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Abstract

Buildings, as climate modifiers, are usually designed to shelter occupants and
achieve thermal comfort in the occupied space backed up by mechanized cooling and
heating systems as necessary. This heating and air-conditioning load can be reduced
through many means; notable among them is the proper design and selection of building
envelope components. The effect on reduction in energy consumption by using insulation
materials is the major thrust of this project. The life cycle energy cost of a building has
been realized to be critical to the energy consumption in buildings, which is reaching a
serious proportion, as the energy needs have to be met for the fast growing population
and also to sustain the development. The life cycle cost of a building, includes the initial
cost, energy cost, other operation and maintenance cost. The effect of increase in the
initial energy cost, constituted by the insulation materials to the energy savings that can
be obtained, is studied by simulating two case buildings chosen, using eQUEST
simulation tool. Parametric studies were carried out with different insulation materials at
different climatic conditions in Indian context. Correlation between the resistance and
thickness of the insulation material, to the percentage of energy savings were found to
obey a logarithmic relationship. The life cycle energy cost analysis showed that energy
savings up to 47% could be achieved during a 50 year life span of a building, with a very

negligible increase in embodied energy due to the insulation materials.
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Summary of the contents of the report

Chapter 1 presents the ingenious constructive solutions developed in the past that
could fulfill several assignments simultaneously. The construction industry at present
has brought forward new architectural concepts, which need performance assessment
of buildings. It also presents the overview on the objectives, scope and work

methodology of the project.

Chapter 2 reports different potential approaches to assess the buildings performance.
This chapter analyses the capabilities of available integrated simulation programs,
which leads to the conclusion to choose one of the software to perform the assessment
of the building performance (thermal, lighting, ventilation), the occupant comfort.

Chapter 3 focuses on the model developed in the software for existing buildings, with
sufficient information to support the software, and its assessment. The model developed
is simulated in accordance to the actual materials used in the construction of the
building with the actual climatic file referring to the original location of the buildings.
Further, the simulated output values are compared with the actual data collected, to

assess the capability of the software used.

Chapter 4 presents the life cycle energy calculation done for both the case buildings,
which specifies the embodied energy of the building envelope components and the

different insulation materials.

Chapter 5 presents the analysis done with the same buildings, by varying different
parameters at different climatic regions in India. The aim is to check whether
insulation material is the only key factor in energy consumption of the buildings. It
also presents the evaluation of the life cycle energy of the buildings pertaining to the
embodied energy and the energy consumed every year during its entire life span. The

results of all the parametric studies and life cycle energy costing done are discussed.

xii



Chapter 6 presents the conclusions derived from the analysis performed in the previous
chapter and strategy developed to minimize the sum total of energy consumed during

the entire life span of the building.
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CHAPTER -1 INTRODUCTION

Every major civilization has developed an architecture with characteristic lines
as specific as its language, costumes or folklore. For thousands of years, the humans
has developed architectural concepts to provide acceptable comfort in a specific
environment, taking into account local climatic conditions, available for construction
materials, as well as cultural and religious aspects.

With modern architecture an important concern of the scientific community, is to
resolve specific problems the building industry is confronted with. But the necessity for
an efficient construction industry has brought forward new architectural concepts,
which need performance assessment of buildings. This chapter presents several
ingenious systems developed through time that could fulfill several assignments and
illustrates the consequences resulting of a lack of building assessment in appraising
the building performance in modern architecture. It also presents the objectives, Scope

and work methodology of this project.

1.1 CONSTRUCTIVE SOLUTIONS OF THE PAST

Vernacular architecture, which can be regarded as a sustainable and natural
contract between man and nature, is the fruit of imagination, years of evolution and
climatic requirements. It was limited to the local materials and techniques available at a
given time. Transport was limited, which reduced the use of imported materials. This led
to constructive concepts that took into account not only occupant comfort but also the
local resources and the environmental impacts of the use of the construction. Vernacular
architecture was able to provide many concepts to maintain comfortable conditions while
striking a balance with the environment as it can be illustrated with the following

examples.

Providing daylight and ventilation simultaneously was an important issue, which
was solved in different ways. In ancient Egyptian period (2635-2155BC), it was not
conceivable to bore through thick temple roof and walls. To solve the problem, small
slots were pierced at the junction of the flat roof and the temple wall (sphinx temple).

Because of their size and location, these slots faintly lighted the upper part of the walls.



In small temples or in dwellings, where the roof was thinner, small apertures were bored
through the roof-terrace, to improve day lighting and ventilation. The new empire (1550-
1080BC) found a way to improve the efficiency of these apertures, by taking into
advantage of the level difference between roof-terraces. For instance, in the Ammon
temple in Karnak, louvers were pierced into vertical slabs (walls) to provide better
ventilation and allow the light to enter obliquely, which avoided glare problems as shown

in figure 1.1.

Ventilation

Daylight

Figure 1.1: Clerestory of the hypostyle hall of the AMMO temple,
Karnak.(source: Moore F)



The summerians (Mesopotamia, 3000-2000BC) are at the origin of several of the
most outstanding human inventions, such as the wheel, the cuneiform writing or
architectural concepts such as the vault. To avoid, overheating, they covered roofs with
about 1 meter of earth. But the load induced by the weight on the roof reduced its span,
because palm-tree was used for the structure. Therefore, houses were narrow and long,
which complicated their natural ventilation. Thus, the occupants comfort was directly
related to the structure. The evolution of this roof-terrace concept led to the famous
suspended gardens of Babylon. They were located near wells, from which an astute
system raised water to the roof construction for the irrigation of the gardens. Water
evaporation reduced the ambient temperature and the roof cover reduced house

overheating.

For many centuries, vernacular architecture has been seen as the product of an
evolutionary process in which most suitable forms have survived by designing
comfortable architectural spaces that respect local climatic conditions.

In the evolution of time, the occupants’ necessity for buildings serving for their specific
purpose has been evolved. Among them Office and commercial buildings have more

significance in the present.

1.2 OFFICE AND COMMERCIAL BUILDINGS OF THE PRESENT

Office buildings provide the working environment for a large and increasing
proportion of the Indian workforce. There are considerable diversity in the type and
location of buildings used as offices throughout India. The principal requirement of office
buildings is to provide comfortable, healthy and productive conditions for the workers.
However costs, both capital and running, play an increasingly important part in decision-
making for design, fitting out, etc. With increasing international concern about energy
use and its environmental consequences, another dimension is becoming increasingly
important, that of energy consumption in offices and the component production of carbon
dioxide, and other ways in which offices can affect local and global environments.

New buildings are frequently thought to provide more prestigious and efficient
offices than older buildings. There are basically two different approaches to achieving



good internal conditions in an office-using natural force as far as possible, or relying on
mechanical equipment. Natural methods include day lighting, thermal insulation, solar
gain, opening windows, solar shading, and free cooling using thermal mass. On the other
hand, modern offices in many countries are built to rely on artificial lighting, heating
cooling, and ventilation using mechanical equipment and sophisticated automatic control
systems, and this trend also affects refurbishment. The energy consumption of offices
with sophisticated mechanical systems is always many times higher than that of climate
respecting buildings which minimize such equipments by use of natural forces.

However it must be remembered that ‘comfort’ can be defined in a number of
ways and has different meanings to different people. Whilst an air-conditioned office can
provide temperatures within a closely defined range (typically 19 to 23degree
Celsius(66.2F to 73.4F), a naturally ventilated office will have much higher temperatures
in summer, though the effects of an open window and moving fresh air can make these
equally or more acceptable. Similarly, an artificial lit office with tinted windows to
reduce glare and solar gain will provide a consistent light level, but the changing light
levels and clear views from a day lit office may provide a more pleasant and stimulating
environment. Some research has demonstrated the importance to a person’s perceived
level of comfort, of individual control over the local environment, a concept becoming
known as ‘adaptive opportunities’.

To maintain external and visual comfort level there is a large amount of energy
need, in offices with sophisticated mechanical systems. Moreover, these buildings
demand energy in their life cycle, both directly and indirectly. Directly, for their
construction, operation (operating energy), rehabilitation and eventually demolition.
Indirectly through the production of materials they are made of and the materials
technical installations are made of (embodied energy). There has been always a need to
know the building performance in such cases during its life span, in its construction phase

and operation phase.

1.3 NEED FOR BUILDING ASSESSMENT
The building sector is responsible for a large share of the worlds total energy

consumption. The international Energy Agency (IEA 2005) estimates that buildings



account for 30-40% of the worldwide energy use, which is equivalent to 2500 Mtoe
(million tons of oil equivalent) of energy every year. Buildings are large users of

materials with a high content of embodied energy.

Energy is also used for heating, cooling, lighting, cooking, ventilation and so on during
the period that the building is in use. Over the years this adds up to significantly more
energy than is used for manufacturing building materials and for constructing the
building itself. In some of literatures, however, lowering the overall energy consumption
has a direct positive impact upon life cycle costs. For which, there is a need to assess the

performance of the building during its operation stage and at the construction stage.

1.4 OBJECTIVES OF THE PROJECT

As climate modifiers, buildings are usually designed to shelter occupants and
achieve thermal comfort in the occupied space backed up by mechanized cooling and
heating systems as necessary. Significant energy savings could be realized in buildings if
they are properly designed and operated. The energy consumed can be reduced through
many means: notable among them is the proper design and selection of building envelope
and its components. Studies have been carried out on the building envelope and its
components. The impact of operating temperature on the thermal performance of
insulation materials has been the subject of some studies. Optimization of insulation
thickness for building using life cycle costs has been discussed by T.M. Mahlia [1].
Performance characteristics of thermal insulation materials have been studied by Dr.
Mohammad [5].

Further, studies indicate that opportunities for energy efficiency in buildings, is
achievable by many means. The diversity of buildings and their distinct use imply major
differences of energy conservation models. No single legislative rule can be effective in
all case. The energy sources used, methods applied and equipment added are to be
tailored according to individual needs. The same applies to building codes, operation
guidelines and the monitoring of their implementation. There is no study made on the

relative importance of operating and embodied energy in a building life cycle, in specific



to Indian context, in office and commercial buildings, with the building codes taken into
account. Hence this study is focused towards the same with the following objectives:
1. To evaluate the role of thermal insulation in energy consumption in office and
commercial buildings.
2. To analyze the role of thermal mass and storage in relation with the energy
consumption of a building.
3. To evaluate the Life cycle energy of a building pertaining to the embodied energy
(pre-occupation) and the energy consumed every year (post occupation).
4. To prepare a strategy to minimize the sum total of the energy consumed during

pre-occupation and post occupation.

1.5 SCOPE AND WORK METHODOLOGY OF THE PROJECT

With the above objectives in consideration the project had been phased into two.
The first phase of the project is to choose appropriate software to perform the simulation
of namely two buildings. The second phase is to obtain a methodology or develop a

model to calculate the Life cycle energy cost of a building.

PHASE - I

In the first phase of the project work data on two buildings were collected, and the
simulation was performed for the same using the appropriate software. As the first step,
soft wares available for simulation were studied and an appropriate one for the same was
chosen. As the Second step data on the two buildings such as their plans, sections and
elevations and their actual energy consumption data was collected. As the third step the
chosen buildings was modeled and the simulation was performed for the same. In the
fourth step the results were compared with the actual data to validate the software chosen.
And in the fifth step simulations were performed with different insulating materials for
the same buildings, to analyze the fact that if insulation is the only key factor affecting
the energy consumption of these buildings.
PHASE - 11

The second phase was focused on to obtain a methodology or develop a model to

evaluate the life cycle energy cost of the building. Life-cycle costing accounts for initial



cost, energy cost, other operating and maintenance cost (including labor), life of each
component forming the system; discount rate, inflation and escalation of some cost items
such as energy cost, and salvage value of each component when its life is expired. The
first two items dominate in our case. In the application of life cycle costing principle to
determine the role of insulation, to analyze if it is the key factor affecting the energy
performance, or is there other building systems that play an important role in minimum
performance, extensive examples of alternative insulating materials and systems of
different performance had to be simulated and their life cycle energy costs had to be

evaluated.

In summary, this chapter has shown that through time, architecture has
developed ingenious constructive solutions that could fulfill several assignments
simultaneously. The limitation of available materials and construction process was
compensated by long experience leading to a constructive balance between occupant
requirements and environmental impact. The significance of reducing the overall
energy consumption of a building necessitates the need for building performance
assessment and to analyze the factors affecting the energy consumption. This
complexity calls for to focus on the objectives of the project. The next chapter presents
the review of available tools for building performance assessment, and describes the
eQUEST simulation tool.






CHAPTER -2 LITERATURE REVIEW

At all times, the analysis of physical phenomena was dependent on technical
developments and scientific knowledge. In the past, performance assessment relied on
thumb rules and hand calculation. At present, the advent of building simulation
programs has enabled non-trivial performance appraisals. The current generation of
application for the assessment of building performance ranges from simple
spreadsheets based on simplified calculation methods to advanced programs, which
allow the simulation of transient physical processes using complex numerical methods.

In general, these programs deal, however, only with a small of the overall problem.

Advanced architectural developments require an integrated approach to design. The
domains of heating, lighting, ventilation and acoustics, for example, are often closely
related and it is only by taking into account their interactions that a complete
understanding of building behavior can be obtained. This chapter begins with a
comparison of various methods developed to perform a multiple-view appraisal of
building performance. The chapter follows with an analysis of the different simulation
program types that support multiple-view assessment. Finally, the most common

simulation tools available on the market are compared.

Over the past 50 years, literally hundreds of building energy programs have been
developed, enhanced, and are in use throughout the building energy community. The
core tools in the building energy field are the whole-building energy simulation
programs that provide users with key building performance indicators such as energy

use and demand, temperature, humidity, and costs.

2.1 FACTORS AFFECTING ENERGY CONSUMPTION
Modern buildings consume energy in a number of ways. Energy consumption in

buildings occurs in five phases, as shown in figure 2.1.



Energy consumption MWh/m?
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Figure 2.1: Energy consumed in the life of a building (source: UNEP)

The first phase corresponds to the manufacturing of materials and a component, which is
termed, embodied energy. The second and third phases correspond to the energy used to
transport materials from production plants to the building site and the energy used in the
actual construction of the building, which are respectively referred to as grey energy and
induced energy. Fourthly, energy is consumed at the operational phase (operation energy),
which corresponds to the running of the building when it is occupied — estimated till 50
years. Finally, energy is consumed in the demolition process of buildings as well as in the
recycling of their parts, when this is promoted (demolition — recycling energy). The
major factors that affect the energy consumption of a building at the first four phases are:
a. Building envelope

The building wall is affected by all three heat transfer mechanisms; conduction,
convection, and radiation. The incoming solar radiation into the outer wall surface will be
converted to heat by absorption and transmitted into the building by conduction. At the
same time, convective thermal transmissions occurs from air outside of the building to
the outer surface of the wall and the inner surface of the wall to the air inside of the
building. It makes portion of heat gains from the outside of the building wall occurs and
by air leakage since the inner building area has lower temperature. K.S. Al-Jabri [ ] has
reviewed his research on use of insulating materials is not popular, despite their long term
financial benefit. His research is concerned with the development of light weight concrete
blocks for thermal insulation either by using different hole arrangements or by using

indigenous and by-product materials. T.Nussbaumer, as part of research programme on
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“High performance Thermal Insulation in buildings and building systems” of IEA agency,
determined the thermal performance of vacuum-insulation panels applied to walls |
building constructions.
b. Building Materials

Y.G.Yohanis, in his studies [12] has concluded that initially embodied energy in a
building could be as much as 67% of its operating energy over a 25 year period. The
building materials used initially directly constitute to the embodied energy, which
includes extraction, processing, manufacture and transport of the materials and its
components. The relative significance of embodied energy forms a higher proportion of
the total amount of energy used over the lifetime of a building. Potential to reduce energy
consumption at the initial stages, in the materials selection plays a vital role.
c. Lighting systems

Reduction in energy use in one system can affect the energy use in another system.
In Bangkok, lighting savings lead to significant reductions in energy used for cooling and
ventilation systems [15]. Even in extreme cases of Sweden, commercial buildings enjoy a
net HVAC benefit from lighting savings. According to studies at Chalmers university,
typical modern Swedish buildings require cooling even at an out door temperature of -
10degree Celsius. This is because of considerable internal heat generated by people,
lighting and other energy-using equipment.
d. Energy supply systems

The operational energy normally accounts for the major part of the total energy
used in buildings [12]. Therefore it is of great importance to have energy efficient system,
that which provides good indoor conditions without consuming too much energy. These
can include energy saving appliances, lighting controls and thermostats, activated blinds,
fans, efficient heating systems and cooling systems. It should be noted that energy
systems are usually designed for 20 to 40 years and if they are not chosen carefully, the

potential to change to a different energy source may be lost for that period.
The pattern of the energy use of a building first and foremost depends on the

building type and the climate zone where it is located. In addition, the level of economic

development in the area is also influential in shaping the energy use-pattern. Shares of
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different energy uses during the operational phase of the building are shown in figure
2.2.

Residential, Kuwait

Commercial, India
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Figure2.2: Shares of different end-use purposes in some countries. (Source: Department
of energy 2006, U.S, office of energy efficiency, natural resources Canada, 2006.)

It shows that in terms of international averages, most residential energy in developed
countries is consumed for space heating. Building type usually sets different requirements
for the indoor climate and internal loads. The impact of climate differences also affects
the energy demand in a building. In order to achieve large scale energy efficiency
improvements, a range of different approaches have been studied. Researches carried

out in different countries are focused to the local needs.
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Figure2.3: status of Building standards (Source UNEP)
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There are different strategies for using legislative instruments to control energy
consumption level of buildings. Scandinavian countries generally use national building
codes and standards, which regulate physical, thermal and electrical requirements of
building components, service systems and equipment. The regulations also cover indoor
conditions, health and safety standards, operation and maintenance procedures and
energy calculation methods. Some codes accept limited compensation between building
components; for instance, the glass area may for instance be increased, if the exterior wall
insulation is also improved. Building codes are crucial to help induce the improvement of
the energy efficiency of the building sector. A number of building codes currently include
energy performance standards, limiting the amount of energy that buildings can consume.
In India the codes that are specific to energy consumption are ECBC standards 2006 [2],
and ASHRAE 90.1.-2004 [6] is followed for LEED rating system of buildings. The
LEED Green building Rating System is a voluntary, consensus-based, market-driven
building rating system based on existing proven technology. It evaluates environmental
performance from a whole building perspective over a building’s life cycle, providing a
definitive standard for what constitutes a “green building”. Both these standards have
given importance and strategies of use of thermal insulation materials in buildings. In
AHRAE 90.1-2004, sections 5.4 and 5.5 gives the mandatory provisions of insulation
materials to provided for the walls, roofs, and floor. Section 5.8 specifies the insulation
product information and installation requirements. ECBC standards specify the

prescriptive requirements of insulations in section 4.3 for roofs, opaque walls.

2.2 THERMAL INSULATION

Thermal insulation is a material or combination of materials, that, when properly
applied, retard the rate of heat flow by conduction, convection, and radiation. It retards
heat flow into or building due to its high thermal resistance.
Thermal insulating materials resist heat flow as a result of the countless microscopic dead
air cells, which suppress convective heat transfer. It is the entrapped air within the
insulation, which provides the thermal resistance, not the insulation material.

2.2.1 Available types of Insulation
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Many types of insulation are available which fall under the following
basic materials and composites:
1. Inorganic materials:
a. Fibrous materials such as glass, rock, and slag wool.
b. Cellular materials such as calcium silicate, bonded perlite, vermiculite,
and ceramic products.
2. Organic materials
a. Fibrous materials such as cellulose, cotton, wood, pulp, cane, or synthetic
fibers.
b. Cellular materials such as cork, foamed rubber, polystyrene, polyethylene,
polyurethane, polyisocyanurate and other polymers.
3. Metallic or metallized reflective membranes. These must face an air-filled, gas-
filled, or evacuated space to be effective.
Accordingly, insulating materials are produced in different forms as follows:
a. Mineral fiber blankets: batts and rolls (fiberglass and rock wool)
b. Loose fill that can be blown-in ( fiberglass, rock wool) , poured in, or
mixed with concrete (cellulose, perlite, vermiculite)
c. Rigid boards (polystyrene, polyurethane, polyisocyanurate, and fiberglass).
d. Boards or blocks (perlite and vermiculite).
e. Insulated concrete blocks.
f. Reflective materials (aluminum foil, ceramic coatings).
2.3 THERMAL MASS
Massing of the building structure is influenced by the seasonal and daily
temperature variations, which determine the need for thermal resistance and mass of the
building structure. Thermal mass reduces heat gain in the structure by delaying the entry
of heat into the building. Building thermal mass plays a more significant role in dry
climates with
a. High daily summer temperatures.

b. Large diurnal ranges.
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2.4 TOOLS AVAILABLE FOR ASSESSMENT OF BUILDINGS AND THEIR
COMPARISONS

A number of comparative survey of energy programs have been published, most
recently, “Contrasting the capabilities of Building Energy Performance Simulation
programs” published by Drury B.Crawley, Jon W. Hand, Michael Kummert and Brent T.
Griffith, gives an up-to-date comparison of the features and capabilities of major building
energy simulation programs: BLAST, BSim, Dest, DOE-2.1E, ECOTECT, Ener-Win,
Energy Express, Energy-10, Energy Plus, eQUEST, ESP-r, IDA ICE, IES, HAP, HEED,
PowerDomus, SUNREL, Tas, TRACE and TRANSYS. The comparison is given in
appendix 1. The conclusion of this report is that, who have specific simulation tasks or
technologies in mind should be able to identify the likely tool. Hence, with objective of
the project in mind, eQUEST was chosen to use it for modeling the chosen buildings.

2.5 eQUEST VERSION 3.55

eQUEST is an easy to use building energy use analysis tool which provides
professional-level results with an affordable level of effort. This is accomplished by
combining a building creation wizard, an energy efficiency measure (EEM) wizard, and a
graphical results display module with an enhanced DOE2.2 — derived building energy use

simulation program.

eQUEST features a building creation wizard that walks through the process of creating an
effective building energy model. This involves following a series of steps that describe
the features of the design that would impact energy use, such as architectural design,
HVAC equipment, building type and size, floor plan layout, construction materials, area
usage and occupancy, and lighting system.

After compiling a building description, eQUEST produces a detailed simulation of the
building, as well as an estimate of how much energy it would use. Although these results
are generated quickly, this software utilizes the full capabilities of DOE-2.2.

Within eQUEST, DOE2.2 performs an hourly simulation of the building design for a one
year period. It calculates heating or cooling loads for each hour of the year, based on the
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factors such as walls, windows, glass, people, plug loads, and ventilation. DOE-2.2 also
simulates the performance of fans, pumps, chillers, boilers, and other energy consuming
devices. During the simulation, DOE-2.2 also tabulates the building’s projected use for
various end uses.

eQUEST produces several graphical formats for viewing the simulation results. For
instance, graphing the simulated overall building energy on an annual or monthly basis or
comparing the performance of alternative building designs. In addition, eQUEST allows
performing multiple simulations and viewing alternative results side-by-side graphics. It
produces energy cost estimating, day lighting and lighting system control, and automatic
implementation of common energy efficiency measures (by selecting preferred measures
from a list). This reasons for selecting this software was, the ease to interface with auto
cad drawing, user interface to input the data, and the tool being a free tool.

Input to the program consists of a detailed description of the building being analyzed,

including hourly scheduling of occupants, lighting, equipment, and thermostat settings.
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CHAPTER - 3 CASE STUIES & SIMULATIONS

The previous chapters have described in detail the necessity, the elaboration
and finally the implementation of a data model that enables assessment of building
performance. The present chapter, which is a significant part of the study, presents the
overall performance obtained for an office and a commercial building as modeled in
eQUEST. The simulation results have been compared with the actual energy
consumption metered in the building during the occupancy of the building for the year
2006. This chapter also presents the validation of the simulation performed using
eQUEST.

3.1 THE INFOTECH BUILDING

The INFOTECH building, one of the IT buildings in Chennai, was selected as a
case study because: (1) the wall and floor slab sections were different from other
buildings, and (2) for the proximity and the ease of collection of data for the same.
3.1.1 BUILDING DESCRIPTION

The INFOTECH building is a four story office building, constructed in 2003-04
in Chennai, a city in southeast coast of India (Latitude 13.04 N, Longitude 80.17E,
altitude- 6m). The building comprises seminar halls, conference rooms and museum in
ground floor, and open offices in the top four floors (2400 Sqm each floor). The open
office space is built as a column free space; the concrete floor slab is supported by the 6

thick shear concrete walls at the periphery, and by the central service core of the building.
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Figure 3.1: Exterior 3-d View of INFOTECH building.
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Figure 3.4: Different views of INFOTECH Building.
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3.1.2 SPACE SUMMARY
The building use spaces are classified into major zones as: (1) office — open plan,
(2) Auditorium (3) Corridor (4) Lobby (5) Restrooms (6) Conference Rooms (7)

Mechanical / Electrical room (8) All others. The table 3.1 gives the space summary.

Building Use Conditioned | Unconditioned | Total (Sqm)
Area (Sgm) Area (Sgm)
Office (open plan) 8848.32 8848.32
Auditorium 712.75 712.75
Corridor 414,77 414.77
Lobby 370.44 370.44
Restrooms 545.31 545.31
Conference Rooms 874.38 874.38
Mechanical/Electrical rooms 196.68 196.68
All others 26.35 26.35
Total 11247.04 742.00 11989.05

Table 3.1: Summary of the building use spaces of INFOTECH building.

3.1.3 BUILDING ENVELOPE COMPONENTS
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Figure 3.5 Details of constructions, Roof slab & External Wall.
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The envelope of the building is 6” thick shear concrete walls, plastered on both
sides, with a u-value of 4.33 W/m?K (0.763 Btu/h.ft*.F). The details of construction of the
external wall, and roof slab are shown in figure 3.5. The roof slab has a u-value of 0.028
W/m?K (0.005 Btu/h.ft%F).

3.1.3.1 WINDOWS

The INFOTECH building has Double glazing systems of Saint Gobain, for the
facade. They are made of double clear float panes with air gap in between. The properties
of the glazing are

1. Shading coefficient = 0.23

2. U-value = 2.895 W/m?K (0.51 Btu/h.ft>.F).

3. Visual Light transmittance = 0.15

4. Emissivity = 0.84
The table 3.2 summarizes the window area in the external fazard of INFOTECH building,

and the glass details.

Description South North North South Total
East West East West

Wall Area 13869.36 14245.2 17416.08 | 17416.08 62946.72

Total Window Area 4460.882 1594.437 1594.437 | 4282.585 11932.341

Fixed Window Area 3904.202 943.367 1179.347 | 3867.495 9894.411

% of Window area 37.385 13.362 13.362 35.891

Table 3.2: Details of window area in the fazard of the INFOTECH building.

3.1.3.2 Artificial Lighting
The Open office spaces are lit with Compact fluorescent lamps (2 X 36 W), and
the corridors with Compact fluorescent lamps (2 X 18 W). There is no control at every

desk, but for they are controlled in different zones.

3.2.3.3 Occupancy Density and Design Ventilation

The INFOTECH building uses Multi zone Air handler, with chilled water coils as
its HVAC systems. The Fan control is of Variable speed drive. Four Screw type chillers
of 163 ton each, which gives output at 1.407kW/ton full load efficiency. The more
detailed data of the HVAC system type used is tabulated in table 3.3.
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Mechanical systems

HVAC System Type(s) 1. Multi Zone Air Handler.
2. Chilled Water Coils

Design Supply Air 20 °F

Temperature

Fan Control VSD Control

Fan Power 4 in WG, Standard Supply.

Economizer Control No

Chiller Type, Capacity, and
Efficiency

4,163 ton VSD, Screw Type chiller: 1.407 KW/ton
full load efficiency, Variable Speed control for
part load operation.

Chilled Water
Pump Parameters

Loop and

Variable Primary Flow with 647 gpm variable
speed pump. Chilled Water Fixed temperature at
45°F

Condenser Water Loop and
Pump Parameters

Constant Flow with 484 gpm, single speed pump,
Condenser water temperature 75°F

Table 3.3: Details of HVAC systems.

3.1.4 COMPUTER MODEL

In order to setup a realistic computer model, it was necessary to find and gather

relevant information on the building geometry, construction, usage details. The
INFOTECH building was modeled in eQUEST by using the gathered information and the

physical properties that were determined from the architectural drawings, and

manufacturer data. With the help of these sources, a detailed computer model was setup,

representing the whole building. The zones were classified as same as given in the table

3.1 and shown in the figure 3.6.
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Figure 3.6: Zoning done in a typical floor in INFOTECH building.
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Figure 3.7: Computer model in eQUEST of INFOTECH Building.

The exterior curved walls on the north east and southwest have a tilt of 78° with
the ground, which couldn’t be modeled in eQUEST. Hence they could be modeled with a
tilt of 90° to the ground. Further, the pergolas and other features constructed for aesthetic
purpose could not be modeled in eQUEST. The materials used in the buildings, were
defined in eQUEST using certain pre defined materials in its library, and also from

manufacturers data. The data are documented in appendix C.
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3.1.4.1 Occupancy Schedule

The occupancy density for each zones classified are as per the table 3.4. and the

people occupy these spaces on weekdays, from Monday to Friday from 9:00AM to

6:00PM, and the office is closed in the weekends. The list of holidays in the year 2006 is

also considered. The occupancy profile considered on a weekday is shown in the figure

3.8.
Building Use Area Design Maximum Design Ventilation
Percentage Occupancy (CFM/Person)
(Sqft/Person)

Office (open plan) 71.9 47 17
Auditorium 5.7 750 5
Corridor 3.3 82 6
Lobby 2.1 163 7
Restrooms 2.6 275 17
Conference Rooms 12.9 47 6
Mechanical/Electrical 1.3 360 17
rooms

All others 0.2 275 15

Table 3.4: Occupancy density in different zones.

3.1.4.2 Occupancy Profile
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3.1.4.3 Lighting Schedule

The office spaces were lit with ceiling mounted Compact Fluorescent Lamps (2 X
36 W), the corridors were lit with CFL’s (2 x 18 W). The Interior Lighting power
illuminance was calculated from the as built false ceiling drawings in the classified zone.

The lighting power density in the classified zones is as tabulated in table 3.5 and shown

in figure 3.9.
s Area (Sqft Lightin AHSRAE Interior
Building Use (591 Dgnsit;? 9.61) | Lighting
(Watt/Sqft) power (Watt)
Office (open plan) 8848.32 10.1 11.1 98644.40
Auditorium 712.75 10.0 9.3 6621.72
Corridor 414.77 10.0 4.6 1926.70
Lobby 370.44 7.0 13.0 4818.19
Restrooms 6.0 9.3 5066.14
Conference Rooms 874.38 18.3 13.0 11372.62
Mechanical/Electrical 8.1 14.9 2923.68
rooms
All others 26.35 7.0 9.3 244.84
Total 11247.04 | (average) 10.4 131618.29

Table 3.5: Lighting power density at different zones.

3.1.4.4 Lighting profile
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Figure 3.9: Lighting profile of a typical working day.
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3.1.5 SIMULATION OUTPUT
Once established, the computer model was simulated to obtain monthly Energy

consumed for space cooling, Area lighting, miscellaneous equipments, ventilation fans
and the pumps. They are shown in figures

Electric Consumption {(kwh)

nltlilin,

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Mov Dec

{x000)
300

20

o

10

(=1

[=]

[] Area Lighting [] Exterior Usage [0 ‘wwater Heating [] Refrigeration
B Task Lighting B Pumps 2 AU, B HtPump Supp. B Heat Rejection
B Misc. Equipment [ wentilation Fans B space Heating B space Cooling

Electric Consumption {kWh x000)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Now Dec Total
Space Cool 774 51,9 1338 1182 1500 1365 1217 1285 1144 1157 9.6 a1 1,345.8
Heat Reject, - - - - - - - - - - - - -
Refrigeration = = = = = = = = = = = =
Space Heat o o o o o o o o o o o o
HP Supp. o o o o o o o o o o o o
Hat Water - - - - - - - - - - - - -
Vent, Fans 16,9 17.5 22,1 19,8 23,7 21.8 19.1 21.4 19.6 19,7 17.5 16,9 236.1
Pumps & Aus. 3.6 26 4.9 4.3 4.8 4.7 4.3 4.9 4.3 4.4 2.9 3.6 51.5
Ext. Usage = = = = = = = = = = = = =
Mizc. Equip. 36.9 34.8 41.8 36.8 40.1 40,0 36.9 41.8 36.7 38,5 36.7 36,9 457.9
Task Lights o o o o o o o o o o o o o
Area Lights 34.3 32,5 39.2 34.2 37.5 37.5 34.3 39,2 34,2 35.9 34,2 34,3 427.3
Total 168.8 1702 241.8 2132 256.2 2405 216.4 2362 2093 2142 1820 1697 2,518.7

Annual Energy Consumption by Enduse
Electricity MNatural Gas Steam Chilled W ater
k¥h (x000) Btu Btu Btu

Space Cool 1,345.8 - - -

Heat Reject, - - - -

Refrigeration - - - -

Space Heat = = = =

HF Supp. = = = =

Hot W ater o o o o

Vent. Fans 236.1 o o o

Pumps & Aux, 51.5 o o o

Ext. Usage - - - -

Misc, Equip. 457.9 - - -

Electricity Task Lights - - - =

Area Lights 427.3 - - -

Total 2,918.7 = = =

Plate 3.1: Annual energy consumption by enduse under various parameters.
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Plate 3.2: Simulation results showing annual electrical energy consumption under various parameters for the year 2006.
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Plate 3.3: Monthly Electric Peak loads for the year 2006.

In the simulation output shown in above plates, it is observed that energy
consumed for space cooling is 53% of the total energy consumed. The miscellaneous
equipments used in office, computers which contribute the major percentage in it,
constitutes 18% to the overall energy consumption. 17% is consumed by the lighting
systems installed in the office. Ventilation fans consume 9% of the total annual energy
consumption. Space cooling consumes the maximum percentage of the total energy
consumption which has huge potential to reduce energy consumption. The area lighting
and equipments have a same uniform consumption throughout the year, where as the
space cooling demand is considerably less during the January and February, November
and December in comparison with the other eight months. There is considerably higher

demand in March, May, June and August.
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3.2 THE ASCENDAS BUILDING

The ASCENDAS building, one of the commercial buildings in Chennai, was
selected as a case study because of the proximity and the ease of collection of data.
3.2.1 Building Description:

The ASCENDAS building is a ten story office building, spread over an area of
6,00,00sgm; constructed in 2004-05 in Chennai, a city in southeast coast of India
(Latitude 13.04 N, Longitude 80.17E, altitude- 6m). The building comprises of shopping
complexes in ground and first floor, the second and third floor used for car parking, and

open offices in the top eight floors (60,00 Sqm per floor).

5m 10m
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Figure 3.12 Eterior and interior views of ASCENDAS building.
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3.2.2 Space Summary:
The building use spaces are classified into major zones as: (1) office — open plan,

(2) Lobby (3) Restrooms (4) Conference Rooms (5) Mechanical/Electrical rooms. The

following table 3.6 gives the space summary.

Building Use Conditioned Area | Unconditioned Area | Total (Sqft)
(Sqft) (Sqft)

Office (open plan) 438000 438000
Lobby 24000 24000
Restrooms 63000 63000
Conference rooms 45000 45000
Mechanical/Electrical 30000 30000
room

Total 507000 93000 600000

Table 3.6: Summary of the building use spaces of ASCENDAS building.

3.2.3 Building Envelope Components:

The exterior walls of the building are of 200mm thick solid concrete block with
Aluminium composite panels used for exterior cladding the section of the exterior wall
which has a u-value of 0.55 W/m?K (0.098 Btu/h.ft>.F)is shown in the figure 3.13. The
roof slab and floor slab are of 150 mm thick concrete slab, constructed as a flat slab

construction. The roof slab has been given a 3 thick under deck insulation with

polystyrene. The overall u —value of the roof slab is 0.232 W/m?K (0.041 Btu/h.ft>.F).
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Figure 3.13: Section of exterior wall
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3.2.3.1 Windows:
The ASCENDAS building has different types of glazing of Saint Gobain, used in
the fazard. The glass types used, their area and their characteristics are tabulated in table

3.7. The window has aluminium frames.

Glass Type Area (Sgm) | Perimeter (m) Specifications
Glass type VS1 483 15.19 6mm +12mm air gap
+6mm clear float glass
Glass type VS2 1938 15.19 6mm +12mm air gap
+6mm clear float glass
Glass type VS3 686 316 6mm thick clear ;II(;Z\:
Glass type VS4 1554.6 379 12mm thick clear ;II(;Z\:
Table 3.7: Glass details used in the fazard of ASCENDAS building.
Glass Type Uvalue | o5 | Reflectance Visual Light
W/m |2< (%) (%) Transmittance (%)
(Btu/h.ft".F)
Glass type VS1 2.83 (0.498) 0.41 0.23 0.28
Glass type VS2 2.83(0.498) 0.26 0.39 0.16
Glass type VS3 5.73(1.009) 0.77 0.21 0.63
Glass type VS4 5.73(1.009) 0.76 0.21 0.63

Table 3.8 Specifications of the glass types.

3.2.3.2 Artificial Lighting:

The Open office spaces are lit with Compact fluorescent lamps (2 X 36 W), and
the corridors with Compact fluorescent lamps (2 X 18 W). There is no control at every
desk, but for they are controlled in different zones.

3.2.3.3 Occupancy Density and Design Ventilation:

The ASCENDAS building uses Multi zone Air handler, with chilled water coils
as its HVAC systems. The Fan control is of Variable speed drive. Six Screw type chillers
of 296 ton each, which gives output at 1.26 KW/ton full load efficiency. The more
detailed data of the HVAC system type used is as follows:
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Mechanical systems

HVAC System Type(s) 1. Single Zone Air Handler (cooling only).
2. Chilled Water Coils

Design  Supply  Air 20 °F

Temperature

Fan Control VSD Control

Fan Power 4 in WG, Standard Supply.

Economizer Control No

Chiller Type, Capacity,
and Efficiency

6, 296 ton VSD, Screw Type chiller: 1.26 KW/ton full
load efficiency, Variable Speed control for part load
operation.

Chilled Water Loop
and Pump Parameters

Variable Primary Flow with 1800 gpm variable speed
pump. Chilled Water Fixed temperature at 44°F

Condenser Water Loop
and Pump Parameters

Constant Flow with 1800 gpm, single speed pump,
Condenser water temperature 75°F

Table 3.9: Details of HVAC systems.

3.2.4 Computer Model

In order to setup a realistic computer model, it was necessary to find and gather

relevant information on the building geometry, construction, usage details. The
ASCENDAS building was modeled in eQUEST by using the gathered information and
the physical properties that were determined from the architectural drawings, and

manufacturer data. With the help of these sources, a detailed computer model was setup,

representing the whole building. The zones were classified as same as given in the table 3.

1. and shown in figure 3.14.

open office

service area

L Mechanical/
Elevtrical rooms

Figure 3.14: Zoning of Spaces in a typical office floor in ASCENDAS building.
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Figure 3.15: Computer model in eQUEST of ASCENDAS Building.

The model developed shown in figure 3.15, has taken into account all basic
features of the building envelope except for few aesthetic features that could not be
modeled in eQUEST. The materials used in the buildings, were defined in eQUEST using
certain pre defined materials in its library, and also from manufacturers data. The data are
documented in appendix C.
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3.2.4.1 Occupancy Schedule:

The occupancy density for each zones classified are as per the table 3.6, and the
occupancy in the different offices, vary, but mostly the occupancy on weekdays, from
Monday to Friday is from 8:00AM to 11:00PM, and in the weekends from 10:00AM to
10:00PM. The list of holidays considered in the year 2006, is also considered. The

occupancy profile considered on a weekday is shown in figure 3.16.

Building Use Area Design Maximum Design Ventilation

Percentage Occupancy (CFM/Person)
(Sqft/Person)
Office (open plan) 73 200 20
Lobby 4 100 15
Restrooms 10.5 300 50
Conference rooms 7.5 50 20
Mechanical/Electrical 5 2000 100
rooms

Table 3.10: Occupancy density in different zones.

3.2.4.2 Occupancy Profile:
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Figure 3.16: Occupancy Schedule during a typical working day.
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3.2.4.3 Lighting Schedule:

The office spaces were lit with ceiling mounted Compact Fluorescent Lamps (2 X
36 W), the corridors with CFL’s (2 x 18 W). The Interior Lighting power luminance was
calculated from the as built false ceiling drawings in the classified zone. The lighting

power density in the classified zones is as shown in the table 3.11.

Building Use Area (Sgm) Lighting AHSRAE Interior
Density (9.6.1) Lighting
(Watt/Sqft) power (Watt)
Office (open plan) 43800 12.4 111 543120
Lobby 2400 15.2 13.0 36480
Restrooms 6300 7.7 9.3 48510
Conference rooms 4500 9.2 13.0 41400
Mechanical/Electrical 3000 8.1 14.9 24300
rooms
Total 60000 (average) 693810
115

Table 3.11: Lighting power density at different zones.

3.2.4.4 Lighting profile:
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Figure 3.17: Lighting profile of a typical working day.
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3.2.5 Simulation output
Monthly Energy consumed for space cooling, Area lighting, miscellaneous

equipments, ventilation fans and the pumps are obtained by simulating the model
developed, it is as follows:

Electric Consumption {(kwh)

ot

lan Feb Mar Apr May Jun Jul Aug Sep Oct Mov Dec

2.0

1.

o

0.0

[l area Lighting [l Exterior Usage [ water Heating [ Refrigeration
[ Task Lighting B Pumps 2 Ao, B Ht Pump Supp. [ Heat Rejection
B misc. Equipment O wventilation Fans I Space Heating B cpace Cooling

Electric Consumption {(kWwh x000,000)

Jan Feb Mar Apr May Jun Jul Aug Sep Dct MNow Dec Total
Space Cool .44 0.45 0.67 062 071 0.65 064 0.67 0.59 0.60 0.50 0,46 T.0z
Heat Raject, = = = = = = = = = = = = =
Refrigeration - - - - - - - - - - - -
Space Heat o S S o S S S S S S S S
HF Supp. = = = = = = = = = = = =
Hot Watar e = = e = = = = = = e = =
“Yent, Fans 0.52 0.49 0.55 0.53 0.56 0.56 0.53 0.58 0.52 0.54 0.51 0.33 5.42
Punips & Aun, 0.0z 0,02 0.0z o.nz 0.0z 0.0z 0.0z 0.0z 0.0z 0.0z 0.0z 0.0z 0.z22
Ent, Usage a e e a e e e e e e a e e
Mizc. Equip. 0.18 017 0.20 0.18 013 0.19 0.18 0.20 0.15 0.19 0.18 0,19 2.25
Taszk Lights = = = = = = = = = = = = =
Area Lights 0.22 021 0.25 0,22 024 0.24 0,22 0.25 0.2z 0,23 0.22 0.2z 2,77
Total 1.38 1.33 1.72 1.58 1.73 1.70 1.59 1.72 1.54 1.58 1.43 1.42 18.73

Annual Energy Consumption by Enduse

Electricity Matural Gas Steam Chilled Water

k¥wh (x000) Btu Btu Btu
Space Cool 7,020 - - -
Heat Reject, - - - -
Refrigeration - - - -
Space Heat = = = =
HF Supp. - - - -
Hot water o = = =
Vent, Fans 6,415 = = =
Purnps & Aux, 280 - - -
Ext. Usage = = = =
Misc, Equip. 2,247 - - -
Electricity Task Lights - - - -
Area Lights Z,765 - - -
Total 15,7258 = = =

Plate 3.4: Annual energy consumption by endues under various parameters.
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Electricity

Electric Consumption (kWwh) kWh (=000}
{x000,000) Space Cool 7,020
2.0 Heat Reject, -
Refrigeration -
Space Heat =
15 HPF Supp. =
Hot Water =
1.0 “ent., Fans 6,415
Pumps & &ux, 280
Ext. Usage -
0.5 Misc, Equip. 2,247
Task Lights -
00 Area Lights 2,765
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Mov Dec Total 18,728
[] areaLighting [] Exterior Usage ] water Heating [] Refrigeration Electricity
[ Task Lighting B Pumps & Aux, B Ht Pump Supp. [ Heat Rejection
B misc. Equipment O vertilation Fans B Space Heating B cSpace Cooling
May February December
5 & &
5 3 s
4 4 4
3 3 3
2 2 2
1 1 1
0 i a
3 [ ] H 3 3 3 M a & ] M 3 3 2 M 3 & ? " 3 6 @ M

Plate 3.5: Simulation results showing annual electrical energy consumption under various parameters for the year 2006.
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Plate 3.6: Monthly Electric Peak loads for the year 2006.

In the simulation output shown in above plates, it is observed that energy
consumed for space cooling is 37% of the total energy consumed. The miscellaneous
equipments used in office, computers which contribute the major percentage in it,
constitutes 12% to the overall energy consumption. 15% is consumed by the lighting
systems installed in the office. Ventilation fans consume 34% of the total annual energy
consumption. Space cooling consumes the maximum percentage of the total energy
consumption and equally the ventilation fans, which has a huge potential to reduce
energy consumption. The area lighting and equipments have a same uniform
consumption throughout the year, where as the space cooling demand is considerably less
during the January and February, November and December in comparison with the other
eight months. There is considerably higher demand in March, May, June and August.
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3.3 VALIDATION OF THE MODEL DEVELOPED IN EQUEST

The model developed and its simulation results got, the monthly energy
consumption for the year 2006, was compared with the actual monthly energy
consumption for the same year, as recorded in the electric meters in the building. The
following table 3.12 gives the actual and simulated energy consumption values in Kilo

Watt hour, and their percentage difference and plotted in figures 3.18 and 3.19.

Months Actual Billing Data Simulated Values from Pe_rcentage
(KWh) eQUEST(KWh) Difference
Jan 818613 1380000 40.68
Feb 935390 1330000 29.67
Mar 1225450 1720000 28.75
Apr 1535582 1580000 2.81
May 1821384 1730000 -5.28
Jun 1737225 1700000 -2.19
Jul 1843659 1590000 -15.95
Aug 1666434 1720000 3.11
Sep 1764524 1540000 -14.58
Oct 1688254 1580000 -6.85
Nov 1542173 1430000 -7.84
Dec 1517753 1420000 -6.88
Total 18096441 18720000 3.33
Table 3.12: Actual and Simulated values of monthly energy consumption, year 2006.
2000 : :
1800 ' |
X 1400 F===F =
E 1200 = = =
& 1000
S goo ——
2 600
S 400
8 200
w 0

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Months

=#= Simulated Values of e QUEST == Actual Billing Data

Figure3.18: Comparison of building simulation result and actual billing data
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Figure 3.19: Comparison of the actual billing data and building simulation results.

The result shows that energy simulation program predicts the energy use pattern
of the building fairly well. The higher difference in January, February and March is
significant as all the floors of ASCENDAS building was not fully occupied by the tenants.
The Table 3.12 shows that there is less than 8% difference for the months of April, May,
June, August, October, November and December and a maximum of 15% difference for
months of July and September between the simulation results and the actual billing data
of ASCENDAS for the year 2006.
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CHAPTER -4 LIFE CYCLE ENERGY CALCULATION

Embodied energy corresponds to energy consumed by all of the processes
associated with the production of building materials and components. This includes the
mining and manufacturing of materials and equipments. Embodied energy is
proportional to the level of processing required by a material. The more complex the
material is and the greater the amount of energy consumed. High levels of embodied
energy imply higher levels of pollution at the end of the production line, as the
consumption of energy usually results in emissions. Every building is a complex
combination of many processed materials, each of which contributes to the building’s
total embodied energy. This chapter presents the calculations done for embodied
energy for the structural and the envelope components are considered, as the focus is
on the building envelope components and it would be more complex to consider the

finishing materials used inside the building.

4.1 EMBODIED ENERGY CALCULATION

Embodied energy can be calculated on an industrial sector basis (i.e., total
embodied energy divided by the total material used in a sector, e.g., manufacture of steel)
or by process analysis in which the embodied energy of a particular material is tracked
from extraction to end-use. The figures produced by each approach differ, particularly for
low-volume commodities [12]. The figures used in this study, are referred from
Embodied energy of common and alternative building materials and technologies by
B.V.Venkatarama Reddy, K.S.Jagadish [11] and Eco balance assessment tool (Eco —
BAT,www.eco-bat.ch) developed by Stephane Cithrelet [16].

Embodied energy can be split into: (1) energy consumed in the production of
basic building materials, (2) energy needed for transportation of the building materials,

and (3) energy required for assembling the various materials to form the building.

4.1.1 Energy in building materials:

Energy consumed during production of basic building materials is given in table
4.1. (Reference)
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Type of material Thermal Energy (MJ/KQ)
Cement 5.85
Lime 5.63
Lime- pozzolana 2.33
Steel 42.00
Aluminium 236.80
Glass 25.8

Table 4.1: Energy in basic building materials

4.1.2 Energy in transportation of building materials

Transportation of materials is a major in the cost and energy of a building. Bulk of
the building materials in urban and semi-urban centers are transported using trucks in
India. The transportation distance may vary depending upon the location of construction
activity. In urban areas, the materials travel anywhere between 10 to 100 km in the Indian
context. Materials such as sand are transported from a distance of 70-100 Km in cities
like Bangalore, India. Similarly bricks/blocks crushed aggregate, etc. travel about 40-60
km before reaching a construction site, in urban and semi-urban centers.

Cement and steel travel even longer distances, of the order of 500 Km or more.
Long haul of cement and steel is handled through rail transport. Building materials such
as marble, paints, etc. are sometimes transported from great distances (>1500Km) in
India. Table 4.2 gives diesel energy spent during transportation of various building

materials, along with energy consumed in production.

Energy (MJ/Kg)
Type of material Production = K‘Ir';ans oortalté)%nKm
Sand (m°) 0.0 87.5 175
Crushed aggregate (m°) 20.5 87.5 175
Burnt clay bricks (m°) 2550 100 200
Portland Cement (tonnes) 5850 50 100
Steel (tonnes) 42000 50 100

Table 4.2: Energy in transportation of building materials
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4.1.3 Energy in Mortars

Mortar is a mixture of cementitious material and sand. It is used for the
construction of masonry as well as plastering. Details of mortar type, their proportions
and energy content /m® of mortar is given in the table 4.3.

Proportions of materials 3
Type of Mortar Cement Soil sand Energy (MJ)/ m

Cement Mortar 1 0 6 1268
1 0 8 1006

Cement pozzolana mortar 0.8:0.2° 0 6 918
0.8:0.2° 0 8 736

Cement-soil mortar 1 2 6 849
1 2 8 773

Lime pozzolana mortar 1(1:2)° 0 3 732

Table 4.3: Energy in mortars *
3 Energy content: Portland cement = 5.85MJ/Kg; and sand=175MJ/m?
® Cement: Pozzolana (0.8: 0.2)
¢ Lime: Pozzolana (1: 2)
4.1.4 Energy in flooring/roofing systems:
There are many alternatives available for the construction of roof/floor of a

building. Energy content of different types of floor/roofing systems are given in table 4.4.

The table gives the energy/ m?°f plan area of roof/floor and an equivalent of RC slab
energy.
Type of roof/floor Energy (MJ/m?)
RC slab 730
Stabilized mud block filler slab 590
RC ribbed slab roof 491
Ferroconcrete roof 158

Table 4.4: Energy in different floor/roofing systems

The information from the tables 4.2.1, 4.2.2, 4.2.3 and 4.2.4 was used to calculate
the embodied energy for the two buildings in this study. As there a huge number of
materials used in the interiors of the two buildings, in this study only the building
envelope components were considered, they are, Concrete wall, Floor slab, Roof slab and
Glass. Their corresponding embodied energy during the life span is shown in the figure
4.1, and tabulated for INFOTECH building in table 4.5.
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Building First year 20 years 40 years 60 years 80 years
Component (MJ) (MJ) (MJ) (MJ) (MJ)
Wall 3267576.30 | 3267576.30 | 3267576.30 | 3267576.30 | 3267576.3
Floor Slab 18207431.7 | 18207431.70 | 18207431.70 | 18207431.7 | 18207431
Glass 1464499.01 1464499.01 | 1464499.01 | 29335106.4 | 3682936
Roof Slab 5096349.00 | 5096349.00 | 5641660.97 | 5641660.97 | 6186972

Table 4.5: Embodied energy for INFOTECH building during its life span.
Embodied Energy of Building Envelope Materials
«» 30000
°
g
= @ 25000
z 2
& Iﬁ 20000 -
= O Roof Slab
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o)
£
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0 -
1

Fig 4.1: Initial Embodied energy of INFOTECH building

The building envelope components considered for ASCENDAS building are the

Exterior wall, Floor slab, Roof slab and Glass. Their corresponding embodied energy
during the life span, is shown in the figure 4.2, and tabulated for ASCENDAS building in

table 4.6.
Initial
Building Embodied 20 years 40 years 60 years 80 years
Components Energy (MJ) (MJ) (MJ) (MJ)
(MJ)
Exterior 15899847.39 | 15899847.39 | 15899847.39 | 15899847.39 | 15899847.39
Wall
Floor Slab | 34952400.00 | 34952400.00 | 34952400.00 | 34952400.00 | 34952400.00
Glass 7676435.32 | 7676435.32 | 7676435.32 | 12917355.76 | 19859780.59
Roof Slab 5096349.00 | 5545528.10 | 6722906.20 | 6722906.20 | 7900284.30

Table 4.6: Embodied energy of ASCENDAS building in its life span
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Embodied Energy of Building Envelope Materials
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Fig 4.2: Initial Embodied energy of ASCENDAS building

The embodied energy of the building materials of the above mentioned envelope
components are shown in the figure 4.3.

Embodied Energy of Building Envelope Materials
» 70000
T
— § 60000
2 8 O Glass
Eﬁ ﬁ 50000 B Bitumen (water proofing)
g 40000 - 0O Concrete (rooof slab)
g O Concrete (floor slab)
% 30000 - O Cement mortar
_8 20000 - = Alcopolic Panel
5 B Solid Concrete Blocks
10000 -
0 -
1

Fig 4.3: Embodied energy of building materials used in the envelope components of
ASCENDAS building.
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4.2 Insulation materials:

Thermal insulation is material or combination of materials, that, when properly
applied, retard the rate of heat flow by conduction, convection, and radiation. It retards
heat flow into or out of a building due to its high thermal resistance. Thermal insulation
materials like other natural or man-made materials exhibit temperature dependant
properties that vary with the nature of the material and the influencing temperature range.

Thermal insulating materials resist heat flow as a result of the countless
microscopic dead air-cells, which suppress (by preventing air from moving) convective
heat transfer. It is the air entrapped within the insulation, which provides the thermal
resistance, not the insulation material.

Creating small cells (closed cell structure) within thermal insulation across which the
temperature difference is not large also reduces radiation effects. It causes radiation
‘paths’ to be broken into small distances where the long-wave infrared radiation is
absorbed and /or scattered by the insulation material (low-e materials can also be used to
minimize radiation effects). However, conduction usually increases as the cell size
decreases (the density increases).

Typically, air-based insulation materials cannot exceed the R-value of still air. However,
plastic foam insulations (e.g., polystyrene and polyurethane) use fluorocarbons gas
(heavier than air) instead of air within the insulation cells, which gives higher R-value.
Therefore, the interaction of the three modes of heat transfer of convection, radiation, and
conduction determines the overall effectiveness of insulation and is represented by what
is called the apparent thermal conductivity which indicates the lack of pure conduction
especially at higher temperatures.

Both vapor passage and moisture absorption are more critical in open cell structure
insulation as compared to closed cell structure. VVapor retarders are commonly used to
prevent moisture penetration into low-temperature insulation. Vapor retarders are used
inside of insulation in cold climates and to outside of insulation in hot and humid
climates (allowing moisture escape from the other side). Vapor retarders placement,
however, is a challenge in mixed climates.

The embodied energy of different insulation materials of varying thickness are
tabulated in table 4.7.
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Insulation material

Thickness (cm)

Embodied energy

(80 years)

Polystyrene 2.5 652992.35
5 1305984.71

7.5 1958977.06

10 2611969.41

20 5223938.83

30 7835908.24

Polyurethane Foam 2.5 1010367.26
5 2020734.51

7.5 3031101.77

10 4041469.03

20 8082938.05

30 12124407.10

Glass wool 2.5 371432.03
5 742864.06

75 1114296.10

10 1485728.13

20 2971456.26

30 4457184.39

Rock wool 2.5 334217.85
5 668435.69

75 1002653.55

10 1336871.40

20 2673742.80

30 4010614.20

Table 4.7: Embodied energy of different insulation materials of varying thickness

4.3 OPERATING ENERGY

Energy used in buildings during their operational phase, as for cooling, ventilation,

hot water, lighting, heating, and other electrical appliances. It might be expressed either

in terms of end-use or primary energy. End-use energy is measured at final use level, so it

somehow expresses the performance of a building. Primary energy is measured at the

natural resource level, including losses from the processes of extraction of the resources,

their transformation and distribution, and so it expresses the real load on the environment

caused by a building.

In other words, the same building placed in different countries but with similar

climates is likely to have similar figures about end-use energy. The difference in terms of
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primary energy, however, can be significant because of the different energy carriers
available for thermal purposes (like cooling, heating, electricity) and /or because of the
different ways to produce electricity. For example, India, Thermal 66%, Hydropower
26.5%, Nuclear 3%, renewable 4.8% [Ministry of Power, India].

Concerning Operating energy, eQUEST tool used in this study gives the end use
energy consumption. A linear relationship exists between operating and total energy
consumed by a building [14]. Life cycle assessment, provide better understanding and
better estimation of energy aspects in the life cycle of any sort of good. Hence, this study

focuses only on operating energy and embodied energy in the life cycle of buildings.

4.4 LIFE CYCLE ENERGY CALCULATION

The total energy used in a building over its life is the sum of the operational
energy and embodied energy. The embodied energy of the building envelope components
is tabulated in table 4.2, and the operating energy (end-use) of the buildings, obtained
from the simulation carried out in eQUEST (3.2.6), is sum totaled to obtain the Life cycle
energy of the building from 20 years till the life span of the building. The sum total
energy calculation for INFOTECH building is tabulated in table 4.8 as follows:

Year Embodied Energy Operational Total Energy (MJ)
(MJ) Energy (MJ)
1 28092894.12 9067320 37160214.12
5 28092894.12 45336600 73429494.12
10 28092894.12 90673200 118766094.1
15 28092894.12 136009800 164102694.1
20 28092894.12 181346400 209439294.1
40 28638206.09 362692800 391331006.1
50 29335106.49 453366000 482701106.5

Table 4.48: The total energy consumed during the life span of INFOTECH building.
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The sum total energy calculation for ASCENDAS building is tabulated in table 4.9 as

follows:
Year Embodied Energy Operational Total Energy
(MJ) Energy (MJ) (MJ)

1 64075110.82 67392000 131467110.8

5 64075110.82 336960000 401035110.8

10 64075110.82 673920000 737995110.8

15 64075110.82 1010880000 1074955111

20 64075110.82 1347840000 1411915111

40 65252488.92 2695680000 2760932489

50 70493409.35 3369600000 3440093409

Table 4.9: The total energy consumed during the life span of ASCENDAS building.

The life cycle energy of the two buildings, tabulated above is shown in the figure 4.4 and

45.
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Fig 4.4: The life cycle energy of INFOTECH building
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Fig 4.5: The life cycle energy of Ascendas building

4.5 Life cycle impact assessment

The life cycle impact assessment of the two case buildings presented in this study were

done using Eco Balance Assessment tool, ECO-BAT 2.4 developed by stephane cithrelet,

HES.SOJ[16]. The environmental effects used as the environmental indicators are as

follows:

1.
2.
3.
4.

Non-Renewable Energy (NRE).

Global warming potential over a 100 year period (GWP 100)
Acidification potential (AP)

Photochemical Ozone Creation Potential (POCP)

These indicators are related to global external environment. However, a part of the

environmental problems related to the building sector might arise locally n connection

with the indoor environment, such as Volatile organic compounds (VOCs), these are not

considered in this tool. The building materials data according to Indian context were
modified and fed in ECO-BAT.
The results of the life cycle impact assessment are shown in figures 4.6 till 4.10.
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Figure 4.6 Life cycle impact assessment of Materials and Energy (INFOTECH)

The figure 4.6 shows the building life cycle impact caused by all the materials used in the
envelope and structure of the building, and the energy consumed during operation of the
building. It is seen that the materials used, has a negligible quantity in comparison with
the impact of energy consumed. Energy used for space cooling is dominant in all the four
indicators. Hence, potential to reduce this energy consumption is more significant, which
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Figure 4.7: Life cycle impact assessment of the building elements (INFOTECH)




The figure 4.7 shows the NRE (MJ), GWP (kg Co2), AP (kg Sox), POCP (kgc.Ha)
indicators of the Building elements in INFOTECH building. The building elements of the
envelope considered for assessment are the concrete wall, glazing, concrete floor slab,
and roof slab and insulation material if applied on the exterior walls. It is seen that,
concrete floor slab element is dominant in all the four indicators. Concrete used for walls
and roof slab are again more dominant in all the four indicators. Glazing shows a very
less percentage of impact in comparison with the other elements. Thermal Insulation
materials used for the exterior walls also have a negligible impact in comparison with the
other elements. They have more impact on POCP, in comparison with the other

indicators.
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Figure 4.8: Life cycle impact assessment of building materials (INFOTECH)

The figure 4.8 shows the impact on environment caused individually by each building
material used in INFOTECH building. It is seen that, the reinforced concrete and
polystyrene used in floor slabs, are dominant in all the four indicators. Polystyrene has a
major impact on POCP, ozone creation potential.
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Figure 4.9: Life cycle impact assessment of the building elements (ASCENDAS)
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Figure 4.10: Life cycle impact assessment of building materials (ASCENDAS)
The figure 4.9 and 4.10 shows that NRE (MJ), GWP (kg Co2), AP (kg Sox), POCP

(kgcaH4) indicators of the Building elements in ASCENDAS building. The building

elements of the envelope considered for assessment are the exterior wall, glazing,
concrete floor slab, roof slab, columns and insulation material if applied on the exterior
walls. It is seen that, concrete floor slab element is dominant in all the four indicators.

Glazing shows a very less percentage of impact in comparison with the other elements.
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CHAPTER -5 ANALYSIS & DISCUSSIONS

With the objectives of the project in focus, this chapter presents the analysis and
discussions on the results obtained in the previous chapter. Firstly, the performance of
the existing buildings in reference with the standards was analyzed to check if the two
buildings comply with the same. Secondly, the role of the building envelope
components and the key role of insulation in Energy consumption are analyzed.
Finally, the life cycle energy consumption of the buildings is analyzed to derive

conclusions and strategies to minimize the total energy consumption of the buildings.

5.1 COMPARISON OF THE MODEL WITH ECBC & ASHRAE STANDARDS:

The developed computer model in eQUEST for both the buildings, INFOTECH &
ASCENDAS, was compared with the ANSI/ASHRAE/IESNA Standard 90.1-2004
(Energy standard for buildings except for low rise residential buildings), and Energy
conservation Building Code,2006 (Bureau of Energy Efficiency, ECBC). The
INFOTECH building showed 25% of energy consumption more than the ASHRAE 90.1-
2004 standards, shown in figure 5.1, and the figure 5.2 shows the same building
consumes 3.5% of more energy than ECBC standards. The ASCENDAS building showed
9.6% of energy consumption more than ECBC standards as shown in figure 5.3.
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Fig 5.1: Comparison with ASHRAE standard (INFOTECH building)
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The above comparisons with the standards show that, either of the building is not
satisfying the codal requirements of ECBC standards, and ASHRAE standards. Hence the
influence of different parameters on the buildings to reduce the energy consumption is
significant, which lead to further analysis.

5.2 ANALYSIS OF BUILDING ENVELOPE COMPONENTS IN ENERGY
CONSUMPTION
The energy consumption of a building is affected by different parameters, the
climate of the region where the building is located, the physical properties of materials
used in the building envelope, the internal loads, the HVAC systems installed etc., To
analyze these parameters and check whether the insulation application on the building
envelope is the only key factor, affecting the energy consumption of a building, the

analysis of building envelope components were done.

5.2.1 ROLE OF INSULATION MATERIAL IN ENERGY CONSUMPTION

The amount of energy required for cooling or heating a building depends on how
well the envelope of that building is treated thermally [5]. The thermal performance of a
building envelope is determined by the thermal properties of the materials used in
construction characterized by its ability to absorb or emit solar heat in addition to the
overall U-value of the corresponding component including insulation. The placement of
the insulation materials within the building component can affect its performance under
transient heat flow. The best performance can be achieved by placing the insulation
material close to the point of entry of heat flow [5]. This means placement of insulation
to the inside for climatic regions where winter heating is dominant and to the outside
where summer cooling is dominant. To estimate the amount of energy savings that could
be obtained by the application of insulation, Simulations were performed by applying
different insulation materials on the exterior walls of INFOTECH building, under

different climatic conditions in India.
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Fig 5.4: Energy savings after application of insulation material on the exterior wall
surface.
The results of the simulations are tabulated in table 5.1, and displayed in figure

5.4. It shows that, increasing the resistance value of insulation material does not yield
proportional return in percentage of energy saving (Y) beyond a certain point. The
relationship between the percentage of energy savings (Y) and the resistance of insulation
material (X) is not linear. It obeys a logarithmic function of y = 1.2612 Ln (x) + 8.3158,
R?=0.9588, with respect to Hot-dry climate (Jodhpur). In respect with composite climate
(New Delhi), it obeys Y = 1.4302 Ln (x) +7.559, R? =0.7476, Warm-Humid climate
(Chennai) it obeys Y=0.9732 Ln (x) + 5.7066, R? =0.9692, and in Moderate Climate
(Bangalore) it obeys Y= 0.7547 Ln (x) +5.1813, R*=0.97.
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Fig 5.5: The energy savings in reference with the thickness of insulation.

Increasing the resistance value of insulation materials is achieved by increasing
the thickness of the insulation material. The results on the percentage of energy savings,
in relation with the thickness of insulation materials, shows that beyond a certain level,
there is no considerable savings even after increasing the thickness of the insulation.
Which means additional insulation thickness is not effective anymore. It shows that the
relationship between the percentage of energy savings (Y) and thickness of insulation (x)
is non-linear as shown in figure 5.5. It obeys a logarithmic function of Y= 1.2001 Ln (x)
+ 11.09, R? =0.8506, in Hot dry climate (Jodhpur). In respect with composite climate
(New Delhi), it obeys Y = 1.3584 Ln (x) +10.701, R* =0.6607, Warm-Humid climate
(Chennai) it obeys Y= 0.9259 Ln (x) + 7.847, R% =0.8594, and in Moderate Climate
(Bangalore) it obeys Y= 0.709 Ln (x) +6.8207, R?=0.8592. The following table shows
the different insulation material and their properties, which were applied to the exterior
surface of the buildings. It also shows the corresponding energy savings obtained in

different climatic conditions.
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. . K ¢ R Overall | Chennai % | Delhi % Jodhpur % Bangalore%
Insulation Material L (1) (Btu/hr-ft2-F) P Ib/it3 BtuF/Ib- hr-ft2-F/Btu | u-value | of Savings of Savings Sa\(/)izgs of gavings
Min Wool Batt R7 0.1882 0.025 0.6 0.2 7.530 0.101 6.011 8.332 8.761 5.419
Min Wool Batt R11 0.2957 0.025 0.6 0.2 11.830 0.071 6.503 8.867 9.373 5.785
Min Wool Batt R19 0.5108 0.025 0.6 0.2 20.430 0.044 6.972 9.397 9.958 6.157
Min Wool Batt R24 0.6969 0.025 0.6 0.2 27.880 0.033 7.198 9.639 10.215 6.323
Min Wool Batt R30 0.8065 0.025 0.6 0.2 32.360 0.029 7.278 9.735 10.321 6.383
Min Wool Fill 3.5 in R11 0.2917 0.025 0.6 0.2 10.800 0.061 6.670 9.051 9.582 5.911
Min Wool Fill 5.5 in R19 0.4583 0.025 0.6 0.2 16.970 0.04 7.047 9.481 10.044 6.212
Polystyrene,

Expanded

Polystyrene % in 0.0417 0.02 1.8 0.29 2.080 0.226 4518 6.468 6.616 4.259
Polystyrene % in 0.0625 0.02 1.8 0.29 3.120 0.183 4.995 4.043 7.343 4.645
Polystyrene 1 in 0.0833 0.02 1.8 0.29 4.160 0.154 5.324 7.538 7.864 4.891
Polystyrene 1.25 in 0.1042 0.02 1.8 0.29 5.210 0.132 5.582 7.867 8.227 5.097
Polystyrene 2 in 0.1667 0.02 1.8 0.29 8.330 0.094 6.130 8.455 8.907 5.504
Polystyrene 3 in 0.25 0.02 1.8 0.29 12.500 0.067 6.559 8.928 9.437 5.825
Polystyrene 4 in 0.3333 0.02 1.8 0.29 16.660 0.053 6.817 9.209 9.766 6.031
Polyisocyanurate

Polyisocyanurate 1" 0.083 0.0117 2 0.22 7.094 0.106 5.940 8.262 8.676 5.373
Polyisocyanurate 1.5" 0.125 0.0117 2 0.22 10.684 0.077 6.400 8.753 9.244 5.700
Polyisocyanurate 2" 0.167 0.0117 2 0.22 14.274 0.06 6.678 9.064 9.595 5.921
Polyisocyanurate 3" 0.25 0.0117 2 0.22 21.368 0.042 7.008 9.437 9.997 6.182
Polyisocyanurate 4" 0.333 0.0117 2 0.22 28.462 0.032 7.210 9.656 10.232 6.333
Polyisocyanurate 5" 0.417 0.0117 2 0.22 35.641 0.026 7.329 9.801 10.390 6.428
Polyisocyanurate 6" 0.5 0.0117 2 0.22 42.735 0.022 7.420 9.902 10.497 6.498

Table 5.1: Insulation materials, their properties and the corresponding energy savings.
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5.2.2 ROLE OF THERMAL MASS AND STORAGE

Thermal mass reduces heat gain in the structure by delaying the entry of heat into
the building. Internal mass stores excess heat, whether from the sun or internal loads of
the building, for release during unoccupied or cooler periods. Material thermal mass is
characterized by its time lag which is the length of time from when the outdoor
temperature reaches its peak until the indoor temperature reaches its peak.

The heat capacity per unit surface area of a structure is the product of density,
thickness and specific heat of its components. Any increase in the heat capacity achieved
by higher density is accompanied by a decrease in the thermal conductivity, reducing
thermal resistance. Replacement of heavy weight with lighter materials of higher thermal
resistance, with no change in wall thickness, reduces the heat capacity, moderately
improve thermal conditions. If wall thickness is increased to raise heat capacity, the

overall thermal resistance increases proportionally, greater thermal effect.
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Figure 5.6: Effect of increase in thermal capacity to the percentage of energy savings.
In multi-layer walls the combined effect of thermal resistance and heat capacity

depends not only on the overall thermal transmittance and heat capacity but also on the
specific order of the various layers, which may differ in thickness and thermo physical

properties. To analyze this, the product of (pLc/k) (L), where L is the thickness, c is the
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specific heat, p is the density and k the thermal conductivity was plotted against the
percentage of energy savings. The figure 5.6 shows that the equivalent thermal
resistance-capacity product(x) has logarithmic relationship with the percentage of energy
savings(y). It does not give proportional return to percentage of energy savings.

The figure 5.7 shows that there is a linear relationship between percentage of
energy savings (Y) and overall U-value (x) of the wall. Hence there is always increase in

percentage of energy savings with the reduction in overall u-value.
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Figure 5.7: Overall thermal u-value of wall to the percentage of energy savings

5.2.3 ROLE OF WINDOWS IN ENERGY CONSUMPTION

The table 5.2 shows the energy savings achieved by applying exterior movable
blinds over the windows. It shows that the energy savings due to the external blinds is as
much as only 1%. This is because the ratio of the glass area to the floor area, in
INFOTECH building is 10.6% and in ASCENDAS building it is 12.97%.
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Window (Exterior Chennai Delhi Jodhpur Bangalore
Movable blinds) % of Savings % of Savings % of Savings S /O.Of
avings
Shade - Thin - T20-R70 1.084 1.316 1.684 1.080
Shade - Thin - T30-R30 1.004 1.342 1.684 1.356
Shade - Thin - T30-R50 1.004 1.342 1.684 1.356
Shade - Thin - T30-R60 1.004 1.342 1.684 1.356

_ Movable window shades, appendix ()

Table 5.2: Percentage of energy savings due to parameters of window.

Shadin Visual Light
Type Of Glass® U-Value coefficie%t Transmittgnce EPercentage_ of
(%) (%) nergy Savings
2204 0.48 0.57 0.47 5.034
2205 0.45 0.56 0.47 4.998
2210 0.48 0.57 0.66 5.084
2211 0.45 0.57 0.66 5.048
2216 0.48 0.54 0.38 4.768
2217 0.45 0.54 0.38 4.717
2219 0.48 0.57 0.5 5.012
2220 0.45 0.56 0.5 4.973
2411 0.4 0.15 0.05 -0.056
2412 0.36 0.15 0.05 -0.267
2414 0.41 0.18 0.08 0.336
2415 0.38 0.17 0.08 0.139
2434 0.41 0.22 0.12 0.842
2435 0.37 0.21 0.12 0.651
2634 0.31 0.65 0.75 6.029
2635 0.26 0.66 0.75 6.054
2637 0.31 0.43 0.44 3.387

Table 5.3: percentage of energy savings due to various parameters of glass type.

The significant parameters of the glass type are, the U-value, shading coefficient,

and visual light transmittance. Shading coefficient is the ratio of solar heat gain at normal

incidence through glazing to that occurring through 3 mm thick clear, double-strength

glass. Shading coefficient, as used herein, does not include interior, exterior, or integral

shading devices. These parameters from the Saint Gobain glass manufacturers (appendix)

were simulated to see their effect in reduction in energy consumption. The figure5.8

shows the linear relationship between the shading coefficient and the visual light

transmittance with the percentage of energy savings.
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transmittance
5.3 EVALUATION OF LIFE CYCLE ENERGY

The application of different insulation materials showed significant energy
savings in yearly energy consumption. To see the additional embodied energy imparted
into the insulation material, if it is effective during the operation phase of a building, the
life cycle energy cost has to be determined. The figure 5.9 shows the embodied energy of
different thickness of polyurethane foam, polystyrene, and mineral wool insulations like
glass wool and rock wool, which have applications mostly on walls in buildings. It shows
that Polyurethane foam and polystyrene has higher embodied energy in comparison with

the mineral wool insulations.
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Fig 5.9: Embodied energy of the insulation materials of different thickness

The energy initially embodied in a building could be as much as 67% of its
operating energy over a 25 year period [12]. In the figure 5.4.2, it is seen that the initial
embodied energy of the envelope and structural components constitutes as mush as 76%
of the operating energy at the first year of operation phase in INFOTECH building, and
49% of the operating energy in ASCENDAS building shown in figure 5.10 and 5.11
respectively. The difference in the two buildings is because of the main constituent of
concrete wall and polystyrene filling in the roof slab, used in INFOTECH building as
seen in fig 5.12. In further years it is observed that the operating energy constitutes higher

percentage to the total energy consumption in comparison with the embodied energy.
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Life cycle energy of INFOTECH building
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Fig 5.10: Life cycle energy consumption of INFOTECH building

Life cycle energy of ASCENDAS building
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Fig 5.11: Life cycle energy consumption of ASCENDAS building
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The figure 5.12, below shows the embodied energy of the envelope and structural
components, in addition to it, the polystyrene insulation which has comparatively higher

embodied energy constitutes as much as only 6% to it.
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Fig 5.12: Embodied energy of the building materials and the additional insulation
material.
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Fig 5.13: Comparison saving for insulation material studied.
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The energy savings in specific with the different insulation materials of varying
thickness is shown in figure 5.13. It shows that poysicocyanurate insulation which has
higher embodied energy gives higher energy savings than polystyrene or mineral wool
insulations. It also shows that with the increase of insulation thickness, there is significant
energy savings but not beyond a certain point. The relationship between percentage of

energy savings (YY) and the thickness of insulation material (x) is non-linear.
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Fig 5.14: Energy Savings after the application of insulation materials of different
thickness.

The replacement of the insulation materials (or) the life span of insulation
materials varies from 15 to 30 years. The figure 5.14 shows the total embodied energy
with additional insulation, operating energy and the energy savings achieved from the
first year of operations phase of the building till the life span of 80 years of INFOTECH
building. It shows that the energy savings due to installation of insulation is as much as

19% at the first year and reaches a maximum of 44% during the life span of 80 years.
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CHAPTER 6 — CONCLUSION AND STRATEGIES

The work and analysis done in this project to evaluate the role of insulation in energy

consumption in commercial and office buildings, has lead to the following conclusions.

1. The analysis of the case studies of the building on their performance shows that,
they do not comply with the ECBC, 2006 and ASHRAE 90.1.2004, standards.
INFOTECH building showed 25% of more energy consumption in comparison
with ASHRAE standards and 3.5% more than ECBC standards. The
ASCENDAS building showed 9.6% of energy consumption more than ECBC
standards.

2. The results of the analysis done on the influence of different parameters of the
buildings that affect the energy consumption, shows that, firstly, in respect with
the application of insulation materials on the exterior walls, shows that, the
relationship between the percentage of energy savings(y) and the resistance of
insulation materials(x) is non-linear. It obeys a logarithmic function in respect
with all climates in India. Beyond a certain value of (X) the resistance value of
the insulation material does not yield proportional return in percentage of
energy savings. The thickness of the insulation material also obeys a

logarithmic function with the percentage of energy savings.

3. Secondly, the role of thermal mass in energy consumption showed that the
equivalent thermal resistance-capacity product has logarithmic relationship
with the percentage of energy savings. It does not give proportional return to
percentage of energy savings. There is a linear relationship between percentage
of energy savings and overall U-value of the wall. Hence there is always

increase in percentage of energy savings with the reduction in overall u-value.

4. Thirdly, the effect of window shades, movable interior or exterior do not have

any considerable effect in the reduction, since the ratio of the glass area to the
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floor area in INFOTECH building is 10.6% and in ASCENDAS building it is
12.97%, which is very less percentage to have any considerable effect in
reduction in energy consumption.

Fourthly, the result on analysis on the parameters of glass type, the shading
coefficient and visual light transmittance shows a linear relationship with the
percentage of energy savings. Energy savings as much as 6 to 7% with higher
values of these parameters can be achieved. But higher the values of SC and
VLT, the u-value of the glass increases. Hence, all the three parameters have to

be considered simultaneously.

Fifth, the results of analysis on the additional energy cost of insulation material
to the initial embodied energy showed that the embodied energy of the
insulation material is as much as only 6% of the total initial embodied energy of
the building envelope components. The energy savings is specific with the
insulation material with the highest embodied energy yield higher energy
savings which exhibit a logarithmic function.

Finally, the results of analysis on the lifecycle energy cost, sum total of the
embodied energy and the operating energy, shows that the initially at the first
year the energy savings is as much as 19% and reaches a maximum of 47%
during the life span of 50 years with a very negligible increase in the embodied

energy of the insulation material.
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APPENDIX — A Comparison of simulation tools

Contrasting the Capabilities of Building Energy Performance Simulation Programs
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Smnplified demand-conmolled venrilation
= Ventilaton rate per cccupant and floor araa X X X X X | X X X B X
=  Ventlstion zir flow schedule X X X X X X i X X X X X X X
= User-defined vennlztion conmol swatezy'™ bl X X X X X X
Ty modeling
= (C0y zowe concenirations, mechanical and nanral X X X X o

" Inchading par-load performmce

14 ESPr users tend touse ideal zore controls to represent emvironmenial conimals 25 loops of semsors and acmators with a rnge of commols laws. These can be combined with fow networks to represent 2ir distritution

systens if mersased resoluton is needad. For projects where defazled component performance s requirad o cetwork of detailed systams componsnts can be dafined

" The mudtizome building modsl {Type 58) can optemally caloulaze the load from the terperamure and umidity sefpoints. A maxienm power can be set and if that masinmm is reackhed the modal caloulates the acual

TOMe e eranre

138 B2z Table L4 for a general disoussion of how ESP-1 approachss detailed system componsnts and for a list of component types
U lzar selacts a basic airside or watersida syster type and then configires corporents permitted far thar tipe of air loop or wasss loop.

" Cormect fams, coils, mimng bowes, zones

' Hot water, chilled warer and condenzer loops connect squipment
" By combining available components

" Bazad oo flow and prassume with 2/ 3-way valves with ssatic head
4 St hiead not sapparted.

W Arbemary stacture with valves, prmps and conmols

Wi Incliuding conduction losses and air laakaze

" Via plant components and'or flow netaark

M52 C0y based comtral

" Totellizent confroller menzzes might fnshing and daytime ecoromizer for passive cooling
13 Apy combiraton of fead-forwand feedback controlers

W0, conmolled versilation Tates
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1]
Table 7 o | 2 1o | & |28l2 |2 |E | . ~ e & |8 |2 w | ®
HVAC Systems Slg (%3 |E|% #2852 |2 (B (2|5 8|2 |a|2 |5
2 |2 |2 R |(23 | & |24 E |E (R (% |® |=|a|8 |z |8 = |E
air path mansport _
» (0, based demand-controlled ventilation b it X X X X 2 =
Anformatic sizing
»  HVAC components B X X X X X X X X X s X P E X X B
v Air loop flow, cwtside zir, zope airflow X B X X X X X X X B
*  Hot, cold and condenser water loops B X X i X X X X P
Zonsl air distribution tmis o o
v Comsoant volume rehest i X X X X X X i X X i X X X X
= Comstant volume 4-pipe mducton X X P X X X X X
*  Vanable air volume rebeat X X X X X X X X X X X X X
= Varable sir volume no eheat X X X X X X X X X X X X X X
= Varisble sir volume reheatvariable speed fan . . . . . .
(UFAD) X X B X R X X X
= Powered induston voxs X
= Series PIU reheat X P X X X X X
o Parallel PIU rehest X X X X X X
=  Dmal dnct constant vehune X X X X B X X X X X X X
s Dinal duct varable air vohane X X X P X X X X X X X
Zone forced sirunit ™=
*  Fau coil (2 pipe) X X P x| x p | o=
»  Fan coil (4 pipe) X | x| x| x ol X | X X x| x X | x |o=
»  TTnit heater'™ X X X X X X X X X X X X X E X X Q==
o Uit ventilator™ X B X X X X X X X X X X X X o
*  Window air-conditioner (opcling) X X X 2 X X X X X X X X E X X | o
»  Energy recovery ventilator (stand-alone) X X X X X K| e

¥ Digtailed demand controlled venmtdlation with OO0, mass balance and 0, sensor conmol
1951 mlimeted capacity compomnants

" The total powar

':s Hos amd cold wezter loops

L

Combirations of detailed system components, most of wiich are svailahble in the opsienal TESS lbrares

% Throagh addstional componsnts o combinatos of conponents tiat arz part of the additioral TESS Ebraries
19 Wiatter, 25 or eleciric haating coil

16 Water, Z2s or elecimic haating coll, water coolms codl
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Contrasting the Capabilities of Building Energy Performance Simulation Programs

]
Iﬂ'birf 7 b - = : 15 - B ':— _—é A - = ,_. E i =4] 1]
r o o g = o [ = el 2 = 1 3 5 T = = % . ; ; =
HVAC Systems < g |2 (2 |E|[% [6§Eld|= B[ |32 |B [Z]|F ﬁ_: 2 (2|2 |2
il - - . :l E =l .:. é = 'v;" = - - 2 ": ; E = E
Unitary equipment ™
= DI system
o Heanpg/cooling cotls X X X X X P X X X X X X X X E X X X
o Cotl Latent cxpacity degradsoon™ X X X X X
» Fumace™ X X X X X X X X R X i X E i X X
»  Ab-to-gir packaged heat pump X X X X X B X X X R X X X X E X X X
= TWater-to-air packaged heat pump X X o X P X X R X X E X X X

1t Af part load (cyclng) condstions
"2 Gz or electric heating cotl, DX cooling coil
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- " |
Table 8 Elo e (22 |2 as|S |2 8], ]. ~n B | & £ |z a | 2
HVAC Equipment < g |3 | & = E BEl B [= (5 |6 |2 |E < |V 52 |&|3 2
= B = =T - B el I N I B B = |E|E |& |7 = | E

Caoils ™
= Water heafing codl X X X X X X X X X X X X P E X X X
= Electric beating coil X X X X X x X X X X X E X X B X X X
»  (3as beating coil X X X X X X X X P E X X X
= Water coolmg cotl X X X X X X X X X X X X X E X X X
= Detziled fn'mibe water cooling codl X X X X X L
= DX cail o

o Bypass factor copling empirical X X X e

= Muldspeed cooling empirizzl X X -

o Heating empirical X X -

o Cail frost conmol X bt X X e bt
= Water-to-air beat prunp's X X X P 1 X X X X X X
Fadiamve/'convecive wmtt K=
=  Baseboard (electric) X X X X X X X X X X X X X X X
=  Baseboard (ydronic) X X X X X X X X X E X o+
= Low remperature radiant

o Hydromic'™ X X X b X X X

o Elecmic"® K X X i X e
= High temuperature radiant (zas, elaciric) X P X i A X
Draziccant dehwmidifier (solid) X P X X X X
Hunudifier P
»  Sream (electic) X X X X X X X X X X X Qs
= Hmmidifier water consumpton X X X X X X X ¥ o
Humidiry commal'™
= Cpoling coils in combination with ir-to-air beat

exclkanger for improved debnmnidificasion X X X X X X X X

perfonuance

" Oty m IBLAST, an ucreleased. imeprated sinmilation version of BLAST.

Ve Gemeric ool

'** Rectprocatmg. rofary or scrall corpressor, heating or coaling

Y arions represertxions: as an ideal zone cormoller or via detailed plant compomerss.

" Haating or cooling, flear, slab, wall, ceilins

"2 system components of heat imjected inbo surfaces
" Floor, siab, wall, ceiling

1" Elactmc

T Chilled water or DX coolng coils
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1]
Table 8 el B8l 2|zl |2 6| |olalegld|d|E @ |2
HVAC Equipment S |2 |2 |28 |5 |5 |86/#|2|E (6|2 |8 ||V SIE|E|3 |2
= B =T = I el I I I “|E|E |8 |= = | B
»  High hnoidiny conmel (DX or chilled water catls) | X X X X X X X X X X X X X
Fans
»  Comstant volume X X X X X X X X X X X X X X B X X X
»  Variable volume X X X X X X X X X X X X X X E X X X
= Exhaust X X X X X X X X X X X X X X X
Punnps
= Comstant speed X X X X P X X X X X X X E X X X
v Variable speed X X X P X X X il i X P R i X X
»  Mula-stage X X X P x=
v Direct-rouple to power source X 0=
Hear exchangers'™
v Flate frame p X X X X X
v Dmnersed coil X X
v Shell and mbe X X X
v User-gdefined effectivensss X X X X
Flant cooling equipment
»  Electric chiller X
o Cenmifiugal X X X X P X il X O | X X X | o=
o Cenmifagal with Vi e L X o
o Beciprocasing X bt X P X s X O * o
o Double-bandle condenserheat recovery X X X p X X K| o=
o Screw X e B X X X [al X -
o Screll X X X * O I
o Constant COP X X X X P X X il il * i R
*  Engine-doven chillap™ X X X B X X % X o=
v Combustion nrbine chiller™ X X P X P X i

* Though appropriate controller
" % arips fow confimmasions
1" (Geperic chiller representation.

" Ulser can specify curves of chiller performance

" User com sicalare VED by substimng curves for centrifiugal chiller

""" User can emvtar curves for VED cantrifugzal chillar

"™ Ulzer can replace compression chiller curves with curves far screw cheller.
" Ulser can emtar curves for screw chiller and vse Chiller Elactric EIR

183 (Gas, diesel. gasalme, fel ol

18 Wigh'without heat recovery, gas, diesel, gasolme, fuel ol
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- v " ]
Table 8 Elelelz |2 |£ |atlT |2 |E |~ ~ |8 | & g | g & =
HVAC Equipment < | 2 a a5 |% [& ,E,- zfj = |5 |5 g 2 (5| ¥ 53 :Ea iz g
= |8 (2 |® |fHa |5 |Y | S| E|B |8 |7 = | E

= Ahsorpton Challer

= Steam sheorpeion chiller X X X P X X iy o

= (zas-fired absorption chillar P 3 X

o (Zas-fired kot water absorption chillsr heater X X X X A i
»  Free cooling chiller X X X X X X X X
v Air-so-water heat pramp chiller X X X O X X X
»  Water-to-water beat pump chiller X X e X X X X X X
Flant condensersvaporaor equiprnsst
»  Cooling tower

o Smgle speed X X X X 2 X X X X X X X X

o Twospeed X X X X X

o Variable spead X X X X X P X X
v Amr-coeled condanser X B X X P X X X X X X X X
v Simple evaporative condenser X P X X X X X
v Direct evaporative coalar X B X X o
= Indmect evaporative coolsr X X X o
v Free cooling, hydronic hest exchanger'™ X X X X X X X X
= Pond bear exchangar X X X X
»  Ground surface beat exchanger X X X
= Ground loop vertical borebole beat exchanger I X R X X X X
= DX cooling coil evaporatve condenser

= Soaple efactveras: model X X X X X

o Water usage snd waler puinp power X X
Seasonal baar and cold storage X
= Hot-/chilled-waterice thenmnal energy storags X 2 P P X o]
v Ground heat exchangers X o
»  Sratified themual storage tank X X L
= Ground-couplad (uninsulated) stradfisd mank o
* Witk phase chanze et
Plant heating equipiment
*  Bojler'™ X X X X B X X X I X X X X X X Ko

** Single- and dovdle-affect chillars

¥ Water-zide aconomizer

' Az add-in Vertical or sianted holss in usar-specified confzuration 20 model
185 Additional compenent fom Transselar

18 (G, elecmic, dizsel, gaseline. propane. fazl odl coal, steam
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- v " -]

HVAC Equipment < {f % g c _,;. 5 é- zfj = |5 |5 E 2 | < ; 5_: :Ea iz g

= |8 |2 || |fHa |5 |Y | =~ |E|B |8 |7 = | E
»  Water hestar'™ X X X X I X W X X
v Ground souace water-to-water baar pruop P r P = I X ;4 o | X X X X
Ajr-to-aiT enSTEy TRCOvEry
»  (Gemeric sensible heat exchanger x X X P P X ot X X x X X X x
= Flat plate senstble heat exchanger X X X X X X X X X X
»  Senszible and latent energy exchangar X X X P X X X X X X X X
Diomestic'service water heatng
v User-configurable water piping petwork X X
v Damestic/service water heater'™ X X X X X R X X E X X X
= DVSHW warer consumption X X R X X X
v Seratified water heater tank X R i
»  Combi-tanks for space and water heating'™ ::'TE
Conmrols, thannostans and srategias
v Himidistat X X X B B X R X X X B X X ot
»  Zone themmostar’™ X X X X X P X X X X X X X X X X X X X
v Zone supply air sstpodnt'™ X X X X P X X X b i X X X X X
»  Chirzide air controlt® X X P p X X X X X X P X X X
v System availabiling™ X X X X P X X X o i X X E X X X
®  Flam he_anm,g_n:-:n:u.u,g_]n:la.d confrel for staging and v ¥ v o ¥ ¥ e ¥ v P ¥ w v

sequencing plant equipment

»  Condenser conmal'™ X X s ] bt X
= Mighttime flushing for passive coolinz X X X X X X X X X X X
»  Econormzar X X X B X X X X X X X X X X

"' User cam specify curves of boiler heater performence
' Sirple fined efficiency modal for grovnd-sourc: hext pump

" Gas and elecimic

" Options melnde smatifed water heater tank with up to 10 infemal heat exchargers md 25 mletoutle: ports, as well as pmldple geometries (horizootl and wertical oylinder, rectangular cross-sscton, spharical)
' Wfultipls heat exchanger and or intzts'outlets with sraitficadon devices

18 Btamdard comporents as well 23 add-ons fom Trapssolar and components from the TESS o

AThES

¥ Sinsla heating safpain, single cooling setpodnt, single haating coolng setpaint, dial setpodnt with deadband

"= Bchaduled, coldest warmest, mixed adr, oafside air, minirm rarderm fosidiny
' Bchaduled, coldest, warmest, outside air, min'mes hamedicy

¥ Conadulad, catdoor dr bulb and wet buls tenmperanre, outdoer air fow

¥ ehaduled, pight oycle contrel, dfferertial themmostat, highlow terperature cn'off

188 Sehaduled, kigh'low temperanize on/off

18 Uncomtrolled, hexgng coolng load range-tazed ousdoor range based (dry balb, wet bulb, medicy, dew podnr), ouwtdoor eemeranrs difference based (dry badb, wet balk, dew potat)
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o]
Table 8 = Bl (sl |2 | ~ |= | & |E |2 m | ®
. 2 Lo E B ) = Heol 2 = | h B = o = - o - ; -
HIVAC Equipment S|z |2 |2 |5 |68 |= |8 |8 2|8 |<|Y|[%R|E|& |2
217 (T BB e (*HE (|7 |7 |T|E|E|E|®= = | &
= User-defined conmol smatezy™ X X X X X
Fefmigaraton systems for warshouse and retail food
siorage
= Rafrizerant loops™ X
= Muluple staged rafrigecant Compressons X
= Rafhgerared casework ™ X X X P
»  Rafbdgerant air'evaporstve condensars with heat ¥ X X
reclann and conmal ) B
= User-salactable refrigerants X
= Anmnoniz chillers and low temperanire brins X
= Brine and refrigerant loop fan cotl for -
coolers fraemers -
Ize rink m bilding space
= Brine loop and chdller refrizeration sysem X Q
»  Ioe-to-ceiling radiztive and ice-to-space am - a
exchangs -
»  Under fipor hesting (with ice load) X o]
»  Ice resurfacing X 0
Indeor’'outdeor swinuming pool R 0 o

1 Any combiration of fesdback faed-forward controlers
# Copnects cotls, casework, compressors, condanzers

2 Fone interacton, frost forming
4 Addidenal component from Trapssolar

effizatant cod and conmols
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1]
Table 9 e o lE2 2 s eelE 2l lal&ld]e g g |z
Enviremmental Emissions < | % g g |5 -';' Er : % |5 & g 2 | < 1 % % L g
e A lE (2 [F= &8 |5 [=2 | T =B |E = = | B
= = e =
Power plant enerzy enissions X P X ' X X X i X X X X i X I
Cm-cite energy emissions X X B X X X X X X X X X X X X I
Wajor greenhonse zases (OO, €O, CH, N0, i v B X ! i X i i D S X X
Carbon equivalent of greenbouse gases X X ! X X X 1
Criteria polhatants (OO0, WO, 50, PAL P ! X b i X
Ozone prenarsars (CH, MMWVOC, MH,) ! X
Hazardous pollutants (Fb, He) ! X
TWarer use in power ZEnerston ! X X
High- and low-level muclesr waste ! X
Palluran: emissions factors™ ! X X

00, MO,
3 N0y, 50y

14 Eiate provincial Tegione] ‘national agzsrazation for major fiosls alectriciny, nanual gas, restdual fael oil, distllares, residental oil, LB, gasolime, diesel and coal
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Table 10 = |5 |8 ol 2 | 2 y | 8 4
= - i = ] : =0 T = bn " @ ) 5 B E il H 5

Climate Data Availability £ |3 4 |a | B = |5 i gz (2|2 |2 |2 |27 |a|2|2]|z é

' = = = ] = = oo o 3 = el =4 = = 0 g = = -2 =]

= il = i} = a " 2 — = 2 = - H
- = - =
Weather data provided
»  With the program®’ X X X X X X o Il X X X X X S I
= Saparately downloadable X X X el Gl 4 X X X X X X
Cranerate houaly data from monthly averages i X X X X X
Ezmmate diffuse radianon from slebal radianon X X ! X X X X X
Weather data processing and editing X X X X X X X X X X X X
Weather data formats directly raad by program
»  Anyuser-specified format b X X X xa e x| o x X
»  EpergyPlus ESP-r X X X X X X X
»  European Test Reference YVear X X X X X
»  Twpical Meteorological Tear'™ X el X X P X X X X XX X X
»  Tvpical Meteorological Tear 2% X X X X X X X X bl 4 X X X
= Solar and Wind Ensrgy Fesource Assassment™ X
v Weather Year for Energy Calcnlatons 2 X X X X P X X X
= Splar and Meteorclogical Surface Observanon X
Tletarork :

v Imternational Weatker for Energy Caloulations™ X p X X X X

0n, DVD, disorhuton download

*4 Five weather files provided with EnergyPlus. More than 800 locasions worldwide available for download
#* Avsoretically dowrloads weather files from web site

** Mara than 1000 lecadons worldwide meluding TWYZ dam and Metsoromm-zecerated dam

¢ Froms daily measumed data (mas, min, average)

2 By specifying the data format

C soumrce coda for weather data conversion ulsty supplied to enable easy implementation of various formats.
= Ary weather dasa given as houzly values @ et fles can be comverted o the mrermal Sle forat as loag as it mclndes dry bulb tepemnme, o selar datm, bomediny peramster, wind speed, and wind direction,

% Crawdey, Hand, and Lawrie (19987

% Eyropean Comnession (1285

STHCDC (1981

4 Based om measurad daca

“* Through am addidonal proeram, Doms weather converter, which comes with BowerDomus
SONEREL (1965

4 Tz of TV and other text formass possible vsing companion WeatetMaker atilicy.
2 svema Lmay et swen

24 ASHRAE (1967

SNCDC (1993)

=5 ASHR AR (MM
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"
Table 10 . s lz e |52 |6 (a8l |28 slalaleld]:]E “ |2
\ . 1 2 b i = : #oel o B ] o o = = = ” :

Climate Data Availability =z |2 |2 = | Eé- Ble s |G g =N B I =T = 2

= HEREREREE RN HERERE R = | B
= Japan ANeDAS waather dara™ X
v DOE-D fext formest X X X X X
= BLAST text format X X X
= ESP-r text format X X
= ECOTECT WEA format X X

28 Aknzaka eral (2
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Appendix - B

Insulating Materials

Table 1 Insulating Materials

Code- | Description | Thickness | Conductivity | Density | Specific | Resistanc

Word Heat e
ft Btu/hr-ft>-F | Ib/ft® | Btu/lb-F | hr-ft°-
(m) (W/m-K) (kg/m*) | (kd/kg- F/Btu

K) (K-m?/W)

Mineral Wool/Fiber

Minwool Batt | Batt, R-7* 0.1882 0.0250 (0.043) 0.60 (10) [0.2(837) | 7.53(1.327)

R7 (INO1) (0.0574)

Minwool Batt | Batt, R-11 0.2957 0.0250 (0.043) 0.60 (10) | 0.2(837) | 11.83(2.085)

R11 (IN02) (0.0901)

Minwool Batt | Batt, R-19 0.5108 0.0250 (0.043) 0.60 (10) | 0.2(837) | 20.43(3.600)

R19 (IN03) (0.1557)

Minwool Batt | Batt, R-24 0.6969 0.0250 (0.043) 0.60 (10) | 0.2(837) | 27.88(4.913)

R24 (IN04) (0.2124)

Minwool Batt | Batt, R-30 0.8065 0.0250 (0.043) 0.60 (10) | 0.2(837) | 32.26 (5.685)

R30 (INO5) (0.2458)

Minwool Fill | Fill, 3.5 in 0.2917 0.0270 (0.046) 0.60 (10) | 0.2(837) | 10.80 (1.903)

o | ®9em),R-11 | (0.0889)

Minwool Fill1"Fill, 5.5 in 0.4583 0.0270 (0.046) 063(11) |0.2(837) | 16.97 (2.991)

oIn

) (13.4cm), R-19 | (0.1397)

Cellulose Fill

Cellulose 35in (8.9cm), | 0.2917 0.0225 (0.039) 3.0 (48) 0.33 12.96 (2.284)

?,-,3'1”3?‘13 R-13 (0.0889) (1381)

Celluose 1755 in (13.4 0.4583 0.0225 (0.039) 3.0 (48) 0.33 20.37 (3.590)

oIN R-

o cm), R-20 (0.1397) (1381)

Insulatio

Insul Bd1in [ 1in (2.5 cm) 0.0830 0.0250 (0.043) 2.0 (32) 0.2(837) [ 3.32(0.585)

(HF-B2) (0.0254)

InsulBd2in | 2in (3.1 cm) 0.1670 0.0250 (0.043) 2.0 (32) 0.2(837) | 6.68(1.177)

(HF-B3) (0.0508)

Insul Bd3in | 3'in (7.6 cm) 0.2500 0.0250 (0.043) 2.0(32) 0.2(837) | 10.00 (1.762)

(HF-B4) (0.0762)

InsulBd 1in | 1in (2.5 cm) 0.0830 0.0250 (0.043) 5.7 (91) 0.2(837) | 3.29(0.580)

(HF-B5) (0.0254)

InsulBd2in | 2in (3.1 cm) 0.1670 0.0250 (0.043) 5.7 (91) 0.2(837) | 6.68(1.177)

(HF-B6) (0.0508)

Insul Bd3in [ 3in (7.6 cm) 0.2500 0.0250 (0.043) 5.7 (91) 0.2(837) | 10.00 (1.762)

(HF-B12) (0.0762)

Preformed Mineral Board

MinBd 7/8in | 7/8in (2.2 cm), | 0.0729 0.0240 (0.042) 15.0 (240) | 0.17 (711) | 3.04 (0.536)

R-3 (N21) R-3 (0.0222)

MinBd 1inR- | 1in (2.5cm), | 0.0833 0.0240 (0.042) 15.0 (240) | 0.17 (711) | 3.47 (0.612)

8 (IN22) R-3.5 (0.0254)

MinBd 2inR- | 2in (2.5 cm), 0.1667 0.0240 (0.042) 15.0 (240) | 0.17 (711) | 6.95 (1.225)

7 (IN23) R-7 (0.0508)

MinBd3inR- [ 3in (7.6 cm), | 0.2500 0.0240 (0.042) 15.0 (240) | 0.17 (711) | 10.42 (1.836)

104(N24) | R.10.4 (0.0762)

Polystyrene, Expanded
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Table 1 Insulating Materials

Code- | Description | Thickness | Conductivity | Density | Specific | Resistanc
Word Heat e
ft Btu/hr-ft>-F | Ib/ft® | Btu/lb-F | hr-ft*-
(m) (W/m-K) (kg/m*) | (kd/kg- F/Btu
K) (K-m?/W)

Polystyrene | 1/2in (1.3cm) | 0.0417 0.0200 (0.035) 1.8 (29) 0.29 2.08 (0.367)
1/2in (IN31) (0.0127) (1213)
Polystyrene | 3/4in (1.9 cm) | 0.0625 0.0200 (0.035) 1.8 (29) 0.29 3.12 (0.550)
3/4in (IN32) (0.0191) (1213)
Polystyrene | 1in (2.5 cm) 0.0833 0.0200 (0.035) 1.8 (29) 0.29 4.16 (0.733)
Lin (IN33) (0.0254) (1213)
Polystyrene | 1.25in (3.2 cm) | 0.1042 0.0200 (0.035) 1.8 (29) 0.29 5.21 (0.918)
1.25in (IN34) (0.0318) (1213)
Polystyrene | 2 in (3.1 cm) 0.1667 0.0200 (0.035) 1.8 (29) 0.29 8.33 (1.468)
2in (IN35) (0.0508) (1213)
Polystyrene | 3'in (7.6 cm) 0.2500 0.0200 (0.035) 1.8 (29) 0.29 12.50 (2.203)
3in (IN36) (0.0762) (1213)
Polystyrene | 4in (10.2cm) | 0.3333 0.0200 (0.035) 1.8 (29) 0.29 16.66 (2.936)
4in (IN37) (0.1016) (1213)
Polyurethane, Expanded
Polyurethane [ 1/2'in (1.3cm) | 0.0417 0.0133 (0.023) 1.5 (24) 0.38 3.14 (0.553)
1/2in (IN41) (00127) (1590)
Polyurethane | 3/4 in (1.9 cm) | 0.0625 0.0133 (0.023) 1.5 (24) 0.38 4.67 (0.823)
3/an (IN42) (0.0191) (1590)
Polyurethane | 1 in (2.5 cm) 0.0833 0.0133 (0.023) 1.5 (24) 0.38 6.26 (1.103)
Lin (IN43) (0.0254) (1590)
Polyurethane | 1.25 in (3.2 cm) | 0.1042 0.0133 (0.023) 15 (24) 0.38 7.83 (1.380)
1.25in (IN44) (0.0318) (1590)
Polyurethane | 2in (3.1 cm) 0.1667 0.0133 (0.023) 1.5 (24) 0.38 12.53 (2.208)
2in (IN45) (0.0508) (1590)
Polyurethane | 3'in (7.6 cm) 0.2500 0.0133 (0.023) 15 (24) 0.38 18.80 (3.313)
3in (IN46) (0.0762) (1590)
Polyurethane | 4 n (10.2cm) | 0.3333 0.0133 (0.023) 1.5 (24) 0.38 25.06 (4.416)
4in (IN47) (0.1016) (1590)

* Nominal thickness is 2 to 2-3/4 in (3.1 to 7 cm). Resistance value is based on a
thickness of 2.26 in (5.74 cm).

Urea Formaldehyde

Urea Formald | 35in (8.9 cm), | 0.2910 0.0200 (0.035) 0.7 (11) 0.3 (1255) | 14.55 (2.564)
oven | R5 (0.0887)
UreaFormald [ 5.5 in (13.4 0.4580 0.0200 (0.035) 0.7 (11) 0.3(1255) | 22.90 (4.036)
e cm), R-23 (0.1396)
Insulation Board
Insul B 1/2in | Sheathing, 12 | 0.0417 0.0316 (0.055) 18.0 (288) | 0.31 1.32 (0.232)
(IN61) in (0.0127) (1297)

(1.3cm)
Insul Bd 3/4in | Sheathing, 3/4 | 0.0625 0.0316 (0.055) 18.0 (288) | 0.31 1.98 (0.348)
(IN62) in (0.0191) (1297)

(1.9 cm)
Insul Bd3/8in | Shingle Backer, | 0.0313 0.0331 (0.058) 18.0 (288) | 0.31 0.95 (0.167)
(IN63) 3/8in (1 cm) (0.0096) (1297)
Insul Bd 122in | Nail Base 0.0417 0.0366 (0.064) 25.0 (400) | 0.31 1.14 (0.200)
(IN64) Sheathing, 1/2 | (0.0127) (1297)

in

(1.3cm)
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Table 1 Insulating Materials

Code- | Description | Thickness | Conductivity | Density | Specific | Resistanc
Word Heat e
ft Btu/hr-ft™-F | Ib/ft® | Btu/lb-F | hr-ft’-
(m) (W/m-K) (kg/m®) | (kd/kg- F/Btu
K) (K-m?/W)
Roof Insulation, Preformed
Roofinsul — T'1/21in (1.3cm) | 0.0417 0.0300 (0.052) 16.0 (256) | 0.2(837) | 1.39 (0.244)
1/2in (IN71) (00127)
Roof Insul 1in | 1in (2.5 cm) 0.0833 0.0300 (0.052) 16.0 (256) | 0.2(837) | 2.78(0.489)
N7 (0.0254)
Roofinsul —["15in (3.8cm) | 0.1250 0.0300 (0.052) 16.0 (256) | 0.2(837) | 4.17(0.732)
1.5in (IN73) (00381)
Roof Insul2in | 2/in (3.1 cm) 0.1667 0.0300 (0.052) 16.0 (256) | 0.2(837) | 5.56 (0.977)
(IN74) (0.0508)
Roofinsul — [251n (6.4 cm) | 0.2083 0.0300 (0.052) 16.0 (256) | 0.2(837) | 6.94 (1.220)
Roof Insul3in | 3'in (7.6 cm) 0.2500 0.0300 (0.052) 16.0 (256) | 0.2(837) | 8.33 (1.464)
(IN76) (0.0762)
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APPENDIX -C
INPUT DATA IN eQUEST.

Construction I Layers | Material |

Currently Active Construction: IELl Ewiall Construction

[~

Type:

Layers Input

Sutface Construction Parameters

Construction: IELl Ewall Construction

Specification Method: ILayers Input

Calculated U-value: I 0.763 Brtu/h-fr2-°F
Surface Roughness: I 3

Ext. Color (absorpt.):

0.e00

[]

Construction Layers: IELl Ewall Cons Layers

;I {material layers ordered from outside to inside)

] Thickness | Conductivity Density Spec. Heat R-%alue
IR e (ft) (Btush-f-°F) | (Ib/f3) | (Btudb-=F) | (h-ft2-oF/Btu)
exterior Crnt Plaster 1in (CMO3 0.039 0.6000 116.00 0.200 nia
concrete wall 0.500 1.0000 150.00 0.200 nia
interior Crt Plaster 1in (CMO3) 0.039 0.6000 100.00 0.200 nia
Construction  Lavers | Material
Currently Active Layers: IELl Roof Cons Layers j
Layers: IEL1 Roof Cons Layers
Inside Film Resistance (R-val): I 0.6a0
Material Layers {ordered from outside to inside):
p Thickness | Conductivity Density Spec, Heat R-Value
Material Mame (ft) {Btu/h-ft-°F) (b3} (Btu/lb-oF) | (h-ftz-2F/Btu)
1 |Bl-Up Roof 3/8in (BRO1) - 0.031 0.0939 Fo.00 0.5350 n/a
z |[Conc HW 140lb 3.25in {CC13) 0.271 1.0417 140.00 0,200 n/a
3 [Polystyrene 6in R-5/in 0.500 0.0160 .50 0.290 n/a
4 |Palystyrene Gin R-5/in 0.500 0.0160 2.50 0.290 n/a
g [Polystyrene 6in R-5/in 0.500 0.0160 2.50 0.290 n/a
& |Polystyrene 6in R-5/in 0.500 0.0160 2.50 0.290 n/a
7 |Polystyrene Gin R-5/in 0.500 0.0160 2.50 0.290 nia
5 |[Polystyrene 6in R-5/in 0.500 0.0160 2.50 0.290 n/a
g |Conc HW 140lb 3.25in (CC13) 0.271 1.0417 140.00 0.zo0 nia
10 |nfa n'a
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Currently Active Glass Type: IELl Window Type #1 GT

Basic Specifications | Component Details I Solar/Optical Details

Glass Type: IELl window Type #1 GT

Specification Method: ISimpIiﬁed j

Simplified Input Information

Zhading Coefficient: 0.23
5lass Conductance: m Btufh-ft2-2F
Visible Transmittance: 0.15
Qutside Emissivity: 0.5

Construction  Lavers | Material

;I Type: Simplified

Currently Active Layers: IELl Ewrall Cons Layers

Layers: IEL1 Ewrall Cons Lavers

Inside Film Resistance (R-val): I 0.680

Material Lavers {ordered from outside to inside):

fotraltiame | Toknoss | Gondustvy | Gonie | Specyrien || Knle
1 |ACP panel nda n'a n'a néa 0.090
z |Air Gap 0492 0.1500 0.07 0.240 nda
3 [Conc LW 40lb Sin (HF-C16) 0.667 0.1000 40,00 0.z200 n#a
4 |interior plaster 0.030 0.6000 100.00 0181 nia
5 n/a
[ n/a
7 n/a
g n/a
9 n/a
10 |nda n/a
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AETALE LTI UL LIV, Layei>, anu Niaven ian Fruvpenues

Construction I Layers | Material

Currently Active Construction: IELl Roof Construction

[

Type: Layers Input

Surface Construction Parameters

Construction: IELl Roof Construction

Specification Method; ILayers Input

[]

Zalculated U-value: I 0.041  Brufh-Fr2-°F

Surface Roughness: I 1

Ext. Color {absorpt.): 0.600

Construction Layers: IEL1 Roof Cons Layers

j (rnaterial layvers ordered from outside to inside)
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moeralome | Thekness | Condutvy | ponaiy | spocreer | mvolie
1 [Blt-Up Roof 3/8in (BRO1) 0410 0.0939 F0.00 0.350 nia
2 |Conc HW 140lb &in (HF-C13) 0,500 1.0000 140,00 0.z200 néa
3 |Polyurethane 3in (INd&) 0.250 0.0133 1.50 0.380 nia




