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Abstract

A Methodology for Total Life-Cycle Costing of Buildings Designed for
Disassembly

Nadir Ashraf Khawaja

Although the concepts and principles of Life cycle costing are very well
established and practiced by the construction industry, what is lacking is the
incorporation 6_f the environmental impacts of the design options into the
selection criteria and thus the application of the concept of Total Life cycle
costing of the project. The concept of Total Life cycle costingrdeveloped earlier
suggest, that different relevant environmental impacts associated with each
design option be converted to the financial format and added to the calculated

values of Life cycle cost of the design option.

However the situation is complicated by the introduction of the concepts of
design for disassembly into the design options, and the resulting requirement to
distribute the environmental impacts over different life cycles of the component
design assemblies throughout their useful life. The purpose of this research is to

propose a methodology to tackle the problem.

Keywords: Sustainable development, Design for disassembly, Life cycle costing,

Life cycle assessment.
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Chapter 1 |

1.0 Introduction

Sustainability in the construction sector has emerged as a universal commitment
of the communities in the face of the deteriorating environmental situation of the
world that we all live in. The most prevalent definition for sustainable
development is “Meéting the needs of the present generation without
compromising the ability of the future generations to meet their needs” (Blutstein
2003). The world has undergone enormous technological and economic growth
in many of its parts in the last century, leading to much improved quality of life.
However this has a’Iso led to irreversible environmental damage. It has been
realized that the current trend of technological and economic growth with total
disregard of the environmental implications is not an acceptable option. Now the

need of the hour is to translate this realization into action.

The analysis of the Life cycle costing of all the design alternatives in the selection
process is well established in the construction sector and is generally used as the
criteria for the selection of the most desirable option (ASTM E917, 2002).

However Life cycle costing analysis, as is performed today, totally disregards the



environmental impacts created by different competing design alternatives during

their respective life spans.

On the other hand the practice of Life cycle analysis considers the environmental
implications of the proposed design but disregards the economic aspects (ISO
14040, 1997). This has resulted in restricting the use of this technique mostly to

academic and research domains.

In order to achieve sustainability in the construction sector it is absolutely
imperative that these two practices be merged in the selection process to arrive
at the most feasible solution to achieve the project objectives. This has led to the
concept of Total Life cycle costing, Haddad, S., et al (2003), which proposes that
all the environmental impacts associated with a particular design option be
converted by to financial format and added to the life cycle cost of the option to

calculate the Total Life cycle cost for the design alternative.

Design for disassembly (DfD) has emerged as an interesting concept to achieve
sustainability. According to the concepts of DD the building is treated as having
layers or assemblies and subassemblies as‘ against being considered as one
whole entity. The concept of layers (Duffy, F., 1989) as quoted by Crowther

(2003) has on one hand given birth to the DD, but one the other hand has



created much complications in dealing with the distribution of environmental

impacts across many assemblies having varying and multiple life spans.

1.1 Research objectives
Through this research an effort has been made to present a methodology for
calculating Total Life cycle cost of buildings consisting of different assemblies

having individual multiple life spans.

The main research objectives are:

» To develop the Total Life cycle costing model proposed by Haddad,
S., et al (2003) to incorporate the output of environmental impact

assessment software.

= To propose a framework to adjust the output of existing environmental
impact assessment software to asses the impacts of buildings

designed for disassembly.

= To validate the proposed framework through implementation by

assessing the impacts of a building designed for disassembly.

1.2 Thesis methodology and structure
In order to achieve its objectives, the research has followed five major steps:

= Step 1: Literature review



Step 2: A detailed review of main components of the study
Step 3: A study of Athena’s environmental Impact Estimator (2002)

Step 4: Development of a methodology to distribute environmental

impacts across different assemblies of varied life cycles.

Step 5: Validation of the proposed methodology through
implementation of the frame work to assess the environmental impacts

of a building designed for disassembly

Step 6: Conclusion and recommended future work.

1.3 Limitations of the study

The main limitations of the study are

The life cycle cost of the buildings are not discussed and are assumed
to be known and only the LCA cost components to be added to LCC
values are considered

The factors to convert the environmental impacts from the outputs of

the LCA database to cost format are not discussed and are left as

~ inputs from the users of this proposed methodology

The two factors, namely “L” and “N”, proposed in this study are just
concepts at this stage. These factors deal with forecasting the future
and by nature a lot of work and data collection is required to make

these predictions more and more accurate. Guidelines are being



provided as a part of this research to collect data for the development
of these factors

Considering the limitations of time and resources, the case study at
the end of this thesis may not be considered as an exhaustive analysis
of a building designed for disassembly but rather as a simple example

to show the proposed methodology



Chapter 2

2.0 Literature Review

The subject matter of the research can be considered having four components
and since there is next to nothing in the literature combining these four

components, the literature review of these components is being done individually:

21 Design for Disassembly

The Jongevity of a building is determined by the building’s ability to maintain
structural integrity for a long time, as well as its desirability in terms of function
and style. The structural integrity of a building is determined by the durability of
materials and the quality of construction. Desirability is determined by the
building’s ability to adapt to change over time. Striking a balance between

durability and adaptability, in the design of building, results in building flexibility.

Bowes and Golton (2001) indicate that obsolescence is the dimension that
determines the timing of the demolition of a bﬁilding. Buildings are not
demolished only when they have reached the end of their technical design life,
quite commonly they are demolished because those who control them have no
further use for them. The reasons that lead to buildings having no further use

include economic perspectives e.g. financial aspects and location, utility



perspectives e.g. function and the environment, social perspectives e.g. style and
regulatory control and of course structural perspectives e.g. structural decay

(Bowes and Golton, 2001, and Craven et al, 1994).

Designing a building for durability can save costs and reduce the negative
environmental impacts related to operation and maintenance i.e. the
consumption of rﬁaterials during renovations and the resultant waste generation.
On the other hand, if a decision to demolish a building is made long before the
expected end of life, the above can be reversed i.e. the incurred costs of durable
materials, which may have cost more, may not be recovered because of the
building’s short life (Fishbein, 1998). This emphasizes the salient point that if a
building is intended to have longevity, then durability must be balanced with
adaptability. Adaptability in buildings refers to both the shell and interior of a
building. Incorporating adaptability in building design enables the building to
adapt to changing demands of the intended use as well as the ability to adapt to
a different use. This flexibility in building design introduces a fresh perspective of
looking at buildings, i.e. as a series of layers that can be configured in various
ways to meet the changing demands of the user and the surrounding

environment.

Buildings have for a long time been thought of and designed as eternal entities.
Part of the reason for this is that designers and contractors perceive buildings as

entities that should last forever (designers are not prepared to invest in structures



that will not last and no contractor believes that his structure will be torn down)

[9]. Buildings have also generally been perceived to be complete entities that are

designed to perform as a whole i.e. hence the use of a building in singular

(Crowther, 2001). Craven et al point out that such buildings lack inherent

flexibility and are likely to generate more waste when modified, in extreme cases

their inflexibility can leave no option but for them to be demolished under the

pressures of changing demands that are placed upon them (Craven et al, 1994).

The amount of waste generated through these demolitions is staggering (Table

1.
Nation Annual amount of | Percentage of | Reference
construction and | total national
demolition waste - | solid waste
millions of tonnes
Canada 11.2 - Christensen, 1994
Europe- total 180 - McGrath, Fletcher, &
‘ Bowes, 2000
France 25 - Ruch et al., 1994
Germany 45 60% Schultmann &
Rentz, 2000
Brooks, Adams, &
; Demsetz, 1994
Israel 0.35t00.7 60% Katz, 2000
ltaly 34 - Bressi, 1994
Japan - 20% Futaki, 2000
Netherlands 15 - Van Dijk, Boedianto,
Dorsthorst, &
Kowalczyk, 2000
Norway 1.5 - Myhre, 2000
United 53 - McGrath, Fletcher, &
Kingdom Bowes, 2000
Unites States | 136 33% Kibert, = Chini, &
of America Languell, 2000

Table 1: Quantities of construction and demolition waste [4]




Crowther takes the argument further by pointing out that the notion of a building
in the singular may be a misconception resulting from the reading of a building in
a limited timeframe [11]. Few, if any buildings actually remain in their initial state
for more than a few years or a couple of decades at most. Building remodeling,
repair, expansions and maintenance continually change the building. These
changes occur both on the exterior and interior of the building in response to the
demands of the user and the surrounding environment. This means that the
exterior and interior of a building should be able to respond to the criteria
determined by the economic, utility, social and structural perspectives mentioned

earlier for the building not to be obsolete.

The theory of building layers enables the designer to incorporate flexibility into
building design. This allows a building to be easily disassembled into
components. It also allows the selective removal and replacement of specific
components without affecting the rest of the structure. Without a doubt, this
theory will be useful in the design of buildings with intent to deconstruct at the
end. However, an understanding of the building design i.e. finite or eternal,
material type e.g. virgin, recycled content or composite, reusability, recyclability,
the various life spans of chosen materials, component connectivity and the

changes in user and environmental demands, will be key to its use.

Crowther has proposed that action on the principle of environmental

sustainability should necessarily take a holistic and whole life view of the



consequences resulting from the design and use of buildings. Associated issues
are diverse and form a broad spectrum and ranging from hard edged technical
aspects of building design and construction to social issues relating to the use
and reuse of facilities. One developing strand of activity has been the philosophy
of design for disassembly which has seen an extension of interest and
application from engineering and product design to architecture through the
theoretical work of Crowther and others. Essentially, design for disassembly is
based on the proposition that incorporating a methodology for dismantling a
building at the end of useful service life into its design may make a meaningful
contribution to sustainability. In terms of providing useable guidance for
architects on design for disassembly, Crowther's advocacy of a performance
based approach to sustainable design is reflected in his tripartite exposition of
protocols based on addressing improved performance through articulating a
hierarchy for disassembly and reuse based on:

Behavioural Statements — these propose gain through reduction, for example of

»  Waste disposal and poliution
» Greenhouse gas production

= Energy consumption

Performance Standards — these propose gain through increase, for example of

= Material Recycling
=  Component remanufacture

= Component reuse

10



= Building adaptability/relocatability

Prescriptive Guidelines — these propose gain through guidance, for example on
= Environmental benefits
= Technical benefits

= Chronological order of application

Catalli suggested that designers should consider the application of design for
disassembly techniques as a function of facilitating whole life change [12]. This
approach suggests sfrategic actions to be incorporated into the design process:
= Designing for versatility to allow components, assemblies or systems
to accommodate change of function
= Design for durability to allow a material to remain unchanged over its
expected life while performing its function
= Plan for éasy access, which allows for a component of an assembly to
be easily approached with minimal damage and impact to it and
adjacent assemblies
= Utilizing simplicity of design fo reduce the complexity of assembling
materials, thus facilitating disassembly
= Favoring independence of materials within assemblies to allow for

minimum damage during maintenance, disassembly and removal

11



= Making significant labeling information expﬁcit on each component or
material of an assembly to assist with reuse or disposal after
disassembly

= Exposure of mechanical connections where possible to facilitate
disassembly

= Making materials or components with the shorteét anticipated lifestyle
most accessible

= Use materials with an inherent finish and avoid contaminating material

with finishes that hinder reuse or recycling activity.

2.2 Life Cycle Costing

Although concepts and practice of life cycle costing is quite well established, a lot
of researchers and practitioners have given slightly varied definitions of LCC
(ASTM E917, 2002). ASTM EB833, 2002 defines LCC method as “a technique of
economic evaluation that sums over a given study period the costs of initial
investment (less resale value), reblacement, operations (including energy use),
and maintenance and repair of an investment decision (expressed in present or
annual value terms)”. Fuller and Peterson (1996) define LCC as the total
discounted dollar cost of owning, operating, maintaining, and disposing of a
building or a building system over a period of time. Furthermore, they define

LCCA as an economic evaluation technique that determines the total cost of

owing and operating a facility over its assumed life.

12



- Prior to the 1970’s, most professionals, clients and de_velopers involved with the
building procurements made the decisions solely on the basis of capital costs
[15]. Odtside the construction industry a perceptions did exist at that time that
making decision on the basis of capital cost alone can be a folly. It was believed
that by possibly spending a bit more at the procurement stage, substantial long
term savings can bé realized over a longer term, as compared to the cheaper
alternative. However, this trend was largely ignored within the construction
industry with the main reasons being; an ignorance of the importance of whole
life-cycle costs, lack of available data and data collection mechanisms, and the
fact that those providing the capital generally had no interest in the subsequent

operational costs of the buildings.

During early 1970’s, the term ‘cost-in-use’, the expenditure related to the
operation of an asset, began to appear in the literature and as being referred by
the industry. Although the term was not fully adopted by the construction
industry, it was recognized that the underlying principles are applicable to
buildings and critical structures. Although the concept was not fully developed to
appreciate the underlying importance of the accurate future cost forecasting,

however it high lighted the requirement of some sort of technique to facilitate this.
It was not until late 1970s that LCC emerged as a solution to the problem. LCC

encouraged the wider view or a wide ranging approach to the cost appraisal,

including all foreseeable costs from planning to construction to eventual disposal

13



— “the whole life". A number of forecasting techniques were employed to
demonstrate that the additional capital cost at the time of construction can be off-
set by the long term cost saving during the life span of the investment. The
concepts although being sound in theory were not widely adopted by the
_construction industry beeause of lack of reliable cost-in-use and performance
data. To overcome the shortcoming, in 1971, the Royal Institution of Charted
Surveyors established the Building Maintenance Cost Information Service
(BMCIS) as a method to collect operation and running cost data by adopting a
single classification system. In 1977, the then UK Department of Industry
published Life Cycle Costing in the Management of Assets and LCC became

widely reported on with a diversity of models and techniques existing.

In 1983, LCC came truly in its own through the work of Roger Flanagan and
George Norman [16], by developing a framework for the collection of data to be
subsequently used to build up the life cycle cost a project. By 1992k LCC was a
familiar concept to building economist and was adopted as a British Standard BS
3843 (1992) “The costs associated with acquiring, using, caring for and disposing
of physical assets, including feasibility studies, research and development,
design, production, maintenance, replacement and disposal;, as well as all the
support, training and operation costs generated by the acquisition, use,
maintenance, and replacement of permanent physical assets.” In 2000, this
definition was revised and incorporated into 1SO. 156868 Part 1 - SeNice Life

Planning as “A technique which enables comparative cost assessments to be

14



made over a specified period of time, taking into account all relevant economic

factors both in terms of initial capital costs and future operational costs.”

2.3 Life Cycle Assessment

Life assessment is defined in ISO 14040 (1997) as “compilation and evaluation of
the inputs, outputs and the potential environmental impacts of a product system
throughout its life cycle’. Whereas life cycle has been defined in the same
standard as “consecutive and interlinked stages of a product systém, from raw

material acquisition or generation of natural resources to the final disposal”.

Life cycle thinking is a holistic approach to environmental and social issues. This
approach is the key to sustainability concepts in the_construction. Life Cycle
Assessment (LCA) is a technique for assessing the environmental aspects and
potential impacts associated with a product. The LCA method entails compiling
an inventory of relevant inputs and outputs for a clearly defined system; and then
evaluating the potential environmental impacts associated with those inputs and

outputs. Results are interpreted in the context of the study objectives.

LCA studies environmental aspects and potential impacts throughout a product’s
life — from raw material acquisition through production, use and disposal. This
can be conceived as flow of materials from nature, to nature,b through the course
of a building’s life. Generally considered are impacts on

= resource use,

15



* human health and
» the ecological consequences associated with the input and output
flows of the analyzed system.
The LCA method is not the only approach to analyzing the impact of material

goods on their environment, but it is probably the most comprehensive [17].

LCA methods can be directly applied to the buiiding sector — building products,
single buildings and groups of buildings. However buildings are exceptional
products and have many characteristics that serve to complicate or frustrate the
application of standard LCA methods. More specifically, buildings are difficult to
assess because
» the life expectancy of a building is both long and unknown, this causes
imprecision. For example, the energy sources or the energy efficiency
may change, thus predictions of environmental loadings cannot be
precise;
* buildings are site specific and many of the impacts are local —
something not normally considered in LCA,;
= buildings and their components / products are heterogeneous in their
composition. Therefore much data is needed and the associated
product manufacturing processes can vary greatly from one site to
another;
= the building life cycle includes specific phases - construction, use and

demolition which have variable consequences on the environment. For
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example, in the use phase, the behaviors of the users and of the
services operators or facilities managers have a significant influence
on energy consumption.

- a building is highly multi-functional, which makes it difficult to choose
an appropriate functional unit,

a building creates an indoor living environment that can be assessed
in terms of comfort and health. To maintain a good quality indoor
environment, the building needs energy (heating, ventilation, lighting,
etc.) and materials. There are therefore, strong linkages between the
impacts on the exterior environment and the quality of comfort, indoor
air, health and productivity; and

buildings are closely integrated with other elements in the building
environment, particularly urban infrastructure like roads, pipes, wires,
green space and treatment facilities. Because building design
characteristics affect the demand for these other systems, it can be

highly misleading to conduct LCA on a building in isolation.

Kohler and Moffatt (2003) concluded that since site-specific nature of buildings

complicates the application of LCA, it has so far remained in the realm of

research groups. Increasingly, however, they see LCA as an educational and

policy tool that is best applied to generic buildings and building stocks rather than

to particular cases.
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Edwards and Bennett [19] highlighted the importance of making fair comparisons
on like-for-like basis. For example for comparing the environmental impact of
two internal walls of a building; one made of aerated block work and other of
timber stud work with timber paneling, one might find a database that would
provide the environmental impacts associated with production of one {onne of
aerated block work and one tonne of kiln dried softwood. However the two
options can not be directly compared on the basis of these profiles as one tonne
of each would produce very different areas of wall. They thus advocated the
definition of functional units to compare the twd internal walls. They further
proposed the use of embodied energy as most frequently cited measure of

environmental impacts of building products.

Graubner and Reiche (2001) suggested to consider all factors that influence the
sustainability in order to prevent problem shifting from one stage to another. They
further proposed that the assessment process be repeated several timés and
side effects of each improvement option be highlighted till a design is optimized.
It was suggested that a holistic assessment tool must calculate and asses the
material and energy flow generated during the life stages of a building. As a
design usually does not score best on all factors it is important to be aware of all

the consequences of an improvement on one factor have on all the issues.
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It may be noted that the most important aspect of the LCA is as a comparison
tool, rather than being assessment of absolute values, of different design

alternatives.

2.4 Total Life Cycle Costing

The concept of total life-cycle costing is relatively new and pioneering work was
done by Haddad et al (2003). They proposed that in order to advance the
concepts of sustainability in construction and effectively utilize the available
knowledge in terms of different life cycle assessment tools and data, it is required
that the practice of life cycle costing be expanded to include the cost of or cost to
negate of environmental impacts of different design élternatives. It was
suggested that in order to convince clients and for authorities to impose penalties
or offer incentives, the environmental impacts of a design alternative be
evaluated in cost estimate format and added to the traditional life cycle cost of

the option.

It was deduced that the one of the primary reasons for lack of effective utilization
of the collected data for environmental impacts through different available tools is
their varied and some what abstract outputs, rendering them hard to use by the
construction industry. It was therefore advocated that the out puts be converted
to cost formats making them easier to understand and utilize by the construction

industry.

19



Chapter 3

3.0 Main Components of the Study

The main components of the study can be described as the study of the different
assemblies and sub-assemblies in a building system, calculation of total life-cycle
costing through the determination of the environmental impacts associated with
each sub-assembly and the distribution of these impacts across different life
spans of each sub-assembly by incorporating the concepts of design for

" disassembly.

3.1 Assemblies and subassembilies in a building system
Applying the principle that building consists of layers rather than one entity, as
proposed by the proponents of DfD, the buildings can be considered as having

two basic assemblies/ components

= Base structure; consisting of floor heights, plate size and core location
» Interior structure; consisting of interior partitions, dropped ceiling,
raised floors, location of fixtures and services and other. interior

finishes
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3.1.1 Base structure

The materials behavior‘ of the conétruction sector of the economy must be
characterized as poor during all phases of the building materials cycle — from
extraction to construction to final disposal of buildings at the end of their useful
lives. Changing this situation will be quite difficult. However, the first steps in the
process are under way in at least a dozen countries worldwide. Buildings are
being disassembled rather than demolished, and building components and
materials are being recovered or recycled for reuse in existing or new buildings.
In the Netherlands, for example, at least a dozen different precast reinforced H
| concrete systems have been developed to allow buildings to be disassembled,
moved and reconfigured. One. of these is the MXB-5 dry-assembly system, in
which columns with steel plates at each end are connected to floor elements that
have anchor bushings embedded in the concrete. The elements can be
connected simply by tightening the connecting bolts. Serious efforts are also
being made in several other countries to design buildings for eventual

deconstruction.

Initial economic analysis indicates that resale of valuable recovered materials
can far offset the additional labour costs associated with building dismantling.
New industries to disassembile buildings, process used building components, and
resell components and recovered materials can result from implementing
deconstruction practices on a large scale. These outcomes make deconstruction

an approach well worth considering for countries in which there is significant

21



waste from demolition activities, as well as from natural hazards such has

earthquakes and hurricanes.

Disassembly has several advantages over conventional demolition. It also faces
several challenges. Some of the advantages are:

= an increased rate of diversion of demolition waste from landfills;

* potential reuse of building components;

* increased ease of materials recycling;

» Enhanced environmental protection, both locally and globally.

Disassembly preserves the invested embodied energy of materials, thus
reducing the input of new embodied energy in reprocessing or remanufacturing
materials. A significant reduction of land fill space can also.be a consequence. In
the United States, where construction and demolition waste represents about
one-third of the total volume of materials entering landfills, a diversion rate of
80% is being experienced for deconstructed buildings [10]. In the Netherlands
increasingly scarce land is being preserved for other uses. In some countries,
businesses have developed the technology and techniques to turn former

demolition debris into useful aggregate.
The challenges faced by disassembly are significant, but they can readily be

overcome if changes in design and policy occur. They include:

= Existing buildings have not been designed for dismantling;
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= Building components have not been designed for disassembly;
» Tools for deconstructing exiéting buildings often do not exist;
» Disposal costs for demolition waste are frequently low;
= Dismantling buildings requires additional time;
= Re-ceriification of used components is not often possible;
~ = Building codes often do not address the reuse of building components;

= Economic and environmental benefits are not well established

In order to enable the reuse of building elements or the recycling. of building
material on an increased scale, buildings must be separable into their original
units. The environmentally sound and economically viable reuse of building
elements and building material depends on the purity of waste material that
arises and thus separability of different material layefs and elements. By carrying
out a selective demolition or by demounting / disassembling a structure instead
of conventionally demolishing a building the separation of elements and materials
will be taken care of ering demolition process. Due to the fact that, requirements
for demolition phase are often not considered in design process, building
elements and component materials are usually very difficult to separate and
reprocessing rates of building waste are still very low. New design concepts have
to be considered in order to enable an economically viable and environmentally

friendly “Selective Disassembly”.
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By applying the concepts of design for disassembly (DfD) a selective demolition
can be realized and allows for more sustainable separation of different materials
and elements as well as optimization of maintenance process (good accessibility,
non-destructive exchange of building parts). A design for disassembly allows for:
= A reduction of demolition (disassembly) cost
= A reduction of reprocessing cost by separating materials that can not be
recycled togefher and

= A reduction of dumping cost by using recyclable material

There are three main stratégies which enable a cyclic approach towards the use
of building material, elements and even buildings, and the decision has to be
made at the design level to select the most appropriate strategy for the eventual
disassembly:
= Reprocessing of building waste material as a substitute for natural
recourses which can be used for production of new elements and
materials
» Reuse of building elements within the same or for a different building. In
this case a standard design is required
» Reuse and mobility of a whole building. After the disassembly, the building

can be reassembled at a different location for reuse [20]

3.1.2 Interior structure

The interior structure consists of basic six systems:
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* Flooring systems and finishes

» Ceiling systems and finishes:

= Interior partition — fixed

* |[nterior partitioné — demountable |

= Mechanical fitup — HVAC distribution and control (excluding base
building)

= Electrical ﬁ't—up — lighting distribution, communication systems (excluding
base building)

Depending upon the selection of components of these systems and degree of

standardization used, considerable scope exists for design for disassembly

3.1.21 Flooring systems and finishes

These are the major functional component in the interior structure and the
primary wearing surface and consequently require significant maintenance as
compared to other components. They may or may not include under floor
distribution of mechanical and electric services and thereby can be subdivided
into two sub-components:

= Access flooring systém

* Floor finishes
In general the flooring systems should be designed and constructed continuously
from one side of the floor area to the other and then partition wall created to allow

the interior space reconfigured more easily without affecting the floor.
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3.1.2.2 Ceiling systems and finishes

These may be of the form:

= Exposed/ Unfinished Ceiling
Mechanical and electrical distribution systems which may typically be
located in ceiling plenum can instead be located within the floor or left
exposed at the ceiling level

= Tightly Attached Ceiling
The kunderside of the structure is finished with tightly attached finishes to
the underside of wood or steel joists or concrete slab

= Suspended Ceiling System
With these assemblies, ensure a built in access point to the plenum space
in order that duct work and lighting can be assessed without damage to

the ceiling finish

3.1.2.3 Interior partitions ~ Fixed
Interior walls to be finished in plaster or gypsum board are typically framed in
metal, though wood framing is also used where allowed within combustibility

requirements of the building code. A masonry wall of concrete block may also be

used. It also includes doors and horizontal wire chases.
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3.1.2.4 Interior partitions — demountable

Typically demountable partition systems use concealed mechanical fasteners to
affix gypsum or glass panels that can be disassembled and reassembled without
damage to the system. They may be progressive or non progressives with
difference being that the progressive systems have to be erected and

disassembled in a specific order.

3.1.25  Mechanical fit-up — HVAC distribution and control (excluding

base building)

Typically in fit-up or refit situation, tenant is provided access to main supply and
exhaust ducts. They are of the two type’:
* Ceiling based HVAC system

= Under floor Air distribution system

3.1.26  Electric fit-up — Lighting distribution (excluding base building)
The system consists of:
= Modular lighting

= Cable management system (excluding base building)
3.2 Total life-cycle costing

The final component of the study is to create a total life cycle costing model for a

design for disassembly building and to evaluate the different scenarios involved.
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Even though design for disassembly has been realized to be an interesting
alternative to conventional design aiming for a sustainable development,
unfortunately those concepts are not translated into action [20]. The reason for
this is, that usually the whole life cycle of a building is not taken into account at
the design stage and the information is generally lacking on how alternate
designs can influence the whole life of the building from economic as well as

environmental point of view.

In order to provide designers with more information on a “Design for
Disassembly” a tool for the assessment of the building elements has to be
developed that focuses on connection selection for the different building layers/
components, its influence on material and energy flow, as well as the quality of

building waste materials.

All life cycle stages can be analyzed with an emphasis on those stages, where
connection between elements and layers is supposed' to have an influence
(maintenance, refurbishment, demolition and disposal), as those are the life
stages which promise the most improvement effect on the sustainability of a
structure. Environmental and economic criteria are taken into account in order to

optimize a structure.
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Following the optimization, additional aesthetic criteria must be considered.
These criteria are assessed qualitative. Aspects like acceptance of the user are
considered. Especially when regarding demountable structures these criteria are
of considerable importance, as the application of these structures can have
negative visual side effects like external ducts and are not always accepted by

the user.

3.21 Fundamentals of life cycle costing

LCC technique is a cost oriented method. It focuses on cost-effectiveness
solutions and takes into account overall relevant cost in a specified time period.
Net Present Value method is usually used to compare with the alternatives or
evaluate assets. Overall costs are here considered such as gathering capital,
income, operating and maintenance costs, replacement costs, and salvage costs
etc. Study of asset costs performance, which includes historical costs, current
costs and forecasting future costs, is one of the typical features of LCC

technique.

3.2.1.1 Cost Categories and Cost Model

In office building LCC analysis, the costs (income included) are usually divided
into the following five categories:
» Capital Costs; also referred to as initial cost. They are considered as one

time hegative cash flow.
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» Operating and Maintenance Cost (O/M); Running costs. They are
considered as annual negative cash flow.

= Replacement Costs; They are one time periodical negative cash flow.

* Income; They are considered as annual positive cash flow.

= Salvage Value; Resale of a building is a one time positive cash flow and

disposal of a building is a one time negative cash flow.

3.21.2 Cash Flow and Computational Model

To set up a computational model is to establish a mathematical expression
(formula normally), which can reflect the physical conditions of all relevant costs
performance in a specified period of time. Cash flows are made up by relevant

costs, which correspond to each cost model.

The LCC technique is a mathematical approach. Usually, it uses basic economic
evaluation methods, such as Net Present Value (NPV), Annualized Equivalent
Cost (AEC), Annualized Equivalent Value (AEV), Discount Benefit to Cost Ratio

(BCR), and Discounted Saving to Investment Ratio (SIR) etc.

3.2.2 Life cycle assessment

Life cycle assessment is a rigorous method for assessing the environmental
impact of a product, a service, or a building (Crowther, 2003). A life cycle

assessment of a building involves making an environmental assessment of all of
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the impacts, which the project has at each of the stages of the building’s life
cycle. The commonly used model of life cycle assessment for materials and
energy is based on a linear model of the building over time. This linear model of
the building’'s life treats the project as a once through system in which the
building progresses through a number of stages from inception, through design,
construction, operation and maintenance, refurbishment, and finally to

demolition.

Similarly the model of the life cycle of materials is treated as a once through
system passing from raw materials extraction, through materials processing,
assembly and construction, operation, and finally to demolition. This life cycle
model is often referred to as a ‘cradle to grave’ model, where an assessment is
made of all the impacts from the materials birth to its death. In performing a life
cycle assessment, each of the stages of the life cycle is assessed for the
potential environmental impacts at that stage. kThese impacts will relate to the
inputs-and outputs to and from the system and may include, but not be limited to,
natural resource depletion, energy use, poliution and waste production, species

and habitat loss, human health, and social issues.

3.2.21 LCA design tools

The intersection between the environmental impacts of the products and the
overall impact of the building has prompted the development of integrated
environmental design tools for building. These tools allow trade-offs between

higher embodied impact and lower operational impact to be evaluated. These
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calculation tools can demonstrate the very significant trade-off between material
and specification choices and the operational performance of buildings. This is
important as most significant decisions about a new design are made at the
beginning of the design process, so immediate feedback on energy use and
material choice is crucial. Athena is one such tool developed by Athena

Sustainable Materials Institute, Canada (www.athenasmi.ca) and has been used

in this study for not only its extensive database but also being available to the
Concordia University as a research tool. The methodology developed through
this study can be similarly employed to use the output data from other LCA

design tools.
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Chapter 4

4.0 Athena’s Environmental Impact Estimator

Before proceeding further with the discussion, it is felt, that some mention of the
LCA tool employed as an example in the study is required. As already
mentioned, methodology developed in this study is illustrated by Using Athena’s

Environmental Impact Estimator.

The Environmental Impact Estimator is a systems model for assessing the
relative life cycle environmental implications of alternative building designs,
intended for use by architects, engineers and researchers at the conceptual
design stage. One objective is to put environmental considerations on a footing
with other more traditional decision criteria. The Environmental Impact Estimator
makes the process relativély simple because the Athena Sustainable Material
Institute has already done the life cycle inventory (LCI) work and users of the

software need not be concerned about this complex and costly step.

However many users want to be assured about the quality of the data, and to
better understand how it was developed. Consequently it is desired the
Environmental Impact Estimator to be more than a ‘black box’ so that they can

feel confident using the results and advising clients accordingly. To make the
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process fransparent, Athena Sustainable Material Institute has published
different reports (also included with software in the form of a separate CD), which
are intended to provide that understanding and assurance. Institute studies and
publicétions fall into two general categories:
= investigative or exploratory studies intended to further general
understanding of life cycle assessment (LCA) as it applies to building
materials and buildings; and
» individual LCI studies that deal with specific industries, product groups

or building life cycles stages.

All studies in this Iattef category are firmly grounded on the principles and
practices of life cycle assessment, and follow the published Research Guidelines
which define boundary or scope conditions and ensure equal treatment of all
building materials and products in terms of assumptions, research decisions,
estimating methods and other aspects of the work. The Research Guidelines are

also provided on a CD.

However, integration of the LCI data is a primary function of the Environmental
Impact Estimator itself, and therefore caution must be employed that individual
LCI reports are not necessarily stand-alone documents. For example, a report
may specify the amount of electricity used in production processes without taking
account of the primary energy required to generate that electricity. Similarly, a

report will include estimates of transportation requirements in mode and distance
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terms without including the energy use and emissions associated with that
transportation. The essential missing energy production, conversion, and use
estimates are the subject of entirely separate databases embedded in the

Environmental Impact Estimator.

In some situations, the Environmental Impact Estimator aiso calls on related
product databases to complete a calculation. For example, the report on concrete
products includes estimates of reinforcing steel requirements, but the concrete
report does not include the effects of producing that steel. Those effects are the
subject of the separate steel réport, and the Environmental Impact Estimator

calls on databases from both reports to complete its calculations.

4.1 Athena’s System inputs/ outputs

The details of the proposed design can be input to the system for its inbuilt
database to carrybut a detailed life-cycle inventory and asses the environmental

impacts (Fig. 1)

The environmental impacts of the proposed design would then be calculated.
Athena’s output model produces a detailed life cycle inventory for an entered
design. It also generates a set of summary results in graphical and tabular form

(Fig. 2) showing:

. aggregate ecologically weighted resource requirements;
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embodied energy inputs by type;

Modify a concrete flat plate slab and columns system

ﬁ footing ko basement
‘ Footing to'stalis -
" footings to columns

= {5 wals _
: * Concrets Cast-In:Place Wféll :
A Basement Ext Walls -
A stei ext. malls
Steel Stud wall - -
 Exterior infil walls

mrﬁta? walls :

Figure2: Example of design input for a concrete office building (ground floor details)

global warming potential;
an index of water pollution effects;

an index of air pollution effects; and
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Figure 3: Example of summary output for a steel office building.

The six environmental measures used to summarize the environmental

assessment results provided by Athena™ are:

4.1.1 Embodied primary energy

Embodied primary energy is reported in Mega-joules (Mj). Embodied primary
energy includes all energy, direct and indirect, used to transform or transport raw
materials into products and buildings, including inherent energy contained in raw
or feedstock materials that are also used as common energy sources. (For

example, natural gas used as a raw material in the production of various plastic
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(polymer) resins.) In addition, the model captures the indirect energy use
associated with processing, transporting, converting and delivering fuel and

energy.

4.1.2 Solid waste

Solid waste is reported on a mass basis in kilograms and is generally self-
explanatory. In the model no attempt has been made to further characterize

emissions to land as either hazardous or non-hazardous.

All other measures are indices requiring more explanation and interpretation.
They have been developed because of the difficulty of using and interpreting
detailed life cycle inventory results. For example, it takes considerable expertise
to understand and appreciate the significance of the individual emissions to air
and water. Both categories encompass a relatively large number of individual
substances with varying environmental impacts. In tﬁe case of raw resource use,
there is no real basis for comparison from one material to another in terms of
environmental impact. The model therefore compiles related numeric results into
indices that summarize the results by indicating potentials for environmental

impacts.

4.1.3 Raw resource use

Raw resource use can be measured in common units such as tonnes, but a unit

of one resource like iron ore is not at all comparable to a unit of another resource
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life timber or coal when it comes to environmental implications of extracting
resources. Since the varied effects of resource extraction, (e.g., effects on bio-
diversity, ground water quality and wildlife habitat, etc.) are a primary concern, it
is desired to make sure they are taken into account. The problem is that while
these ecological carrying capacity effects are as important as the basic life cycle
inventory data, they are much harder to incorporate for a number of reasons,

especially their highly site-specific nature.

Athena’s approach was to survey a number of resource extraction and
environmental specialists across Canada to develop subjective scores of the
relative effects of different resource extraction activities. The scores reflect the
expert panel ranking of the effects of extraction activities relative to each other for
each of several impact dimensions. The scores were combined into a set of
resource-specific index numbers, which are applied in Athena™ as weights to
the amounts of raw resources used to manufacture each building product. The
Weighted Resource Use values reported by Athena™ are the sum of the
weighted resource requirements for all products used in each of the designs.
They can be thought of as “ecblogically weighted kilograms", where the weights
reflect expert opinion about the relative ecological ‘carrying capacity effects of
extracting resources. Excluded from this measure are energy feedstock used as
raw materials. Except for coal, no scoring survey has been conducted on the

effects of extracting fossil fuels, and hence, they have been assigned a score of
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one to only account for their mass. The weighting factor for each raw material is

set out below:
Weighted Resource Use
Same as normal resource converted to mass quantities except:
LIMESTONE * 1.5
IRON ORE * 2.25
VCOAL *2.25

WOODFIBER * 2.5

4.1.4 Global warming potential

Global warming potential (GWP) is a reference measure. Carbon dioxide is the
common reference standard for global warming or greenhouse gas effects. All
other greenhouse gases are referred to as having a "CO, equivalence effect”
which is simply a multiple of the greenhouse potential (heat trapping capability) of
carbon dioxide. This effect has a time horizon due to the atmospheric reactivity or

stability of the various contributing gases over time.

As yet, no consensus has been reached among policy makers about the most
appropriate time horizon for greenhouse gas calculations. The International
Panel on Climate Change100-year time horizon figures have been used by

Athena as a basis for the equivalence index:
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CO, Equivalent kg = CO, kg + (CH,4 kg x 23) + (N2O kg x 296)

While greenhouse gas emissions are largely a function of energy combustion,
some products also emit greenhouse gases during the processing of raw
materials. Process emissions often go unaccounted for due to the complexity
associated with modeling manufacturing process stages. One example where
process CO» emissions.are significant is in the production of cement (calcinations
of limestone). Because Athena™ uses data developed by a detailed life cycle
modeling approach; all relevant process emissions of greenhouse gases are

included in the resultant global warming potential index.

4.1.5 The air and water pollution measures

The air and water pollution measures are similarly intended to capture the
pollution or human health effects of groups of substances emitted at various life
cycle stages. In this case Athena used the commonly recognized and acceptekd
critical volume method to estimate the volume of ambient air or water that would
be required to dilute contaminants to acceptable levels, where acceptability is

defined by the most stringent standards (i.e., drinking water standards).

Athena™ calculates and reports these critical volume measures based on the
worst offender -- that is, the substance requiring the largest volume of air and

water to achieve dilution to acceptable levels. The hypothesis is that the same
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volume of air or water can contain a number of pollutants. However, there are
concerns about the cumulative or synergistic effects of some substances and this

so far has not been taken into account by Athena.

Athena’s Environmental Impact Estimator results also subdivide these impacts

totals into the life cycle stages such as:

Manufacturing

Construction

Operation and Maintenance

End-of-Life
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Chapter 5

5.0 Proposed Methodology

5.1 Introduction:

This research aims at developing a methodology that utilizes the environmental
impact of building materials/components (in the form of a costing element) o be
used in the standard life cycle costing to establish a total life cycle costing
(TLCC). This methodology will be ‘developed in the form of a Design Support
System (DSS) that enables designers to produce cost alternatives of partial
and/or complete building designs that account for economic as well as
environmental life cycle costing (TLCC). To achieve this objective the following
sub-objectives will be fulfiled: 1) To develop a framework to quantify
environmental impact (global and local) of building materials/components, 2) To
convert the abpve environmental impact into a life cycle costing (LCC) element
that could be evaluated and/or calculated along‘ with the currently used LCC
elements, and 3) To incorporate the resulted TLCC into a design support system

(DSS) that helps building designers, at the design stage.
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Successful completion of this research will bring identifiable benefits to members
in academic consultative, manufacturing and authoritative communities. The
completion of this research will also enhance the understanding of the impact of
building materials on indoor and global environments. Further it will enable
building designers to develop alternatives of their designs based on TLCC at
. different design stages to better communicate sustainable design ideas with

clients.

6.2 Life cycle assessment

Further to the introduction of the basic concepts in section 3.2.2, An LCA
consists of four distinct ‘methodology steps’ [17]. Successful application of these
steps requires a clear identification of the product, its life cycle, the choice of
technical systems to be represented in the system boundaries and statements of
basic anticipations. These four steps are
’ 1. Goal and Scope definition

= Life cycle definition

= Functional unit

= System boundaries and data quality requirements

= Critical review process

2. Inventory Analysis
= Data collection
= Refining system boundaries

= Calculation procedures
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3. Impact Assessment
= Category definition
= Classification
- Characterization
=  Weighting
4. Interpretation of Results
= Reconsider the definitions and assumptions made in the

Goal and Scope definition step.
The term Life Cycle Iinventory Analysis (LCI) is often used as name for steps one
and two of a Life Cycle Assessment.

The term Life Cycle Impact Assessment (LCIA) is often used as name for steps

one to four.

LIFE CYCLE INVENTORY ANALYSIS
LIFE CYCLE IMPALT ANALYSIS
e

LIFE CYCLE ASSESSMENT .

Figure 4: Life cycle inventory, analysis, and assessment methods [17] v
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5.3 Fundamentals of life cycle costing

Further to the introduction of the basic concepts in section 3.2.1, LCC analysis is
an economic method for evaluating a project or project alternatives over a
designated study period. The method entails computing the LCC for alternative
building designs'or systems specifications having the same purpose (functional
use) and then comparing them to determine which has the lowest LCC over the

study period [1].

The LCC method is particularly suitable for determining whether the higher initial
cost of a building or building system is economically justified by reduction in
future costs (for example operating, maintenance, repair, or replacement costs)
when compared with an alternative that has a lower initial cost but higher future

costs.

5.3.1 Procedure

Following steps are undertaken in the calculation of LCC:

Objectives, Alternatives, and Constraints

Design or system objective that is to be accomplished is specified and alternative
designs and systems that accomplish the objective are identified. Any constraints

that limit the available options to be considered are also identified at this stage.
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Data and Assumptions

Basic Assumptions; Establishy the uniform assumptions to be made in
the‘ economic analysis of all alternative. These assumptions usually
include, but are not limited to, the consistent use of the present-value or
annual-value calculation method, the base time and study period, the
general inflation rate, the discount rate, the comprehensiveness of the
analysis, and the operational profile of the building or system to be

evaluated.

Present-Value versus Annual-Value calculations; the LCC project
alternatives must be calculated uniformly in present-value (all costs
discounted to base time) or annual-value terms (all costs converted to a
uniform annual amount equivalent to the present value when discounted

to the base time).

Study Period; the same study period must be used for each alternative
when present-value calculations are used. An annual-value LCC may,
under certain restrictive assumptions, be used to compare alternatives

with different study periods.

Inflation; LCC analysis can be calculated in terms of constant-dollars (net
of general inflation) or current-dollars terms (including general inflation). If
latter is used, a consistent projection of general price inflation must be

used throughout the LCC analysis.

Discount Rate; it should reflect the rate of interest that makes the investor

indifferent between paying or receiving a dollar now or at some future
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point in time. Select a discount rate equal to the rate of return on next best

available use of funds.

= Comprehensiveness; the appropriate Ievel of effort comprehensiveness
depends upon degree of complexity of the problem, the intended purpose
of the evaluation, the level of monetary and non-monetary impacts
contingent upon the investment decision, the cost of different levels of

comprehensiveness, and the resources available.

Cost Data

Compile the cost data required to estimate the LCC of each alternative design or
system to be evaluated. This includes the timing of each cost as it is expected to

occur during the study period.

The measurement of the LCC of a building design or building system requires
‘data in initial investment costs, including the cost of planning, design,
engineering, site écquisition and preparation, construction, purchase, and
installation; financing costs (if specific to the investment decision); annually and
non-annually recurring operating and maintenance coété (including, for example,
scheduled and unscheduled maintenance, repairs, energy, water, property taxes,
and insurance); capital replacement costs; and resale value (or salvage /
disposal costs). Data will also be needed for functional use costs if these costs

are significantly affected by the design or system alternatives considered.
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Omit from LCC evaluation costs that are not significantly affected by the design

decision or system selection.

To select among design or system alternatives solely on the basis of the lowest
LCC presumes that each alternative is at least capable of satisfying the project
requirements and that analyses have been conducted using same operational

profile.

In addition to the compiling all relevant costs, the timing of each cash flow must
be determined. The time of occurrence is needed so that cost incurred at
different points in time can be discounted to their time equivalent values before
summation. Cash flows maybe single events, such as one time replacement cost
or a resale value. They may be recurring and relatively constant in nature, such
as routine maintenange costs, or they may occur at regular intervals but change
over time at some projected rate of increase or decrease, such as energy costs.
Costs may occur in lump-sum amounts, concentrated at a certain time of year,
such as annual insurance premium. They mayi be spread out evenly'over the
year, such as salaries, or they may occur irregularly during the year. Rather than
accounting for the specific pattern of each cash flow, a simplifying model of cash
flow is usually adopted for an LCC analysis. In the simplified model, all cash
flows in a given year are assumed to occur at fhe same point in time within the

year, usually at the end of the year.
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Compute LCC

To compute the LCC of a building or building systerh, all relevant cash flows in
period t = O through t = N are discounted to a common point in time and
summed. Concep_tually, the computation of an LCC in present-value terms

(PVLCC) can be represented as:

PVLCC = Z G

Where:
Ci = the sum of all relevant costs occurring in year t,
N = length of study period, years, and

i = the discount rate

For ease of computation, the following equivalent approach can be used instead
of the above equation; find the present value (PV) of each cost category (for
example, initial cost, maintenance and repair, replacement, fuel, and resale

value). Then sum these present value amounts to find PVLCC;
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PVLCC =IC + PVM + PVR + PVE - PVS
Where:
IC  =initial cost
PVM = present value of maintenance,
PVR = present value of replacement,
PVE = present value of energy/fuel,

PVS = present value of salvage—vaiue.

Note that resale value, when explicitly expressed as a positive cash flow, is

subtracted from the other cost categories in calculating PVLCC.

6.4 Adding life cycle analysis costs

Building designers are not yet equipped with satisfactory tools to help them
effectively in the process of holistic sustainable building design. As explained in
section 24 in order for clients to be convinced, and for authorities to impose
incentives and/or penalties to protect the environment, the environmental impact
of buildings needs to be evaluated in cost estiméte format [2]. In other words,
there is a need to incorporate the environmental impacts of buildings and building

materials/ components into the LCC (Fig. 4).

In particular these impacts typically include:
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» depletion of scarce and non-renewable fuels such as oil and natural gas
= depletion of scarce materials such as exotic hardwood timbers

» depletion and contamination of scarce water supplies

= depletion and pollution of scarce farming land for non farming purposes

= generation of CO,, CFC, and other airborne pollutants

Goal:
Select Environmental Fridley
Ruildina Material

Economics Durability Environmental Operation & Esthetics
Impact Maintenance

Others Embodied Recyclability Direct Waste Emissions Others
Enerav

Figure 5: Example hierarchy for selecting environmental friendly building material

= destruction of rare native plant species
= destruction of native animal habitat such as rainforests

= creation of health risks in the use and disposal of toxic materials
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» creation of occupational health risks through biological and chemical

pollutants

= contamination of the natural and built environment through pollution

generation and waste disposal

By adding these costs, relevant to each design alternative, based on the same
study and base period as for already calculated LCC, in to the calculated LCC, it

can be referred to as the Total Life CycleCost (TLCC). Therefore, if

LCC=IC+M+R+F-S

Then,
TLCC=IC+M+R+F-~S+ELCC
And,
ELCC=EEC+EMC+WPC+REC + ....... etc.
Where:
LCC = Life cycle coét TLCC = Total Life cycle cost
IC = |Initial cost ELCC = Environmental Life cycle cost
M = Maintenance cost EEC = Embodied energy cost
R = Replacement cost EMC = Emission costs‘
F = Fuell energy costs WPC = Water pollution costs
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S = Resale/ salvage value REC = Recycling costs

if the values for different environmental costs are known or are available to the
designer, the same can directly be put in the TLCC equation to calculate the
combined value for LCC and ELCC, which would be of great benefit to the
designer/ decision maker in selecting the overall best alternative among all the

possible options.

However if these values are not directly known, the designer would be able to get
the relevant values for these parameters from the proposed design support
system (DSS) Fig. 5, which would be based on the existing environmental impact

estimating software (for example Environmental Impact Estimator developed by

Figure 6: Schematic of environmental and economic life cycle costing design support
system.
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Athena Sustainable Materials Institute, Canada) and would convert the
environmental impact of the proposed design alternative into a life cycle costing

(LCC) element to be used as ELCC in the above equation.

In order to associate design and material considerations into the proposed
methodology while using the existing environmental impact estimating software
(for example Environmental Impact Estimator developed by Athena Sustainable
Materials Institute, Canada), it is proposed based on the characteristics of the

design alternative, such as:

1. Design Considerations
= Component accessibility
= Convertibility
= Building systems indepéndence
= Versatility
= Simplicity
» Flexibility
" Expandébility
= Re-furbish ability

2. Méterial Considerations

= Exposed, reversible and universal connections
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* Inherent finishes
»  Compatibility

» Re-usability

* Re-cycle ability

= Durability

= Re-furbish ability

5.4.1 Required designer inputs

The user/designer would be required to define/ input following three parameters:

1.

Degree/ Level of conformity (L):

Define a level best describing as per his judgment the degree (expressed
on a scale of 0 to 100) to which the proposed design conforms to the basic

principles of design for disassembly
Number of expected uses (N):

The number of times, according to his best judgment, the assembly

components would be used during their serviceable life
Monetary value to unit environmental damage:

User would be required to input relative $ value per unit of each of the
environmental impacts assessed by Athena, in order to convert each into

a life cycle costing (LCC) element.

56



5.4.2 Calculation of the environmental impacts

It is proposed that depending upon the degree/ level of designed for disassembly
and number of expected uses selected by the user, the component effects on
environment, per life cycle, for Manufacturing and End-of-Life stage are reduced
by that extent. For example a building designed for 100% disassembly (ideal
situation) will have a net negative effect on environment after useful life of
assembly equal td the total impact divided by the number of expected design
assemblies of the components as compared to another design for 0%

disassembly.

It is also proposed that the environmental consequences of the Construction and
Operational and Maintenance stages of the life cycle would be considered to be

unaffected by the choice of degree of designed for disassembly.

Then,

TLCC=IC+M+R+F-8S+ELCC
And,

ELCC =R (Elwus) *+ Elcs + Eloms + R (EleoLs)
Where:

TLCC : Total Life cycle cost

IC : Initial cost
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M : Maintenance cost

R : Replacement cost
F : Fuel/ energy costs
S : Resale/ salvage value

ELCC : Environmental Life cycle cost

R - Recyclability factor; R = (1 - %L + %L / N)
L : Level of conformity to design for disassembly
N : Number of expected uses of components of design assembly

EIMS : Athena’s total environmental impact for Manufacturing stage

EICS : Athena’s total environmental impact for Construction stage

EIOMS : Athena’s total environmental impact for Operation and Maintenance
stage

EIEOLS: Athena’s total environmental impact for End-of-Life stage

Therefore it is proposed that the environmental impacts (local and global) of the
building materialslvcomponents have to be quantified into standard costing format
and included into standard life cycle costihg evaluations to achieve a total life’
cycle costing, which is absolutely essential for the comparison of different design/

system alternatives in order to select the most sustainable building solution.
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5.4.3 Example of calculation of R factor

The user/ designer selected the following value, based on his judgment;

L=75 (75% of materiél is expected to be recovered for further use after
disassembly)

N=4 (Recovered material can be expected to be used in 4 different
assembly cycles; environmental impacts due to recoverable

material has to be divided into 4 assembly cycles)

Then,
R =(1-%L + %L/N)
={1-75/100 + (75/100)/4}

=1-0.75 + 0.1875 =0.25+0.1875=0.4375

—

Environmental Environmental impact
impact factor due factor due to recoverable
to unrecoverable material per each
material assembly cycle

5.5 Guidelines for the determination of “L” and “N” factors

The two factors, namely degfee/ level of conformity (L) and number of expected
uses (N), introduced in the section 5.4.1, are the basis of the calculations to
distribute the environmental impacts across different assemblies and to calculate
these impacts per each assembly cycle of the buildings designed for
disassembly. Since these factors deal with the prediction of the performance of

the assemblies/ subassemblies in future, in order to predict their value as
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accurately as possible, it is proposed that these values should be determined in

two stages (Fig. 6).

Stage |

Step 1

Step 2

Specification

= Assemblies and sub-
assemblies

=  Materials

= Component size and
weight

= Connections (number
and type)

= Method and sequence
of assembly and
disassembly including
plant and equipment to
use

= Finishes
=  Tolerances

Estimation
= Manufacturers
= Construction companies
= Consultants

Stage I

Standardization

= Standardization across
construction industry of
specifications of
assemblies and
subassemblies

Data collection and usage
=  Manufacturers

= Construction companies

= Consultants

= Professional bodies

= Commercial organizations
» Regulatory bodies

Figure 7: Two stages in the determination of the values for L and N factors.
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In stage |, as a first step detailed specifications of each and every assembly/ sub-
assembly should be developed. These specifications should include materials,
component sizes and weights, types and number of connections used, method
and.sequence of assembly; including plant and equipment to use, finishes and
allowable tolerances. As a second step manufacturers of these systems and/ or
construction companies and consultants should estimate the values for these
factors to the best of their judgment. It should be noted that with the passage of
time, repeating the same specifications over time and checking the actual
performance of the previous assembilies, these estimates will become more and

more accurate.

In stage lI, the specifications will become standardized across construction
industry, facilitating the wide spread data collection and usage. It is hoped that at
such stage in addition to previously mentioned manufacturers, construction
companies and consultants, this data will be collected and distributed through
professional bodies, commercial organizations (like R.S. Means) and probably
some regulatory bodies. This will iead to more accurate credible and accurate

values and greater acceptance of the results by the construction industry.
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Chapter 6

6.0 Case study

In order to elaborate the methodology presented in this research, a short case

study is undertaken.

6.1 Case study data
A 16,113 ft? three story steel office rental building in Montreal, designed for

disassembly, with a life expectancy of 30 years was analyzed.

Following assembly-wise design data was assumed:

6.1.1 WF steel beams and HSS steel columns

Assembly # of # of Bay | Floorto | Supported | Live
name | bays rows | size fioor span (ft) | load
per (ft) | height (ft) (psf)
row
Basement 3 3 30 9.843 - 20-30 75
Ground 3 3 30 11.812 20-30 75
Second 3 3 30 11.812 20-30 75
Third (roof) 3 3 30 11.812 20-30 45
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6.1.2 Floors and roofs

Concrete flat plate slab on columns

Assembly | Concrete | Area | # of | Bay | Floor | Bay | Live | Type | Concrete
name (psi) (ft>) | bays | size to span | load fly-ash
(ft) | floor | (ft) | (psf) (%)
height
(ft)
Ground 3000 2700 3 30 | 11.812| 30 45 Floor | average
Second 3000 2700 3 30 {11.812| 30 |. 45 |Floor| average
Third 3000 |2700| 3 30 | 11.812| 30 | 45 | Floor | average
Envelope definition
Roof
Category Material Type Thickness (in)
Insulation Fiberglass Batt 2
Vapour Barrier Polyethylene 6 mill
Moisture resistant
Gypsum board Gypsum
5/8”
4 ply built-up Cellulose glass
Roof system 5
asphailt felt
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Floors

Category Material Type Thickness (in)
Fire-rated type x
Gypsum board Gypsum
1/2"
Paint Alkyd Solvent based
6.1.3 Foundations
Concrete footings
Assembly | Length | Width | Thickness | Rebar | Concrete | Concrete
name (ft) (ft) (ft) (#) (psi) fly-ash (%)
Footingto | .
187.0Q | 1.969 7.880 5 3000 average
basement
Footing to
66.932 | 1.969 11.820 5 3000 average
stairs
Footings
to 104.992 | 6.562 23.640 6 3000 average
columns
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Envelope definition

Category Material Type Thickness (in)
Vapour Barrier Polyethylene 6 mill
Concrete slab on grade
Assembly | Length | Width | Thickness | Concrete | Concrete
name (ft) (ft) (inch) (psi) fly-ash
(%)
Main Area | 73.823 | 70.870 4.0 3000 average
Stair
parking 19.686 | 12.468 4.0 3000 average
level
Envelope definition
Category Material Type Thickness (in)
Vapour Barrier Polyethylene 6 mill
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6.1.4 Walls

Concrete cast-in-place walls

Rebar

Assembly | Wall | Length | Height | Total # of | Concrete
name type (ft) (ft) | opening | window (psi) (#)
area units
(ft?)
Basement
exterior | Exterior | 187.0Q | 9.843 0.00 8 3000 5
wall
Stair
exterior | Exterior | 49.215 | 45.934 | 209.898 8 3000 5
wall
Concrete cast-in-place walls (continued)
Assembly | Thick. | Concrete
name | (inch) | fly-ash
(%)
Basement
exterior 8 average
wall
Stair
exterior 8 average |
wall
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Envelope definition

Exterior walls
Category Material Type Thickness (in)
Insulation Cellulose blown 25
Vapour Barrier Polyethylene 6 mill
Fire-rated type x
Gypsum board Gypsum
14
Paint Alkyd Solvent based
Cladding Brick (Metric) Modular
Other Polypropylene
Interior walls
Category Material Type Thickness (in)
Insulation Cellulose blown 2.5
Fire-rated type x
Gypsum board Gypsum
14
Paint Alkyd Solvent based
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Steel stud walls

Assembly | Wall | Length | Height| Total # of Sheathing

namé type (ft) (ft) | opening | window type
area units
(ft?)

Exterior

Exterior | 566.957 | 11.812 | 3000 80 plywood
infill walls
Stair wall | Exterior | 137.802 | 11.812 210 8 plywood

Steel stud walls (continued)

Assembly | Stud thick. Stud Stud weight
name (in) spacing
Exterior ‘

15/8x35/8 16 o.c. Heavy (20 Ga)
infill walls

Stair wall | 15/8 x3 5/8 16 o.c. Heavy (20 Ga)




Envelope definition

Exterior walls

Category Material Type Thickness (in)
Insulation Cellulose blown 25
Vapour Barrier Polyethylene 6 mill
Fire-rated type x
Gypsum board Gypsum
%,,
Paint Alkyd Solvent based
Cladding Brick (Metric) Modular
Other Polypropylene
interior walls
Category Material Type Thickness (in)
Insulation Cellulose blown 25
Fire-rated type x
Gypsum board Gypsum
'yzﬂ
Paint Alkyd Solvent based
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6.1.5 Operating energy consumption (per year)

Electricity: 24,000 kWH

Natural Gas: 600 m®

6.2 Data input to Athena

The design data was input to Athena (figure 7).

3 5 Extra Basic Materials
:

ﬁ Concrets Fiat Plate Slab on Columns.
{ Ground Foor -

Figure 8: Data input to Athena’s Environmental impact Estimator

6.3 Result outputs/ summary tables

Summary measure table by life cycle stages for total operating energy (figure 8)
along with summary measures by assembly groups and detailed envelope
material table (figure 9) was obtained from the Athena’s Environmental impact

Estimator.
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Figure 10: Summary measures by assembly groups and detailed envelope material table
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6.4 Selection of ‘L’ and ‘N’ values for each assembly

Following values of ‘L’ and ‘N’ were selected for each assembly

Assembly Name L (selected) N (selected) R (calculated)
Foundations 0% 1 1.00
Walls 70% 3 0.53
Beams & Columns 95% 5 0.24
Floors & Roofs : 60% 2 0.70
Extra Basic Material 50% 2 0.75
Where
L : Level of conformity to design for disassembly
N : Number of expected uses of components of design assembly
R : Recyclability factor; R = (1 - %L + %L / N)

6.5 Calculation of environmental life-cycle cost (EL.CC)

The output from the Athena along with the selected values for ‘L, ‘N’ and ‘R’
were input into the developed decision support system (DSS) to calculate the
ELCC value. A monetary conversion factor of $1.00 per each unit of

environmental impact was also assumed.
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Chapter 7

7.0 Conclusion and recommended future work

7.1 Conclusion.

Tremendous advancements in the industrialization and urbanization
accompanied by the massive construction have taken place over the last century.
These changes have occurred at a huge environmental cost. In order to sustain
the global environment as we know it, it is absolutely essential that we rethink our
strategies of technological advancement. These new strategies have to include

the way we construct.

To achieve the goal of “greener” construction techniques a lot of different
avenues are being explored. Design for disassembly or DfD as it is commonly
known, is one of the most promising ideas tb have being put forward to ’
accomplish this objective.- DD involves a total rethinking of the traditional
designing process of the building construction. in DfD, the plan to convert the
building or any component that of, at the end of its useful life, into elements that
can effectively be used in another construction is crucial to its basic design
concept. It in that sense totally revolutionizes the way buildings are traditionally

conceived with only the purpose or function during its useful life being
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considered. We have seen that the practice of total disregard of the disposal
strategies of buildings or their components once they have served the design
function has led to enormous amount of demolition waste being generated with
according to estimates 136 million tonnes of such waste being generated in
United States alone. With landfill sites becoming hard to find and at a more and
more economic and environmental cost, across board acceptance of the practice
of DD can result in the reduction of demolition waste and consequent savings in

terms of economic and environmenfal benefits by up to 80%.

Another major advantage of DfD is in terms of substantial savings of invested
embodied energy of materials, thus reducing the input of new embodied energy
in reprocessing or remanufacturing materials and thus reducing the production of

green house gasses in these processes.

Design for Disassembly ha‘s thus a great potential for renovation and
deconstruction of base as well as interior structures, thereby making good use of
existing and future building stock in the face of a dynamic ever-changing work
force and rapidly evolving technologies and workplace standards. It is the need
of the hour to have more flexibility in the built environment to cater for these
changing requirements and save the built environment from becoming obsolete

at an alarming rate.
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For the application of the concépts of sustainability in the construction sector the
practice of evaluating the competing design options through the life—éycle costing
alone is not enough and environmental costs assessed through a life cycle
assessment have to be converted in to economic format and diréctly added to
LCC to achieve total life cycle cost which is a more realistic representation of all
costs associated with a particular design option. First steps in determining of the
factors to convert environmental costs to economic format have already being
taken through the efforts of United Nations Framework Convéntion on Climate
Change (UNFCCC) by establishing the framework for international emissions

trading.

The databases to calculate the environmental costs of a particular design options
through the application of life cycle assessment techniques have been developed
at the expenses of enormous amounts of money, time and effort. These
databases howevef Ia>ck any modality to adjust their results for a building
designed for disassembly with substantial number of its elements being reused
as such in other assémblies rather than being recycled. Through this research an
effort is being made to present a methodology to overcome this shortcoming of
these existing databases and to adjust their results to truly reflect the

environmental costs of DfD buildings.
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It is hoped that this research will result in stimulating more efforts in adoption of
the design for disassembly and the application of total life cycle costing as the

evaluating criteria of different design options by the construction industry.

7.2 Recommended future work
Through this research a frame work has been suggested to distribute the
environmental impacts associated with buildings designed for disassembly
across its different assemblies and as such calculate these impacts per each
assembly cycle of the building. In order to make use ofbthis frafnework and to
meaningfully employ the methodology presented, the future scholars should
continue the work to overcome the limitations of the research as mentioned in
section 1.3, | would recommend that immediate work should be carried out on
two fronts:
=  The factors {o convert the environmental impacts from the outputs
of the LCA database to cost format, which were left as inputs from
the uéers of this proposed methodology, have to be determined and
agreed upon in order to calculaté the total life cycle cost and make
practical use of this research.
* Fundamental to the proposed framework are the two suggested
factors, namely “L” and “N”. These factors, as explained, deal with
forecasting the future and by _nature a lot of work and data

collection is required to make these predictions more and more
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accurate. As suggested in section 5.5 of the guidelines these

should be developed in the two suggested stages
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