARI has a housing shortage, new construction, material, appliances, and cooking
modules causally connected with each other, along with interlinkages in industry, power, land, and the transport sector,
as depicted in the causal loop diagram in Figure 1.

Framework and Assumptions
Housing module

The "Housing for All" development goal was set to meet the housing shortage by 2024 through PMAY Urban and Rural
(PMAY-U and PMAY-R). Under PMAY-R and PMAY-U, 2.95 crore [5] and 1.20 crore [9] houses have been sanctioned
respectively.

Shortage calculation

The housing module examines the dynamic housing shortage in India, taking into account a timeline till 2100 with the
base year as 2011. The housing type for urban areas is divided on the basis of the income group—Economically Weaker
Section (EWS), Low Income Group (LIG), Middle Income Group (MIG), and High-Income Group (HIG). The existing
housing stock for both urban and rural is classified into various age groups: less than 1, 1-5, 5-10, 10-20, 20-40, 40-50,
50-60, 60-80, and more than 80 years. Furthermore, the structural condition of the existing houses within each age group
is considered as good, satisfactory, and bad [10], [11]. For the new stock projected by the model, the age groups are 0-30
and 30-50 years, which are structurally considered as good.

The following are the factors considered for calculating the housing shortage:

1. Obsolescence/Dilapidation: As houses pass through age cycles, they become dilapidated and contribute to a housing
shortage. In this model, the shortage caused by aging housing stock consists of the following houses:

« All those houses that are more than 80 years old and houses between 40 to 80 years old that are structurally in bad
condition from the housing stock of 2011 are considered as obsolete.

* Newly constructed houses will become part of the aging housing stock once they reach the age of 50 years.

2. Congestion factor indicates the percentage of households with no separate rooms for couples. According to the 2011
population census data, the estimated congestion factor is 18.42% in urban (EWS/LIG) and 6.5% in rural areas [11].

3. Homelessness is estimated to be around 0.53 million in urban and 0 in rural areas [11].
4. Others:
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Percentage of housing stock reconstructed annually due to natural disasters. Voluntary reconstruction by MIG/HIG
households.
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Figure 1: Causal loop diagram for the residential building sector
Shortage filling

The sanction rate to meet the housing shortage is a user input function that acts as a policy lever. The sanction rates are
based on four different scenarios, namely, rent sanction rate based on the PMAY scheme, user input sanction rate, and
SDG 2030 sanction rate.

Built-up area

The total built-up area is calculated on the basis of the existing housing stock, the total houses added from shortage filling
and multiplied by the average built-up area for each housing category. The built-up area considered for each housing type
is listed in Table 1.

Table 1: Built-up area assumption

Housing category Built-up area per house (m?) Remarks
2011 2100
Urban (EWS-LIG) [12] 30 100 Linearly interpolated for
Urban (MIG-HIG) [13] 100 180 intermediate years
Rural 60 across all years

Materials
Demand calculation

The SAFARI model takes into consideration the demands for cement, steel, sand, aggregate, and water. In addition to
accounting for conventional materials, such as burnt clay bricks (BCBs) and solid cement concrete (CC) blocks, SAFARI
accounts for alternative construction materials, such as hollow CC blocks, fly ash blocks, fly ash—lime—gypsum blocks
(FaLG), autoclaved aerated concrete blocks (AAC), and stabilized earth blocks (SEBs). The user interface of SAFARI
allows one to select from two alternative material scenarios with a predefined proportion of these materials. Users can
also try different combinations by changing the proportion of these materials to obtain the desired outcome [14].

Embodied energy estimation

The total required quantity of each material (M;) is computed as a product of material requirement per square meter floor
area (M,), residential floor area (A), and percentage of floor area under that material (P;).

Mi=Max (Pix A) 1)
The total embodied energy of all materials is calculated using the following equation:
E=%!(M;%x¢) (2

Where ¢; is the embodied energy of each material type per unit.
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Cooking

The calculation for cooking energy is based on different types of fuels and their subsequent emissions in all urban and
rural households. The following formula is used:

Number of households (HH) using a fuel type x
((Average useful cooking energy required per HH)/(Cooking ef ficiency of that fuel)) (3)

The five types of fuels considered in this model are liquid petroleum gas (LPG), electric, pressurized natural gas, biomass,
and others (inclusive of coal, kerosene, and biogas).

1. Number of households using a fuel type is calculated by multiplying the cooking percentage share of a fuel type and
the total number of households. Historical percentage share of fuel type data is sourced from India Energy Security
Scenarios (IESS) [15] and Council on Environment, Energy and Water (CEEW) [16] and calibrated accordingly.

2. Cooking efficiency data for different fuels are adopted from IESS [15].

3. Useful cooking energy is assumed as 7.09722e-7 TWh, as per a CEEW report [17].

4. Emissions from fuel are calculated using the following formula:

Fuel — wise cooking energy x Emission factor of that fuel 4
Appliances

The energy consumption of each appliance is calculated separately for urban and rural households by using the following
formula [15]:

Total number of appliances X Hours of use x Power consumption X Ef ficiency of appliance (5)
The appliances considered in the model are TV, fridge, fan, air conditioners, and lighting.

1. Number of appliances is obtained by multiplying the number of households and appliance penetration for urban and
rural households, wherein the penetration values are adopted from IESS [15].

2. Hours of use of a particular appliance.

3. Power rating is classified as low, medium, or high on the basis of the energy efficiency of the appliance, which is
sourced from IESS [15].

4. Efficiency of appliance has four different scenarios of efficiency shares—A, B, C, and D, with each having a different
percentage mix of low, medium, and high efficiency. Of these, A is the lowest efficiency scenario with a maximum
number of low-efficiency appliances, whereas D is the most desirable scenario with a maximum number of high-
efficiency appliances. The four efficiency trajectories are shown in Table 2.

Table 2: Efficiency trajectories

Efficiency A Efficiency B Efficiency C Efficiency D

Year | Low Med High Low Med High Low Med High Low Med High
2011 | 0.98 | 0.01 0.1 0.98 | 0.01 0.1 0.9 0.01 0.1 098 | 0.01 0.1

2022 | 0.79 | 0.105 | 0.105 | 0.79 | 0.105 | 0.105 | 0.79 | 0.105 | 0.105 | 0.79 | 0.105 | 0.105
2047 | 0.79 | 0.105 0.105 | 045 | 0.275 0.275 | 0.35 0.3 0.35 0.03 0.05 0.92

2070 | 0.79 | 0.105 | 0.105 | 045 | 0.275 | 0.275 0.2 0.4 0.4 0.02 0.03 0.95

Cost of transition to high-efficiency appliances

The cost of transition to high-efficiency appliances is inclusive of CAPEX and OPEX. The model has four different
efficiency trajectories: A, B, C, and D. These signify different percentage shares of low-, medium-, and high-efficiency
appliances, wherein trajectory A has a large number of low-efficiency appliances and D has a maximum of high-efficiency
appliances. The cost is calculated for all four efficiency trajectories of different appliances considering their entire
lifecycles. CAPEX costs are estimated using the cost of appliances sourced from IESS. The calculation for OPEX costs
is based on average electricity tariff rates for tier 1 cities, tier 2 cities, and rural towns, as sourced from tariff booklets.
The difference between the total cost for low-efficiency and high-efficiency trajectories discounted over the modeling
timeline gives cost savings.

Cooling demand

Cooling demand is calculated for both urban and rural households by adding cooling demand due to sensible and latent
heat. The sensible heat gain is the result of the changing inside and outside temperatures and occurs through building
envelopes and roofs, whereas the latent heat gain occurs due to humidity present in the air. The acceptance level of both
these heat gains is responsible for maintaining a thermally comfortable environment. The total cooling load is calculated
by assuming the setback temperature as 26°.
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Sensible heat gain: Cooling demand from building envelopes

This is calculated using the Residential Envelope Heat Transmittance (RETV) formula adopted from Eco-Niwas Samhita
(ENS) 2018 [18].

RETV =

X [{a XX Z?:l(Aoppaquei X Unon—oppaquei X wi)} + {b X Z?:l(Aoppaquei X Unon—oppaquei X

wi)} + {C X Z?:l(Aoppaquei X SHGCeqi X wi)}] (6)

Aenvelope

The variables in the RETV formula carry the same meaning as defined in the ENS code. Four climatic zones—warm and
humid, hot and dry, composite, and temperate—are considered, and the RETV calculation is performed by equally
dividing the housing land area under the warm and humid zone (50%) and the combined zone of hot and dry and composite
zones (50%). As India has a small proportion of temperate area, it is considered negligible in the calculation. Similarly,
weighted averages are taken for orientation and latitude factors to provide a nationally relevant estimate. Subsequently,
RETYV is converted to a cooling load by using linear regression from the energy simulation model [19].

Sensible heat gain: Cooling demand from roofs

Cooling demand from roofs is calculated through linear regression of thermal transmittance due to roofs. Thermal
transmittance of a roof is calculated using the following formula sourced from ENS 2018:

SR, (U x A)] )

Uroof - roof
The variables carry the same meaning as described in the ENS code. Considering the scale of the study, an aggregate U
value based on different materials from all states is derived for rural and urban data sourced from CENSUS 2011 [20].
The average height considered to obtain roof area is 1.25 floors for rural areas [21]. The number of floors for urban areas
is dependent on Floor Space Index (FSI) scenarios, which are further segregated into HIG/ MIG and EWS/LIG.

Latent gain
Energy simulations were performed to calculate latent loads for different climatic zones by using the energy simulation
model [21]. The latent load per unit built-up area obtained from these simulations was kept the same for urban and rural
areas and constant for the modeling time horizon.
Cooling demand estimation
The total space cooling requirement is calculated by adding sensible heat gain and latent heat gain, multiplied by 70% of
the total built-up area, to exclude kitchen and washroom spaces. The cooling requirement is converted into cooling
electricity demand by using the following equation:

Cooling electricity demand (KWh) = (Space cooling Requirement (KWh))/COPe (8)
The equivalent coefficient of performance (COPe) gives the efficiency of the cooling technology used. It is considered as
2.75, with an increase of 2% per annum reaching a maximum of 5 [21].
Interlinkages with Other Sectors
Transport sector
The interlinkage between the transport and building sectors is defined through urban forms, where FSI plays an important
role. For urban sprawls, the FSI considered in the model is 0.75, which extends the city boundary limit and increases the
trip length, thereby impacting transport sector emissions. For a compact city scenario with an FSI of 8, the city
infrastructure tends to densify. This results in shorter trip lengths, leading to fuel and energy savings.
Industry sector
The housing module interacts with the cement and steel segments of the industry module through its resource demand,
influencing resource availability. The industry module assesses the available resources and determines the actual

construction rate achievable based on this availability. If there is excess demand that surpasses the current production
capacity, the industry module incrementally increases cement and steel production to meet the demand.

Land
The total built-up area in the housing module depends on two factors—the number of houses owned per household and
the average size of each house (Table 1). The total land needed for residential construction includes the built-up area per

unit and effective common space. The net new land required is determined by subtracting the land recycled from
dilapidated housing (calculated using SAFARI) from the total land required for construction.

Power sector

Power sector linkages with the housing module are through electricity demand and consumption. Lower emission factor
from grid supply tends to reduce operational emissions from the sector. Moreover, higher penetration of renewable sources
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and nuclear power in the energy mix will generate clean power sources to fuel housing appliances, resulting in reduced
emissions.

Scenario Development

The BAU scenario incorporates India's current policies and guidelines, such as PMAY, ICAP, ENS, Minimum Energy
Performance Standard, and National Energy Policy. Table 3 lists the combination of policy interventions used to build
two decarbonization scenarios DS-A and DS-B, wherein DS-A is a more pessimistic scenario than DS-B. Furthermore,
these scenarios are a mix of technological interventions, electrification, and behavioural-based shifts.

Table 3: Scenario assumptions

Sector Intervention DS-A DS-B
50% LPG and 50% electric in
Electric cooking penetration urban households; 60% LPG and 100% electric in urban and
gp 40% electric in rural households rural households by 2070
by 2070
Buildings Appliance efficiency Switching from Efficiency B to C Switching frtc;mDEffluency B
Alternative construction Predominantly AAC and Fly-ash Predominantly AAC, Fly ash,
material usage blocks and SEB blocks
Urban form Sprawls with 0.75 FSI Compact cities with 8 FSI
Interventions in other sectors having interlinkages with the building sector
Electricity met by low-
carbon grid for the
Industry - 100% 100%
production processes of
cement and steel by 2070
40% Portland Pozzolana + 0
Type of cement production 40% Portland Slag + 20% 1Ogo/ozzpoo|:rl]znd
Ordinary Portland by 2070
Fuel share in the cement 1/3 Hydrogen +1/3 alternative | 50% Hydrogen + 50% electric
Cement production process fuel + 1/3" electric by 2070 by 2070
Cement efficiency target 2050 2050
year
% Electricity intensity 0 0
reduction due to efficiency 50% by 2050 50% by 2050
. BF-BOF(blast furnace): 40%, . ENo
P P 40% by 2070 -0/ by
No new coal_power plant to 2025 2025
Power be sanctioned after
Nuclear power capacity by 292 GW (high uptake due to
15.5 GW .
2070 policy targets)
Land recovered from the
Land demolition of dilapidated Reclaimed for constructing new houses
houses

Results and Findings

The annual energy consumption and GHG emissions for the three scenarios are presented in Figures 2 and 3, respectively.
Moreover, the space cooling requirement for both urban and rural residential sectors is shown in Figure 4.

BAU scenario: This scenario accounts for policy interventions focused on the development goals of the country and a
decent quality of life. In this scenario, high embodied emissions were observed in the building sector because of the high
percentage share of conventional materials, such as BCBs. Operational energy includes energy consumed by appliances
and cooking within households. Most appliances in this scenario are low efficient, leading to increased energy
consumption. In urban and rural households, LPG is the primary cooking fuel used, and the penetration of electric fuel
remains low. Moreover, rural households have a large share of biomass fuels. In the power sector, electricity supply is
driven by coal. Similarly, production processes for cement and steel plants are driven by coal and blast furnaces,
respectively, thereby increasing embodied emissions of the building sector.
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DS-A: In this scenario, a reduction in energy consumption by 12% (2.16 EJ) was observed compared with the BAU
scenario by 2070. The operational energy was 12% (1.9 EJ) less, and embodied energy was 15% (0.26 EJ) lower than
those in the BAU scenario. A reduction in emissions by 16% (0.26 GtCO,e) was observed compared with the BAU
scenario by 2070, wherein operational and embodied emissions account for 14% (0.21 GtCOze) and 34% (0.05 GtCOe)
reductions, respectively. This can be attributed to the moderate electrification level in cooking and industry production
processes. Embodied emission reduction is primarily due to the replacement of BCBs with alternative construction
materials, such as AAC and Fly ash bricks. Most appliances considered in this scenario have medium efficiency.

DS-B: A reduction of 41% (7.37 EJ) in energy consumption was observed in this scenario compared with the BAU
scenario by 2070. Wherein, the reduction in operational energy is 42% (6.74 EJ), and that in embodied energy is 37%
(0.63 EJ) compared with the BAU scenario. A total emission reduction of 51% (0.82 GtCO,e) was observed compared
with the BAU scenario by 2070. Operational and embodied emission reduction account for 49% (0.72 GtCO2e) and 74%
(0.11 GtCO-e), respectively. Operational energy and emissions decrease significantly due to high electrification in
cooking and an increased share of highly efficient appliances. Industry production processes are also highly electrified in
addition to the high usage of hydrogen fuel and the high percentage of recycling for steel plants, which drive down the
embodied energy of cement and steel. Furthermore, the material composition in this scenario comprises of AAC, Fly ash,
and SEB bricks.

Net-zero potential: The realistic interventions for both decarbonization scenarios, while similar, are implemented in
higher capacities for DS-B than for DS-A. While these interventions can cut back energy consumption and emissions to
a certain extent, reaching net zero will involve high dependency on aggressive scenarios for buildings and interlinked
sectors. Operational emissions are contributed by the electricity consumption in buildings. Therefore, a push for policy
and the implementation of supplyside interventions in the power sector, such as solar rooftop solutions, increased
renewable mix in the grid supply, battery storage, and carbon capture, utilization, and storage, will nullify operational
emissions from the building sector. Assuming a zero-emission grid by 2070 would reduce the overall emissions by 75%.
Embodied emissions of the main building materials can be reduced by incorporating a high percentage share of green-
hydrogen-based cement and steel plants. Extensive electrification of the industry has also been a widely discussed lever
for decarbonization, which in turn is dependent on the extent of the greening of the grid. Apart from these, more
technology advancements to replace energy-intensive materials would reduce embodied emissions, paving the way for a
net-zero residential building sector.
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Figure 2: Energy demand from the residential building sector

95



Energise 2023 Conference Proceedings

2
g
N 1.6
O
Q
(O 12
£
2 08
2
®
é 0.4
s 1
0
2020 2030 2040 2050 2060 2070
W BAU Operational BAU Embodied DS-A Operational
DS-A Embodied B DS-B Operational DS-B Embodied

Figure 3: GHG emissions from the residential building sector
Cooling Demand Projections - BAU

The total space cooling requirement for thermally comfortable homes across India was 2388 TWh in 2020, which may
reach 4411 TWh in 2070 (Figure 4). The corresponding electricity demand for cooling will increase from 878 TWh in
2020 to approximately 882 TWh in 2070, owing to a 2% per annum increase in COPe value from 2.75 for the base year.
The space cooling requirement for urban households will increase from 758 TWh in 2020 to 3630 TWh in 2070, whereas
for rural households, it will decrease from 1630 TWh in 2020 to 781 TWh in 2070. This is attributable to the decadal
decrease in rural built-up areas and increases in urban built-up areas, owing to the swift urbanization. By considering
higher COPe for the base year, this electricity demand would be further reduced. This indicates that switching to high-
efficiency appliances will lower the electricity consumption for maintaining a thermally comfortable environment. In
2020, driven by the average number of cooling appliances per household, the annual electricity consumption for cooling
was 207 TWh—47% of the total electricity consumption for the residential sector. This means that only 24% of the
'thermal comfort' requirements were met for the aggregate population. However, with rising incomes and urbanization,
appliance ownership trends are projected to increase exponentially, which will drive the residential sector's electricity
demand in the future. As per our projections based on appliance ownership trends, the electricity demand from cooling
appliances will overshoot ‘thermal comfort' requirements by 2035 and continue to burgeon to 2.5 times the requirement
by 2050. This indicates a huge opportunity for energy savings in the sector, arguably with a shift in regulation to
incorporate the 'thermal comfort' aspects. In terms of avoided emissions, it will amount to 640 million tCOze in 2050.

5000

4000

3000

2000
0 —

2020 2030 2040 2050 2060 2070

Cooling Demand in TWh

mExisting = New

Figure 4: Cooling space requirement for the residential building sector
Cost of transition to high-efficiency appliances

Although high-efficiency appliances have a high purchase cost, they would lower the electricity consumption and
maintenance cost, thereby reducing the operating cost. Switching to high-efficiency appliances would result in cost
savings in the long run. The SAFARI cost module assesses the cost of transition to highly efficient appliances. Factoring
the discount rate, the cumulative cost saving from the transition would be approximately INR 51.68 trillion by 2070. The
CAPEX of appliances will reduce over time as the technology matures, resulting in increased cost savings.
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Conclusion

In this study, SAFARI was used as a modeling tool because it is based on a system thinking approach, which allows for
capturing interlinkages and complexities of dynamic systems. As per the Intergovernmental Panel on Climate Change
classification, the building sector is considered as a small category under 'other fuel combustion’, which in the Indian
context, contributes to less than 8% of emissions directly. The 'emissions value chain' of the building sector was mapped
using SAFARI, with the results indicating that buildings are responsible for 11-13% of the country's GHG emissions.
The study, therefore, highlights the need for cross-sectoral collaboration to achieve net-zero emissions. Deep
decarbonization of the building sector is impossible without aggressive mitigation action in the construction sector, as
well as in the manufacturing industries. Policy instruments, such as carbon pricing, can perhaps drive the market toward
alternative low-carbon materials and green cement and steel, as mentioned in the previous sections.

Cooling demand has emerged as an important driver to reduce operational emissions because it is expected to increase
substantially in the future with rising population, incomes, and lifestyle changes. While only 40% of the 'thermal comfort'
demand is being met currently, cooling appliance ownership trends point to a scenario of probable overconsumption and,
thus, increased emissions in the future. A policy-based regulation tied with the building codes—with a lens of ‘thermal
comfort for all' as a development goal to be achieved equitably—can potentially help reduce electricity consumption from
the residential sector and, consequently, the emission load on the power sector.

This study only explored cooling demand from building typology and climatic zones and did not consider the effect of
urban heat islands (UHIs may be significant in the coming decades) on cooling demand. Urban densification, when
coupled with increasing temperatures, will lead to a pronounced UHI effect in cities, thereby causing thermal discomfort.
This will, in turn, drive up the use of air conditioners, leading to more GHG emissions and ultimately creating a ripple
effect on urban heat. The DS-A and DS-B scenarios are also in line with policy developments that are expected to happen
in the coming years. However, the target of net-zero buildings can only be achieved by shifting to more aggressive
interventions in the power and industry sectors, which will directly drive down the building sector emissions.

The study accounts for the residential building segment, which has a major contribution to the building sector. However,
the commercial building segment also accounts for approximately 9% of India's total electricity demands [22]. Thus, this
also needs to be modeled to understand holistically and aim for net-zero pathways for the building sector.
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Highlights

« Climate Responsive Hybrid Technology for High Altitude Cold Climate
« Nil-to-very less carbon footprint
e Improvised thermal performance

Abstract

The study aims to establish a research directory of passive techniques in the field of building construction. It would
provide local practitioners the necessary skills to improve and innovate building construction technology for Leh's harsh,
high-altitude cold climates. The research focuses on understanding the cold highland climate of Ladakh, integrating
cultural elements into the built environment, and identifying the latest innovative construction technologies. It will help
to determine the existing architectural or structural development issues. The study extends to finding possible solutions
to the non-renewable indigenous approach and gathering the new trends in the building environment or modern building
techniques. Further, the research proposes adapting modern technology that efficiently works in high-altitude, cold
climates. It aims to improve indoor environmental quality in harsh climatic conditions by using local materials and
developing hybrid solutions. Passive solar techniques can take advantage of the available energy source.

Keywords: Solar-passive, High-altitude, Hybrid Construction Technique, Thermal comfort, Vernacular Architecture

Introduction

Human civilization has evolved and survived throughout history by integrating with the surrounding environment and
relying on preserving nature. Each region developed distinct features that distinguished it from other places over time
and via the diverse interaction of evolution and human adaptation to the ambient environment, which is unique [1].
Vernacular architecture has always been a way of building locally in response to a region's cultural, social, and
microclimate [2]. It is indigenous to an area and contributes to the community's and environment's long-term viability.
With the shifting approach to the built environment, understanding the state of vernacular sustainability is more important
than ever [3]. Sustainability is an essential component of vernacular architecture, which has grown over time by using
local materials and technologies to create a harmonious relationship between humans and their surroundings.

This paper aims to propose suitable indices for assessing the long-term viability of vernacular architecture in Ladakh, a
region in northern India known to be the world's highest and coldest region that humans have continually inhabited. The
communities are known for their monasteries and palaces, which testify to the indigenous people's outstanding building
ability despite the harsh environment and topography [4]. Aside from its unique and rich cultural history, any study of
architecture and settlement studies is fascinated by human survival in difficult weather conditions, with temperatures as
low as - 30°C, posing a threat to human survival and other life forms. Ladakh's residents have harnessed the sun's energy
through traditional architecture incorporating climate-controlling passive techniques [4]. Apart from using native building
materials such as mud bricks, quartzite stones, poplar, grass, timber, etc., and construction techniques, the buildings have
a distinctive spatial arrangement to deal with the climatic circumstances.

Most of the building components used in technology come at a cost to the environment or our immediate surroundings.
In addition to using a lot of energy and natural resources, construction operations generate many by-products. It indicates
that the world's resources are being used up far more quickly than they are being restored. Similarly, producing tons of
by-products causes the environment to be further harmed by releasing undesired elements. Numerous problems exist in
the modern world, such as resource shortages and pollution (including air, water, land, and noise). Everything here
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emphasizes how crucial it is to protect the environment and keep it that way for future generations and how essential it is
to use sustainable building and architectural practices.

Hence, their study focuses on understanding the cold highland climate and identifying the latest innovative construction
and technologies. To create a directory of indigenous architectural technologies and identify existing architectural and
structural development issues. This study aims to find a possible solution to the non-renewable indigenous approach. This
study aims to find a possible solution to the non-renewable indigenous approach.

Methodology
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Figure 1: Methodology of the Research

This methodology provides a structured approach to researching solar passive techniques and fusion technologies in high-
altitude regions. It involves gathering information from multiple sources, analyzing data, proposing solutions, and
validating findings through simulations and real-world tests.

Ladakh: The Study of Context

After the removal of section 370 in 2019, Ladakh became UT. It occupies the largest area of this region, even if it is the
least populated one. Ladakh is surrounded on the east by the Tibet Autonomous Region, on the south by the Indian state
of Himachal Pradesh, and on the west by Pakistan's Gilgit-Baltistan. It also stretches southward from the Siachen Glacier
to the main Great Himalayas.

Ladakh is a high-altitude desert with extremely little vegetation for the most part due to a lack of precipitation. Natural
vegetation thrives along waterways and higher elevations, with more snowfall and lower summer temperatures.

Traditional buildings in Ladakh, like those in Tibet, are made of stones, timbers, and mud in various forms, such as sun-
dried mud bricks and rammed earth for floor and roof plastering. The structures

reflect the people's way of life, with cow pens on the ground floor and Buddhist altar chambers on the top [5].
Climate of Ladakh

Temperature variation is substantial both diurnally and seasonally, with temperatures ranging from 35°C in the summer
to -35°C in the winter. The annual average rainfall in Leh is 100 mm, most falling between May and September, and
snowfall in the winter (November to March) is typical. The harsh climatic conditions of India's cold desert region are
characterized by dry and cold weather, heavy snowfall, and low temperatures, reaching as low as -30°C in the late
evenings. During the summer, the average temperature can get + 30°C in the afternoon [6]. According to a 35-year
analysis of meteorological data, the minimum temperature at Leh has been rising by roughly 1 degree Celsius in the
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winter and 0.5 degrees Celsius in the summer [7]. Rising temperatures and more precipitation have transformed this harsh
and dry Himalayan desert into a warmer and wetter environment with shorter winters and pleasant summers over the last
few years [8].

Architectural Technologies - Vernacular, Conventional, and Hybrid
Vernacular technologies of the High-Altitude Cold Climate of Leh district

Vernacular architecture is the constructed environment (city, architecture, and interior spaces) created to meet the demands
of civilization. It is constructed by the natural environment (geography, terrain, site, climate, local building materials,
labor experience, and construction techniques), ensuring that people's physical, economic, social, and cultural needs are
met.

Due to transportation constraints, vernacular architecture relied on local materials, which helped to save resources while
also giving each region's architecture a distinct personality [9]. Each material had its own physical and aesthetic properties,
which governed the architectural technology that was appropriate for it.

Earth and Timber, are the oldest and most often used materials in dry places like Ladakh, necessitating specific
technologies due to their shape, size, and durability. The proportions of most sun-dried earth blocks are designed to fit
the palm of a human's hand; this was useful for constructing walls and piers, as the thickness of these vertical elements
varied depending on their constructional location, height, and structural loads. Builders had to construct new forms by
the physical qualities of brick to solve the roofing problem; the trunk of native poplar trees as beams was the creative
solution. These innovative forms were both aesthetically and functionally compatible with the surrounding environment
and climate. These structural materials received symbolic importance beyond functionality and aesthetics over time, and
they formed part of the "culture memory." In terms of aesthetics, the long sunny days in scorching dry locations
complemented the brick's particular charm. Through the juxtaposition of shade and shadow, the sun and clear sky
highlighted the aesthetics of mud bricks. Even though some of these forms were designed for structural and practical
reasons, the aesthetic and creative aspects were not overlooked [1].

Architectural and Spatial Layouts

Typical residences are two-story structures. Larger homes are built around a courtyard, whereas smaller homes are not.
The Ground Floor is usually a dwarf floor that is not intended for human use. It serves as a holding area for cattle, as well
as a storage facility and a collection point for lavatory waste [4]. (Refer Figures 2 and 3) The top levels have lavatories,
whereas the lower stories have a chamber where the excreta are collected and composted. Since the kitchen and sleeping
areas are adjacent, the heat generated during cooking contributes to the overall warmth of the interior during the night
[4]. In addition, the main hall is carpeted and equipped with a furnace and a smoke stack for warmth in the winter. The
upper floor is used for residential purposes and includes a prayer room, store, and toilet, and a relatively big space as a
drawing room, kitchen, and bedroom [10]. A typical timber decorative Ladakhi post in the center of the main room serves
as a focal point.
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Figure 2: Typical Ground Floor Layout [11] Figure 3: Typical First Floor Layout [11]

The terrace is used for family meetings and drying items. The main living area has a large window facing the sun. Dry
materials like grass, straw, and sticks are stored on the roof for insulation. Other rooms typically have less volume,
keeping the interior warm and comfortable. Larger rooms tend to cool off quickly, and smaller windows in rooms not
exposed to the sun help maintain heat [12] [13] [14] [4].
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Construction Techniques and Technology

The fundamental unit of a masonry building is sun-dried earth blocks (Figure 6a). They are used to construct 300 or 450-
mm thick walls, usually 300 x 150 x 150 mm. Alluvial material along the banks of the Indus River was used to create
these earth bricks. Most earth blocks are manufactured in Shey, which is around 15 kilometers from Leh [15].

Summar sun

Wintes sun

Figure 4: Typical section [11] Figure 5: Typical Elevation [11]

Stone blocks are sometimes used in the lower courses of walls for extra strength and water resistance, especially in low-
lying areas. Finally, mud plaster is used to complete the wall. Roofs are built with flat spans utilizing the trunks of native
poplar trees as beams, spaced 50-60cm apart. The trunks have an average diameter of 15 centimeters and a length of 3 to
4 meters [15]. Poplar willows spread in the other direction are used to cover these timbers. Willows usually have a
thickness of 20 to 30 mm. Over the layer of willows, a 15 to 20-cm layer of dried grass, hay, etc., is laid and finished with
clayey mud plaster.

Figure 6 (a): Traditional Facade (b) Sun-dried Earth Block (c) Traditional ceiling [23]

The bottom story on the ground has mud floors, while the upper level has timber floors. Along with outfitting rugs, timber
flooring provides improved thermal comfort [16]. Timber from Kashmir is used for the doors and windows. The lintels
of the doors and windows are ornately corbelled elements. The plaster band, which is commonly red or black in color,
articulates the sills and jambs. The distinctive features of Ladakhi architecture are the timber lintels and plaster bands.
Their growth, however, is not solely for symbolic or aesthetic purposes [17].

Shift from traditional to modern architecture - Conventional building techniques

After releasing the movie 3 Idiots, starring Aamir Khan, in 2009, Leh experienced a boom in national tourism. The city's
floating population increased multiple folds, and many guest houses started being built to accommodate such a high
number of tourists. Due to the absence of a city master plan, the growth was never planned, leading to building
encroachment on roads and traffic congestion. Almost everyone had a home in Leh where they stayed during the summer
and a home in their nearby village where they spent the off-season. After the major floods of 2010, a misbelief rose among
the locals that traditional mud construction is not stronger than concrete.

Identifying the features that attracted people to move towards brick and concrete houses was essential. After studying
traditional earth homes and modern brick homes, it was inferred that users found brick construction faster, more durable
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for rain, cheaper, and easier to maintain. Brick houses were also found to be a status symbol. Users also pointed out that
villagers themselves traditionally built an earth home. However, modern-day lifestyles do not allow people to pursue the
construction of their homes. In this regard, it is easy to find a contractor to construct a conventional home rather than an
earth building. With this perception in mind, the focus of the research was to rethink the technique of designing and
executing earth homes to make them more palatable to present-day user needs, both aesthetically and economically [16].

Climate Responsive Hybrid Architecture using Passive Solar techniques

Combining traditional knowledge with modern technologies is essential to arrive at an environmentally friendly solution
that uses local resources and harvests indoor thermal comfort through passive means. Climate-responsive hybrid
architecture using solar passive techniques could be the answer to the sustainable architecture approach in Ladakh's harsh,
arid climatic conditions.

Table 1: Wall Design (The thermal conductivity for each material is referred from AutodeskEcotect, and A value is cross-
checked by the CBRI material list)

1. Traditional Wall (TW) 2. Contemporary Wall (CW) 3. Hybrid Wall Option 1 (HWO1)
320mm thick 600mm thick

OUTSIDE
INSIDE

OUTSIDE

OUTSIDE
INSIDE

Mud Plaster (I = 0.01 m, A = 0.75
W/m.K) + Mud Brick (I =0.15m,)

Mud Plaster (1=0.01m, 2 =0.75 W/m.K) | Cement Plaster (I =0.01 m, 2 =0.9 | | % =0.75 W/m.K) + Wool (I= 0.Im

+ Mud Brick 1=0.3m, A= 0.75 W/m.K) | W/m.K) + Brick (I=0.23m, A= 0.7 _ -
+ Mud Plaster (I = 0.01 m, A = 0.75 | W/m.K) + Cement Plaster (I =0.01 m, élm (;Loj 3/\(/)/5m\)\l/</2n)K; f?\\/llvl?éjgn(ék

Wim.K) A= 0.9W/m.K) (1=0.25m, A= 0.75 W/m.K) + Mud
Plaster (I=0.01 m, A =0.75 W/m.K)

U-Value = 1.685 W/m2K U-Value = 2.038 W/m2K U-Value = 0.163 W/m2K
6. Hybrid Wall Option 4 (HWO4
4. Hybrid Wall Option 2 (HWO2) | 5. Hybrid Wall Option 3 (HWO3) Y ot ( )
620mm thick - 620mm thick

QUTSIDE
INSIDE
OUTSIDE
INSIDE
OUTSIDE
INSIDE

Mud Plaster (1=0.01 m, A=0.75 W/m.K) | Mud Plaster (I = 0.01 m, » = 0.75 | Mud Plaster (I = 0.01 m, » = 0.75
+ Mud Brick (I = 0.15 m,) + L = 0.75 | W/m.K) + Mud Brick (I =0.15m,) + | W/m.K) + Mud Brick (I =0.15m,)
W/m.K) + Sawdust (I= 0.1m, L = 0.05 | A =0.75 W/m.K) + Wool (I= 0.1m, A | + A = 0.75 W/m.K) + Straw (I= 0.1m,

W/m.K) + Mud Brick (I =025 m, . = | = 0.03 W/m.K) ) + Mud Brick (I = | A = 0.07 W/m.K) + Mud Brick (I =
0.75W/m.K) + Mud Plaster (1=0.01m,X | 0.25 m, L = 0.75 W/m.K) + Mud | 0.25 m, A = 0.75 W/m.K) + Mud
=0.75 W/m.K) Plaster (I =0.01 m, A, =0.75 W/m.K) | Plaster (I =0.01 m, A =0.75 W/m.K)
U-Value = 0.355 W/m2K U-Value = 0.241 W/m2K U-Value = 0.445 W/m2K
7. Hybrid Wall Option 5 (HWOQOS5) - 8. Hybrid Wall Option 6 (HWO6) 9. Hybrid Wall Option 7 (HWQO?7)

620mm thick - 620mm thick - 620mm thick

QUTSIDE
INSIDE
OUTSIDE
INSIDE
OUTSIDE
INSIDE

103



Energise 2023 Conference Proceedings

Mud Plaster (I =0.01 m, A=10.75 W/m.K)
+ Rammed Earth (1 =0.25m,) + A= 1.8
W/m.K) + Wool (I= 0.1m, A = 0.03
W/m.K) ) + Rammed Earth (I =0.25m, A
= 1.8 W/m.K) + Mud Plaster (I =0.01 m,
L =0.75 W/m.K)

Mud Plaster (I = 0.01 m, A = 0.75
W/m.K) + Rammed Earth (1=0.25 m,
A =1.8 W/m.K) + Sawdust (I= 0.1m,
A= 0.05 W/m.K) ) + Rammed Earth
(1=025m, 2= 1.8 W/m.K) + Mud
Plaster (I =0.01 m, 2 = 0.75 W/m.K)

Mud Plaster (I = 0.01 m, A = 0.75
Wi/m.K) + Rammed Earth (I = 0.25
m,) + A = 1.8 W/m.K) + Straw (I=
0.1m, A= 0.07 W/m.K) ) + Rammed
Earth (1=0.25m, A= 1.8 W/m.K) +
Mud Plaster (I = 0.01 m, A = 0.75
W/m.K)

U-Value = 0.265 W/m2K

U-Value = 0.399 W/m2K

U-Value = 0.516 W/m2K

Table 2: Ceiling Design (The thermal conductivity for each material is referred from AutodeskEcotect))

1. Traditional Roof (TR)

3. Hybrid Roof (HR)

INSIDE

2. Contemporary Roof (CR)

o R R T
INsIDE

OUTSIDE

S /
/ // 7
“ /// //////
/ 5 r/ N FN </\« =
B o A A Y { Yo/

— :.'&
INSII:r_

Mud Plaster (I =0.03 m, A= 0.75 W/m.K)
+ Rammed Earth (1 =0.25m,) + L= 1.8
W/m.K) + Straw (I= 0.3m, L = 0.07
W/m.K) ) + Timber I =013 m, A= 14
W/m.K)

Tile 1=0.01 m, A =1.2 W/m.K) +
Cement motar (I = 0.1 m, A = 0.14
W/m.K) + RCC Slab (I=0.1m, A =
0.8 W/m.K) ) + Cement Plaster (I =
0.01 m, 2 =0.9 W/m.K)

Mud Plaster (1=0.03m, A=10.75
W/m.K) + Mud Brick (I=0.3m,) +
= 1.8 W/m.K) + Wood batten (I=
0.025m, A = 0.14 W/m.K) ) +
Insulation (I = 0.25 m, L = 0.03
W/m.K) + Wood batten (1= 0.025m, A
= 0.14 W/m.K))

U-Value = 0.607 W/m2K

U-Value = 2.810 W/m2K

U-Value = 0.108 W/m2K

For cold climates, a passive solar building is a building in which the various components are arranged to maximize the
collection of solar heat. It is then stored and finally distributed into the space without any expenditure of conventional
energy [17]. The two primary types of solar heating systems, active and passive, can be distinguished by how they retain
heat after it has been produced from sunshine. Active systems use an additional energy source to pump a liquid or blow
air over the absorber. The passive system has absorbers that also store heat but require no other energy source [18]. Instead
of being purchased as a finished good, passive solar systems are carefully measured and sized before being planned,
produced, and manufactured. This section discusses the use of sunlight for home heating in cold climates and describes
several passive solar heating systems.

Passive Solar Building Configurations

Layout, Orientation, Shape, and Opening

Knowledge of the sun's path and the intensity of global solar radiation falling on rooves and different walls at different
times of the day at a particular location is essential for determining the location and orientation of the building. The
building should be located where adjacent buildings or tree cover do not impose shade on it. As explained earlier, the roof
and the south-facing wall receive maximum solar radiation in the northern hemisphere during winter. Therefore, the plan
of the building should be rectangular, with its length running east-west to allow for maximum opening on the south face.
[19]. The surface and roof area of the building should be at a minimum to reduce heat loss and also the location from
which snow will have to be removed. For example, double-storied structures are preferable to single-storied ones. The
emphasis should be given to minimizing internal volume, i.e., the height between the floor and ceiling should be as little
as possible to lessen the heating load. It is also desirable to identify heated (kitchen), unheated (staircase, store, bathrooms),
and transition zones (bedrooms) and locate them to maximize thermal comfort and minimize heat loss [20,21,22].
Windows should be on the south-facing walls, and the percentage of opening required for floor area depends on the
outside temperature during winter. Windows on the north side should be kept to a minimum.[19]
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Figure 7: (a) Graph showing solar radiation of 8 sides in a monthly period (b) visual of Octagon with annual solar
radiation data (Data and visual from Rhino with Grasshopper and Ladybug)

Traditional, Contemporary, and Hybrid Technologies

Inferences: Due to their lower u values, which equate to lower thermal conductivity, hybrid wall and ceiling designs
function more effectively.

Performance analysis — Based on software analysis

Orientation of Building

An octagon shape (3 m in length and 2.4 m in height) with eight radiation sides is modeled in Rhino software. With the
help of Grasshopper and Ladybug, solar radiation on different facades is derived for performance analysis based on
orientation.

Inferences: One needs maximum radiation in winter to harvest maximum heat and minimize radiation in winter to
maintain a comfortable temperature. Figure 7 indicates that the south facade of any building gets the maximum exposure
to radiation (Minimum to the north). The south wall gets maximum radiation in winter (Oct, Nov, Dec, Jan, Feb) and
minimum radiation in peak months of summer (May, June, July).

Fenestration Design

One of the significant factors affecting solar radiation to promote solar heat gain or loss is the window-to-wall ratio. A
matrix for Performance efficiency analysis with variable orientation and window-to-wall ratio with the deciding factors
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are Direct Radiation and diffuse radiation for performance analysis. Data were taken for the entire year, from 8 AM to 6
PM, for a size 5m x 5 m room. The variable for WWR is 5% (0.7 m x 1 m), 10% (1.3 m x 1 m), 15% (1.8 mx 1 m).
Table 3: Matrix for Energy efficiency analysis with variable orientation and window-to-wall ratio. The deciding factors
are Direct, Diffuse, and Total radiation (Simulation done in Ecotect)

Orientation | Window-To-Wall ratio ¥ Direct Radiation Diffuse Radiation | Total Radiation
v (kWh) (kWh) (kWh)
5% 0.123 111.1 112
10% 0.2 116.1 116.4
North 15% 0.28 119.7 120
5% 26 111.8 114.5
10% 4.9 116.1 1214
North-East 15% 6.7 119.7 126.5
5% 12.9 111.8 ‘ 124
10% 241 116.1 140.3
East 15% 33.2 119.7 153
5% 214 111.8 133.3
South- 10% 39.1 116.1 153.3
East 15% 54.2 119.7 174
5% 23.6 111.8 135.5

L South 15% 59.5 119.7 179.3 I

N e e e e el RS e e e v
South- 10% 321 116.1 148.3
West 15% 443 119.7 164
5% 10.7 111.8 122.6
10% 19.6 116.1 135.8
West 15% 271 119.7 146
5% 34 111.8 ‘ 115.3
North- 10% 6.4 116.1 122.6
West 15% 8.8 119.7 128.6

Inferences: From the matrix, cross-referenced from various orientations, WWR to Direct, Diffuse, and total radiation
infer that building WWR 15% gives the best performance in high altitude climatic conditions. It also suggests that a
longer wall oriented towards the south is best regarding Direct and Diffuse Radiation. (Avoid the north side window.)

Thermal Performance

Further, to compare the thermal performance based on the insulation in Vernacular, Conventional, and Hybrid building
envelope, modelling and simulation was done in Ecotect software. The deciding factor is the temperature difference
between outside and indoors. (Ecotect)

Inferences: Conventional Walls/Roofs are efficient for summer seasons. The kitchen is a good source of heat. Hybrid
Wall (HR) and Traditional Roof (TR) or Hybrid Wall (HW) and Hybrid Roof (HR) are performing efficiently.

7
7

_,__________

UL o

Figure 8: (a) Plan (1 BHK 8m x 7m) (b) Section AA
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Figure 9: (a) Living room (b) Bedroom

Discussion

For climate efficient design in high altitude climate., one needs maximum radiation in winter to harvest maximum
heat and minimize radiation in winter to maintain a comfortable temperature. The south wall gets maximum radiation
in winter (Oct, Nov, Dec, Jan, Feb) and minimum radiation in peak months of summer (May, June, July).

To get maximum solar radiation in summer, the building with WWR 15% gives the best performance in high altitude
climatic conditions. It also suggests that a longer wall oriented towards the south is best regarding Direct and Diffuse
Radiation. (Avoid the north side window.)

Conventional Walls/Roofs are efficient for summer seasons. The kitchen is a good source of heat. Hybrid Wall (HR)
and Traditional Roof (TR) or Hybrid Wall (HW) and Hybrid Roof (HR) are performing efficient discussion.

Conclusion

After completing the studies mentioned above, we learned about the architectural practices used in Ladakh. Based on
this knowledge, the contemporary architectural style is inappropriate for that environment due to resource constraints,
lack of water, and the growing carbon footprint of moving construction materials. While 80% fewer carbon emissions
are produced during construction, the hybrid has 80-90% local materials and vernacular techniques.

In 2009, comparing costs between conventional construction and passive solar earth homes, TPDS mentor Sonam
Wanchuk found that while conventional construction costs Rs.750 per square foot, earth homes only cost Rs.500 [16].
Passive solar technology is advantageous in areas like Ladakh, where thermal radiation is more abundant and can
generate more heat in cold climates.

After comparing u-values, hybrid walls and ceilings with a lower u-value have less thermal conductivity, which is
beneficial for maintaining internal comfort in a climate like Ladakh. In a hybrid wall, the u-value is five times
traditional and seven times contemporary. The hybrid ceiling is six times lower than the traditional one and 28 times
lower than the modern one.

Due to the need to maintain heat in the winter, the sun is naturally at a 30-degree angle, allowing the most sunlight
and heat to enter the room. In contrast, the sun is at an 85-degree angle in the summer, preventing sunlight from
entering the room and resulting in lower summer radiation on the south wall. As opposed to this, 15% WWR will
operate effectively in the south, 5% in the east, 5% in the west, and 5% in the north, which is only optional for
ventilation after simulating the three analyses.
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Highlights
« Impact of energy recovery ventilators (ERV) on the probability of infection in a multi-room office building is studied

» ERV slightly increases the probability of infection only in the connected rooms (rooms without infection source)
» Bypassing ERV increases the probability of infection in both source and connected rooms

Abstract

Energy recovery ventilators (ERVs) are commonly used in HVAC systems to reduce energy consumption. ERVs transfer
the energy from the exhaust air and use it to precondition the incoming outdoor ventilation air. According to literature
evidence of non-biological contaminant transfer, it is suspected that the bioaerosols (with pathogen) may be transferred
from exhaust to ventilation air during energy transfer in ERVs. This may lead to disease transmission indoors.
Consequently, without any experimental/field evidence, ERVs are often bypassed in the HVAC systems during pandemic
operations. To address this research gap, this study numerically analyzes the effect of ERVs on indoor airborne disease
transmission in a multi-room office building. It is identified that the ERV slightly increases the infection risk only in the
connected rooms (rooms without the source of infection), whereas bypassing ERV increases the infection risk in both
source and connected rooms.

Keywords: Energy recovery ventilator, HVAC system, pandemic ventilation, probability of infection
Introduction

Pandemic is not new to the world. A recent study listed that the world faced at least 17 major pandemics before COVID-
19. For example, a human plague outbreak by the flea-borne bacteria Yersinia pestis killed around 100 million people in
the Roman Empire between 541 and 543 [1]. Hence, developing the infrastructure to curb disease transmission for future
pandemics is essential. When applying the traditional hierarchy of hazard control strategies, the engineering control
measures are more effective than the common pandemic control measures (namely using masks, handwashing, and social
distancing), which mostly fall in the last two categories of the control hierarchy, as shown in Figure 1 [2]. Hence,
engineering measures for controlling airborne transmission have been considered to be a high priority since the last
pandemic outbreak. It was found that the airborne transmission of infectious diseases, including COVID-19, mostly
occurs indoors rather than in outdoor settings [3]. Hence, it is vital to develop measures to control disease transmission
in indoor settings.

Engineering control measures are majorly classified into three types, namely filtration, inactivation, and ventilation. Both
filtration and inactivation technologies are somewhat specific to the characteristics of pathogens, such as size,
concentration, etc. Moreover, some of the inactivation technologies have safety constraints. For example, ultraviolet
germicidal radiation is a widely adopted technology in which irradiation and inactivated contaminants might risk human
health. Similarly, the bipolar ionization system may release ozone during disinfection, which concerns the occupant’s
health. However, increasing ventilation to reduce airborne disease transmission is applicable to all types of infectious
diseases and doesn’t have safety concerns [4].

In the ventilation technique, the outdoor ventilation rate is increased to dilute the concentration of infectious aerosols
indoors, thereby minimizing disease transmission. However, increasing the outdoor air supply is not feasible if outdoor
climatic conditions are far from human comfort conditions. For example, the average monthly temperature in Saskatoon,
Canada, is -9°C in January [5]. Supply of ventilation air in these extreme outdoor conditions will lead to an uncomfortable
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indoor environment, which can cause thermal stress to the occupants, may be life-threatening, and can also lower human
resistance to infection [6]. Hence, it is essential to first condition the outdoor air before supplying it to an indoor
environment. This increases the energy consumption of heating, ventilation, and air conditioning (HVAC) systems. The
increase depends on the climatic conditions and operational conditions of the building. A study of the climatic conditions
of China predicted that the increase in energy consumption of buildings was likely to be as high as 140% [7].

Most Minimize the chance of introduction of

effective El]mlnatl on virus in the environment
) < = Finding alternative ways of providing care,
Substitution ,«’/ changing the work process i.e., work from home
Engineering Ventilation, filtration, disinfection,
controls purification etc.
. Administrative Implementing policies
< controls // and protocols
Least “PPE Gloves, facemask, handwashing,

effective social distancing etc.

Figure 1: Hierarchy to control the pandemic outbreak (adopted from the hazard control hierarchy in the workplace by
the Centers for Disease Control and Prevention, United States)

Energy recovery ventilators (ERVS) are commonly used in HVAC systems to reduce energy consumption and operating
costs, especially during pandemic operations when the required ventilation rate is substantially higher than normal
operating times. Figure 2 shows the schematic of providing ventilation to a building using the HVAC system with an ERV.
As shown, the energy from the exhaust air is used to precondition the incoming outdoor ventilation air. The operation of
ERVs may lead to the transfer of bioaerosols (a type of airborne material with microorganisms or biological items that
originate from living organisms) from the exhaust to the fresh ventilation air entering the building. Consequently, it may
lead to disease transmission in the building. As a result, all the pandemic guidelines [8] are recommended to bypass or
operate ERV with constraints to reduce the disease transmission risk. Table 1 lists the recommendations about ERV in
pandemic HVAC guidelines [8]. As a result, ERVs are mostly bypassed by HVAC systems during the COVID pandemic
operation.

Exhaust fan

Exhaust air *

QOutdoor air

Heating Cooling

Ad3

Supply air

Figure 2: Schematic of the ventilation to a building by the heating, ventilation and air conditioning system with an
energy recovery ventilator (ERV)

There is no experimental/field evidence of bio-aerosol transfer in ERV, and thus, the recommendations listed in Table 1
to bypass ERV or operate ERV with constraints are not sustainable. This research gap forms the primary motivation for
this research work. When the ERV is bypassed, HVAC systems must operate with a lesser ventilation rate to maintain the
designed thermal comfort conditions indoors. Providing a lower ventilation rate indoors may increase the risk of disease
transmission. Hence, bypassing ERV has two simultaneous effects: (i) decreases the disease transmission risk by avoiding
the bioaerosols transfer across air streams and (ii) increases the disease transmission risk due to the decrease in ventilation
rate. The consolidated influence of these effects has not been studied so far. Hence, the present study numerically analyzes
the impact of ERV on indoor airborne disease transmission of infectious pathogens.
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Table 1: Recommendations about ERV in the pandemic HVAC guidelines [8]

Agency Recommendation related to ERV

e American Society of Heating, Refrigerating and Air- | Heat recovery devices can be utilized if the leakage
Conditioning Engineers percentage is acceptable

* Federation of European Heating, Ventilation and Air
Conditioning Assoaau_o ns . Heat recovery devices can be utilized when leakage is below

* European Centre for Disease Prevention and Control 5%

* Society of Heating, Air-Conditioning and Sanitary
Engineers of Japan

Cross-contamination between outdoor air and exhaust air

¢ Canadian Committee on Indoor Air Quality should be avoided with the application of heat recovery
devices
* ASHRAE Singapore Chapter
¢ Indian Society of Heating, Refrigerating and Air Rotary heat exchangers should not be applied
Conditioning Engineers
Method

The study is performed for a building with three medium-sized enclosed office rooms and an HVAC system, as shown in
Figure 3. Each room contains two adults, and only one adult in the source room got infected with COVID-19. Each room
is considered a standard enclosed office of approximately 42.3 m?and a height of 2.7 m. The office schedule is assumed
to be 8 hours, and the work is regarded as sedentary. The study assumes that the room air is well mixed due to its
circulation, i.e., the concentration of any pollutants or pathogens in the room is the same. In addition, the concentration
of pathogens in the rooms and ducts is assumed to be uniform in space. The concentration of pathogen is measured in
terms of “quanta”. A quantum is defined as the dose of airborne droplet nuclei required to cause infection in 63% of
susceptible persons. The estimated infection risk of the pathogen is generally presented as “probability of infection”,
which depends on the number of quanta inhaled by the susceptible person. The conservation of pathogen concentration
in a room can be expressed as [9, 10]:

dac
VE = Ast - ArNr - Ade + fﬁ@ Rgenerationdv + ﬁ;g Rdecaydv (1)

Where C is the volume-averaged concentration (m), V is the volume of the room (m®), 4;N; is the flux of the pathogen
to or from the room (s, r, d and f denotes the supply air duct, return air duct, door leakage area and floor settling), Rgeneration
is considered as a constant generation term that accounts for coughing, sneezing etc. Various environmental factors such
as humidity, temperature, and sunlight can inactivate the virus and are represented by the first-order term Raecay.

S | Fan 7 * * *
rocover % v NP RN N R YR
S AN AN AN AN AN A
<\ N
(oY I I -

Heating/cooling

and Source Connected Connected
humidity control room room room
_—_Supply Return
air air 3 Pathogen

Figure 3: Disease transmission due to the pathogen transfer in ERV in an office building with one source and two
connected rooms
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Equation (1) can be normalized for the source room (Csr) with respect to the volume of the rooms and considering the
order of various terms above gives:

Csr _ ([RAma) [y b (N - Cp)]) + €y — ACss )

dt msy
Where 2 is the air change per hour of the room (h't), which includes the effect of door leakage, mg, and mg, are the
recirculation and supply air flow rates normalized to the volume of the room (h), N is the number of connected rooms,
Ccr is the volume averaged virus concentration in the connected rooms, C, is the virus generation rate, which could be
evaluated as per equation (3):
o=y 3)

Where g represents the quantum generation rate (h), which is a function of the pathogen species, hazard control
effectiveness, etc. g is estimated using a Monte Carlo approach to solve the piecewise volume integral of the virus
concentration and is taken as 58 h'! in this study for sedentary office work. A is a constant expressed as:

_ 1y

T W+ “)
Where 7y is the efficiency of the filter used in the HVAC system. A is the effective ventilation rate (h'), which takes into
account the effect of virus inactivation and settling and is written as:

v
A=2A+-L+ kyecay )

Where H is the height of the room (m) and kaecay is the virus decay rate (0.63 h't), vy is the floor settling velocity (ms?),
which is calculated as per Stokes’ terminal velocity approximation:

_ Pa—pyr

2
AT gd (6)

pa and py are the densities of the droplet (1000 kgm) and air (1 kgm3), uy is the viscosity of air (1.8 - 10° Pa's), g is 9.81
ms2 and d is the geometric mean diameter of the virus in size ranges at 0.55 pm (0.3-1 pm), 1.7 um (1-3 um) and 5.5 pm
(3-10 um). The distribution of the virus generated in these ranges was observed to be 15%, 25%, and 60%, respectively.
The virus distribution in these size ranges was also considered in the settling velocity term.

If ERV is included in the HVAC system, then the rate of change of concentration of pathogen in the source room is given
as

dCsp _ (A:[Csr+(N-Csg)]).(mpaEATR) N
at /1( msa ) + Cg ACSR (7)

Where EATR is the exhaust air transfer ratio of ERV. Similarly, the concentration of the pathogens in the connected room
(Ccr) without ERV is given as

ac
f = (A-mpy - [Cop + (N Ccr)] — Co 8
With ERYV,
dCcr _ 4 ((A[Csr+(N-Ccr)])-(MRA'EATR)
dac A( msa ) ACSR (9)

Equations 2, 7, 8 and 9 are solved using the Runge Kutta 4™ order method to obtain the concentration of pathogen in the
source and connected rooms at different time steps. The probability of infection to an uninfected individual (P) at a
particular time step is evaluated based on the equations:

Psg(t) = 1 — e CsrP? (10)

Peg(t) =1 — e CerDt (11)
Where t is the time step, and b is the breathing rate for an adult executing sedentary office work (0.3 m/h).
Results and Discussion
The pathogen transfer possibility through any ERV can be related to its performance characteristics,

“Effectiveness (¢)” and “Exhaust Air Transfer Ratio (EATR)”. According to ASHRAE [11], effectiveness is defined as
the ratio of the actual energy transfer to the maximum possible energy transfer across air streams in ERV. Similarly, EATR
is the ratio of the concentration increase (of any contaminant) in supply air (including ventilation air) relative to the
maximum concentration difference between supply and exhaust air streams. The effectiveness and EATR of ERVs
generally vary between 40 to 90% and O to 10%, respectively. Hence, an effectiveness of 70% and EATR of 5% is
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considered for the present study. The thumb rule for the outdoor air (OA) fraction in the supply air to meet the ventilation
requirements (prescribed in the standards, e.g., ASHRAE Standard 62.1) generally varies from 20 to 50% (i.e., the total
supply air constitutes 20 to 50% outdoor air). Thus, the study also analyses the effect of ERV with the OA fractions of 20
and 50%.

Infection risk due to ERV

Figure 4 shows the effect of ERV in the HVAC systems on the probability of infection in the source and connected rooms.
When the susceptible person is exposed to the infected person for a longer duration, the likelihood of getting infection
increases. Hence, the probability of infection increases linearly with the time in the source room, as shown in Figure 4(a).
Similar observations are found in the connected rooms (Figure 4(b)), except the probability of infection in the connected
rooms is significantly lower than in the source room since there is no infected occupant, i.e., no source of the pathogen.
When the HVAC system is operating with ERV, the pathogens from the exhaust air can be recirculated to the rooms
through return air and also through ventilation air due to ERV, as shown in Figure 3. Consequently, the pathogen transfer
in ERV increases the concentration of the pathogen in the source and connected rooms. However, due to the significantly
higher emissions of pathogens from the infected person, the increase is negligible in the source room for both OA
conditions. Hence, there is no noticeable effect on the probability of infection due to ERV in the source room, as shown
in Figure 4(a). However, since there is no source of infection, ERV slightly increases the probability of infection in the
connected rooms. The increase is high when the HVAC system operates with a higher OA fraction. This is because, at the
same EATR, the amount of pathogen transferred from the exhaust air to the supply air through ERV is higher for the
higher OA fraction. The increase in the probability of infection is 6% in the connected rooms at 50% OA fraction, as
shown in Figure 4(b).

Infection risk due to bypassing ERV

When the ERV is bypassed, HVAC systems must operate with a lesser ventilation rate to maintain the designed thermal
comfort conditions indoors. The lower the ventilation rate, the higher the probability of infection due to insufficient
dilution of pathogens by the fresh outdoor air. Hence, the probability of infection increases in both source and connected
rooms. The increase in the probability of infection is higher for 50% OA conditions. This is because bypassing ERV at a
higher OA fraction leads to a significant increase in the load of the HVAC system. Consequently, the ventilation rate to
the source and connected rooms decreases substantially to achieve the required indoor thermal comfort conditions. Hence,
the increase in the probability of infection is significant for a 50% OA fraction when compared to a 20% OA fraction
when the ERV is bypassed. As shown in Figure 4(a), the increase in the probability of infection in the source room is 6
and 17% for the OA fraction of 20 and 50%, respectively. Similarly, as shown in Figure 4(b), the corresponding increase
in the connected rooms is 4 and 12%. Hence, bypassing ERV is a highly inefficient practice that promotes indoor airborne
disease transmission.
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Figure 4: Effect of ERV of HVAC systems on the probability of infection in (a) source and (b) connected rooms of an
office building. An HVAC system is considered with 20% and 50% outdoor air (OA) conditions

The effect of the increase in the probability of infection when bypassing ERV is highly dependent on the reduction in the
ventilation rate, as discussed earlier. The reduction, in turn, depends on the effectiveness of ERV. Hence, the present study
analyzed the effect of effectiveness on the probability of infection while bypassing ERV, and Figure 5 depicts the
corresponding results. As expected, an increase in the effectiveness increases the probability of infection in both source
and connected rooms. As shown in Figure 5(a), the increase in the probability of infection in the source room is 8 and 24%
for the OA fraction of 20 and 50%, respectively. Similarly, as shown in Figure 5(b), the corresponding increase in the
connected rooms is 3 and 9%. It is also inferred from the figure that bypassing ERV with an inferior effectiveness of 20%
(which is the least possible condition) increases the probability of infection. Hence, bypassing ERV is a highly inefficient

practice in any operating condition.
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Figure 5: Effect of the effectiveness of ERV on the probability of infection in (a) source and (b) connected rooms of an
office building. An HVAC system is considered with 20% and 50% outdoor air (OA) conditions

Conclusion

The effect of ERV on indoor airborne disease transmission is analyzed for a medium-sized office building with one source
and two connected rooms. The transmission risk is quantified using the probability of infection. The study considers an
ERV with an effectiveness of 70% and EATR of 5% and includes the influence of OA fraction (20 and 50%). It is identified
that the ERV slightly increases the probability of infection only in the connected rooms and at a higher OA fraction. The
increase in the probability of infection is only 6% at 50% OA fraction. Hence, bypassing or operating ERV with constraints
as per the pandemic HVAC guidelines is not necessary for single enclosed space applications like common hospital wards,
church prayer halls, etc. Moreover, it cannot be concluded that the slight increase in the probability of infection in
connected rooms leads to disease transmission. This is because the metal and/ or chemical coating of ERVs may deactivate
the viability of the pathogen. The study also shows that bypassing ERV increases the probability of infection in both
source and connected rooms at any operating condition. The increase in the probability of infection in the source room is
6 and 17% for the OA fraction of 20 and 50%, respectively. Similarly, the corresponding increase in the connected rooms
is 4 and 12%. Therefore, bypassing ERV, even with inferior effectiveness as per the pandemic HVAC guidelines, is a
highly unsustainable practice.
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Nomenclature

EATR Exhaust Air Transfer Ratio

ERVs Energy recovery ventilators

HVAC Heating, ventilation and air conditioning
OA Outdoor air

€ Effectiveness

References

J. Piret and G. Boivin, "Pandemics Throughout History," Frontiers in Microbiology, vol. 11, 2021. https://doi.org/10.3389/fmich.2020.631736
Hierarchy of hazard control strategies by the National Institute of Occupational Safety and Health, Centre for Disease Control and Prevention.
Available at https://www.cdc.gov/niosh/topics/hierarchy/default.html

L. Morawska et al., "A paradigm shift to combat indoor respiratory infection," Science, vol. 372, no. 6543, pp. 689-691, 2021.
https://doi.org/10.1126/science.abg2025

[1]
[2

31

115


https://doi.org/10.3389/fmicb.2020.631736
https://www.cdc.gov/niosh/topics/hierarchy/default.html
https://doi.org/10.1126/science.abg2025

Energise 2023 Conference Proceedings

[4] Delp et al., "Control of airborne infectious disease in buildings: Evidence and research priorities. “Indoor Air, vol. 32(1), 2021, pp. 12965.
https://doi.org/10.1111/ina.12965

[5] Climatic conditions of Saskatoon, Canada. Available at https://weather.gc.ca/city/pages/sk-40_metric_e.html

[6] ASHRAE, "ASHRAE Positions on Infectious Aerosols,” 2022, https://www.ashrae.org/file%20library/about/position%20documents/pd_-
infectious-aerosols-2022.pdf

[71  W. Zheng et al., "COVID-19 Impact on Operation and Energy Consumption of Heating, Ventilation and Air-Conditioning (HVAC) Systems,"
Advances in Applied Energy, vol. 3, p. 100040, 2021. https://doi.org/10.1016/j.adapen.2021.100040

[8] M. Guo et al., "Review and comparison of HVAC operation guidelines in different countries during the COVID-19 pandemic," Building and
Environment, vol. 187, p. 107368, 2021. https://doi.org/10.1016/j.buildenv.2020.107368

[91 L.F Pease etal., "Investigation of potential aerosol transmission and infectivity of SARS-CoV-2 through central ventilation systems." Building
and Environment, vol. 197, p.107633, 2021. https://doi.org/10.1016/j.buildenv.2021.107633

[10] J. Shenetal., " A systematic approach to estimating the effectiveness of multi-scale IAQ strategies for reducing the risk of airborne infection of
SARS-CoV-2." Building and Environment, vol. 200, 2021, pp. 107926. https://doi.org/10.1016/j.buildenv.2021.107926

[11] Air to Air Energy Exchangers, ASHRAE Handbook-HVAC Systems and Equipment (SI). Atlanta, 2020.

116


https://doi.org/10.1111/ina.12965
https://weather.gc.ca/city/pages/sk-40_metric_e.html
https://www.ashrae.org/file%20library/about/position%20documents/pd_-infectious-aerosols-2022.pdf
https://www.ashrae.org/file%20library/about/position%20documents/pd_-infectious-aerosols-2022.pdf
https://doi.org/10.1016/j.adapen.2021.100040
https://doi.org/10.1016/j.buildenv.2020.107368
https://doi.org/10.1016/j.buildenv.2021.107633
https://doi.org/10.1016/j.buildenv.2021.107926

Cite this article

Rawal, R., Shukla, Y., Shivani, S., Nathani, S., Kumar, S., Asrani, S.
(2024). Developing an Embodied Energy Database for Construction
Materials in India. In Proceedings of Energise 2023- Lifestyle,
Energy Efficiency, and Climate Action, pp 117-126, Alliance for an

452023

Lifestyle, Energy Efficiency, and Climate Action

Energy Efficient Economy.
https://doi.org/10.62576/WKVZ5438

Energise 2023 Conference | Goa, 1-4 November 2023

Developing an Embodied Energy Database for Construction Materials

In India

Rajan Rawal

Centre for Advanced Research in Building Science and
Energy, CEPT University, India

(Corresponding Author: rajanrawal@cept.ac.in)

Shivani S
Centre for Advanced Research in Building Science and
Energy, CEPT University, India

Sachin Kumar
Shakti Sustainable Energy Foundation

Yash Shukla
Centre for Advanced Research in Building Science and
Energy, CEPT University, India

Sakshi Nathani
Shakti Sustainable Energy Foundation

Sneha Asrani
Centre for Advanced Research in Building Science and

Energy, CEPT University, India

Highlights

« Framework for developing an Embodied Energy Database.

« Using Pedigree matrix -data scoring method to reduce the uncertainties in the data.
 Integrating crowdsourcing for data collection to help the stakeholders.

« Optimizing environmental impacts and developing policy guidelines.

Abstract

Optimizing operational energy in buildings can increase the significance of embodied energy and associated carbon
emissions. Promoting low embodied energy materials and construction processes is crucial for achieving low-carbon
development while reducing operational energy. However, accessing reliable embodied energy data for construction
materials in India poses a major challenge for conducting Life Cycle Assessments (LCA) to quantify the environmental
impact. The proprietary nature of these datasets limits their availability in LCA studies, leading to uncertainties in
building LCA results. Thus, this study aims to develop a construction material embodied energy database in India. A
uniform data collection framework adapted for the building and construction sector and confidence level measurements
for the embodied energy datasets will be used. This database will help reduce uncertainty in LCA studies and support
informed decision-making.

Keywords: embodied energy, life cycle assessment, crowdsourcing database, construction materials
Introduction

According to the IEA report, 8% of the global energy-related and process-related CO, emissions result from using fossil
fuels in the building, 19% from generating electricity, and 6% related to manufacturing building materials [1]. Buildings
consume energy during all the lifecycle stages, including construction, use, maintenance, renovation, and demolition.
The research conducted by CSIRO reveals that the typical household encompasses approximately 1,000 gigajoules (GJ)
of energy embedded in the construction materials used to build it, which is equal to 15 years of normal operational energy
use [2]. Embodied emissions encompass the significant environmental impact of various building life cycle stages.
Additionally, all activities and processes throughout the supply chain that contribute to building construction also
contribute to embodied emissions. These embodied emissions play a crucial role in understanding the overall carbon
footprint of a building [3].

India's rapid urbanization and population growth have led to significant demand for residential spaces [4]. However, there
is a concerted effort to construct buildings that are less intense on energy consumption and have reduced operational
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carbon emissions. As most of the residential buildings in India are either Naturally Ventilated or Mixed mode, the
operational energy in the residential buildings is comparatively lesser. Additionally, the Government of India has also
introduced codes like ENS — Eco Niwas Samhita, and initiatives like Pradhan Mantri Awas Yojana (PMAY) enhance the
usage of sustainable materials and locally available materials, which helps to reduce embodied energy and emissions
ultimately. There is a growing trend towards using sustainable and low-carbon materials to reduce embodied carbon in
residential buildings. Materials like fly ash bricks, autoclaved aerated concrete (AAC) blocks, and bamboo composites
are being promoted as alternatives to conventional high-carbon materials like red bricks and concrete. Apart from the
material selection, the BEE has also introduced the standards and labelling problem through which the appliances are
rated, and the energy savings potential of the appliances is informed [4]. Additionally, passive design strategies that
optimize natural lighting and ventilation are being incorporated to reduce the energy demand of residential spaces [5] [6].
On the other hand, the commercial building sector is also undergoing a transition towards more energy-efficient practices
and technologies. This includes adopting advanced building management systems, energy-efficient lighting, and HVAC
(Heating, Ventilation, and Air Conditioning) systems, and integrating renewable energy sources. The Indian government,
along with organizations like the Bureau of Energy Efficiency (BEE), has introduced energy efficiency codes and rating
systems for buildings, such as the Energy Conservation Building Code (ECBC) and rating systems like the Indian Green
Building Council (IGBC) certification. By implementing and adopting these measures, the operational energy
consumption of commercial buildings can be significantly reduced [7] [8]. On the other hand, the operational versus
embodied carbon ratio is changing due to efforts to reduce the embodied carbon in construction materials. This involves
utilizing low-carbon or carbon-neutral materials, optimizing the design to reduce the required materials, and sourcing
materials locally to reduce transportation emissions.

While demand-side measures, such as energy-efficient practices at the building and community scales, have been gaining
momentum in improving energy efficiency in the built environment, there is also a pressing need to address supply-side
measures for achieving substantial carbon reduction. Additionally, renewable energy continues to grow despite global
uncertainties, which take a larger part of the operational energy of the building sector [9]. Building codes, energy
regulations, and similar building rating systems primarily prioritize the reduction of energy consumption during building
operation and the transition to low-carbon electricity sources, whether generated onsite or obtained from external sources.
However, they have not made it a specific requirement to reduce embodied energy due to the inherent challenges of
calculating it [10]. Focusing on less carbon-intensive production processes and materials is crucial. The supply-side
measures emphasize the importance of considering the entire life cycle of buildings, from material extraction to
manufacturing and transportation. Significant carbon emissions can be attributed throughout these stages to the
production of building materials, such as cement, steel, and glass, and the energy consumed during manufacturing and
transportation [11] [12]. The quantification of carbon emissions throughout the production of building materials and the
energy-intensive manufacturing and transportation processes highlights their significant environmental impact. Hence,
understanding the embodied energy of construction materials is crucial for assessing their overall carbon footprint and
identifying opportunities for sustainable alternatives.

Thus, this study aims to develop a database of embodied energy of construction materials in India. This is achieved
through a tool that serves three purposes:

» Generation of embodied energy database through crowdsourcing
¢ Quantification of the confidence level of the datasets
» Access point of the openly available database

The tool's scope includes a framework for collecting embodied energy data based on the "Fit-for-purpose" approach.

Context — Literature study

The embodied energy or carbon of a building considers the energy and carbon emissions associated with the extraction,
processing, manufacturing, transportation, and assembly of building materials, as well as the energy used during
construction and the disposal of waste materials. It also considers the potential for recycling or reusing materials and the
environmental impact of demolition or removal. It refers to the total energy consumed throughout the life cycle phases
of a building [13] [14].

Conducting a Life Cycle Assessment (LCA) study, which involves a systematic analysis of the environmental impacts of
a product, process, or system throughout the entire life cycle of the building. The standard ISO/EN 15978 international
standard is titled "Sustainability of construction works - Assessment of environmental performance of buildings -
Calculation method." It provides a standardized methodology for assessing and reporting the environmental performance
of buildings throughout their life cycle. The standard focuses on calculating the environmental impacts associated with
the construction, use, and end-of-life stages of buildings. It provides guidelines for evaluating various aspects such as
energy consumption, greenhouse gas emissions, resource depletion, water consumption, and waste generation. 1SO
15978 outlines a life cycle assessment (LCA) framework for analyzing the environmental impacts of buildings. This
includes considering the extraction and processing of raw materials, manufacturing of building products, transportation,

118



Energise 2023 Conference Proceedings

construction activities, operational energy consumption, maintenance and repair, and the eventual demolition or disposal
of the building. It provides guidelines and requirements for conducting an LCA, including data collection, impact
assessment, and reporting. This standard enables stakeholders in the building industry to evaluate and compare the
environmental performance of different building designs and materials, facilitating more informed decision-making
towards reducing embodied carbon and improving overall sustainability [15].

Furthermore, the principles and framework for conducting Life Cycle Assessment (LCA) the fundamental concepts,
terminology, and structure for LCA studies established in the ISO 14040:2006 standards. This standard ensures
consistency, transparency, and credibility in the assessment process by providing guidelines for goal definition, scope
setting, inventory analysis, impact assessment, and interpretation of results [16]. The four components of LCA are
described in the ISO /EN 14040 are as follows:

1. Goal and Scope Definition: Clearly define the purpose, boundaries, functional unit, and system limits of the LCA
study to establish the scope and context.

2. Life Cycle Inventory (LCI): Compiling a comprehensive inventory of inputs (resources, energy, materials) and
outputs (emissions, waste) associated with each life cycle stage to quantify the environmental inputs and outputs.

3. Life Cycle Impact Assessment (LCIA): Analyzing the inventory data to evaluate the potential environmental impacts
of the assessed system in specific impact categories such as climate change, human health, ecosystem quality, and
resource depletion.

4. Interpretation: Analyzing and summarizing the LCA results, including comparing impact categories, identifying
hotspots, assessing uncertainties, and drawing conclusions to provide insights for decision-making and improvement

opportunities [17].
&
© ok

Goal & Life Cycle Impact
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Figure 1: Life Cycle Assessment Phases

Furthermore, 1SO 14044:2006 complements ISO 14040 by detailing the requirements and guidelines for conducting LCA
studies. It provides a comprehensive methodology and technical guidance for each assessment stage. 1SO 14044 specifies
the data requirements, methods, and tools to collect and analyze life cycle inventory data, assess environmental impacts,
and interpret the results. This standard promotes the use of reliable data, systematic analysis, and peer review to ensure
the accuracy and validity of LCA studies. This standard helps to conduct robust LCA studies and make informed decisions
to improve the environmental performance of their products and systems [17].

LCA can be easily calculated with the help of software, which can carry out detailed environmental assessments based
on integrated databases. Numerous commercial tools are available in the market that facilitate the calculation of Life
Cycle Assessment (LCA) as well as the estimation of both embodied and operational energy. These tools simplify the
process and make it more accessible to users. Some tools include ATHENA, ACE, Boustead Model, EcoPro, EcoScan,
EPS 2000, eToolLCD, GaBi, One Click LCA, Simapro, Umberto, etc. These tools allow using many databases and
environmental impact assessment methods. Additionally, these tools follow 1SO standards for assessments [18] [19] [20].
However, when it comes to commercial tools that incorporate LCA data for building assessment, there can be limitations
regarding the reliability of data sources. Some tools are considered "black box™ or "grey box" tools, meaning that the
underlying data and calculations are not transparent, and it may be challenging to verify their accuracy or assess the
reliability of the data used. For example: Ecoinvent, GaBi allows and supports black box modelling by offering data on
the input and outputs of processes without detailed data [21] [22]. This lack of transparency and uncertainty in data
sources can limit the widespread adoption of these tools, especially when developing national codes or regulations that
rely on consistent and trustworthy data for assessing building performance [23].

In terms of research and development, there have been numerous papers focused on LCA methodologies and applications.
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The methods include Life cycle costing, life cycle inventory, life cycle analysis and optimization [24] - [30]. However, a
common and comprehensive method that is a universally accepted approach has yet to emerge. The field of LCA is still
evolving, and researchers are continuously working on improving methodologies and addressing challenges, such as data
reliability and standardization.

Additionally, it is worth noting that some countries are making attempts to incorporate embodied carbon. For example,
the United Kingdom has introduced the "Redefining Carbon" initiative, which aims to establish a new framework for
measuring and reporting embodied carbon in construction projects. The United States and the Netherlands have adopted
a material-scale approach, which focuses on the performance of materials. Denmark has taken a more progressive
approach than the building-scale method by establishing an embodied carbon budget of 12 kg CO; equivalent (CO»-eq)
per square meter per year for new buildings larger than 1000 square meters [31].

Regarding the building code, Marin County - United States, has successfully incorporated embodied carbon into its Marin
Country code Chapter [32]. The Netherlands has introduced limits on embodied carbon in buildings through building
regulations applicable to residential and non-residential buildings. France has introduced regulations "RE2020", which
is relevant to the new buildings, that govern operational and embodied carbon. Countries like Finland are trying to
develop legislation for low-carbon construction [33].

In India, the Energy Conservation Building Code (ECBC) is undergoing a restructuring process to introduce a new
chapter called the Building Materials in the Energy Conservation Building Sustainable Codes Standards (ECBSC). This
new chapter will focus on addressing building materials' embodied energy and carbon. Including embodied carbon
considerations will be applicable to structural and envelope systems, excluding building finishes and electrical,
mechanical, plumbing, and non-structural elements. The additions to the code will consider factors such as seismic zones
and the availability of floor space index or floor area ratio. The embodied energy or carbon will be reported in kilograms
of carbon dioxide equivalent per square meter (KgCOze/m?). The benchmark for embodied carbon will be calculated
using a CSV file and is subject to annual revisions, making it a dynamic benchmark that can change over time. Overall,
restructuring the code in India aims to incorporate embodied carbon considerations into the regulatory framework,
providing guidelines and benchmarks for reducing carbon emissions associated with building materials in buildings'
structural and envelope systems.

Similar Crowdsourcing Databases:

Crowdsourced data collection offers a cost-effective method for researchers to delegate straightforward tasks or surveys,
enabling them to gather data in real time. This approach allows for a significantly larger and more geographically diverse
set of observations than traditional data collection methods, keeping costs relatively low. The crowdsourcing database is
popular and used in many fields. Some of the popular crowdsourcing databases are listed as follows:

Table 1: Crowdsourcing Databases - Examples

Crowdsourcing

Database Description Usage Examples
. A category within Autodesk Revit where manufacturers, designers, and | Architectural design,
Autodesk Revit . - . . g .
Eamili architects can upload their BIM files for users to download and incorporate | building modelling,
amilies - ; ; .
into their own BIM projects [34]. component sourcing
A specialized database for collecting and compiling Thermal Comfort data .
. . Y . . Research, analysis, and
worldwide, ensuring proper attribution and referencing. Data is structured -
ASHRAE DB Il - P - .-~ | exploration of thermal
for consistency and easy analysis. Rigorous validation checks maintain -
. . comfort conditions
data integrity [35].
A cloud-based platform within Autodesk SketchUp where users can share
3D Warehouse- their 3D models. Professional companies, including furniture | Architectural visualization,
Sketchup manufacturers, can upload their products for designers to incorporate into | product design, collaboration
their projects [36]
A collaborative mapping project that relies on crowdsourcing for data . L
- o : - - - Mapping, navigation,
collection, validation, and maintenance. User-contributed data is reviewed . . .
Open Street Map e - - geographic information
and verified through peer review, cross-referencing, and automated systems

technologies [37].

Google Maps allows users to contribute crowd source data, which is
validated through a structured process. Users can submit updates,
corrections, reviews, and additional information to improve the accuracy
and completeness of map data [38].

Navigation, local business
information, real-time traffic
updates

Google Maps

Wikipedia is a collective platform for sharing structured knowledge.
Wikipedia Quality control is maintained through community engagement, moderated
discussions, and secondary processes such as arbitration committees [39].

General knowledge,
research, reference
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Methods

The proposed methodology for developing the embodied energy database of building materials involves the creation of
a user-friendly tool. This tool allows users to input their data related to the embodied energy of various building materials.
Once the data is collected, it undergoes analysis and verification to ensure its accuracy and reliability. The verified fit
datasets are then saved into the database for further utilization.

The database's final dashboard will provide users with valuable information regarding the embodied carbon of different
building materials. Users can access this dashboard, which will present the data comprehensively and easily
understandable. The dashboard will visually represent the embodied energy database, enabling users to explore and
analyze the embodied carbon of specific building materials.

" Prefimiary Check |

- *|  (only after receiving 50

[ Energy, Pryscaliy . : Input into the tool e . | | daiets)
other Ancillary I Data Collection Data Verification )
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Figure 2: Process flow of the Embodied Energy Database Too

Data collection: Collecting embodied energy data is indeed a complex task due to the lack of consensus on the specific
details, units, metrics, and data format. To set up an embodied energy database, the initial crucial step is to formulate a
comprehensive data collection format capable of storing and validating the collected information. We propose creating a
standardized database format designed to collect material carbon emissions during the Al to A4 life cycle processes —
Cradle to Gate. These processes, including raw material extraction, procurement, manufacturing, and transportation, form
the foundation of the overall life cycle assessment. By focusing on these core processes, the proposed format can
effectively capture the essential data needed for assessing building materials' embodied energy and carbon emissions.
This standardized format will establish a consistent framework for data collection, enabling efficient storage, validation,
and analysis of the gathered information, laying the groundwork for developing a robust and reliable embodied energy
database. The following points were considered while finalizing the data collection format:
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Figure 3: The life cycle of a building

1. Data Collection — The data being collected includes both embodied energy and carbon emissions. The units used are
MJ (megajoules) for embodied energy and kg CO; or kg CO,eq (carbon dioxide equivalent) for carbon emissions.

2. Life cycle process — The proposed granularity of the life cycle process data collection is at the individual process
level. The database aims to collect data for each specific activity within a life cycle process. For example, if Process
Al includes activities such as "Raw material extraction" and "Raw material procurement," contributors would be
encouraged to enter data for each activity separately to achieve the highest level of granularity.
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Data source — The data sources can be primary and secondary. Preliminary data may be obtained directly from
material suppliers, scientific publications, or material-specific Environmental Product Declarations (EPDSs).
Secondary data is information gathered from existing databases or literature that compiles relevant life cycle
assessment data.

. Age of data — The age of the data can vary. Contributors may enter the age of the data directly, or it can be categorized

into time slabs, such as 1-2 years old, to indicate its recency.

The geographical region of data — The region from which the data was collected should be specified. For example,
contributors would be prompted to provide information on the location of material extraction for Process Al or the
manufacturing location for Process A3. This helps to account for regional variations and specific environmental
conditions that may influence the life cycle assessment.

Who would be able to enter the data — Contributors can range from PhD scholars to material manufacturers. The
database aims to be inclusive and welcomes data contributions from a wide range of stakeholders who possess relevant
knowledge and information regarding the life cycle processes of materials.

Level of technical rigour of the database— The database will be maintained with a high level of technical rigour.
While data can be collected from various sources, it will undergo rigorous validation checks to ensure its fitness and
reliability. The validation checks will be applied at the individual process level, meaning that data for each specific
process will be evaluated separately. For instance, if a contributor provides data for Processes Al, A2, and A3, the
validation checks will assess the confidence intervals for each process. This means that data for A1 and A2 might fall
within a 95% confidence range, while data for A3 may fall within an 80% confidence interval. All data will be
integrated into the database but will be differentiated based on their associated confidence intervals, indicating their
reliability.

We propose the establishment of a centralized database that will be interconnected with multiple data collection files.
Each contributor will receive separate data collection files tailored to their specific contributions. The data collection file
will be structured into four sheets corresponding to the A1, A2, A3, and A4 life cycle processes. The following data is
proposed to be collected for each life cycle process:

For the Al life cycle process: In the case of the Al life cycle process, contributors are encouraged to provide data at
the most detailed level possible, if available. They can enter specific information related to the activities involved or
provide comprehensive data for the embodied energy or carbon of the process. Background information is crucial for
establishing the context of the data, while some details are specific to embodied energy or carbon. It also requires the
contributors to indicate the source of the data, which can be either primary data from the contributor or data obtained
from material manufacturers, scientific literature, reports, and other sources. Data sources indicate the data type,
specifying whether the data was directly measured by the contributor, calculated indirectly, or derived using
conversion factors. For example, indirect calculations or conversions can be used to estimate the data if certain
information is unavailable, such as the total weight of coal used. This approach ensures an accurate and
comprehensive collection of embodied energy and carbon data for the Al life cycle process by emphasizing
granularity and providing relevant context.

A2/A4 life cycle process: In the case of the A2 and A4 life cycle processes, contributors will be requested to provide
information regarding transport-related carbon emissions or embodied energy. The data collection format for these
processes will be similar. Contributors will have the opportunity to enter details related to transport for as many
vehicles involved in the process as necessary. Detail 10 in the format will indicate the vehicle category, distinguishing
between Light Duty Vehicle (LDV), Medium Duty Vehicle (MDV), or High Duty Vehicle (HDV). This information
will enable comprehensive data collection and analysis for transport-related aspects of both the A2 and A4 life cycle
processes.

A3 life cycle process: In this stage, contributors will provide data on the embodied energy or carbon emissions
resulting from the manufacturing process. The data collection will capture information about all the raw materials
utilized in the manufacturing process and the specific method or technology employed.

We propose to have the data collection of each stage with four levels of detail; the above-mentioned information is further
broken down into four levels according to its availability.
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Table 2: Lifecycle stages process breakdown into four levels of details

Raw Material .
Acquisition Transport Manufacturing Transport
Vehicle used, Distance | Manufacturing process, Vehicle used, Distance
LOD1 Manufacturer, R&.IW from the mine to the Quantity of the raw from the mine to the
materials, Quantity I - o
manufacturing site materials manufacturing site
Equipment type, Fuel type Number of vehicles, Equipment used, Number of vehicles,
LOD 2 4 gf the & 'ment YPE | \ehicle type, Fuel type | Energy used (Fuel and | Vehicle type, Fuel type of
quip of the Vehicle electricity) the Vehicle
Manufacturer and Manufacturer and
ops | Moot | unberorveices, | MOS0 | o veits
Embodied ener / Number of trips, embodied ener Number of trips,
9y Embodied energy 9wy Embodied energy
LOD 4

We propose implementing an online data collection method for this database. The data collection template will be
available for download, allowing contributors to access and complete it. Once the contributors have filled out the template
with the relevant data, they can share it with the designated database manager(s) via email. The database manager(s) will
then review and validate the data for its quality and accuracy. This process ensures that the collected data undergoes a
rigorous quality control check, enhancing the reliability and credibility of the information stored in the database. By
providing an accessible and straightforward method for data submission, we aim to encourage widespread participation
and collaboration from various stakeholders, ultimately enriching the database with comprehensive and diverse life cycle
process data. The data validation process is explained in detail in the further sections. Note that in case of data scarcity,
we may propose the users use syntenic data for their calculation.

Data Verification:
The data checking and verification will consist of two phases: the Primary Check and the Secondary Check.

1. Primary Check: This phase occurs after the tool submits the data. The dataset is compared with similar datasets that
have been previously accepted. The dataset is deemed unfit and excluded from further analysis if any major errors or
discrepancies are identified. The Primary Check phase commences once sufficient datasets, such as 50, have been
gathered to enable effective comparisons. The distribution range will be fixed with the obtained dataset, and if the
new dataset doesn't fit into the distribution range, it will be rejected.

2. Secondary Check: This is a mandatory phase. During this phase, the selected datasets undergo scoring based on the
pedigree matrix method outlined in 1ISO 14044. The scoring considers regionality, time relevance, and units used. The
uncertainty of the dataset about the identified scoring parameters is also assessed. The Secondary Check helps
evaluate the quality and reliability of the datasets, considering their alignment with specific criteria and the level of
uncertainty associated with the provided data.

By following these two comprehensive checking phases, the database ensures that only reliable and high-quality datasets
are included for further analysis and utilization. The primary check eliminates major erroneous data, while the secondary
check evaluates datasets based on predefined scoring parameters and uncertainty assessments, providing a robust
framework for data validation.

Data Scoring

The scoring system can consider various factors, such as data source reliability, data age, geographical coverage,
completeness, and consistency. Each criterion can be assigned a score based on its importance and relevance to the
analysis. For this study, we have used the Weideman and Wesnaes (1996) proposed framework for scoring based on five
parameters:

The parameters for scoring are as follows:

Data source: The data source refers to the origin or provider of the information used for scoring. It is crucial to consider
the data source's reliability, credibility, and validity. High-quality data sources, such as reputable research institutions,
government agencies, or well-established organizations, are generally preferred as they are more likely to provide
accurate and trustworthy information.

Age of the data: The age of the data indicates how recently the information was collected or updated. More recent data
is generally preferred because it reflects the current state of affairs and is likely to be more relevant. However, the
importance of the data's recency may vary depending on the specific context.
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Geographical coverage: Geographical coverage refers to the extent to which the data represents different geographic
areas. Depending on the application, it may be necessary to have data that covers a specific region, country, or even the
entire globe. The geographical coverage should align with the scope of the analysis or decision-making process.

Lifecycle stages: The lifecycle stages parameter considers the different phases or locations of the assessed phenomenon.
The inclusion of data from different lifecycle stages provides a more comprehensive understanding of the phenomenon
and allows for better decision-making across the entire lifecycle.

Units/Indicators: This parameter refers to the measurement units or indicators used to quantify and assess the
phenomenon of interest. The choice of appropriate units or indicators depends on the specific context and the scoring
goals. It is important to use indicators that are meaningful, valid, and aligned with the objectives of the analysis. The
units or indicators should capture the relevant aspects of the phenomenon and enable meaningful comparisons and
evaluations.

The obtained datasets are scored with the help of the pedigree matrix provided above, and with the data quality score
obtained, the dataset's quality will be assessed. The pedigree matrix is carried out to determine the data uncertainty.

The overall uncertainty will be calculated once the Data Quality Indicators (DQI) are scored. The general uncertainty is
computed by calculating the coefficient of variation, which is obtained by taking the square root of the sum of the squares
of the individual coefficients. The formula for calculating the overall uncertainty is given below:

Uncertainty (Co-efficient of the Variation) =c / p

The Uncertainty value is calculated for the individual process in the system. It is said that a low score on the data quality
indicator often leads to higher uncertainty and changes in the mean value. The uncertainty value helps to decide on the
data quality and its acceptance into the database.

Table 3: Scoring of data sources based on data quality indicators (adapted from Weidema & Wesnas, 1996) [40]

1 2 3 4 5
Life Cycle Government
Data Source Database or Peer-Reviewed Report or All other sources )
Manufacturer or Journal Paper Conference
EPD Paper
Unknown or more
Age of the data <3 years <6 years <10 years <15 years than 15 years
Geographical City/State India South Asia Asia World
Coverage
Units/Indicator KgCO2e kgCO:2 kWh or MJ - -
Lifecycle stages Al-A4 Al-A3 A1, A2, A4IA3 Al, A2 _ Anyone
covered lifecycle stage

Uncertainty information can guide further data collection efforts, improve data quality, or prioritize uncertainties for
future research. Clearly communicate the uncertainties associated with the LCA results to stakeholders and decision-
makers, sensitivity plots, probability distributions, confidence intervals, or other appropriate means. Transparently
conveying the uncertainties enables stakeholders to make informed decisions, understand the limitations of the
assessment, and identify areas where further data collection or research may be needed.

To ensure the accuracy and relevancy of the dataset, users and manufacturers need to update the data on a yearly or
biyearly basis regularly. This periodic updating process helps maintain the dataset's dynamic capability by incorporating
any changes or advancements in the embodied energy or carbon data over time. By encouraging users and manufacturers
to provide updated information regularly, the dataset can effectively reflect the latest industry standards and practices,
providing users with reliable and up-to-date information for their analysis and decision-making processes.

Discussion

The proposed framework for data collection of embodied energy will introduce uniformity and comparability of LCA
data pertaining to stages cradle to the gate of the building life cycle. Further, the adopted methodology for database
generation can ensure continuous availability of the most recent and relevant embodied energy data.

Each dataset's confidence level measure can help reduce uncertainty in LCA studies that refer to or use the database
during the process. At the same time, crowdsourcing of data will ensure that the database is rich in terms of geographical
specificity. Hence, it could be used to understand geographical trends in the energy impacts of construction materials
during the lifecycle stages cradled to the gate across different parts of India. The database can also be extended to include
embodied carbon emissions of these materials. The study focuses on developing a continuously updating embodied
carbon database specific to Indian construction materials. This is achieved with the help of a uniform data collection
framework adapted for India's building and construction sector. The database also measures and provides the confidence
levels of various embodied energy data sets, which is crucial to reducing the uncertainty in LCA studies.

124



Energise 2023 Conference Proceedings

The study aims to create a crowdsourcing database for the embodied energy of the building materials of India. The
embodied energy database benefits the Indian built environment in many ways. Some of the benefits are listed as follows:

Understanding environmental impact: By having a comprehensive embodied energy building database, we can better
understand the environmental impact of different building materials, construction methods, and design choices. This
knowledge enables us to make informed decisions to minimize energy consumption and reduce carbon emissions.

Comparative analysis: An embodied energy buildings database will compare different building materials, products, and
construction techniques. With access to such a database, architects, engineers, and builders can evaluate various options'
energy efficiency and environmental performance. This will facilitate informed decision-making during the design and
construction phases, helping select materials and methods with lower embodied energy and reduced environmental
impact.

Performance optimization: The embodied energy buildings database will serve as a resource for optimizing the energy
performance of buildings. By analyzing the embodied energy data, designers and developers can identify areas where
improvements can be made. This includes exploring alternative materials, assessing the energy efficiency of different
building components, and optimizing the construction processes to minimize energy consumption.

Policy development and regulation: A comprehensive embodied energy building database will provide a foundation for
developing energy policies, regulations, and certifications related to sustainable construction practices. Governments and
regulatory bodies can use this data to set standards, incentivize low-energy and low-carbon construction practices, and
promote environmentally friendly building materials.

Research and innovation: An embodied energy building database will facilitate research and development efforts
focused on reducing energy consumption and environmental impact in the building sector. Researchers can use the data
to analyze trends, identify opportunities for improvement, and develop innovative solutions. This knowledge-sharing
platform will encourage collaboration among stakeholders, foster innovation, and accelerate the adoption of sustainable
practices in the construction industry.

In summary, an embodied energy buildings database will provide a valuable resource for understanding, analyzing, and
optimizing buildings' energy performance and environmental impact. It will enable informed decision-making, support
policy development, foster research and innovation, and promote the transition towards more sustainable built
environments.
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Highlights

» Thermal performance of wall panels made up of bagasse was analyzed.
* Lower thermal conductivity compared with the traditional brick.

e 28 % decrease in the thermal cooling load of the house.

* A16.4 % increase in the thermal comfort hours is obtained.

Abstract

Using brick-concrete for building envelope is a common practice in India. These envelopes have high heat gains and
experience large embodied energy. Agro-waste panels made up of sugarcane waste can significantly reduce cooling load
for new construction due to its better u-value and also reduce carbon emission since it is produced from sugarcane waste,
i.e., bagasse. A double storey naturally ventilated building has been simulated for Mumbai climatic conditions to
understand the performance of agro-waste materials. The total cooling load and temperature profile for a year have been
simulated using EnergyPlus software. Thermal comfort hours are calculated using the India model for adaptive comfort
(IMAC) band to show the potential of the agro-based panel. The thermal cooling load of the simulated building
incorporated with an agro-waste panel decreased by 28 % as compared to the brick-concrete envelope. There is a 16.4 %
increase in annual thermal comfort hours compared to brick-concrete envelope.

Keywords: IMAC band, Thermal cooling load, Agro-waste material, EnergyPlus
Introduction

The International Energy Agency’s research indicates that the construction and operation of buildings were responsible
for 35% of global final energy consumption and 38% of energy-related CO, emissions in 2019 [1]. This highlights the
significance of addressing energy efficiency and decarbonization in the building sector to reduce greenhouse gas
emissions and contribute to global efforts to mitigate climate change. The building envelope is one of the essential factors
contributing to the energy efficiency of a building. Furthermore, the embodied energy of the material accounts for 20 %
of the total life cycle carbon emissions of the building [2].

The building envelope consists of walls, roof, floor, windows and doors. Bricks and concrete are usually used for wall
construction; concrete is used as the structure for roofs and floors. Walls contribute to 30% of the total heat gain of the
building, which is second after roof.

The existing building material i.e., brick and concrete, have high embodied carbon emissions and operational carbon
emissions [3-4]. Researchers have looked into alternate possible materials with low carbon footprints and better thermal
performance. Agro-waste material is one of the found options having low/negligible embodied carbon [5-6]. Thus, some
studies are performed to look at the possibility of using agro-waste as a building material. Straws are one of the most
common agro-waste found in India. Around 2 billion tonnes of various straw varieties are generated globally [7].

Straws are burned in fields in many poor nations, releasing hundreds of greenhouse gases or air pollutants such as
particulate matter, elemental carbon, organic carbon, and ions. [8]. Instead of burning, such waste straws can be used as
building materials since they have strong thermal insulation, good sound insulation [9-10], and good shear performance
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[11-12]. To substitute the single insulation layer, straws may be mixed with hollow bricks, a core wall material in the
building component market [13]. Ahmadi et al. investigated the heat transmission coefficient of wheat straw-filled hollow
bricks at various levels of compaction. The thermal transfer coefficient first increased and subsequently declined as the
degree of compaction increased [14]. Hu et al. investigated how the filling location affected the thermal transmission
coefficient of straw-filled hollow bricks at the same rate. The outcomes demonstrated that the straw stuffing performed
admirably on both sides [15].

With the increase in the use of agro-waste panels, it becomes important to evaluate the thermal performance of the material.
This paper aims to analyze the thermal performance of agro-waste wall panels and flooring. A specific case of products
provided by Ecoboard Industries Limited is taken as an agro-waste material for the case study. The materials provided are
made up of bagasse, which is a sugarcane waste, and used as wall panels and flooring for the building. A comparative
analysis is also performed to inspect the performance of agro-waste panels against typical brick-concrete structures. This
is a simulation-based study using EnergyPlus software. The validation of the conduction transfer function module used
in EnergyPlus for evaluating conduction through components of the building has been performed by P. C. et al. [16]. Also,
several researchers have performed simulation-based studies to evaluate the thermal performance or energy consumption
of the material using EnergyPlus [17-19].

From the comparative analysis for the thermal performance, it has been concluded that the agro-waste material has higher
numbers of hours within IMAC band compared to the brick-concrete envelope. Also, the thermal cooling load of the
building is reduced by 28 % with the use of agro-waste material.

This paper starts with the description of the building taken for the simulation and the assumptions. The methodology
section explains the background equation used by EnergyPlus to generate the temperature profile and thermal cooling
load. Also, the Indian Model of Adaptive Comfort (IMAC) band is described in the same section. Then, the results and
discussion section show the outcome of the simulation with proper reasoning. In the end, conclusions with some future
work to further enhance the thermal performance of building envelope are mentioned.

Model description

For analyzing the thermal performance of a bagasse-based wall panel, we consider a G+1 unit with a carpet area of 1367
ft?, as depicted in Figure 1. The drawings of the building are provided by Team SHUNYA, and they are using it for U.S.
Solar Decathlon Build Challenge 2023 [20]. The building has 2 bedrooms, a double-height living room, a dining room, a
kitchen, 2 toilets, a utility area, and a battery area. The building has a plinth height of 750 mm. To restrict the scope of the
analysis to building envelope related thermal loading and performance, the building is considered in its unoccupied
condition with no lighting, computers, or office equipment. The building is naturally ventilated with no heating and
cooling air conditioning. The deep ground surface temperature has been assumed to be 2 °C below the monthly mean
outdoor air temperature.

—

Room Legend
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Figure 1: Floor plan of ground floor and first floor of the building
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The envelope details and their thermal properties have been given in Table 1 for a typical construction case and Table 2
for new construction with the agro-waste material case. Therefore, two envelopes are simulated, i.e., typical construction
(details in Table 1) and agro-waste construction (details in Table 2) made up of bagasse and provided by Ecoboard
Industries Limited. The properties of the Ecoboard are provided by the supplier after conducting the experiment test using
the ASTM C518 method for thermal conductivity and 1S: 3087-2005 method for density. The insulation used in the wall
and roof assembly is provided by Owens Corning Composite Material Company and is made up of fiberglass wool. The
overall U-value is calculated on the basis of the parameters provided by the suppliers. The infiltration through the building
envelope is assumed to be 0.7 ac/h. It is assumed that the occupants’ metabolic rates are within the range of 1-1.3 met,
and occupants are free to adapt their clothing value in the range of 0.5-1 clo.

Table 1: Material details of typical construction

Components Description U-value (W/m?-K)
Plaster (12 mm)
External wall Brick (105 mm) 13
Plaster (12 mm)
Roof Concrete (200 mm) 2.4
Floor Concrete (200 mm) 2.4
Plaster (12 mm)
Partition wall Brick (105 mm) 1.6
Plaster (12 mm)
Window Sgl ClIr (6 mm) 4.2
Table 2: Material details of agro-waste construction
Components Description U-value (W/m?-K)
Fibre cement board (8 mm)
External wall Ecoboard (9 mm) 0.2

Insulation (100 mm)
Ecoboard (9 mm)
Concrete (100 mm)

Roof Metal deck 03
Insulation (100 mm)
Eloor Metal deck 1.6
Ecoboard (38 mm)
Ecoboard (9 mm)
Partition wall Insulation (50 mm) 0.2
Ecoboard (9 mm)
Window Dbl Clr/Air (6 mm) 2.6

Methodology

The building is modeled in Design Builder and simulated in EnergyPlus V22-2-0. The hourly simulation was performed
in EnergyPlus with outputs such as indoor temperature profile and cooling load.

EnergyPlus model

To analyze the thermal properties of the dwelling unit, it has been simulated in EnergyPlus. EnergyPlus is a building
energy simulation tool that works on the fundamental principle of energy balance. Each zone (volumetric space of each

zone) is assumed as one node containing uniform properties of state variables, e.g., temperature, pressure, and density.
For the one node temperature T of the air inside the zone, an energy balance can be given as

dT Ng Nsurface Nzones
mzczd_tz = Z Qi + Z hiAi(Tsi - Tz) + Z micp (Tzi - Tz) + minfcp (Too - Tz) + sts (1)
i=1 i=1 i=1

where the L.H.S. represents the energy stored in zone air. For the R.H.S., the first, second, third, fourth, and fifth term
represents the sum of the convective internal loads, the sum of convective heat transfer from the envelope, heat transfer
due to interzone air mixing, heat transfer due to infiltration of outside air and air system output, respectively. The above
equation results in the calculation of the temperature T, of the air inside each zone.

After the calculation of zone temperature, the system energy provided to the zone for meeting cooling or heating load is
calculated from the difference between the supply air enthalpy and the enthalpy of the air leaving the zone, as shown in

Equation (2)
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Load = msyst(Tsup - Tz) (2)
where, Ty, is the supply air temperature, and T, is the indoor air temperature.

IMAC MODEL

India Model for Adaptive Comfort (IMAC) model is the standard for adaptive thermal comfort, based on Indian specific
climatic conditions. It is applicable for naturally ventilated, mix-mode and air-conditioned buildings and remains valid
for the wide range of outdoor temperatures of Indian climatic zones. The indoor operative temperature is calculated using
the equations given below.

For Naturally ventilated building:

Indoor operative temperature = (0.54xoutdoor temperature) + 12.83 3)
For Mixed-mode building:

Indoor operative temperature = (0.28xoutdoor temperature) + 17.87 4)
For Air-Conditioned building:

Indoor operative temperature = (0.078xoutdoor temperature) + 23.25 (5)

The indoor operative temperature obtained from the above equation is comfortable for most people. 90 % acceptability
range is derived as £ 2.83 °C, + 3.46 °C, and = 1.5 °C in naturally ventilated, mix-mode and air-conditioned buildings,
respectively. Similarly, for the 80 % acceptability band, the comfort band is + 4.1 °C, + 5.9 °C and + 3.6 °C for naturally
ventilated, mix-mode and air-conditioned buildings, respectively. The acceptability band’s narrowness increases when we
move from a naturally ventilated building to an air-conditioned building.

Results and Discussion

For the thermal performance analysis, a simulation has been performed for a warm and humid climatic condition. The
simulation is performed by turning off the air conditioner and using only natural and mechanical ventilation. The Indian
model of adaptive comfort (IMAC) band for mixed mode building with a 90% acceptability range is calculated for each
day of the year.

Figure 2 shows the hourly simulation of the maximum outdoor temperature day in Mumbai, i.e., 16 March. Agro-waste
construction has only 4 hours out of the band, whereas typical construction has 13 hours out of the IMAC band. To
quantify the discomfort hours further, the area under the curve, i.e., outside the IMAC band for both cases, has been
calculated using the trapezoidal rule. It is found that for typical construction and agro-waste construction, the area outside
the IMAC band is 32 and 1.55, respectively. This shows that agro-waste construction is marginally out of the comfort
band as compared to typical construction. The diurnal temperature range of maximum temperature day is 16.7 °C. The
temperature swing of agro-waste construction is 4 °C approximately, while the temperature swing of typical construction
is around 10 °C.
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35.0
33.0
31.0
28.0
21.0
25.0
230
210 -

Temperature ("C)

1 2 3 45 6 7 28 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time of day (Hours)
IMAC band  =+=Team SHUNYA construction Typical construction == Qutside temperature

Figure 2: IMAC comfort band for Mixed Mode building (90% acceptability range)

Figure 3 shows the diurnal temperature of the peak temperature day of each month for outdoor temperature and indoor
temperature of agro-waste construction and typical construction. It can be seen from the graph that the maximum
temperature swing for outdoor temperature is 16.7 °C in the month of March, and the maximum temperature swing for
typical construction and agro waste construction is 11.16 °C and 4.15 °C, respectively, in the same month. It can also be
concluded that for agro waste construction, the diurnal temperature ranges between 1.0 °C to 4.15 °C, whereas the
temperature swing of typical construction ranges between 2.63 °C to 11.16 °C. The reason for the lower diurnal
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temperature of agro-waste construction is the lower thermal conductivity and lower u-value of agro-waste materials used.
Even the thickness of both construction types is equivalent for most of the building components, but lower diurnal
temperature swings show that the agro-waste construction has better thermal mass and performs better in all the seasons
for warm and humid climatic conditions.
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Diumal Temperature (°C)
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Figure 3: Diurnal temperature for all the months of Mumbai

After looking at the temperature profile of the maximum temperature day, the indoor temperature for the whole year is
analysed, and the number of hours within the comfort band is calculated. Figure 4 shows the number of hours within the
comfort band for each month for both construction types. The comfort hours for agro-waste construction are greater than
the typical construction every month. The number of comfort hours is maximum for the month of May and minimum
comfort hours are observed in February. The reason for less comfort hours in February is the low outdoor temperature,
due to which the lower temperature of the IMAC band is above the indoor temperature. In the case of May, 96 % of the
indoor temperature is within the thermal comfort band. Quantitatively, it is observed that 8154 hours and 7000 hours are
within the IMAC band for agro-waste construction and typical construction, respectively. This indicates that when the
construction material is changed from typical construction to agro-waste construction, a 16.4 % increase in comfort hours

is obtained.
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Figure 4: IMAC comfort hours of Mumbai
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Figure 5 shows the comparison of cooling load for agro-waste and typical construction. The total cooling load of agro-
waste construction is 28 % less than that of typical construction. The highest cooling load of typical construction and
agro-waste construction is 2247 kWh and 1182 kWh, respectively. For the peak month, the cooling load is reduced by
45 % using agro-waste construction. The low cooling load of agro-waste construction is due to the low u-value of material
used in the building.
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Figure 5: Monthly thermal cooling load of Mumbai
Conclusion

This study compared the thermal performance of the G+1 dwelling unit using agro-waste construction and typical
construction. It has been concluded that the agro-waste construction performed better in terms of thermal comfort and
thermal cooling load of the building as compared to the typical construction. Then, the monthly cooling load of the
building is calculated, which shows a 28% reduction in yearly consumption.

The use of agro-waste panels for wall assembly and floor has minimal carbon emission as the product is in its second life.
As the panel is pre-fabricated, this could fasten the construction as compared to the brick-concerte structure. However,
strength and waterproof tests should be performed to further implement it in the future.

In the future, the wall gain and cooling load can be decreased with the use of advanced materials such as phase change
material (PCM), green roof, and skin green fagade. The agro-waste panels would behave differently in different climatic
condition, so it becomes important to simulate the performance of agro-waste panel before using it for any climatic zone.
A simulation of the agro-waste panel with advanced materials such as phase change materials becomes important as it
would reduce the u-value of the assembly, and a very low u-valued material could restrict the internal heat load to
decapitate outside, resulting in a rise of indoor temperature. Also, a techno-economic analysis of the product should be
performed according to different income groups of India.

Acknowledgement

Authors would like to thank Ecoboard Industries Limited for providing the technical details of the agro-waste materials
used for the simulation. Authors would also like to extend thanks to Team SHUNYA and 11T Bombay for providing the
facilities for the above research.

References

[1] IEA (2020), Key World Energy Statistics 2020, IEA, Paris https://www.iea.org/reports/key-world-energy-statistics-2020

[2] T. Ramesh, R. Prakash, and K. Shukla, "Life cycle energy analysis of buildings: An overview," Energy and buildings, vol. 42, pp. 1592-1600,
2010. https://doi.org/10.1016/j.enbuild.2010.05.007

[3] G.Kang, T. Kim, W. Y. Kim, H. Cho, and I. K. Kang, "Statistical analysis of embodied carbon emission for building construction," Energy and
Buildings, vol. 105, pp. 326-333, October 2015. https://doi.org/10.1016/j.enbuild.2015.07.058

[4] F You, D. Hu, H. Zhang, Z. Guo, Y. Zhao, B. Wang, and Y. Yuan, "Carbon emissions in the life cycle of urban building system in China-A case
study of residential buildings," Ecological Complexity, vol. 8, pp. 201-212, June 2011. https://doi.org/10.1016/j.ecocom.2011.02.003

[5] K. Jana, and S. De., "Environmental impact of an agro-waste based polygeneration without and with CO2 storage: life cycle assessment
approach,” Bioresource Technology, vol. 216, pp. 931-940, September 2016. https://doi.org/10.1016/j.biortech.2016.06.039

[6] M. V. Madurwar, R. V. Ralegaonkar, and S. A. Mandavgane, "Application of agro-waste for sustainable construction materials: A review,"
Construction and Building materials, vol. 38, pp. 872-878, Janurary 2013. https://doi.org/10.1016/j.conbuildmat.2012.09.011

[71 S. Boschma, and W. Kwant, "Rice straw and wheat straw: potential feedstocks for the biobased economy,” NL Agency Ministry of Economic
Affairs, pp. 6-30, 2013.

[8] C.A.O.Guoliang, X. Zhang, G. O. N. G. Sunling, and F. Zheng, "Investigation on emission factors of particulate matter and gaseous pollutants
from crop residue burning,” Journal of Environmental Sciences, vol. 20, pp. 50-55, 2008. https://doi.org/10.1016/S1001-0742(08)60007-8

132


https://doi.org/10.1016/j.enbuild.2010.05.007
https://doi.org/10.1016/j.enbuild.2015.07.058
https://doi.org/10.1016/j.ecocom.2011.02.003
https://doi.org/10.1016/j.biortech.2016.06.039
https://doi.org/10.1016/j.conbuildmat.2012.09.011
https://doi.org/10.1016/S1001-0742(08)60007-8

Energise 2023 Conference Proceedings

[9]

[10]

[11]
[12]
[13]
[14]

[15]

[16]

[17]

[18]
[19]

[20]

K. Doost-Hoseini, H. R. Taghiyari, and A. Elyasi, "Correlation between sound absorption coefficients with physical and mechanical properties
of insulation boards made from sugar cane bagasse,” Composites Part B: Engineering, vol. 58, pp. 10-15, 2014.
https://doi.org/10.1016/j.compositesh.2013.10.011

S. Mehrzad, E. Taban, P. Soltani, S. E. Samaei, and A. Khavanin, "Sugarcane bagasse waste fibers as novel thermal insulation and sound-
absorbing materials for application in sustainable buildings,” Building and Environment, vol. 211, pp. 108753, March 2022.
https://doi.org/10.1016/j.buildenv.2022.108753

E. Chabi, V. Doko, S. P. Hounkpg, and E. C. Adjovi, "Study of cement composites on addition of rice husk," Case Studies in Construction
Materials, vol. 12 pp. e00345, June 2020. https://doi.org/10.1016/j.cscm.2020.e00345

J. Wang, Y. Zuo, J. Xiao, P. Li, and Y. Wu, "Construction of compatible interface of straw/magnesia lightweight materials by alkali treatment,"
Construction and Building Materials, vol. 228, pp. 116712, December 2019. https://doi.org/10.1016/j.conbuildmat.2019.116712

J. Li, X. Meng, Y. Gao, W. Mao, T. Luo and L. Zhang, "Effect of the insulation materials filling on the thermal performance of sintered hollow
bricks," Case studies in thermal engineering, vol. 11, pp. 62-70, March 2018. https://doi.org/10.1016/].csite.2017.12.007

R. Ahmadi, B. Souro and M. Ebrahimi, "Evaluation of wheat straw to insulate fired clay hollow bricks as a construction material," Journal of
Cleaner Production, vol. 254, pp. 120043, May 2020. https://doi.org/10.1016/j.jclepro.2020.120043

W. Hu, Y. Xia, F. Li, H. Yu, C. Hou, and X. Meng, "Effect of the filling position and filling rate of the insulation material on the insulation
performance of the hollow block,” Case Studies in Thermal Engineering, vol. 26, pp. 101023, August 2021.
https://doi.org/10.1016/j.csite.2021.101023

P. C. Tabares-Velasco, C. Christensen, and M. Bianchi, "Verification and validation of EnergyPlus phase change material model for opaques wall
assemblies," Building and Environment, vol. 54, pp. 186-196, August 2012. https://doi.org/10.1016/j.buildenv.2012.02.019

S. El Ahmar, F. Battista, and and A. Fioravanti, "). Simulation of the thermal performance of a geometrically complex Double-Skin Facade for
hot climates: EnergyPlus vs. OpenFOAM," Building Simulation, vol. 12. pp. 781-795, October 2019. https://doi.org/10.1007/s12273-019-0530-
8

S. Yu, Y. Cui, X. Xu, and G. Feng, "Impact of civil envelope on energy consumption based on EnergyPlus," Procedia Engineering, vol. 121, pp.
1528-1534, Janurary 2015. https://doi.org/10.1016/j.proeng.2015.09.130

J. S. Carlos, "Simulation assessment of living wall thermal performance in winter in the climate of Portugal,” Building Simulation, vol. 8, pp.
311, Februry 2015. https://doi.org/10.1007/s12273-014-0187-2

Team SHUNYA 1T Bombay, uU.S. department of energy solar decathlon build challenge 2023
https://www.solardecathlon.gov/event/competitionteam-indian-institute-of-technology-bombay.html

133


https://doi.org/10.1016/j.compositesb.2013.10.011
https://doi.org/10.1016/j.buildenv.2022.108753
https://doi.org/10.1016/j.cscm.2020.e00345
https://doi.org/10.1016/j.conbuildmat.2019.116712
https://doi.org/10.1016/j.csite.2017.12.007
https://doi.org/10.1016/j.jclepro.2020.120043
https://doi.org/10.1016/j.csite.2021.101023
https://doi.org/10.1016/j.buildenv.2012.02.019
https://doi.org/10.1007/s12273-019-0530-8
https://doi.org/10.1007/s12273-019-0530-8
https://doi.org/10.1016/j.proeng.2015.09.130
https://doi.org/10.1007/s12273-014-0187-2
https://www.solardecathlon.gov/event/competitionteam-indian-institute-of-technology-bombay.html

Cite this article
Gupta, R., Zhao, Y., Garg, V., Mathur, J. (2024). Empirical

+ 2 O 23 Examination of Trends in Indoor Air Quality in a Sample of Urban
Indian Residences. In Proceedings of Energise 2023- Lifestyle,
Lifestyle, Energy Efficiency, and Climate Action Energy Efficiency, and Climate Action, pp 134-143, Alliance for an
Energy Efficient Economy.

https://doi.org/10.62576/0JIM5461

Energise 2023 Conference | Goa, 1-4 November 2023

Empirical Examination of Trends in Indoor Air Quality in a Sample
of Urban Indian Residences
Rajat Gupta Yuanhong Zhao

Oxford Brookes University, Oxford, UK Oxford Brookes University, Oxford, UK
(Corresponding Author: rgupta@brookes.ac.uk)

Vishal Garg Jyotirmay Mathur
Plaksha University, Mohali, India Malaviya National Institute of Technology, Jaipur, India
Highlights

« Pioneering empirical study that combines time-series data on IAQ with contextual data on household characteristics.

« Middle-income group residences were found to experience better IAQ than those with high and low incomes.

« Daily mean indoor temperature was 4.8°C warmer than the recommended acceptable temperature prescribed by
ISHRAE (Class C).

« Anonline interactive dashboard (RIAQ) for visualising IAQ was developed for academics, policymakers, and industry
to enable further research.

Abstract

Indoor air quality (IAQ) in residences is a complex phenomenon determined by many factors. IAQ in homes has been
studied far less than air quality outdoors, especially in urban India, where outdoor air pollution frequently exceeds
recommended levels. This paper empirically examines daily trends and variations in IAQ parameters measured across a
sample of eight urban Indian residences located in three cities, representing the warm-humid and composite climates.
Using internet-enabled Airveda devices, time-series monitoring data at 30” intervals were gathered for indoor temperature,
relative humidity, CO, PM,s, and PMy for 10 days during the monsoon season when air conditioning was prevalent.
Contextual data about the physical and household characteristics of residences were gathered using household surveys.
The results were compared against the recommended ISHRAE and WHO standards to observe any deviations. Given the
paucity of empirical data, an online interactive dashboard (RIAQ) for visualising IAQ was developed for academics,
policymakers, and industry to enable further research.

Keywords: Indoor air quality, particulate matter, residences, monitoring, visualization

Introduction

Over the past two decades, there has been a rapid increase in urbanization in many cities in India [1], resulting in a
significant increase in the number of residences, together with an increase in household activities (such as cooking,
heating, cooling) and associated indoor air pollutants such as particulate matter. About 10 of the world’s top 15 most
polluted cities are located in India [2]. The number of deaths due to air pollution was 1.67 million, of which 0.61 million
deaths were attributable to household air pollution (HAP). This has resulted in an economic loss of $36.8 billion,
accounting for 1.36% of India’s gross domestic product (GDP) [3]. In contrast to the attention paid to ambient air quality,
indoor air quality (IAQ) research has recently received attention from Government authorities and researchers due to the
COVID pandemic and the adverse health impacts of poor IAQ related to Sick Building Syndrome.

Several studies have indicated the need for having appropriate thresholds for IAQ and a standardized measurement
approach for producing reliable results [4-8]. Rawal et al. proposed an India Model for Adaptive Comfort-Residential
(IMAC-R) based on year-long thermal comfort field surveys across the five climatic zones of India and showed that
existing models (like the PMV model) and standards (ASHRAE) had under-predicted thermal adaptive capacity of Indian
occupants in both mixed-mode and naturally-ventilated residential buildings [8]. To address these concerns, 1AQ
standards have been recently published for the Indian context. The Indoor Environmental Quality Standard ISHRAE
Standard-10001: 2016 as India’s first Indoor Environmental Quality (IEQ) standard, defines recommended threshold
values, methods of measurement, and technical specifications of the measuring instruments for 1AQ, thermal, lighting,
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and acoustic comfort [9]. It is hoped that the ISHARE standard will help to increase the number of empirical studies on
indoor air quality for different types of building typologies (residential, public, commercial, institutional) in India.

Most studies have focused on office buildings [4] and institutions like schools [10]. The number of studies on measuring
IAQ in residential buildings is scarce [11-13]. A recent study by Greenstone et al. [14] used low-cost indoor air quality
monitors to measure indoor PM. s concentrations across thousands of homes in Delhi and found that average indoor PM; s
concentration levels were 23 and 39 times higher than the WHO [15] recommended limit of 10 ug/m3 respectively. Garg
& Ghosh measured the conventional air pollutants of PM2s, SPM, NO2, and SO across diverse socio-economic zones
and revealed better IAQ in middle-income group households in comparison to the high- and low-income groups [16].
The study pointed out that ventilation (air exchange) plays a critical role in improving IAQ, which was substantiated by
the calculation of indoor/outdoor (I/O) ratios.

Despite these recent studies, IAQ in residences has received limited attention from policymakers and researchers due to
the limited use of established protocols for long-term measurement of IAQ to pick up seasonal differences [17-18] and
lack of awareness of the link between poor IAQ and health [14,17,19]. This has resulted in a lack of accessible data on
the variation in IAQ in residences (with different income groups, locations, and construction) across India [18]. In addition,
national guidelines on IAQ monitoring and management in residences may need to be varied given the outdoor pollution
levels in cities across India that influence indoor-outdoor air exchange.

Against this context, this study empirically investigates daily trends and variations in indoor temperature, relative
humidity (RH), CO2, and Particulate Matter (PM2s and PMsg) across a sample of eight urban Indian residences located
in three cities, representing the warm, humid and composite climates of India. Contextual data about the physical and
social aspects of residences were gathered using face-to-face household surveys. The results were compared against the
recommended ISHRAE standards to observe any deviations. An online and interactive dashboard (RIAQ) for visualizing
IAQ was developed for academics, policymakers, and industry to enable further research.

Methods

The study adopted a mixed methods approach combining IAQ monitoring with household surveys across a sample of
eight urban Indian residences located in three cities, representing the warm, humid, and composite climates. Using
internet-enabled Airveda devices, time-series monitoring data at 30" intervals were gathered for indoor temperature, RH,
CO,, PM2;, and PMy, for 10 days (61-15" August 2022) during the monsoon season when air conditioning was prevalent.
The 1AQ conditions were monitored in the most occupied space - the living room of the case study residences. The
technical specifications of Airveda devices are detailed in Table 1 below. To investigate the relationship between indoor
and outdoor air quality, outdoor air quality data (temperature, RH, CO, PM2s and PM) of studied cities were obtained
from the Central Pollution Control Board (CPCB) online portal run by the Ministry of Environment, Forest and Climate
Change, Government of India [11].

Table 1: Specifications for Airveda devices

Parameter Range Accuracy Resolution
Temperature (°C) 10-60 1 1
RH (%) 0-90 +3 1
COz2 (ppm) 0-5000 +50 +3% --
. PM2s (ug/md) 0-999 +10% <03
Device Model: PM2510CTH PMuo (ng/m?) 0 - 1999 +10% <03

Contextual data about dwelling and household characteristics of the residences were gathered using face-to-face
interview-based surveys with householders. The survey questionnaires were implemented using online Google Forms
and included details about the building (size, orientation), household (number of occupants, occupancy pattern, activities),
cooling systems (set point temperature), appliance ownership and usage, and thermal comfort.

Table 2: Residence characteristics

Cities lee Iglng Dwelling type NoL.”(])ift,SAC ar';:ioz)rgz) Oc'glfb;); ts Ig;:(())Lrjr;e Weekly occupancy
° P01 Row house 0AC 135 2 MIG Evenings and Weekends
D%_ P03 Apartment (<4 story high) 3AC 125 5 HIG All the time (24/7)
Apartment (<4 story high) 2AC 125 8 HIG All the time (24/7)
52 PD2 Stand-alone house 2AC 112 4 MIG Most of the time
08_ % PD5 Stand-alone house 0AC 121 7 LIG All the time (24/7)
< PT7 Stand-alone house 0AC 102 3 LIG All the time (24/7)
= PT8 Row house 0AC 65 5 LIG All the time (24/7)
~ PT10 Apartment (<4 story high) 2AC 139 2 HIG NA
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Overview of case study residences

The eight sample residences were categorized as three low-income group (LIG, income up to INR 6 lac per annum), two
middle-income group (MIG, income between INR 6 lac to INR 12 lac per annum), and three high-income group (HIG,
income more than INR 12 lac per annum). The residences were grouped as three apartments, two-row houses, and three
stand-alone houses. They were located in the following cities - Pune (P01, P03, P04), Pondicherry (PD2, PD5), and Patna
(PT7, PT8, PT10), representing the warm-humid and composite climates, as shown in Table 2. The residences varied in
size from 65m? to 139m?. The majority of case study residences were constantly occupied and had more than two
occupants, with P04 having eight occupants (highest). AC ownership varied across the sample - as 50% were MIG, there
was no ownership of AC across LIG residences, and all the HIG residences owned two or more AC units. Throughout the
monitoring period, the frequency of AC usage was about 7-9 hours per day among the four AC-equipped residences.

To better explain the reasons behind 1AQ trends, outdoor air quality data were examined. During the monitoring period,
Pondicherry experienced the highest mean outdoor temperature of 31.8°C, with the lowest mean values of outdoor PM; s
and RH at 13.8ug/m3 and 67.6%, respectively. Pune experienced the lowest mean values in temperature (24.5°C) and
PM1o (29.61g/m3). Patna experienced the highest mean values for RH, PM,s, and PMygat 74.3%, 30ug/m3, and 61.5ug/m3.

Results
Temperature and Relative Humidity

Table 3 summarises, by each residence, the measured mean, maximum, and minimum concentrations of IAQ parameters
during the monitoring period of 10 days in August 2022. Indoor temperature was found to vary across the residences,
with daily mean temperature ranging from 28.3°C in P01 to 35.2°C in PT10.

Table 3: Descriptive statistics for indoor Temperature, RH, CO,, PMzsand PMio

Cities Pondicherry Pune Patna
Dwelling] PD2 | PD5 | P01 | PO3 P04 PT7 | PT8 | PTI0
Temperature (°C)
Mean 32.1 33.4 28.3 30.7 30.2 30.1 34.2 35.2
Min 28 31 26 29 29 29 32 32
Max 34 35 30 33 33 32 38 38
= Humidity (%
> | Mean 48.3 53.2 64.0 60.9 63.4 58.0 50.8 56.1
Z [ Min 28 43 56 49 55 51 40 49
9 Max 62 65 71 68 68 67 60 67
2 CO2 (ppm)
2 | Mean | 5772 | 5866 | 420.1 5518 | 1119.3 | 5027 | 4614 | 421.9
g Min 392 440 384 398 526 406 391 382
2 Max 1112 891 554 1090 2000 724 632 554
@) PM2s (Ug/md)
Mean 306 44.9 10.6 7.0 145 29.1 67.8 26.5
Min 7 7 0 0 0 3 7 7
Max 476 786 214 88 133 229 994 80
PM1o (ug/md)
Mean 59.6 985 335 34.4 455 55.0 97.6 59.2
Min 19 24 1 2 6 12 14 14
Max 671 1091 | 369 176 307 414 1590 338

The boxplot of temperature in Figure 1 shows the monitored mean indoor temperature for each residence compared
against the upper limits of indoor operative temperature prescribed by ISHRAE, which is 27°C (Class C). At the sample
level, the mean indoor temperature was 31.8°C, which was 4.8°C warmer than the acceptable temperature recommended
by ISHRAE. More specifically, at the individual dwelling level, the temperature difference between the mean indoor
temperature of each dwelling and the maximum specified by the ISHRAE threshold varied from 1.3°C to 8.2°C.
Residence PT10 had the largest temperature variation from the ISHRAE threshold at 8.2°C, while PO1’s mean
temperature was 1.3°C higher than the ISHRAE threshold.
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Figure 1: Boxplots showing the distribution of (left to right) indoor temperature, RH, CO,, PM2sand PMy, of each
individual residence compared against ISHRAE standard

Figure 2 shows the indoor and outdoor temperature profiles during the sleeping (00:00-08:00) and awake hours
(08:00-24:00) by different dwelling cities and climates. In this case, the monitored indoor temperature was compared
against the Class C indoor operative temperature (27°C) prescribed by ISHRAE IEQ standard [9] and the upper limit of
the neutral temperature range prescribed by IMAC-R [8]. According to the IMAC-R model, more than 80% of the Indian
residents experienced a neutral thermal sensation in the indoor operative range of 16.3°C-35°C. Overall, the mean indoor
temperature measured in this study was in line with the operative temperature range prescribed by the IMAC-R model.

In general, Patna, in the composite clime, had higher outdoor and indoor temperatures than cities in the warm-humid
climate. Even though Pune and Pondicherry have a warm-humid climate, the daily indoor temperature profiles show a
difference of 3°C between them. While the correlation between indoor-outdoor temperature for residences in the
composite climate was found to be weak (Pearson correlation r =0.164, R? = 0.027), a moderate correlation was observed
in residences located in the warm-humid climate (Pearson correlation r = 0.58, R? = 0.338), both statistically significant
at 0.01 level. Moreover, indoor temperature is also influenced by local environmental conditions, which is why a higher
indoor temperature was found in residences with 2 AC units than those without AC units.
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Figure 2: Indoor and outdoor temperature (top) and RH (bottom) profiles averaged over 10 days by Warm-humid and
Composite climatic zones. The shaded area represents sleeping hours.

Profiles of indoor RH showed less daily variation over the course of the monitored period. Although daily mean RH
ranged from 48% in PD2 to 64% in POl (Table 1), they were in line with ISHRAE’s recommended acceptable range of
30-70%. Indoor RH showed a weak correlation with external RH with Pearson correlation r = 0.288 and 0.314 for the
composite and warm-humid climates, respectively, both significant at the 0.01 level.

CO: levels

Since indoor CO- is mainly emitted by building occupants, CO; levels can be a useful indicator of occupancy patterns.
Excessive CO, indoor concentrations can indicate inadequate ventilation levels in homes, with possible accumulation of
other indoor pollutants [20]. Throughout the monitoring period, CO; concentrations varied across case study residences
due to diversity in residents’ window opening behaviours and the number of occupants. The ISHRAE recommended
maximum value for CO; is 1100ppm [9]. Except for residence P04, all other residences experienced lower CO; levels
ranging from 400ppm to 700ppm, as shown in Figure 3. Low CO; concentration levels could be due to the frequency of
window openings by the residents to remove smells due to cooking activities. Residence P04 experienced the highest
CO, level at 1119ppm due to a high number of occupants — eight residents occupying the residence constantly (Table 2).
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The correlation between indoor CO, concentration levels and the number of residents was moderately strong, with the
Pearson correlation value at 0.6 and significant at the 0.01 level.
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Figure 3: Indoor CO- daily profile averaged over 10 days by climate. The shaded area represents sleeping hours.

CO, levels varied during the sleeping hours and waking-up hours, as observed in the daily CO; profiles. The peak CO,
concentration occurred during sleeping time. While in residences located in composite climatic zones, CO, concentration
was stable between 400 to 500ppm, the CO, profile in the residences of warm-humid climate varied significantly during
the daytime and between sleeping and waking up hours (Figure 3, left figure). This is likely to be due to the difference in
the window opening behaviours of residents.

Particulate matter (PM2s and PM1o)

Particulate matter (PM) consists of tiny solid or liquid particles found in the air. Pollutants from combustion processes,
such as PMys and PM, are generated from outdoor sources, such as traffic and industrial processes, as well as indoor
sources, such as cooking and cleaning. The indoor levels of PM2s and PMyy, in the presence of indoor sources of PM, are
usually higher than the outdoor PM levels [21]. Exposure to PM, s is known to induce oxidative stress and is the leading
cause of cardiovascular mortality [13, 22]. High PM_s levels could lead to death in the worst-case scenarios.

The concentrations of particulate matter PM, s and PMio were found to vary significantly across the residences throughout
the monitored period. As shown in Table 3, mean concentrations of PM, in residences P01, P03, and P04 were found to
be below the ISHRAE recommended limits of 25ug/m? (PM_5), while residence PT8 experienced the highest mean PM_s
levels at 68ug/m®. Mean PMyg levels varied between 34ug/m? in residences P01 and P03, 45ug/m?® in P04, 55ug/m? in
PT7, 59ug/m? in PT10, 60pg/m? in PD2, 98ug/m?® in PT8 and PD5. Across all case study residences, PMyo levels were
found to be below the ISHRAE’s recommended limit of 100ug/m? for PMo [9].
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Figure 4: Indoor and outdoor particulate matters (PMa5 (top) and PMs, (bottom)) profiles averaged over 10 days by
climate: Warm-humid, Composite. The shaded area represents sleeping hours.

The daily profiles of PM2;s in residences of warm-humid and composite climates varied significantly throughout the
daytime because of the relationship with occupant activities. Spikes in PM,s levels were observed around the cooking
time, as shown in Figure 4. As other studies have shown, cooking fuels are the biggest contributor to high PM
concentration levels in Indian households, which explains why PM peaks occurred during the cooking time in this study.
While in the warm-humid climate residences, more than 70% of the monitored PM»s concentrations were below the
ISHRAE recommended range, this proportion was 50% in the residences located in composite climate.

Interestingly, non-AC residence PT8, with the smallest internal floor area of 65m? was constantly occupied by five
residents (Table 2) and experienced higher PM levels. In contrast, residence P03, with three AC units and a bigger floor
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area of 125m2, experienced the lowest PM levels. As shown in Table 1, residence PT8 experienced the maximum range
of mean PM s and PM1o compared with the rest of the sample residences.

Cross relating 1AQ parameters

The strength of the relationship between indoor and outdoor IAQ parameters across different cities, climates, and
dwellings was determined using Pearson’s Correlation. As shown in Table 4, at the sample level, the correlation between
outdoor and indoor temperature was moderate (Pearson correlation r=0.556), and the correlation between outdoor and
indoor RH was weak with a Pearson correlation value of 0.254; both sets of correlations were statistically significant at
0.01 level. The Pearson correlation values of PM,s and PMio were both less than 0.2, indicating a weak correlation
between indoor and outdoor PM. Indoor temperature was found to have a moderate correlation (r=0.43) with outdoor
PMo, which was statistically significant at 0.01 level. The household survey revealed that most residents chose to keep
windows closed because of dust and high outdoor temperatures. Dust is one of the main contributors to PMsg [13, 22],
which might explain the moderate correlation.

Table 4: Pearson’s Correlation Coefficient between indoor and outdoor air quality parameters at the sample level

Outdoor Outdoor Outdoor Outdoor Indoor Indoor Indoor | Indoor | Indoor
Temp RH PM2s PM1o Temp RH CO2 PMa.s PM1o
Indoor Temp .556 -.099 172 430 1 -.589 -.224 .185 .149
Indoor RH -.553 .254 .067 -.320 -.589 1 227 -.145 -.096
Indoor CO> -.374 161 -.118 -.240 -.224 227 1 -.069 -.057
Indoor PM2s 243 -.028 .138 .200 .185 -.145 -.069 1 .964
Indoor PM1o .205 -.109 .082 171 .149 -.096 -.057 .964 1

Interestingly, indoor temperature and indoor humidity had a moderate negative correlation with a correlation coefficient
of around —0.6. Generally, as air temperature increases, air can hold more water molecules, and its relative humidity
decreases. When temperatures drop, relative humidity increases, and vice versa. Levels of CO, and indoor humidity
showed a positive weak correlation with the Pearson Correlation value of 0.227. In addition, indoor CO, and indoor
temperature had a weak negative correlation of -0.224. There was no correlation observed between indoor PM (PM_s,
PMyo) and CO,, implying that measuring CO- alone may not be a suitable proxy for assessing IAQ in Indian residences.
Occupant activity affects indoor PMs as the value increases significantly during waking hours. Most of the PMs were
generated due to household activities such as smoking, cooking, cleaning, and use of air fresheners. The relationship
between CO, and PMs is still under researched.
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Figure 5: Scatter plots showing a relationship between IAQ parameters across two climates
IAQ parameters and household characteristics

The monitored IAQ variables were analysed based on dwelling and household characteristics that included built form,
income group, number of AC units, and number of residents. At the building typology level, the apartment residences
showed higher indoor temperature, RH, and CO; levels than the house residences but with better air quality in PMs levels.
The row houses (with two sides covered) had the lowest indoor temperature.

As seen in Figure 6, daily profiles of IAQ parameters varied by number of AC units. Evidently, the residents experienced
lower levels of PM,5 and PMy as the number of AC units increased. Residences with three AC units were found to have
the lowest indoor temperature, PMzs and PMy, levels while also having the highest indoor RH during the monitoring
period. Residences with two AC units experienced fluctuations in daily mean indoor RH and had the highest indoor
temperature and CO- levels. Residences without AC performed well in terms of indoor RH and CO; concentrations in
homes, but had the highest levels of PM_s and PMyg levels during the monitoring period. The mean concentrations of
PM_ s were up to four times more than the ISHRAE PM, safe limit of 25ug/ms3.
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Figure 6: Distribution of daily IAQ parameters across different physical household characteristics: Number. of AC
(top), income groups (bottom)

The study also found that daily indoor temperature and PM_ s and PMy, levels were found to be high during the monitoring
period. As presented in Figure 6 (bottom), non-AC LIG residences were observed to have the lowest indoor RH, while
the monitored daily average temperature, PMzsand PMjo were highest during the study period. The MIG residences were
observed to have the lowest indoor temperature, as well as lower levels of CO, during waking hours. In contrast, high
levels of CO;concentration and indoor RH were observed in HIG residences. This may be due to inadequate ventilation,
possibly driven by closing windows during the use of air-conditioning, as indicated in the household survey with HIG
residences, wherein residents preferred to use AC or fans instead of opening windows. No major differences were
observed between the MIG and HIG residences in terms of the concentrations of PMs and PM1o. The indoor PM; 5 had
a weak negative correlation with the floor area of residences (Pearson Correlation r =-0.228, significant at the 0.01 level).
Higher indoor CO; levels were observed in residences with a high number of occupants. The peak CO concentration
occurred during sleeping time (00:00-08:00) when there were more people in homes. This is why a moderate correlation
was observed between indoor CO; levels and the number of residents, with a Pearson correlation value of around 0.6.

Data analytics and visualisation dashboard

To provide access to the empirical data gathered and raise awareness about exposure to poor IAQ in homes, IAQ data
gathered in the study has been made available to the academic, policy, and business communities through an online data
analytics and visualisation dashboard called RIAQ (RESIDE Indoor Air Quality Dashboard). RIAQ dashboard is designed
to be an online interactive platform that has the capability to rapidly analyse and visualise IAQ parameters for individuals
or a combination of case study urban Indian residences. RIAQ can also generate IAQ profiles and cross-relations between
different IAQ parameters for any time scale in the monitoring period and relate them to key building and household
characteristics.

The RIAQ dashboard presents the outputs in the form of a bar graph, line graph, box plot, and scatter plot, while allowing
users to filter the outcome data based on the typology, time period, dwelling ID, and IAQ parameters. It brings together
technical monitoring data on IAQ performance and contextual data on building attributes, household characteristics, and
appliances ownership and visualises data at different levels, including the sample level (all residences), typology level (by
climatic zone, built form, dwelling size, income group and the number of AC units), and the individual residence level.

The RIAQ dashboard includes five elements (tabs) - Characterising, Profiling, Distribution, Correlation, and
Benchmarking. Characterising presents information on the contextual characteristics of the residences through a series of
line graphs and bar charts, including built form, dwelling size, income group, and appliance ownership. These can be
filtered by typology and by individual residences. The daily trends and variations in IAQ parameters across the sample
are visualised on the Profiling page as presented in Figure 7 (left figure), which can be filtered by typology and by
individual residences, as well as the IAQ parameters and time period. The default visualisation displays results at the
sample level.

The distribution of IAQ parameters can be explored through the box plots presented in the Distribution section of the
EIAQ dashboard. The IAQ parameters are characterised by the number of residents, built form, income group, and the
number of AC units. The strength of the relationship between 1AQ parameters data and contextual characteristics of the
residences can be explored in the Correlation section four scatter plots, as shown in Figure 7 (right). Grouped by AC and
non-AC residences, the relationship between indoor humidity and indoor temperature, indoor CO, and temperature,
indoor CO; and humidity, and indoor CO, and PM are shown in this section. Users of RIAQ can identify the strength
of the relationship through positive and negative linear trend lines in each scatter plot.
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In the Benchmarking section, IAQ parameters are compared against the corresponding recommended levels by standards
to observe any deviations. The ISHRAE IEQ standard [9] is used to visualise maximum values (Class C) for the indoor
temperature at 27°C, RH at 40% -70% range, CO; at 1100ppm, PM s at 25pug/m® and PMo at 100pug/mé. Users can select
appropriate IAQ parameters and associated benchmarks simultaneously to visualise results.

To our knowledge, there is no freely-available online and interactive dashboard that has the capability to rapidly analyse
and visualise IAQ in urban Indian residences. The RIAQ dashboard developed in this study can generate user-determined
IAQ profiles, show cross-relations between different IAQ parameters for any time scale in the monitoring period, and
relate them to key building and household characteristics. This allows academics, researchers, policymakers, and building
practitioners to better understand how IAQ varies daily in Indian residences with different numbers of residents. This can
potentially enable further research related to improving 1AQ in residences.

Discussion

This study has discovered interesting findings through an empirical approach combining monitoring (indoor IAQ) with
household surveys (context) for eight urban Indian residences located in three cities covering two climatic zones. Despite
the small sample, variation in the levels of IAQ parameters was observed during the monitoring period (6""-15" August
2022). Daily mean temperatures ranged from 28.3°C to 35.2°C, which were slightly warmer than the operative
temperature prescribed by ISHRAE. Mean indoor RH levels varied from 48%-64%, which remained within the acceptable
range of the ISHRAE standard. Apart from one residence (P04), all other residences experienced lower levels of CO;
ranging from 400ppm to 700ppm, much below the upper benchmark of 1100ppm prescribed by the ISHRAE standard.
Residences in apartments experienced higher indoor temperature and CO; levels than stand-alone houses since apartments
are likely to have smaller areas for windows (for ventilation) in relation to floor area.

The measurements of PM,s and PMso showed interesting trends. While PM.s and PMyo levels remained low, under
50pg/m? and 80ug/m? respectively, they varied significantly throughout the daytime. Monitored PM,s levels (arising
from combustion and cooking) varied across the study sample, with mean PM_ s levels ranging from 11ug/m? to 68ug/m?,
with half of the residences experiencing PM_ s levels above the upper threshold value of 25ug/m3 set by ISHRAE. Mean
PM1o concentration had a range of 34pg/m3-98ug/m?3, which was below the ISHRAE prescribed upper threshold value of
100pg/ms3. Overall, PM levels were related to occupant activities such as cooking.

Indoor air quality is also influenced by outdoor pollution through air exchange. This is why indoor PM,s and CO; levels
correlated with corresponding outdoor levels. A moderate correlation was observed between indoor temperature and
outdoor PMyo. The fact that no correlation was observed with CO; levels, PM_s, and PMioimplies that simply monitoring
CO;, levels in residences may not be a suitable proxy for assessing IAQ in Indian residences. Monitoring of PMs also
needs to be encouraged to get a true picture. Even though high-income households have more modern amenities, they
experienced poor levels of 1AQ, followed by the low-income group, while residents in the middle-income group
experienced better levels of IAQ. This finding is similar to the study by Garg & Ghosh [16], wherein they used the
calculation of indoor/outdoor (1/O) ratios to compare the IAQ across the three income groups.

Given the paucity of empirical data, this research developed an online interactive platform, i.e., the RIAQ dashboard, to
help users understand how indoor air quality varies daily in Indian residences that have different built forms and are
occupied by different income groups. Insights from this study can help policymakers understand the trends of residential
IAQ and support the development of regulations, with the ultimate aim of improving IAQ in Indian homes.
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Conclusion

Indoor air quality is a global issue associated with health, economic, and sustainable development goals, yet there is
limited research on measuring 1AQ in Indian residences. This study has adopted a field study-based approach to
empirically examine the trends and concentrations of IAQ in a sample of urban Indian residences and explore the
relationship between contextual characteristics and IAQ. Empirical evidence gathered in the study suggests that even for
a small sample of eight residences, there was wide variation observed in indoor temperature, relative humidity, and PMyo
levels, possibly due to occupancy patterns and personal activities of occupants. Interestingly, although the high-income
group living in apartments are equipped with more AC units, their overall indoor air quality was found to be poorer,
followed by the low-income group, while the middle-income households were found to have better IAQ.

To raise awareness about the exposure to poor IAQ in homes, IAQ data gathered in the study has been made available to
the academic and policy communities, as well as industry, through the online RIAQ Dashboard. This interactive
dashboard has the capability to rapidly visualise IAQ parameters for individuals or a combination of case study residences.
RIAQ can also generate IAQ profiles and cross-relations between different IAQ parameters for any time scale in the
monitoring period and relate them to key building and household characteristics.

Since the research presented is based on a small sample, there are limitations in drawing generalisations on the relationship
between IAQ and household characteristics in urban Indian residences. Nevertheless, the methodological approach
adopted in the study can be rolled out nationally to provide a more comprehensive coverage of urban Indian residences
across different types and locations.
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Highlights
< Smart meter data from residences in Pune City is analyzed for estimating urban residential load in India.
» Appliance ownership data is exploited to infer electricity usage and peaks in the load curve for each household.

< Potential of demand response (DR) programs is studied using this data set to shave peaks by load shifting.
« Load composition of residences contributing to system peak is studied to estimate their DR potential.

Abstract

The paper investigates how residential loads in India contribute to grid peak load and how to manage such peaks.
Algorithms that process smart meter data from residential loads and compute attributes that capture their contribution to
the system peak are devised and demonstrated in the paper. Specifically, a distribution system is considered based on a
study on households in Pune, India. To enhance the household dataset for analysis, a synthetic data generation technique
is employed. The algorithms developed here are applied to this system to showcase their capabilities. Results show how
simple attributes such as peak amplitude and peak duration can extract sufficient information to ensure households that
contribute to system peak are appropriately identified. Moreover, these attributes offer insights into appliance ownership,
supporting the development of effective DR programs. A demonstration of how shifting of individual peaks can
significantly impact system peak is also provided. The results lay the foundation for designing meaningful DR programs
leveraging the smart meter data.

Keywords: demand response, residential loads, peak load shaving, load shifting

Introduction

The residential consumption in India accounts for about 24% of the total electricity in the country [1]. There are multiple
categories of appliances owned by these households. Understanding the appliance penetration in individual households
and studying their load curve can help the utility to manage the efficient dispatch of power for the system. For instance,
when a few households consume high power at the same time, it could result in high demand. This demand is met by
activating high-cost generators, leading to increased generation costs for the utility and, thus, higher electricity bills for
consumers. Managing the system peak is a concern for all utility operators; it can be managed via an effective generation
dispatch, leveraging storage and/or demand side management. This paper is concerned with the last category.

Demand side management and demand response (DR) programs motivate the consumers of households to reduce or shift
their electricity usage from peak periods to off-peak periods by providing financial incentives or by responding to time-
varying electricity prices. DR programs are an intelligent way used by the system operator to balance supply and demand
to make decisions to operate low-cost generators to fulfill the estimated household demand. There are multiple methods
by which end users are engaged in DR programs. Time-based electricity pricing, like time-of-use (ToU) pricing, critical
peak pricing (CPP), and real-time pricing (RTP), is a way in which the consumer is motivated to shift the appliance
operation based on electricity tariff information. Direct load control programs provide flexibility to the utility to control
high consumption loads like air conditioners (ACs) and water heaters (WHSs) by turning ON and OFF during intervals of
system peak in lieu of financial incentives.
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The potential for DR among residential consumers increases with the growing penetration of flexible and controllable
loads like electric vehicles (EVs) and cooling and heating appliances such as ACs and WHs. DR programs, leveraging
advanced metering infrastructure (AMI) and other innovative technologies, can alter the electricity consumption patterns
of households by shifting, shedding, or shaping the load curve [2]. However, engaging consumers in DR programs can
be challenging, especially in terms of which consumers to enrol. DR implementation requires the installation of smart
meters and communication capability to enable the exchange of information between the grid and the end user. Smart
meters allow improved management and control over the electricity grid. Meter data can help utilities to identify
appropriate residential consumers for the DR program.

Residential DR programs that show a reduction in peak load by controlling operations of WHSs [3] have been studied in
the literature. Experimental results covered in [4] show a drop in peak demand by 3% to 6% when using ToU pricing and
a 13% to 20% drop in peak demand when using CPP. The survey presented in [4] for the United States mentions a change
in metering infrastructure for implementing DR in the retail electricity market and emphasizes that about 60% of the
investment can be covered by savings in distribution system costs. The remaining amount could be recovered by reducing
power generation costs which could be achieved by DR. A survey conducted in [5] has assessed appliance use behaviour
and DR preferences to simulate DR potential by using the survey data in a Home Energy Management System (HEMS)
optimization tool. A peak reduction of 33% was observed with the use of HEMS for DR.

The success of electricity DR programs is found to be correlated with the extent of urbanization of the area where it is
implemented and annual economic growth rates. The DR programs in the future can be made more effective by deploying
DR programs in urban areas with the capability to afford infrastructure and coupling the program with economic policies
and urban development planning [6]. To address the potential of implementing DR for large industrial and commercial
customers, a bottom-up engineering approach that assesses the individual user’s peak load is studied in [7]. The customer
survey-based approach reported in this paper uses the responses to evaluate the likelihood of end users participating in
DR programs. Evaluation of the DR potential of heating, ventilation, and air conditioning (HVAC) systems is studied in
[8], which considered a DR event period, and load adjustment in the DR period was evaluated by ensuring consumer
preferences. A simulation tool for estimating DR potential from residential loads is presented by modelling occupant
behaviour relating to residential activity patterns and residential loads [9]. A study in [10] estimates the impact of change
in the setpoint of HVAC in implementing DR programs. The household information available in [11] is leveraged to build
a demand curve for individual households. Their behavioural patterns and appliance ownership information are used to
create a demand curve for individual households. The case study focuses on peaks generated in the utility demand curve
and observes the peaks of households to study the appliance level contribution on individual peaks and harness the
information to save during peak price periods by shifting the operations to low pricing intervals.

From the literature reviewed above, it can be concluded that smart meter data analysis can be leveraged to assess DR
potential. Due to the absence of sufficient smart meter data for residential DR in the Indian context, this paper leverages
information on household type and appliance ownership along with recorded smart meter data from select houses in Pune
to generate representative synthetic household consumption data. A hypothetical total system load is computed using the
recorded data from the select houses and synthetic data. This time series system load, along with individual household
time-series load data, is analysed to understand the DR potential of households having high-consumption appliances such
as WHs and ACs. The role such houses play in shaping the system load peak is comprehensively studied using easily
computable metrics: peak amplitude and peak duration. Finally, the appliance ownership information available [11] is
leveraged to infer appliance usage and contribution to individual peaks, and a rudimentary load-shifting application is
presented to potentially shave the peak by load-shifting intervals.

Preliminary Data Analysis
Dataset

eMARC dataset [11] is used to construct the load data for the analysis presented in this paper. The dataset encompasses
power consumption information of 5 cities having 115 households for a period of two and half years from Jan 2018 to
June 2020. The data includes both the daily consumption power as well as 15-minute block aggregate power consumption
dataset for individual households in each city. The 15-minute block dataset for all the cities is considered for this paper.
This dataset includes the basic as well as high power rating appliance ownership information like the number of lights,
fans, WHSs, ACs, and other appliances present in each household. From the review literature, the DR potential of
residential appliances like WH and AC is established. Therefore, for this study, load data from households with AC and
WH appliance ownership are considered, and hence data from Pune & Pune City comprising of 67 households are used.
To avoid having to tackle with large volumes of missing data, only 55 households having less than 30 days of missing
data are included in this analysis. Information on the income of households is unavailable and may not be disclosed due
to privacy issues.
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Data Pre-processing

The raw data of the considered households has missing data points for some intervals. Every household is expected to
have 96 data points showing aggregate load power for each day. For each household, daily load curves having at least 90
data points are considered for the analysis. The remaining days with fewer data points are replaced with the data of the
day having the nearest temperature of that corresponding day. For the days that have up to 6 missing data points, the
linear interpolation method [12] is used to impute the missing data. After data pre-processing, the dataset comprises 15-
minute interval power consumption profiles of 55 households over 365 days, starting from 1 January 2019 until 31
December 2019.

Appliance Usage and Synthetic Data

The initial dataset comprising of 55 households is used to generate a collection of 245 synthetic household data to enrich
the analysis of the study. From the eMARC dataset [11], the shortlisted 55 households are categorized based on ownership
of WHSs and ACs: 6 households have AC ownership only, 12 have WHSs only, 8 households own both WH and AC, and
29 basic households (BH) have neither AC nor WH ownership. The appliance ownership information allows for appliance
usage patterns to be inferred to aid the synthetic data generation.

The synthetic data generated for this work is derived from an adaptation of the Generative Adversarial Network (GAN)
model [13]. The adapted model takes as inputs the original daily load curves of basic households from the eMARC dataset
and typical daily appliance usage patterns for WHs and ACs. Through statistical techniques, the load curves are
reproduced with suitable time shifts and scaling as needed, with appliance usage patterns superimposed on them if
necessary. In this way, basic household load data can be processed to generate load data for another hypothetical house
that is either basic or has WH, AC, or both appliances.

To illustrate the synthetic data generation process, consider WH household (SH210) and basic household (SH133) from
the eMARC dataset. The appliance ownership of both is presented in Table 1: it is evident that the households are nearly
similar in all aspects, such as number of occupants, house area, and number of appliances, except for the WH presence
in SH210. Assuming that the energy consumption of both households is only differentiated by WH appliance operation,
the two datasets are subtracted and suitably rounded off to derive the WH energy consumption patterns as shown for a
typical day in Figure 1(a). The load data of SH133 can then be processed along with appliance consumption data, thus
derived in the adapted GAN model to generate data for a basic synthetic household and a synthetic household with WH.
Figure 1(b) shows the typical daily load curve for all three households: SH133, synthetic WH house SH146, and synthetic
basic house SHO13.

Table 1: Appliance data and other relevant information of two example households

H.No. | Area | Rooms People ACs Air cooler WH Fans Lights WM | Mixer Iron
SH133 575 3 2 0 0 0 3 11 1 1 0
SH210 600 3 2 0 0 1 3 9 1 1 1
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(a) Extracting appliance consumption pattern (b) Generating synthetic load curve
Figure 1: Synthetic profile generation for WH households

The AC usage patterns are harder to extract from real data; rather, these are simulated using ambient temperature,
occupancy, and rated power of AC for each house along with an assumed setpoint temperature using the standard
equivalent thermal parameter model such as the one proposed in [14]. This way, the power consumption of the AC for
each time interval is derived by making suitable assumptions on the time of the day and months of the year when the AC
would be ON. With AC and WH consumption profiles thus generated, the original dataset comprising of 55 households
is processed to generate synthetic data for an additional 245 hypothetical households. Table 2 shows the description of
actual and synthetic datasets with respect to appliance ownership. The household distribution is approximately informed
by the original distribution of household ownership types, effectively capturing the diverse proportions of basic, WH-
only, AConly, and AC-WH ownership configurations.
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Table 2: Household information for the complete dataset

Dataset (Count) Basic (Count) WH only (Count) AC only (Count) WH & AC (Count)
Actual (55) SH109-SH137 (29) SH205-SH216 (12) SH240-SH242 (3) SH287-SH297 (11)
. SHO001-SH108;
Synthetic (245) SH298-SH300 (111) SH138- SH204 (67) SH217- SH239 (23) SH243-SH286 (44)
Methods

Load duration curve (LDC)

Suppose the load is recorded for T samples each day. The LDC represents the statistical distribution of the load over a
specified period. For instance, consider a typical daily load curve based on 15 minutes of sampled data, as shown in
Figure 2(a). The LDC is obtained by rearranging the recorded load values in descending order and translating the X-axis
to percent time [15], as shown in Figure (b). The minimum demand needed to supply is termed the base load. The peak
load is assumed to occur 5% of the time. The power between peak load and base load is known as intermediate load.
Figure 2(b) shows the base, peak, and intermediate load values.

Load curve can be plotted for a year also. It helps the utilities to identify the day and time during which the system load
was at peak values in that year. If this peak load can be reduced or shifted, then it can help the utilities to reduce the
burden on their generating stations.

Peak value=11kW "~ Peak value=11.2kW .

_____Peakload__

Power (kW)

intermediate load

Power (kW)

6 1Intermediate load

3 -MY S Baééload 3 s o e e
00:00:00 05:00:00 /10 00:00 15:00:00 20:00:00 Base Ioad
Peak duration=15 minutes o T 0 20 a0 60 80 100
Peak duration=45 minutes Percent time
(a) Daily load profile (b) Load duration curve

Figure 2: Daily load profile and load duration curve
Peak Associated Attributes

The following are the peak associated attributes are considered based on LDC and time-series data:

1) Peak value: The magnitude on the y-axis on the LDC for 5% time represents the peak value. 2) Peak duration: The
duration for which this peak occurs is defined as the peak duration.

For the load curve in Figure 2(a), these peak attributes are plotted for reference. The peaks that are generated for individual
households and the entire system can be studied to identify the appliance level contribution. The days and intervals that
contribute to the top 5% of time are considered. Two algorithms are proposed to study the peak attribute information for
these days. Algorithm 1 is proposed to identify the contribution of households to the peaks and infer the dominant
appliance operating at the peak day. Algorithm 2 calculates the duration of peaks that occur for households with and
without AC.

Algorithm

Consider H number of households for D days. Each day, D has T data points at timesteps of 15 minutes. Here, H, D, and
T are 300 households, 365 days, and 96 data points, respectively. Let the notation for household be h. Let P be the peak
load of the total system load in kW and p € P be the subset of the 0.5% time of the LDC. Considering i as the instance
of date and time, p; represents the i instance of p. Let hji be the household j € {1.2,... H} at i instance of date and time.
The peak load in kW of household j at instance i is given by p(h;i). Let 3 be the allowable threshold in kW that captures
the power consumption of ACs and WHs. Typical values of § are obtained from [16] and observed to be over 1.5 KW.

Algorithm 1 shows the steps to identify the households that contribute to the high demand peak for 0.5% time. Algorithm
2 is used to calculate the duration of peaks for households with and without AC. For households with AC, the threshold

Ais introduced to capture any drop in power consumption of AC due to a change in the setpoint and duty cycle of the AC.
These algorithms are used to analyse the data set.
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Algorithm 1 Identifying contribution of peak load
Require: H, D, T, pi, p(h;i), &
1: for pie P do
2:  ldentify the households h;i, j € {1,2,...,H}, that are the highest contributors of p;
3:  Arrange hjiin decreasing order of p(h;i)
4:  Calculate the total percentage contribution of the households as ( ¥ p(h;;)/p;) x 100,p(h;;) = &

5. Based on the ownership information of hji, the appliance operating at i" instance are inferred
6: end for

Algorithm 2 Identifying peak instances and duration for households with and without AC
Require: H, D, T, pi, p(h;i), &

1: for hjie H

2: forpiePdo

3: Consider the timeseries data for the same date of i" instance
4: Consider the k consecutive instances of pj such that p(h;)) > 8
6: if ownership is AC then
7: Define threshold A as the allowable decrease in power from p;
8: The peak duration is calculated as the k consecutive instances of p; such that p(hji) > 8pi — A
9: else
11; The peak duration is calculated as the k consecutive instances of p; such that p(h;) > &
12: end
13; The peak duration in minutes is obtained by multiplying k with 15
14:  end for
15: end for

Results and Discussions
Daily consumption profile

The daily load profile for all the households in the dataset is added to compute the total system load of the utility servicing
these households. The system losses are ignored, and the utility is assumed to be supplied to these residential households
only. Figure 3(a) shows the daily system load curve for the whole year under study (2019).

Load duration curve

To identify the peak days and time, the yearly system load time series is rearranged in descending peak load values to
generate the LDC, as shown in Figure 3(b). The highest peak load of 155.86 kW occurs on 4™ October 2019 at 5:15 am.
Using Algorithm 1, the peak value corresponding to 0.5% time is observed to be 130 kW and marked as in Figure 3(b).
A few days with load values above 130 kW are marked in Figure 3(a): the second highest peak load of 152.97 kW also
occurs on 4" October at 7:00 am, followed by peak load instances recorded for 4™ August, 7:45 am with 146.97 kW, and
SO on.
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Figure 3: Daily load profile and load duration curve for complete dataset
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Peak load contribution

Using the peak information obtained from the system LDC and yearly time series data, the contribution of individual
households in the considered peaks in total demand is analysed for the date and time corresponding to peak load instances.

As per the LDC shown in Figure 3(b), 4th Aug. 2019 at 7:45 am shows one of the highest peak load values. During the
system peak of 146.97 kW at 7:45 am, households SH280, SH283, SH285, SH282, SH290, SH250, and SH138 also show
a high load value for the same interval. Figure 4 shows the daily load curve for these households and the system load
curve for this day. The peak load contribution of these households is shown in Table 3 in descending order.

Table 3 includes the appliance ownership information of the peak contributing households. The load values for the
selected households show that WH and AC usage play a major role in causing the system to peak. The consumption of
all the households mentioned in Table 3 contributes to 27.49 kW in aggregate, implying that these 10 households, out of
300, contribute to 18.7% of the total peak load value.

From the LDC in Figure 3(b), the prominent days of peaks are noted on the time series load curve in Figure 3(a).
Observing the power consumption of individual households during these peak intervals, the contribution of appliances to
system peak can be studied, and the potential of DR of these loads can be estimated.

To observe the impact of ownership of appliances, peak durations corresponding to different dates of the year are
considered. The date of the year and time of the day can be used to draw inferences on the status of appliances for each
household. For the system peak intervals, the households with the highest load values are considered. The peak attributes
for these households are computed; these along with the appliance ownership information, are studied to understand the
DR potential.

Table 3: Peak load of households on 04 Aug 2019

we  — SH280 Household No. Ownership Peak load (kW)
} e SH280 WH, AC 3514
8 — som SH283 WH, AC 3.514
3 - = SH290
E ME i SH285 WH, AC 3.207
% E SH138 SH282 WH, AC 3.207
2 - = x
] 2 & E = Total system load SH290 WH, AC 2928
H SH250 WH, AC 2.718
: “ SH138 WH 2.237
- SH207 WH 2171
]
s — - - SH258 WH, AC 2.011
00:00 03:00 06:00 0900 12:00 1500 18:00 21:00
Time SH256 WH, AC 1.982
Figure 4: Load curve of households on 04 Aug 2019
Table 4: Household information for peak intervals
Month January 2019 March 2019 September 2019 October 2019 October 2019
Date-time 01 Jan, 7:30 am 29 Mar, 7:15 am 05 Sep, 7:45 am 04 Oct, 5:15 am 04 Oct, 8:00 am
Peak (kW) 130.60 143.15 139.1 155.86 150.14
SH253 (4.4) SH287 (5.09) SH283 (3.52) SH243 (4.23) SH280 (4.81)
SH158 (3.27) SH285 (4.89) SH280 (3.51) SH287 (4.14) SH283 (4.65)
SH283 (2.80) SH142 (3.79) SH278 (3.02) SH285 (4.09) SH281 (4.52)
Individual SH191 (2.12) SH282 (3.56) SH268 (2.97) SH282 (4.02) SH284 (4.31)
household load SH251 (2.30) SH264 (2.97) SH291 (2.59) SH253 (3.22) SH207 (3.22)
(kW) SH138 (2.01) SH291 (2.77) SH138 (2.43) SH148 (2.91) SH224 (1.74)
SH270 (1.91) SH246 (1.92) SH207 (2.42) SH142 (2.83) SH225 (1.71)
SH207 (1.87) SH169 (1.64) SH215 (2.29) SH140 (2.75) SH226 (1.69)
SH215 (1.74) SH228 (1.63) SH183 (1.93) SH185 (2.26) SH217 (1.66)
SH241 (1.70) SH260 (1.62) SH273 (1.88) SH247 (2.01) SH229 (1.60)
Percentage 18.5 20.8 19 20.83 19.92
contribution
Ownership WH, AC WH, AC WH, AC WH, AC WH, AC
(majority)

Table 4 shows the analysis for a few peak instances shown in Figure 3(a). Each column shows the total peak load and the
contribution of households to the peak for the days that experience high consumption. The total percentage contribution
of high-consumption households shows that they contribute dominantly to the corresponding peaks. Based on the
ownership information, the appliances that are responsible for generating the peaks are inferred in Table 4. It can be
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observed that a few of the households frequently operate at their peak when the system experiences peak load values for
the corresponding date and time. As mentioned in Table 3 and Table 4, SH283 and SH207 contribute significantly to
system peaks. SH283 has the appliance ownership of WH & AC, while SH207 has ownership of WH only. Similarly,
SH280, SH287, and SH285 are observed to contribute to the highest peak load instances. These households have
ownership of WH & AC. The other households contributing to the peaks have a majority of WH & AC ownership. On
analysing the daily load curve of these households for the date and time mentioned in Table 4, it is observed that the peak
values are mainly due to the coinciding operation times of WH & AC.

From Table 4, it is clear that households with high-consumption appliances contribute significantly to the system peak.

Deferring the operation time of high-rating appliances can potentially reduce the peaks and help flatten the system load
curve.

Peak amplitude information

The scatter plot for household SH291 is shown in Figure 5(a). The x-axis represents the peak duration, the y-axis
represents the timing of the peak, and the z-axis represents the amplitude of the peak. The plot gives information on the
variation in the highest 1% peak values of the household occurring throughout the year, along with the duration of peaks.
The data points in the plot are coloured in accordance with the month of the year. The resultant projection point for this
household considering maximum peak amplitude is shown in red colour in Figure 5(a). Since SH291 has ownership of
both appliances, AC and WH, the duration of peaks on different days is scattered. The short-duration peaks can be
attributed to the usage of WH, and longer-duration peaks can be the result of AC consumption.

The households that frequently show high load demand for system load greater than 130 kW are obtained from the LDC.
The projection points using the maximum peak amplitude of the highest contributing households in LDC are marked in
Figure 5(b). The colour of the data point represents the appliance ownership type of the household. This plot gives us
insight into the power consumption behaviour based on appliance ownership. Some clusters within households of similar
ownership types can be observed in the scatter plot, which indicates the prominent usage pattern of appliances with similar
duration and peak power consumption behaviour. From Figure 5(b), it can be observed that basic households are not
significant contributors to system peak and experience short peak durations. Households having ownership of only AC
show high peaks in wide ranging amplitudes and duration in the month of May. However, peaks of the households with
only WH are evidenced across the year, show a wide range of power consumption values, and persist for shorter durations
between 15 and 45 minutes in line with expected usage of WH. Finally, for households with both AC and WH, high peaks
for shorter durations that can be attributed to WH usage and peaks with longer durations that occur due to the operation
of AC are seen.

Asimilar plot can be obtained by considering the maximum duration of the peak for all households. Analysis of the scatter
plot in Figure 5(b) can be done by suppressing the datetime axis and obtaining the 2D plot of the peak amplitude and
duration of the households. Figure 6 shows the resultant 2D plot containing projection points of the maximum amplitude
and duration of peaks for all the households. The households with ownership of only WH have clustered at short peak
duration intervals. Households with AC have a relatively higher duration of appliance usage and contribute highly to
power consumption. Basic appliances, excluding AC and WH, do not have high power ratings, and the duration of
operation of the appliances also varies across the day. The clustering observed amongst households containing both AC
and WH gives a high indication of the usage of the appliance. Households with WH contribute to shorter duration peaks
occurring for less than 45 minutes, while AC operation may be prominent for a longer duration that may be indicative of
households with AC.
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Figure 5: Peak projection using maximum peak amplitude for households.
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The information on the date and time of peaks can be used as in Figure 5(b) to verify the category of appliance used in
the household. Inferences can be made on ownership of households that contribute to peak amplitude and duration using
Figure 5(b) and Figure 6.

This analysis can help to identify the households to perform DR to shave the system peak and avoid using high-cost
generators. The projection points for individual households using the information on peak amplitude, duration, and
datetime can be calculated by considering maximum peak amplitude and maximum peak duration, similar to Figure 5(b).
Considering both the duration and amplitude of the projection points, Figure 7 provides added information on the duration
of peaks. This can be used to infer information on the duration of the peaks of the households that are considered in Figure
6. The dominant factor that contributes to the peaks in households with ownership of both AC & WH can be estimated
using the plots. Households like SH282 and SH285 have short-duration peaks with high amplitude, as shown in Figure
6. This may be a result of operating WH only, while households like SH250 and SH295 have peaks with higher duration,
as shown in Figure 7, that may occur due to the operation of AC & WH.

In the subsequent section, the algorithm introduced is applied in a case study, utilizing ownership information to
implement DR.
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DR potential of WH to remove peaks

Figure 8(a) shows the households that contribute to the system peak on 04 Aug. 2019 at 07.45 am. Table 4 shows that the
top 10 households for the same interval account for 18.7% of the system peak. Considering the morning time and with
the knowledge of ownership of WH in these households, the potential of eliminating the peak by shifting the operating
intervals of the WH is explored. According to the survey in [5], WH offers a great DR possibility due to significantly high
energy consumption. The turn ON time of WH can be shifted to off-peak intervals, ensuring the least loss of comfort for
the consumers [5]. Assuming that only the WH was ON at 07.45 am in the households, the total power consumption of
the household is assumed to be equal to the power consumption of the WH in this interval.
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Figure 8: Peak reduction using DR for households with WH

The load profile of households with WH without the implementation of DR is shown in Figure 8(a). By constraining the
shifting time of WH to at most 30 minutes, the system peak at 07.45 am can be reduced by almost 6.5% by deferring 5
WHs operation as can be observed in Figure 8(b). Table 5 shows the potential reduction in system peak on 04 Aug. 2019
at 07.45 am by shifting the operating time of WH if DR is implemented with the objective to reduce peaks. The deferral
period ensures minimum loss of comfort and also results in significant peak reduction. Peak reduction can be achieved
by designing DR objectives carefully to ensure that households do not shift the operating time of appliances to low price
periods together, which may result in a shift in peak.

Table 5: DR potential in WH

Peak values (kW) on 04 Aug 2019 07.45 am
Strategy SH280 SH283 SH285 SH282 SH290 SH250 System peak
Without DR 3.514 3.514 3.207 3.207 2.928 2.718 146.97
DR using 1 WH 1.474 3.514 3.207 3.207 2.928 2.718 144.61
DR using 5 WH 1.474 1.836 1.410 1.410 1.346 2.718 137.48

DR programs are implemented by either publishing the time-varying prices of electricity a day ahead of time or by
providing incentives to the consumers to shift the consumption from peak intervals to off-peak intervals. The pricing
information can be exploited to schedule the appliance operation to ensure the minimum electricity consumption cost and
reduce peaks in the system. This can be realized using an HEMS that is integrated into smart meters installed in households
by fetching the electricity prices from the utility. An analysis of the change in consumption patterns of household
appliances using the system load information and time-varying prices can be conducted to study the effect of different
pricing schemes used in DR programs.

Some Remarks

The analysis performed herein leads to two findings: First, high-consumption appliances such as WHs and ACs may
contribute to nearly a fifth of the peak. Second, analysing the peak amplitude and peak duration of individual households
may lead to the discovery of a cluster of households that are significant contributors to the system peak load. For more
conclusive results, the analysis should be performed for the top 5% system load values — in this case, it is loads over
110.27 KW. Due to page limits we skip this detailed analysis here.

Conclusions and Future Work

The study presented in this paper focuses on households from Pune region in India. A hypothetical system load is
constructed based on data from actual houses as well as synthetically generated data. The algorithms presented in this
paper use the information encapsulated in the system load curve and the individual household load curves to identify the
households that are suitable candidates for DR programs. Our results show that the households contributing to system
peak load possess high-consumption devices such WHSs, ACs, or a combination of both. We also observe that the peak
loads lasting for shorter durations can be typically attributed to the households having WH ownership, while those with
longer durations can be attributed to households with AC ownership. Both WH and AC loads exhibit inherent flexibilities
that can be exploited to implement DR. In this paper, a simple load-shifting possibility is demonstrated to affect a peak
shaving of 6.5%.

The dataset with some missing information for households in Pune & Pune City has been considered for the study. A
richer dataset containing information on appliance ratings and user preferences can be used to quantify savings at the
appliance level. The study of the frequency of occurrence of the peak would add more information to this analysis.
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Similarly, using other attributes like mean values and peak-to-average ratio can lead to a more detailed analysis. The
paper can be scaled to a larger set of households to study the potential savings using DR programs. This is future work
and is out of the scope of this paper.
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Highlights

» The primary objective of the paper is to evaluate the current state of education curricula to build capacity in students
to design net zero resilient buildings with the literature review of formal education curriculum, continuing education
programs, and competitions aimed towards building capacity for designing climate resilient buildings.

» This paper finds that building sector education needs to be interdisciplinary with competencies and knowledge in three
areas - Climate Literacy, Climate Justice, and Climate Action.

» This paper also finds that among the curricula and education programs reviewed, the ten contests of the Solar
Decathlon India and the education resources provided in the challenge form a robust framework that could be used in
education curricula in India.

Abstract

This paper evaluates the current model curricula in India for architecture and engineering colleges as well as education
policy documents that will influence the coursework taught across the country to determine if the undergraduate and post-
graduate education system is aimed at creating future professionals who can respond to India's Nationally Determined
Contributions and net-zero by 2070 goal. It uses literature review and survey data to identify gaps in graduate attributes
and competencies that result from these curricula and policy documents. While over fifteen years of codes and rating
systems, and longer for industry-led practices, have introduced standards and best practices, the market has not moved
towards future-proof net-zero buildings. The findings show that the model curricula do not address climate change and
that comprehensive frameworks, as well as transformative education at scale, are being done through other programs like
Solar Decathlon India (SDI).

Keywords: Net Zero buildings, education, curriculum, Climate change, evidence-based design

Introduction

At COP26 in 2021, India committed to achieving net-zero by 2070 and followed it up with an update to the Nationally
Determined Contribution in August 2022 [1]. It is a challenging task for India to manage the emission targets amidst
population growth, rapid urbanization, increased manufacturing, mining, and infrastructure development activities, as
well as unprecedented growth in energy demand over the next few decades. Amidst these challenges, ensuring climate
justice becomes imperative, as marginalized communities should not bear the disproportionate burden of transitioning to
net-zero while facing the impacts of ind