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Abstract
Developing tools and methodologies for the evaluation of sustainable buildings is essential to promote transparency in the

building design community. Building sustainability includes attributes from the built, natural, and social systems and
inherently requires a series of trade-offs. These complex and often competing priorities require consideration at each stage of
a building’s life cycle.

A total of 24 environmental, social, and economic indicators were developed and applied to three alternative building
systems: cross-laminated timber (CLT), steel and glass, and reinforced concrete.

The goal of this study was to demonstrate the use of a multi-attribute decision support system (MADSS) that uses a series
of indicators, assigns numerical values to these indicators, and then allows for systematic evaluation and ranking of
alternatives. A case study approach was used to demonstrate the utility of the MADSS approach in identifying ‘‘hot spots’’
and trade-offs for the three building systems. Portland, Oregon, was selected as the location for the alternative buildings. The
functional unit for this study was a mixed-use nine-story building with an area of 19,000 ft2. All processes from extraction of
raw materials to end-of-life operations were considered in this study. The CLT building was found to have a higher rank
compared with concrete and steel in all three attributes of environmental, economic, and social sustainability.

The results of this study are intended to serve as a demonstration of the MADSS tool for building systems and to identify
hot spots in the various indicators utilized for sustainability evaluation. The ranking of environmental, social, and economic
attributes of building materials on specific indicators will vary with the interests of stakeholders and the building’s location,
type, design, and other factors.

For long-term investors, property is typically expected
to perform two functions in a portfolio: provide diversifi-
cation benefits and long-term sustainable income. For this
reason, long-term investors should be aware of the
environmental and social global trends that are increasingly
affecting the property industry, with potentially significant
impacts to a portfolio in the years to come. The world needs
more energy and housing to enable continued economic
development and population migration. By 2035, the
International Energy Agency (2007) estimates that energy
demand could increase more than 30 percent. This is due
predominantly to global trends, such as the growing global
population, the expanding economies of developing coun-
tries, and urbanization (Pivo and McNamara 2005).
Producing more energy will generate a host of environmen-
tal, social, and economic costs. Anticipating these costs, we
need to evaluate property development alternatives with the
goal of minimizing energy consumption in the construction
and occupation of buildings.

The construction and operation of buildings is responsible
for the consumption of up to 40 percent of global energy
use, causing at least one-third of greenhouse gas emissions
due to construction-related activities (Pérez-Lombard et al.

2008, Robertson et al. 2012). Meeting the demand for more
energy while avoiding the environmental, economic, and
social threats posed by growing fossil fuel use is a challenge
for the sustainable development of buildings.

Sustainably managed forests sequester carbon in the near
and long term and also provide durable wood products for
housing, offices, and public buildings. Traditional dimen-
sion lumber and panel production used in ‘‘stick-built’’
construction has limitations for multistory commercial
housing designs. In contrast, cross-laminated timber (CLT)
has been used in midrise construction (6- to 12-story
buildings) and offer an option for lowering the economic
and environmental costs associated with midrise buildings
(Lehmann 2013).
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Building sustainability involves various relations between
built, natural, and social systems and an associated series of
trade-offs at each stage of a building’s life cycle (Conte and
Monno 2012). To cope with this complexity, systematic,
holistic, and practical approaches to sustainable building
design need to be developed (Vilcekova et al. 2015).

No clear criteria exist for evaluating building sustainabil-
ity that include environmental, social, and economic
attributes, and measuring and weighting potential criteria
remains unresolved (Yang et al. 2008). However, several
tools and methodologies have been developed for the
analysis of complex systems and trade-offs. Multi-criteria
decision analysis (MCDA) can be described as ‘‘a collection
of approaches which seek to take explicit account of
multiple criteria in helping individuals or groups explore
decisions that matter’’ (Belton and Stewart 2002). Accord-
ing to Scott et al. (2012), the purpose of a decision support
system is not to replace the decision maker but rather to aid
the decision-making process by presenting complex,
interlinked data in a way that allows the impacts of different
choices to be more clearly understood.

MCDA is a practical tool and has useful features for
evaluating complex problems, such as dealing with mixed
sets of quantitative and qualitative data, including expert
opinions and public input. The structure of MCDA enables a
collaborative environment for decision making and accom-
modates the participation of multiple stakeholders (Belton
and Stewart 2002, Mendoza and Prabhu 2009). Group
decision making in MCDA involves identification of
participants, providing information to decision-making
participants to enable contributions, and aggregation of
information provided by the participants (Mendoza and
Martins 2006).

The multi-attribute decision support system (MADSS)
tool and methodology has been previously used to evaluate
environmental, social, and economic attributes for agricul-
tural management systems and for bioenergy case studies
(Pelzer et al. 2012, Vasileiadis et al. 2013, Radics et al.
2015, Parish et al. 2016). Pelzer et al. (2012) and Vasileiadis
et al. (2013) developed DEXi Pest Management for ex ante
assessment of sustainability of cropping systems. The
studies combined expert surveys with the multi-criteria
assessment tool (DEXi Pest management) to evaluate the
environmental, economic, and social sustainability of maize
systems. Radics et al. (2015) and Parish et al. (2016)
developed and applied a suite of 35 indicators, including
environmental, economic, and social attributes, using a
MADSS framework to compare the sustainability of
bioenergy production systems across different feedstock
types.

Based on the lack of holistic criteria and the availability
of a variety of tools used for decision making, the goal of
this study was to demonstrate the use of a specific MADSS
tool and methodology. The MADSS tool allows for the
development of a set of 24 sustainability indicators, 8
subcategories, and 3 sustainability attributes useful for
buildings. The MADSS tool is also used for the combination
of these indicators into subcategories and then attributes,
ranking of attributes (environmental, economic, and social
sustainability), and group decision making through an
iterative process for alternative building systems. A midrise
CLT building and comparable reinforced concrete construc-
tion (RCC) frames and steel frames (SF) are used as
alternative construction materials for the comparison

buildings. RCC and SF are commonly used materials in
midrise building construction, while CLT is attracting
growing interest in the US building community for midrise
building construction.

Materials and Methods

Developing the MADSS structure

In this study, we used a commercial software package to
conduct the MADSS analysis. The DEXi software is
designed for complex decision problems and allows for
both expert judgment and group decision making. It can
also use a combination of quantitative or qualitative data
and can accommodate incomplete or missing data (Boha-
nec 2011).

In this work, the MADSS approach was based on six
steps. Each step can be conducted with input from both
‘‘expert’’ and ‘‘nonexpert’’ stakeholders. This model uses a
hierarchical tree structure to measure attributes that are the
highest branch in hierarchy. These attributes are measured
through subcategories (second branch in hierarchy) and
indicators (lowest branch in the hierarchical tree structure).
The structure of the MADSS analysis conducted in this
work is shown in Figure 1.

The six steps of the MADSS approach include the
following:

1. Definition of the goals of the case study and agreement
on the features of interest, such as all three sustainability
attributes (environmental, economic, and social) or a
narrower subset of interest to a particular aspect of the
case study.

2. Identification of the indicators used to characterize the
case study. Ideally, these indicators should draw on prior
work or analytical structures relevant to the case study,
but they may also include features of unique interest to
the group.

3. Structuring the indicators into subcategories that are
balanced and that represent the features of interest for the
case study. The subcategories are then combined to
inform the attributes of interest.

4. Assignment of a ‘‘scale’’ for each indicator. The scale
may be quantitative (e.g., dollars, mass, temperatures,
Btu) or qualitative (e.g., visual appearance, biodiversity).
Because DEXi is best suited as a screening tool, the
ranking scale can be a simple 3-point scale.

5. Creation of a utility table that defines the impact of
different combinations of indicators on the subcategory
(e.g., determining the ranking of two indictors with high
marks combined with one low mark). The utility may
also be ‘‘weighted’’ to emphasize specific subcategories
or attributes to make some feature ‘‘more important’’
than other features.

6. Review of the DEXi output to verify the internal
consistency and then analysis and discussion on the
trade-offs and ‘‘hot spots.’’

The structure of the MADSS analysis conducted in this
work is shown in Figure 1. The building system of interest is
a CLT building and was compared with two more traditional
building systems: an RCC and an SF. Advocates of CLT
have identified a series of potential environmental and social
values (Falk 2013) associated with this type of building
construction. Potential environmental values include the use
of renewable materials and low water use during product
manufacturing, while social values might include local
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manufacturing jobs in rural communities and the improved
mental health of the building’s occupants (Fell 2010, Nyrud
and Bringslimark 2010, Burnard and Kutnar 2015). This
case study included all three sustainability attributes
(environmental, economic, and social) and weighted all
three attributes equally. The indicators are the foundation of
the MADSS. The indicators feed information into the
subcategories, which are then combined into attributes that
provide a complete view of the system. For example, in this
case study, the environmental attribute includes three
subcategories: (1) water use, (2) energy use, and (3)
materials use and disposal. The water use subcategory has
indicators including use (1) in the production of raw
materials, (2) during construction, and (3) during occupan-
cy. The hierarchy used for this work is shown in Figure 2.
These indicators need a common definition across all the
cases being studied, but the specific ranking of each of these
indicators can be defined as needed to meet the goals of the
analysis and features of interest. The definitions for all the
indicators used in this work are shown in Appendix A.

The indicator scale used in this work was a mixture of
quantitative and qualitative features, but all of the indicators
were reduced to a 3-point scale with 3 indicating the best
feature and 1 the lowest score. This work did not use a rank
ordering, which forces differentiation between the cases
(Reeb et al. 2016). Rather, this work used an ‘‘absolute’’
scale, which allows all three cases to simultaneously be low
or high (Bohanec et al. 2007).

The utility table (shown in Appendix B) connects the
indicators and their scores with the relative ranking of the
subcategories and attributes for the three cases studied here:
CLT, RCC, and SF building systems. Creation of the utility
table requires key decisions by stakeholders on how to
balance trade-offs between indicators. For example, if the
water use subcategory has indicators including use (1) in the

production of raw materials, (2) during construction, and (3)
during occupancy, and if a specific case is ‘‘good’’ or
‘‘high’’ on all three indicators, then the resulting subcate-
gory is also ‘‘good’’ or ‘‘high.’’ If all three indicators are
‘‘low’’ or ‘‘bad,’’ then the subcategory would also be ‘‘low’’
or ‘‘bad.’’ The complexity arises when two indicators are
‘‘high’’ and one is ‘‘low.’’ The stakeholders will need to
define the subcategory score for the utility table in this type
of situation. Because the DEXi tool is most useful as a
screening tool to identify hot spots, this assignment is likely
to be based on a consensus opinion rather than some
analytical tool. Finally, the results need to be reviewed for
internal consistency. One of the main benefits to using a tool
such as DEXi is the ability to involve stakeholders at all
levels of decision making. The stakeholders can help define
the indicators, help with the evaluation of a specific case, or
participate in the analysis of hot spots and trade-offs.

With this introduction to the MADSS concepts and the
DEXi tool, in the next section we discuss the application of
the DEXi tool in a case study evaluating the overall
sustainability of three different building materials.

Developing the attributes, subcategories,
and indicators used in this case study

The sustainability of three buildings with frames made of
different materials was evaluated for their environmental,
economic, and social attributes. The functional unit for this
study is a mixed-use nine-story building with an area of
19,000 ft2 in Portland, Oregon. The location was chosen
because of the state’s interest in developing CLT buildings
as an environmentally preferred material and at the same
time its interest in deriving social benefits by creating jobs
in timber-dependent communities in Oregon (OregonBest
2016).

Figure 1.—Graphical representation of the DEXi multiattribute decision support system (MADSS) tool used in the study. The scales
provided in this figure are examples of ratings that can be used in the tool.
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Comparative buildings made from CLT, RCC, and SF are
considered for this study. To allow for side-by-side
comparisons of the three buildings, all three buildings were
based on a common mixed-use design, with about 50
percent of the space designated for commercial use and 50
percent for housing use. The core and shell structures had
similar floor plans; interiors; furnishings; material-specific
insulation; heating, cooling, and ventilation; and glazing.
Critical for this case study, the energy use by occupants was
assumed to be equal for all three designs. All processes—
extraction of raw materials, transport of raw materials,
manufacturing units and materials, construction site,
construction of buildings, operation and use, and decon-
struction and end-of-life operations—were considered in
this study.

The economic, environmental, and social attributes of the
buildings were based on a series of 24 indicators. The
environmental indicators were based on the long-standing
criteria included in building rating systems, such as
Leadership in Energy and Environmental Design (LEED)
and the Building Research Establishment Environmental
Assessment Method (BREEAM). These criteria are well
developed and use a prescriptive set of criteria focused on
neighborhood, environment, materials, and the interior
fixtures of buildings (Baldwin et al. 1998, US Green
Building Council 2005). These rating systems award points
based on the prescribed criteria with a heavy emphasis on
environmental impacts and little or no emphasis on social
and economic impacts. Grouping the LEED rating system

checklist broadly into environmental, social, and economic
attributes helped identify the lack of economic indicators
available in LEED (Table 1). Pivo (2008) noted this lack of
social and economic criteria in LEED when he compiled 66
criteria on sustainability and social responsibility in
property and included topics such as location, public
facilities and services, design and environment, operations
and maintenance, and occupant behaviors. However, this
work also neglected economic attributes. A combination of
the LEED criteria with the criteria provided by Pivo (2008)
was used to create environmental and social indicators used
in this work. Pivo (2008) condensed the list of 66 criteria
into 10 dimensions of environmental and social categories.
Table 1 shows the comparison between the 10 dimensions
from the Pivo (2008) study, LEED 4.1 ratings, and the new
indicators created in this study for environmental, social,
and economic categories. As much as possible, this work
built on the LEED and Pivo criteria, although some
dimensions, such as worker well-being and local citizenship,
do not have corresponding unambiguous comparisons with
the LEED 4.1 categories.

The use of this prior work is one example of Step 2 in the
MADSS process, where we drew on the well-established
LEED criteria and prior work; for example, Pivo is
developing indicators for this case study. In addition, this
work included economic indicators that included financial
and investment considerations. Based on this prior work, a
set of 24 environmental, social, and economic indicators
were identified for this case study.

Figure 2.—Building sustainability tree framework where environmental, economic, and social sustainability are measured through
indicators. (Color version is available online.)
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Once the indicators were developed in MADSS, they
were rated on a 3-point scale (with 1 meaning low
performance in the attribute, 2 being intermediate perfor-
mance, and 3 being high performance) based on consensus
among authors and building professionals with knowledge
of building materials and construction, sustainability supply
chain and logistics, literature survey, and expert opinions.
The experts were identified through participation in bio-
based materials sustainability conferences and life-cycle
assessment (LCA) seminars and included industry profes-
sionals, experts from not-for-profit agencies, and academics.
The experts identified had overall knowledge of the
construction industry and building materials studied here
in addition to sustainability principles and LCA topics. The
experts rated the 24 indicators on a scale provided and also
rated the subcategories and attributes to measure sustain-
ability. A modified Delphi approach was used to achieve
consensus among the expert panels (Clayton 1997, Mac-
Millan and Marshall 2006).

Results and Discussion

This section shows the results of comparing RCC and SF
buildings using the MADSS approach described in ‘‘Mate-
rials and Methods.’’ The indicator rating scale was

developed on the basis of a compilation of expert opinions
and scientific literature. The utility function, which defines
the relationship between the indicators and the subcategory
level of the hierarchical tree to the higher level (e.g.,
indicator level to subcategory level), was also developed as
follows:

1. If the indicator ratings were either all low or mixed with
a majority of low values, then a low value was assigned
to the aggregate indicator or the subcategory. For
example, for the water use indicator, if the subcategories
of during manufacture, during construction, and by
buildings and occupants during use were all assigned
low values, the water use indicator was assigned a low
value for the CLT building type.

2. If the indicator ratings were all high or mixed with a
majority of high values, then a high value was assigned
to the subcategory. For example, for the water use
indicator, if the subcategories of during manufacture,
during construction, and by buildings and occupants
during use were all assigned high values or a mix of high
and medium values, the water use indicator was assigned
a high value for the RCC building type.

3. If the indicator ratings were mixed low values or
intermediate, then an intermediate value was assigned

Table 1.—Pivo’s (2008) dimensions and LEED 4.1 ratings for new construction checklist grouped into environmental and social
attributes with the new indicator list created in this study.a

Category

Pivo’s (2008) 66 indicators

combined into 10

dimensions

LEED 4.1 scales combined

into environmental and

social categories Indicators created in this study

Environmental Energy conservation Optimize energy

performance, renewable

energy production þ
green power, sourcing þ
material ingredients þ
C&D waste, interior

lighting and daylight,

thermal comfort þ
acoustic performance

Water use During manufacture, during construction,

by buildings and occupants during use

Urban revitalization High-priority (brownfield),

surrounding density and

use, site development—

protect or restore habitat

Energy Embodied energy, renewable energy,

optimal energy usage performance

Environmental protection Indoor þ outdoor þ cooling

tower water use, rainwater

management, heat island

Materials and waste

management

Inclusion of renewable materials,

waste generated, reuse of materials

Health and safety Enhance IAQ þ low-

emitting materials þ IAQ

assessment

Social Corporate citizenship Enhanced commissioning Community attribute Surrounding density and diverse uses,

biophilia effect: nature in design,

jobs and businesses created locally

Credentialing LCA þ EPD

Worker well-being Living space Indoor air quality, lighting, comfort

Local citizenship

Social equity and

community development

Land use/site High-priority/brownfield construction,

protect/restore habitat, heat island

Less automobile dependent Access to quality transit

Economic NA NA Cost for the owner Building cost, O&M cost over lifetime,

resale value

Cost for the builder Financing options and tax incentives,

labor, equipment and machinery cost,

construction cost

a C&D ¼ construction and demolition; IAQ ¼ indoor air quality; LCA ¼ life-cycle assessment; EPD ¼ environmental product declarations; NA ¼ not

applicable; O&M¼ operations and maintenance.
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to the subcategory. For example, for the community
attribute indicator, the subcategory surrounding density
and diverse uses was given an intermediate rating, the
biophilia subcategory was given a low rating, and jobs
and businesses created was given a low rating for the
RCC building type. This created an overall intermediate
rating in the community attribute indicator for the
building type.

4. If the indicator ratings were all intermediate, then an
intermediate value was assigned to the subcategory. For
example, in the SF building type, for the indicator cost
for the builder, the subcategories of financing options,
labor and equipment cost, and construction cost were all
assigned medium values, leading to an aggregated rating
of intermediate.

We also validated the ranking provided by experts with a
survey of the available literature on the three building
materials and synthesized it to a 3-point scale in MADSS.
Available environmental product declarations for CLT,
concrete, and reinforced steel and structural steel were
utilized for validating the ranking the indicators of water use
during manufacture and construction, embodied energy,
renewable energy, waste generated, and inclusion of
renewable materials (Institut Bauen und Umwelt 2012,
Cementos Argos 2014). Operational energy and water use
for CLT, RCC, and SF buildings was obtained from studies
that analyzed life-cycle energy consumption (Xing et al.
2008, Chen 2012).

In the economic sustainability attribute, the building cost,
operations and maintenance costs, and resale value are given
high ratings based on data from Zumbrunnen and Fovargue
(2012). In this case, new market tax credits, a federal tax
benefit that encourages private investment in communities
with high poverty and unemployment, were applied to the
local production of CLT. New market tax credits have been
secured for several wood building projects in Oregon
(Ecotrust 2014), and these credits will enhance the financial
return of the CLT building while providing jobs and income
in low-income rural communities. CLT has the potential to
spur investment in local wood but also to bring about more
passive-design, zero-net-energy homes (Foster et al. 2010).
The labor, equipment, machinery, and construction costs
were rated based on conversations with construction
professionals (US Forest Service 2015).

Because all three buildings were modeled as having the
same basic features in terms of landscape, site, transporta-
tion availability, and recreational facilities, a majority of
indicators under social sustainability were modeled similar-
ly for all three buildings. CLT buildings scored higher on
indicators such as comfort, biophilia effect, and protecting
or restoring habitat. This is owing to the inherent renewable
nature of CLT. Natural environments have been shown to
have positive effects on psychological well-being (Hartig et
al. 1997, Tyrväinen et al. 2014).

The authors assigned indicator ratings for all three
building comparisons by collecting expert opinions and,
based on the rules described in this section, developed the
utility table. Appendix B provides the utility function table
for the comparison of the three types of buildings.

The results of the MADSS evaluation using the DEXi tool
are shown in Table 2. The overall sustainability and the
environmental, economic, and social attributes are all
provided. The scale for the rankings, as indicated above,

ranged from 1 to 3 (bad to good) for all of the attributes
measured. Table 2 shows the rankings provided for all the
subcategories and the attributes in this study. Overall
sustainability is a measure of the rankings from all three
attributes (environment, economic, and social), and the eight
subcategories add up to the attributes. The indicator level
rankings are shown in Appendix B. These rankings are
graphically represented in Figures 3a through 3d.

Figure 3a shows the overall sustainability rankings for
each of the three building systems. The building system
made of CLT had the highest rating (3, represented by the
largest triangle) for the environmental and social attributes
and the lowest (1, represented by the smallest triangle) for
the economic attribute of the three buildings evaluated. This
is because of the overall high ranking in environmental and
social sustainability subcategories, such as water use,
energy, materials, and waste management, and the social
subcategories, where the performance of CLT buildings is
higher. Figures 3b through 3d show the performance of the
three building systems for the more detailed subcategories
for the environmental, economic, and social attributes.

Figure 3b shows that the CLT building has the best
environmental performance compared with the other two
buildings. This is owing to the assumption that a sustainably
managed forest maintains environmental benefits while
providing lumber for CLT buildings, low embodied energy,
and use of renewable fuels (mill residues for drying) during
manufacture. These benefits are a result of the inherent
renewable nature of wood and minimal use of fossil fuels
during plantation and harvesting and the low quantity of
waste generated for CLT buildings because they are
generally prefabricated in a manufacturing unit and
assembled at a construction site. A simple back-of-the-
envelope calculation shows that the dimension lumber
needed for manufacturing CLT for this building would be
produced in 1 to 2 days from an ‘‘average’’ Oregon sawmill.

Table 2.—Rankings for attributes measuring overall sustain-
ability and subcategories measuring environmental, economic,
and social attributes.a

Subcategories

CLT

building

RCC

building

SF

building

Sustainability

Environmental 3 1 2

Economic 1 2 2

Social 3 2 2

Environmental sustainability

Water use 3 1 2

Energy 3 1 1

Materials and waste management 3 2 2

Economic sustainability

Cost for the owner 1 2 2

Cost for the builder 3 2 2

Social sustainability

Community attribute 2 2 2

Living space 3 3 3

Land use/site 3 2 2

a The 3-point scale indicates 3 is the best or highest feature and 1 is the

lowest score. CLT¼ cross-laminated timber; RCC¼ reinforced concrete

construction; SF ¼ steel frame.
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Thus, there was no concern about the demand for CLT
creating unsustainable demand on forests.

Figure 3c shows the breakdown of the performance of the
building systems in terms of their economic sustainability.
The CLT buildings have the lowest economic sustainability
attribute in comparison to RCC and SF buildings. Even
though CLT has been widely used in Europe, widespread
adoption in the United States requires further exploration of
barriers and opportunities in the CLT markets. Currently,
there are two functional plants in operation in the United
States producing CLT, with only one plant certified for
building construction (Dramm 2015). Based on consulta-
tions with engineers and architects with construction
experience and knowledge of steel or concrete and CLT,
the factors for increased cost to owners and builders of CLT
buildings include the availability of CLT panels in the
United States versus importing panels, transportation fees,
the learning curve associated with building with a new
product, and the availability of trained labor and machinery.
On the other hand, the markets for SF and RCC buildings
are already well established, thus having higher economic
sustainability attributes than CLT. A variety of federal tax
credits are available for the use of renewable materials
(Arundel 2008) that benefit using CLT as a building
material over steel and concrete, but the initial costs of
CLT panels when the market is still emerging overshadow
the federal tax credits available.

Figure 3d shows the sustainability of buildings in the
social sustainability attribute. CLT has better performance
than RCC and SF buildings in this attribute. Although all
buildings have similar indoor air quality and lighting and
provide similar benefits to the neighborhood, CLT buildings
score higher on indicators such as biophilic design, an
innovative method to incorporate nature into manmade
environments (Kellert et al. 2011) and protect and restore
habitat because of the inherent renewable nature of the

building material. The potential for the rapid assembly of
CLT buildings and a reduction in disruption to neighbors
and traffic has been shown with some initial buildings
(Kremer and Symmons 2015) but was not included as a
social benefit. Using wood as a building material produced
from sustainably managed forests also helps protect habitats
in comparison to manufacturing and using steel and
concrete (Lippke et al. 2007). For indicators such as
brownfield construction and the heat island effect (defined
in Appendix A), all three building materials were given the
same rating scale of high and low, respectively.

Conclusions

This study intended to demonstrate the use of the MADSS
tools and methodology for building systems. This work also
focused on a new building system, CLT, that has the
potential to create unique environmental and social benefits.
Clearly, the indicators can be changed to meet the interests
and priorities of a different set of stakeholders, and the
scores can change as the CLT system is further developed
and more data become available.

In this work, a list of 24 environmental, social, and
economic indicators; 8 subcategories; and 3 attributes were
developed from prior work by LEED and Pivo (2008).
Expert opinions and literature data were then used to obtain
ratings for these indicators (aggregated to subcategories and
attributes using the utility table) for the CLT, RCC, and SF
building systems. CLT buildings processed from sustainably
managed forests have several positive environmental
attributes compared with RCC and SF building designs.
The results of this study also show the benefits to society of
using CLT, although the initial costs of using CLT might be
higher owing to the lack of an established market.

This study is intended to be an initial analysis to identify
hot spots in the various indicators utilized for evaluation.
For example, the water use in an SF building has a medium

Figure 3.—Sustainability evaluation of cross-laminated timber (CLT), reinforced-concrete construction (RCC), and steel frame
buildings on a scale of 1 to 3 (bad to good). (a) Overall sustainability. (b through d) Breakdown of the buildings’ sustainability into
subcategories. (Color version is available online.)
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rating, and providing water-saving measures during manu-
facturing, construction, or use of buildings by occupants
might increase the score of the water use subcategory to a
high rating. Similarly, the current high cost of using CLT
may decrease rapidly as a manufacturing base is developed
and the local construction industry gains experience.

This study is an effort to provide an integrative
assessment of environmental, economic, and social attri-
butes of CLT, RCC, and SF buildings. The MADSS model
draws on various disciplines, including engineering, archi-
tecture, economics, and environmental science, and in the
process converts into a qualitative scale their underlying
principles and influence on CLT, RCC, and SF building
systems. The indicators and scores, and consequently the
results, may change if the context, location, building type or
design, and other factors are altered owing to the subjective
nature of this model. A complete environmental LCA and
socioeconomic analysis of a CLT building would be
valuable to detail the specific environmental impacts and
the economic and social impacts of construction in a specific
location. The multi-criteria decision-making tools identify
the areas where further sensitivity analysis needs to be
conducted. A combination of holistic sustainability indica-
tors, LCA, and multi-criteria decision-making tools provides
the decision maker with the ability to allocate resources
appropriately on issues of interest and to reduce data
burdens associated with conducting whole-building LCA
and cost analysis.
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Appendix A

Description of indicators in the DEXi tree

1. Environmental sustainability

a. Water use
i. Water use during manufacturing—This indicator

refers to the water consumed during manufac-
turing of the building’s raw materials. This
indicator specifically applies to manufacturing
of wood (including growth and harvest), cement,
and steel. All other materials, such as carpet,
flooring, paint, and insulation, are considered to
be providing a similar burden in all three
buildings. Cement production requires water for
cooling heavy equipment, for emissions control,
and for preparing slurry in wet process kilns
(World Business Council for Sustainable Devel-
opment 2015). Steel manufacturing consumes

between 45,000 and 65,000 gallons of water per
ton of finished steel (American Iron and Steel
Institute 2016).

ii. Water use during construction—This indicator
refers to the water used during construction of the
building by the various processes. This indicator
measures only water used by wood, concrete, and
steel at the construction site. Concrete is a
mixture of coarse and fine aggregates, cement,
and water. The ratio of water to cement
commonly used is 0.5 tons of water per ton of
cement (Yurtdas et al. 2006).

iii. Water use by buildings and occupants during the
use phase—This indicator refers to the water used
by the occupants of the building during its use
phase. The building envelope influences the
water required by the cooling towers.

b. Energy
i. Embodied energy—This indicator refers to the

amount of energy consumed during the mining of
natural resources, manufacturing, transport, and
construction of the building. The embodied
energy was reported as 2.93 and 3.91 GJ/m2 for
steel and concrete buildings, respectively, by
Xing et al. (2008). Guggemos and Horvath
(2005) reported values of 9.5 and 8.3 GJ/m2 for
steel and concrete buildings, respectively. Rob-
ertson et al. (2012) reported embodied energy
values of 3.51 and 3.49 GJ/m2 for RCC and CLT
buildings, respectively. Different studies use
dissimilar sizes and heights of buildings, causing
variations in results.

ii. Renewable energy—This indicator addresses the
renewable energy consumed during the manu-
facturing, construction, and use of buildings.
Renewable energy can be the use of biomass,
wind, and solar as energy sources during the
manufacturing, construction, and use of build-
ings.

iii. Optimal energy usage performance—This indi-
cator refers to the energy used during the
operation and maintenance phase of a building.
The material properties of the buildings influence
the amount of energy consumed even if all
buildings are manufactured with similar insula-
tion capabilities.

c. Materials and waste management
i. Inclusion of renewable materials—This indicator

refers to the inclusion of renewable materials in
the building materials, thereby reducing the load
on the extraction and manufacturing of virgin
material. This can include recycled materials,
such as fly ash or recycled steel, or renewable
materials, such as wood used in manufacturing.

ii. Waste generated—This indicator refers to the
waste generated during construction processes
related to the building. Solid and nonhazardous
wastes are measured in this indicator.

iii. Reuse of materials—This indicator refers to the
potential for the reuse of materials after their
useful life in buildings. Deconstruction of the
building after its useful life or repurposing of
materials during major renovations is also
measured in this indicator.
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2. Economic sustainability

a. Cost for the owner
i. Building cost—This indicator refers to the cost of

designing, planning. and constructing a building.
The longer it takes to design, plan, and construct
a building, the costlier the building is. CLT
buildings are prefabricated materials, thus saving
on construction costs, and are an efficient method
to construct, thus making it cost competitive with
traditional materials, such as concrete and steel
(Crespell and Gagnon 2010, Gagnon et al. 2013,
Espinoza et al. 2015).

ii. Operation and maintenance cost over lifetime—
This indicator refers to the cost of operating and
maintaining a building incurred by the owner.

iii. Resale value—This indicator refers to the resale
value of the property based on the condition of
building, the preference for the building material,
and the performance of the building over its
lifetime

b. Cost for the builder
i. Financing options and tax credits—This indicator

refers to the financing options available to the
builder for constructing a building and depends
on tax credits, such as new market tax credits or
green building credits, available to the builder.

ii. Labor, equipment, and machinery costs—This
indicator refers to the labor, equipment, and
machinery costs incurred by the builder for any
specialized equipment and machinery required
for construction. CLT buildings have fast con-
struction times. In Europe, crews of two, four, or
eight carpenters plus one or two mobile crane
operators are used to produce outputs ranging
from 1,000 to 8,000 ft2/day (Crespell and Gagnon
2010).

iii. Construction costs—This indicator refers to the
costs incurred owing to materials price volatility,
ease of construction, and specialized training
required for personnel and the availability of
local materials. The fast pace of construction of
CLTs compared with steel and concrete struc-
tures reduces costs for the builder.

3. Social sustainability

a. Community attribute
i. Surrounding density and diverse uses—This

indicator refers to the density of buildings and
the publicly available diverse uses constructed or
affected by the existing building (CLT, RCC, or
SF)

ii. Biophilia effect: nature in design—This indicator
refers to the relationship between nature and the
built environment. The incorporation of natural
elements into the living space is considered in the
building.

iii. Jobs and businesses created—This indicator
refers to the jobs and businesses created during
the manufacturing, construction, operation, and
subsequent maintenance of the building.

b. Living space
i. Indoor air quality—This indicator refers to the

indoor air quality of the building based on the
building materials.

ii. Lighting—This indicator refers to the amount of
indoor and outdoor lighting required for the
building based on the building materials.

iii. Comfort—This indicator refers to the thermal and
acoustic comfort experienced by the residents of
the building and is dependent on the building
envelope of choice. It measures the thermal
conductivity and sound reduction index of
comparable wall sections.

c. Land use/site
i. High-priority and brownfield construction—This

indicator refers to the type of site selected for
construction.

ii. Protect and restore habitat—This indicator refers
to the habitat protection achieved by the building
materials through manufacturing, use, and end of
life.

iii. Heat island—This indicator refers to the contri-
bution of the building to the significant warming
of surrounding areas based on the construction
material.
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