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Goals of the study
according to 1ISO 14040/44:2006 (1)

The reasons for carrying out the study

€ To better understand precast conc
performance in Canadian mid-rise precast concrete buildings relative

to alternative structural and envelope systems in accordance with the

ISO 14040:2006 and 14044:2006.

The intended application

€ To disseminate information on the
based on the most complete and up-to-date life cycle inventory data
for Canadian cement and concrete products.
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Goals of the study
according to ISO 14040/44:2006 (2)

The intended audience

The i ntended audience i s architect
professionals, academia, governmental organizations, and other
interested parties who require reliable information on sustainable
building design practices.

Comparative assertions

This LCA study includes a comparat
disclosed to the public and a critical review was conducted by an
independent external panel of LCA and technical experts as per
Clause 7.3.3, 1SO 14044:2006.
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Introduction to LCA

4 N

Life Cycle Assessments...

... address the environmental
aspects and potential environmental
Impacts (e.g. resource use and
environmental consequences of
releases) throughout a product's life
cycle from raw material acquisition
through production, use, end-of-life
treatment and disposal (i.e. cradle-
to-grave).

K [1ISO 14040:2006J
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LCA Phases

________________




Product(s) to be studied

Product System Boundaries
Functional unit

Cut-off criteria

Allocation procedures

LCIA Methodology

Data Quality Requirements

Type of Critical Review

Data sources and primary data collection
Building and Location Description
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Typical commercial building with plan dimensions 27.4 by 36.6 m (90 by 120 ft) and gross
floor area 5017 m? (54,000 ft?), with 5 (five) variations of building envelope and 3 (three)
variations of structural framing in two Canadian locations (Toronto, Vancouver).

Envelope and abbreviation Structure and abbreviation
Steel (S) Cast in place | Precast
concrete (C) concrete (P)
Curtain wall (CW) CW-S CW-C CW-P
Brick and steel stud (S) S-S S-C S-P
.
Precast concrete (P) P-S P-C QP- )
Insulated precast concrete (Pi) Pi-S Pi-C Pi-P
Insulated precast concrete and Pib-S Pib-C Pib-P
thin-brick veneer (Pib)*
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Building System Boundaries

Input materials and products: Construction \
Cradle-to-gate upstream profiles
of building constituent materials

A 4

and products: e.g., precast -
concrete and other cement- On-site wgste treatl_’nent
based products, steel and (recycling, landfill)

aluminum products, gypsum
board, paint, insulation, air and v

vapor barriers, etc.
Occupancy
Emissions to air,
(e.g., electricity generation, .
fossil fuels pre-combustion, Maintenance
heat generation, etc.)
v
Demolition
Transportation 1
End-of-life waste treatment
(recycling, landfill) j

Building system boundary
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é t he f un c tfiveeshoaylconunmericitl office bualding
which meets minimum building energy code requirements Rg-value
(R-value) and provides conditioned office space for approximately
130 people.

The functional unit includes both the physical building and the
service the building provides, which is conditioned space for
occupants. Conditioned space consists of maintaining thermostat
set points of 21°C (70°F) for heating, 24°C (75°F) for cooling, 2°C
(4°F) throttling range, and night setback temperatures of 13°C
(55°F) for heating and 37°C (99°F) for cooling. The service life of the
building is assumed to be 60-years.
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Precast Plant System Boundaries

Cement Aggregate Sup_plementary. |
manufacture production cementitous materials
transportation
Transportation Transportation
R e e i it e e
! Handling Handling 1
! and storage and storage 1
|
| |
| 1
1
1
——————————— | 1
Electricity | 1
| |
: Plant Plant waste 1
Fuels I operations disposal 1
I 1
| |
. . |
Admixtures Transportation | Mixer I
1 wash-out/off Gate- to gate Precast |
1 plant system boundary
| _—— e e -
Reinforcing
Transportation
Water to building site
Cradle-to gate Precast plant system boundary
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A

e al l Il nput fl ows that cumul atively =c
input of the product system being modeled can be excluded, providing its
environmental relevance is minor.

A i

e al l Il nput fl ows that cumul atively <c
product systemO0s energy iIinputs can be
relevance is minor.

A i

e i f an input flow meets the above tw

secondary data analysis) to contribute 2 % or more to any product life cycle
Impact category (see below), it is included within the system boundary.
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Allocation procedures

Allocation

€ I's defined as partitioning the iIinput or
between the product system under study and one or more other product systems.

ISO three stepwise approach
Step 1. Dividing the unit process or expanding the product system
Step 2. Physical allocation

Step 3. Economic allocation
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Impact category Indicator result Characterization Level of site specificity
method selected
Global warming kg CO21i eq. TRACI Global
Acidification kg H+ TRACI North America
Ozone depletion kg CFC-11 TRACI Global
Eutrophication kg N water TRACI North America
Particulate matter kg PM2.5 TRACI North America
Photochemical smog kg ethylene TRACI North America
Solid waste kg Sum of LCI flows North America
Water use kg Sum of LCI flows North America
Abiotic resource depletion, | kg antimony/yr CML 2001 Global
excluding energy
Total primary energy* MJ CED adapted Global
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Impact category Indicator result Characterization Level of site specificity
method selected
Total primary energy* MJ CED adapted Global
Non-r enewabl d, fddsil A
Non-renewable, MJ

nucl ear A

Renewable (solar, wind, MJ
hydro, geqther mal ) A

Renewabl e (|bi onMIss) A
Feedstock, fadsil A
Feedstock,| bi oMlass A

>
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A From all the available life cycle inventory data and metadata that could
be used, preference has been given to the most recent product-specific
data for Canada and North America representing an average level of
technology.

A When North American LCI data were not available, European data
sources (such as, Ecoinvent v 2.2) have been used, but adjusted to take
into consideration North American upstream resource, electricity,
materials and downstream product transportation.
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Critical Review Process

The critical review process shall ensure that

A the methods used to carry out the LCA are consistent with ISO 14044:2006
International Standard,

A the methods used to carry out the LCA are scientifically and technically valid,
A the data used are appropriate and reasonable in relation to the goal of the study,
A the interpretations reflect the limitations identified and the goal of the study, and

A the study report is transparent and consistent.
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LCl input data Time frame Geographical Technological Source Primary or
representativeness representativeness secondary data
Common primary fossil 2004-2008 North America Average U.S. LCI Database Secondary
fuels (including pre-
combustion
Electricity generation and | 2007 Canada Average U.S. LCI Database, Secondary
delivery IEA & DOE
Cement 2006-2008 Canada Average PCA Primary
Ready-mixed concrete 2006-2008 Canada Average PCA survey Primary
Precast concrete 2008 Canada Average CPCI surveys Primary
Steel products 2000; 2007 Worldwide; adjusted Average World Steel Secondary
to North America Association;
Canadian Steel
Industry Association
Aluminum products 2004/2005 Worldwide; adjusted Average International Secondary
to North America Aluminum Institute
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LClinput data Time frame Geographical Technological Source Primary or

representativeness representativeness secondary data
Float glass 2005 Adjusted Canada Average Ecoinvent Secondary
Clay brick 2008 Canada Average Athena Database Secondary
Insulation, EPS, XPS, 2007 Canada Average American Chemistry Secondary
polyisocyanurate Council (ACC)
Insulation, fiberglass 2006 Adjusted to Canada Average Ecoinvent Secondary
and rockwool
Modified bitumen 2004 Canada Average Athena Institute Secondary
roofing
Vapour retarder 2007 Canada Average ACC Secondary
Raw material and final 2004/2009 Canada Average Surveys, Statistics Primary, Secondary
product transport Canada
End-of Life 2000/2007 Canada Average Athena Database Secondary

ICF 2005*
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A Reference year- 2008 (12 months)

A 3 Precast Concrete Plants: Richmond, British Columbia; Winnipeg, Manitoba;
Terrebonne, Quebec.

A Generic Data collection system (DCS)
- Identification of the data that needs to be collected;
- Planning when, where, and how data are to be collected and by whom;
- Identification and treatment of data gaps as per ISO requirements;
- Data collection process;

- Documentation of the resulting data, together with possible sources of error,
bias or lack of knowledge;

- Averaging the data across the plants;
- Validation of the data by CPCI and verifiers; and
- Communication of the data and its documentation.
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Mix constituents and property, unit per m3 Hollow-core slab Precast wall panel, Cast-in-place Cast-in-place non-

(unless noted otherwise) beams, and columns structural concrete* structural Jcoi
Portland cement, kg 326 354 268 179

Fly ash, kg 53 79 67 44

Fine aggregate, kg 961 943 712 831

Coarse aggregate, kg 920 759 1187 1127

Mix water, kg 126 166 141 141

Water-reducing admixture, kg 0.4 3.0 3.0 1.2

Total, kg 2387 2305 2374 2323

Mix property

Wateri cementitious materials ratio 0.33 0.38 0.42 0.63
Cement substitution with SCM, % 14 18 20 20
Nominal compressive strength, MPa 40 to 50 35t0 40 35 20

Fluid volumetric conversion

Water used in mix , L 97 127 108 108
Chemical admixtures, L 1 5 n.d. 8
* Beams, columns, footings, and topping slab forhollow-c or e sl ab; A Sl ab on ground; Not e :eriaSndVE nedasupp |
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Building and Location Description

A Size, Shape and Climate

A Windows and Roofs

A Slab-on-ground, foundation walls, and footings
A Floors and Interior walls

A Structural framing

A Thermal performance of exterior envelope

A Items not included
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Size, Shape and Climate

Size and shape
AFive-story commercial buildings with plan dimensions 27.4 by 36.6 m (90 by 120 ft).
AColumn grid spacing of 9.1 by 12.2 m (30 by 40 ft).

AThe building height of 19.2 m (63 ft) is based on 4.6 m (15 ft) for the first story and 3.7 m
(12 ft) for the remaining four stories.

Climate
AVvancouver, British Columbia - a cool climate (Climate Zone 5C)8 and

AToronto, Ontario - a cold climate (Climate Zone 6A).
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ABand of windows each measuring
approximately 1.5 by 1.5 m (5 by 5 ft).

Awindows are non-recessed; equally
spaced; and non-operable (no blinds or
shading devices).

Arhe overall window to wall ratio is

0.40.

AThe roofs consist of board insulation, w
cover board, and built-up waterproofing

membrane.
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The ground-level floor consists of 15 cm (6-in.) cast-in-place
concrete slab-on-ground, underslab vapour retarder, and rigid
insulation in Toronto (required by energy code).

Foundation walls and footings are reinforced cast-in-place
concrete.

The dimension and material quantities for foundation walls and

footings is determined using ENERCALC structural engineering
software.
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Interior floors of the precast concrete frame buildings consist of
20 cm (8 in.) hollow core concrete with a 5-cm (2in.) concrete
topping slab.

Interior floors of the steel frame buildings consist of ribbed steel
deck with concrete topping whose thickness varies between 5 and
10cm (2 and 4 in.).

The interior walls consist of non-structural steel studs (cold-
formed steel) and gypsum wallboard. Interior partitions and
partition walls (for example, between office cubicles and interior
offices) are excluded because its contribution is the same across
all buildings and all climates.
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A For the steel framing, the RAM Steel structural engineering
software (version 13.0) was used.

A For cast-in-place columns and beam-integral floor slabs,
manual engineering calculations were used.

A For precast concrete beams, columns, and hollow-core slabs,
the PCI Handbook was used with manual engineering calculations,

but the same resulting sizes can be obtained from the CPCI Design
Manual.
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Thermal performance of exterior
envelope (1)

A The thermal performance of the exterior envelope
assemblies is based on the requirements in ASHRAE
Standard 90.1-2007 Energy Standard for Buildings Except
Low-Rise Residential Buildings.30

A The Canadian Model Energy Code was derived from
ASHRAE 90.1

A Both the Ontario and British Columbia energy codes
reference ASHRAE 90.1.
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Thermal performance of exterior
envelope (2)

Table Energy Code Envelope Requirements (SI Units)~

. cw
Clzi:lllll,:te City Fenestration fenestration Rﬂ'ﬂf W jn-'lall Mass_u;‘all Sla.ls::L l'iiwv:]z:lue
Ufactor | SHGC | U-factor | srvalue | Rg-value | Rgrvalue ep
5C | Vancouver | 312 0.40 256 35 | 23+13 | 20a NR
6A | Toronto 3.12 0.40 256 35 | 23+13 | 23 R-1.8 for
G600 mm

*Adapted from ASHRAE 90.1-2007, Table 5.5. U-factor in W/(m”-K) and Rer-value in (m”-K)/W.

Note: CW = curtain wall; NR = no insulation requirement; ¢i = continuous insulation across structural members
without thermal bridges other than fasteners and service opemngs; and 2.3 + 1.3 = R-2 .3 cawvity insulation plus

R-1.3 continuous msulation.
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Thermal performance of exterior
envelope (3)

Table Conventional Precast Walls Used to Meet Building Energy Code Requirements

Rs-value®
Laver (outside to inside) Material Vancouver | Toronto

Exterior air film Air, 24 km/h wind 0.03 0.03
Precast single wythe Concrete, 150 mm 0.07 0.07

Extruded polystyrene, thickness, 60 70
Rigid insulation, continuous mm

Extruded polystyrene, Rg-value 203 238
Thermal break air space Air space minimal minimal
Framing 65 mm 0.14 0.14
Interior finish Gypsum wallboard. 16 mm 0.10 0.10
Interior air film Air. horizontal heat flow 0.12 0.12
Total Eg-value, m: KW 248 2.583
U-factor, Wm™ K 0.4 0.35

* Rorvalue except where noted; Re-value in (m™-K)/W; U-factor in W/(m”-K); and Re-value of layers containing
framing includes the effect of thermal bridging which reduced thermal performance.
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Thermal performance of exterior
envelope (4)

A The modeled rate of infiltration is based on the typical
Canadian maximum rate of 0.5 L/s ‘-m2 of envelope area
when measured at a pressure difference of 75 Pa.

A All buildings envelopes, whether curtain wall, brick on steel
stud backup, or precast concrete, are all presumed to be
designed and constructed to be equally airtight.
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Reason for exclusion

Falls under the cut-off criteria of this LCA study

Common to all buildings

No. | Items not included
1 Fireproofing
2 Furniture
3 Electrical cooper wire
4 Data cables
5 Heating, ventilation, and air-conditioning systems
6 Fire suppression systems
7 Control systems
8 Ceramic tile
9 Carpet tile
10 Elevators
11 Plumbing
12 Ceiling tiles
13 Lighting
14 Doors
15 Hardware

7 Athena
Sustainable Materials
! lI ,l 'I I Institute

I""I

MORRISON HERSHFIELD




AEnergyPlus whole-building energy simulation software, developed by the
U.S. Department of Energy and other parties;

Alt simulates the complex interactions between climate; internal gains from
lights, people, and equipment; building form and fabric; HVAC systems; and
renewable energy systems;

Alnteraction between building operation, envelope, systems that use energy,
and the outdoor environment. How the HVAC system responds to these
Interactions is how the modeled buildings differ from each other.

AHeating, cooling, lighting (including exterior lighting), and interior
equipment (including elevators) were simulated for each combination of
building envelope and structure at 10-minute intervals and summed over a
typical year.
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wallu- | wallu- | Q¥ oyeral wal
City Building envelope factor factor Sill ) R-value (1/U)
W/m*K | Buthr-ft>°F | m*K/W | hr-ft>°F/Btu
Curtain wall (CW) 0.433 0.0763 2.31 13.1
Brick and steel stud (S) 0.498 0.0877 2.01 11.4
Vancouver Precast concrete (P) 0.424 0.0747 2.36 13.4
Insulated precast concrete (Pi 0.430 0.0757 2.33 13.2
Insulated precast concrete ar
thin-brick veneer (Pib) 0.428 0.0754 2.34 13.3
Curtain wall (CW) 0.433 0.0763 2.31 13.1
Brick and steel stud (S) 0.444 0.0782 2.25 12.8
Toronto Precast concrete (P) 0.372 0.0655 2.69 15.3
Insulated precast concrete (Pi 0.376 0.0662 2.66 15.1
Insulated precast concrete ar
thin-brick veneer (Pib) 0.374 0.0659 2.67 15.2
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Baseline Building Assembly Annual site energy use, GJ
(P-P)
Vancouver Toronto
Heating 427 705
Cooling 115 203
Interior lighting 610 610
Exterior lighting 232 233
Interior equipment 908 908
Elevators 165 165
Fans 71 77
Pumps 0.4 0.4
Water Systems 54 58
Total 2583 2958
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Annual Energy Use (4)

TABLE 1. ANNUAL SITE ENERGY USE BY ENERGY SOURCE, VANCOUVER

Annual site energy use, GJ

Building | CW-S | CW-C | CW-P SS SC SP P-S P-C - Pi-S Pi-C Pi-P Pib-S | Pib-C | Pib-P
Electricity 2596 2504 2537 2576 2490 2519 2567 2481 2512 2590 2469 2501 2550 2469 2498
Natural gas 64 71 69 67 74 73 66 73 71 67 75 73 67 75 73

TABLE 2. ANNUAL SITE ENERGY USE BY ENERGY SOURCE, TORONTO
Annual site energy use, GJ

Building | CW-S | CW-C | CW-P SS SC SP P-S P-C P-P Pi-S Pi-C Pi-P Pib-S | Pib-C | Pib-P
Electricity 2854 2767 2802 2838 2752 2787 2816 2729 2764 2804 2727 2756 2803 2726 2755
Natural gas 171 199 189 178 206 197 175 203 194 178 203 197 178 203 197
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Maintenance, Repair and Replacement (1)

AThe study building is assumed to be an owner occupied office building with a

service life of 60 and 73 years;

AThe following eight study assemblies were identified as undergoing maintenance:

©NOORWNE

Interior partitions (all cases)

Roof waterproofing system (all cases)

Windows (all cases except buildings with curtain wall)
Curtain wall

Brick and steel stud wall

Conventional precast panel wall

Insulated precast panel wall

Insulated precast with brick veneer panel wall
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AThe study building is assumed to be an owner occupied office building with a
service life of 60 and 73 years

Qnntot =Q. . *(SLT P.) /P, *(100%+WF)/100

Where,

m material or energy

n maintenance stage activity

Qmn guantity of material or energy m for activity n- e.g. 1 ton material;
SL building service life (years)- e.g. 73 years

P, activity rate for activity n (years)- e.g. 20 years

WF_ waste factor for material or energy m (%)- e.g. 5%

Example:

Q.. tot =1* (7371 20)/20 * (100+5)/100 = 2.78 ton of material for 73 years service life
m,n
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Materi al to be recycled by establishments d

Waste Type Construction over 2000 M Demolition over 2000 m
Brick and concrete
Drywall (unpainted)

Steel
Wood untreated

X[ X | XX
XXX | X

Construction and Demolition Waste End-of-Life Scenarios

Material Reused Recycled Landfilled
Brick and concrete é 100% é
Drywall® é 15% 85%
Steef é RR = 98% (S) & 70% (R) é
Aluminunt é RR = 95% é
Glass & other materials é é 100%

1. Assume all brick and concrete crushed on-site with 50% remaining on site as fill and the remainder trucked off-site 60 km to
be used as a substitute for aggregate.

2. Assume gypsum on-site construction off-cuts are recycled (100%), with the remainder sent to landfill.
3. SRI 2011 data and WSA 2008 LCI EOL modeling are applied for structural and reinforcing steel products (Section 6.5).
4. 1Al 2007 and EAA 2008 data and LCI EOL modeling are applied for aluminum products (Section 6.5).

5. Assume all float glass is landfilled (window or curtain wall)
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Life Cycle Inventory (LCI) Model (1)

Black-box % Top-down approach

Commercial
building

Step 2- Define building sub-assemblies
(both basic & specific) per each assembly



Step 1 Assembly: e.g. Baseline (P-P)
Building Envelope: Precast concrete (P)
Building Structure: Precast concrete (P)

Step 2 Specific sub-assemblies

1. Footings and exterior wall foundation (for concrete structures)
2. Precast concrete (conventional panel)

3. Windows (not curtain wall)

4. Precast concrete beams and columns

5. Hollow-core floors

6. Elevator and stairwell walls (all concrete buildings)

Basic sub-assemblies

1. Interior partition walls;

2. Slab on ground;

3. Steel stairs with concrete topping;
4. Roof waterproofing system; and
5. On-site construction processes.
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Step 3.1- Specific sub-assemblies for
P-P Baseline Assembly

Constituent elements
(products/processes/materials)

1. Footings and exterior wall foundation
(for concrete structures)

Concrete,
Reinforcing steel

2. Precast concrete (conventional panel)

Precast panel

Insulation (climate dependent)
Steel Studs

Gypsum bard

Backer rod

Sealant

Water repellent exterior coating
Latex primer and paint

3. Windows (not curtain wall)

Aluminum extrusions; Glass (low-e coating)
Sealant and gaskets; Steel fasteners and anchors

4. Precast concrete beams and columns

Beams; Columns; Fasteners/anchors

5. Hollow-core floors

Hollow-core floors, 200 mm, includes steel,
Topping slab, 50 mm; Shrinkage control steel

6. Elevator and stairwell walls (all
concrete buildings)

Concrete; Reinforcing steel
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Step 3.2- Basic sub-assemblies Constituent elements
(products/processes/materials)
1. Interior partition walls Steel studs
(same for all structural systems) SYPSU”‘ board
aint
2. Slab on ground Concrete

Reinforcing steel
Under slab vapor retarder
Extruded polystyrene insulation (Toronto only)

3. Steel stairs with concrete topping Concrete
Reinforcing steel

4. Roof waterproofing system Vapor retarder
Rigid insulation

Cover board
Base ply membrane

Cap ply membrane

5. On-site processes All on-site construction processes
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Primary steel manufacture Close-loop
Secondary steel recvelin
F&l’;ﬁﬁ;;ﬂ LCA model using y g
Semi-finished - aggregated data approach
product
Steel product manufacture
Steel product manufacture including scrap recovery flows
l Finished steel product Steel l
scrap
Final processing R — Final processing
l Steel component l
Use Phase

Use Phase

l Steel component A 98% and 70% recycling rate respectively for
End of Life . structural and reinforcement steel products is
applied as per US SRI 2011 data, for the
Source: World Steel Association. 2008. reference year 2009.

This project is using peer-reviewed LCI data on primary and secondary steel and aluminum production-
Source: World Steel Association 2008 data and publications.




bauxite mining

other raw material

bauxlrte lua::uH

petrol coke

production
lpi'.-:h

This project is using peer-reviewed LCI data on primary and secondary steel and aluminum production-
Source: International Aluminum Institute (1Al 2005) and European Aluminum Association (EAA) 2008 data

Primary
dataset

Alurminium
Alumina extraction Fluoride anade fabrication
alumina anodes
Remelting
SEmi- b r dataset
production Primary a|I.JITI imium production
(electrolysis and cast house)
datasets :
ingots i|
imgots
¥ | re melting refining
Production of semi-finished
products process I 1 %
scrap
Manufacturing of consumer process
product - SCrap
Use of product Recycling
dataset
wsedprodct | 5SS} qee==-=
¥
Collection and sorting e LS2d AlUMiENIUM

SCTap

and publications.

Description of the primary and secondary
aluminum production.

Source: EAA 2008

A 95% recovery rate is
applied for aluminum
products used in North
American construction
N —
< sector as per IAl 2006
§_| | publication.
L] Close-loop
E- = .
iz recycling
kR approach
=




Allocation rules for Precast Concrete and
Cast-in-Place products (3)

Close-loop recycling approach has been used to address the small amounts of on-site
generated concrete material (theso-cal | ed fAwasteodo), which 1 s 1¢
coarse aggregate extraction and transportation at the plant gate.

The environmental load of the precast concrete and cast-in-place products is calculated by
applying the following formula:

P=A+I11D
where,
P = environmental load of the precast concrete/cast-in-place products;
A = environment al | oad oairf-placemanufaguring precess;
| = environment al | oad of the Acrushing
D = environment al | oad of the Acoarse a
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A LCIA Calculation Procedure

A Precast Products Cradle-to-Gate LCIA Results

A Cast-in-Place Products Cradle-to-Gate LCIA Results
A Baseline Building LCIA Results

A LCIA Results for All Buildings

A Operating Energy (Occupancy Stage) LCIA Results
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GWBaseIine: GWS]_+GW52 + ... +GWS6 +GWB].+GWBZ + ... +GWB5

where,

GWg,ceiine total global warming (GW) of the baseline building assembly (in kg CO, eq);
GWs, 52, 6 ss total GW of the constituent specific sub-assemblies S1 to S6- (in kg CO, eq);
GWg, g2 eBs total GW of the constituent basic sub-assemblies B1 to B5- (in kg CO, eq).
where,

GWgyp-assembly total GW of the sub-assembly (in kg CO, eq);

GWcE1 . cE2, ¢cEn total GW of the constituent element CE1 to CEn (in kg CO,, eq);

n total number of the constituent elements (materials, products or processes);

GWce ==GWPgq; x M
|

GW e total GW of the constituent element (in kg CO, eq);
GWP 4 i global warming potential for substance i integrated over 100 years;
m, the quantity of substance i emitted per material, product, or process.

Similar calculations are conducted with SimaPro Software to calculate
the full LCIA profile of all building assemblies



Cradle-to-Gate LCIA Results* for Two Precast Product Groupings [per m3] - Canada

Impact category Unit Hollow-core Precast concrete wall
panel, columns, beams

Global warming kg CO: eq. 482 512
Acidification H+ moles eq. 128 136
HH critenia air-mobile kg PM2.5 eq. 0.85 0.91
Eutrophication kg N eg. 0.071 0.075
Photochemical smog kg NOx eq. 0.739 0.749
Solid waste kg 0937 03.9
Water use 13 0.836 0.914
Abiotic resource depletion kg Sbeq 2. 79E-04 3.01E-04
Ozone depletion CFC-11 eq. 4 35E-02 2.08E07
Total primary energy MI 5,059.2 54029
Non-renewable, fossil MIT 44550 172.6
Non-renewable, nuclear MI 274.0 2892
Renewable (SWHG) MI 317.1 3278
Renewable, biomass MI 13.02 13.20
Feedstock, fossil MI 0 0

*Includes steel reinforcement.
Note: HH = human health; SWHG = solar, wind, hydro and geothermal.
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Whole-Building LCIA Results for P-P Toronto 60 yrs (baseline) i Absolute Basis

Institute

Sustainable Materials

I""I

MORRISON HERSHFIELD

Impact category Unit Total Manufacturing | Construction Maintenance | Operating energy End of life
Global warming kg CO: eq. 15.877.690 1,352,183 23.618 366.724 14,134,754 411
Acidification H+ moles eq. 7,107,896 394 146 9.946 154,821 6.548,758 225
Fespiratory effects kg PM2.5 eq. 32,937 2,273 36 564 30,230 -165
Eutrophication kg N eq. 2,000 231 7 122 1,621 18
Photochemical smog kg NOx eq. 38,573 2,900 143 952 34,212 367
Solid waste kg 601.304 194,636 274 5,324 415.797 -14.727
Water use m’ 23,443 2,597 10 1,332 19713 -209
Abiotic resource depletion kg Sb eq. 1.69 1.61 0.12 0.08 0.00 -0.12
Ozone depletion CFC-11 eq. 4 39E+00 2.36E+00 T42E-05 2.03E+00 1.70E-04 2.93E-04
Total pnmary energy I 547,806,690 16,292,663 463,220 6,672,793 524,402,212 -24.199
Non-renewable, fossil I 226,054,198 14,349 802 351,023 6,040 502 205,278,863 34,007
Non-renewable, nuclear I 279,968,285 1,557,841 97.679 335,580 278,028,590 -51.406
F.enewable (SWHG) I 41.499 744 300,355 14,469 101,956 41,089,772 -5.808
Renewable, biomass I 75,449 27,229 43 43,178 4,986 7
Feedstock, fossil MJ 209.013 57,436 0 151,577 0 0
7 Athena




Cradle-to-grave LCIA results- Baseline
Building- All stages (2)

Whole-building LCIA results for P-P Toronto 60 yrs (baseline) i % Basis
%_




Manufacturing Stage LCIA Results for P-P Toronto 60 yrs (baseline) i

Absolute Basis

Sustainable Materials

Institute

MORRISON HERSHFIELD

I""I

Impact caegory UTmit Total Foobngs & Fracast Windows Precast Hollow- | Elevator & | Interior Faoof Habon | el swirs
BXIErL0T Concrete concrei® | core floors| smirwell partion |waterproofm | ground Wit
wall wall panal beams walls walks g sysism ConcTete
foumda tion Cobonms TOPpILE
Global warming kg €O eq. 1352183 125,230 231,030 02,744 137,779 365014 G653 200034 67,158 37,205 424
Acidification H+ molss ag. 304 144 33353 56.281 46,7046 93378 102 048 17423 0.753 22 163 11156 1884
Fespranry effects ke PAI2.5 eg. 2273 238 311 222 541 G607 123 78 T 7 4
Enfrophicaton kg Meq 131 21 i6 12 57 b 11 10 L] i)
Phiotoc hemical smos kg O, eq. 2004 240 387 208 45 g6 12 7 52 91 18
Solid waste ks 04 434 18,931 25 705 09.047 54,233 50,418 11053 4433 1,389 5.724 2,714
Water use m' 2,597 124 384 508 524 558 125 118 55 G5 35
Abiotc resource depleton kz Sbheq. 1.61 008 040 0.01 0.17 0.19 04 Q.61 0.07 .02 (.00
[Ozone depledon CPC-11 eq. 2 38E+00 7T 10E-D35 1.33E+H | 5.33E-04 1.18E-04 | 452E-05 | 3.63E-05 | 5.61E-4 1.01E+00 162E-0 | 5.93E-07
Tom] primary energy %) 16202 663 1700434 2 A36754] 1786407 3031010 4143414 547041 523 630 1.397 043 387 943 137 085
Non-renewable, fossil T 14 340802 1061608 1346287 100001 3360462 3554342 576,020 474,251 1,280 826 341,982 135,054
Non-renewsable, ouclear %) 1,557,841 114 547 238,401 50,682 474,283 403 537 58,502 41,530 38,361 36,263 1636
Fenewable (SWHE) %0 300355 24 204 42271 15910 20,764 £5.494 12380 T410 12046 0477 395
Fenewable, hiomass T 27,229 7d] 3,795 7,004 7401 7.038] 39 HE 214 23 1
Feedstock, fossi MJ 57436 i 0 0 0 [l 0 0 57436 0 0
7 Athena




I n LCI S
Baseline Building- Manufacturing stage (2)

Manufacturing Stage LCIA Results for P-P Toronto 60 yrs (baseline) i % Basis
100% -

80%+ — — — — — —
60% 4+ — — — — — m Steel stairs with concrete topping
40%- m Slab on ground

= Roof waterproofing system

® Interior partition walls

0%_ \ I
 c 5 € 0 L P s 52T T 2B @ m Elevator and stairwell walls
ERB & o & g 5 S o ¢ L g % g &8 g (concrete building)
g o S 2 8o g 6T 9 E T8 ¥s Hollow-core floors
= o = = ' O ] y D - -
=S8 S 8EZSB yg8 B 9 L ¥
a2 gs8s5¢g? s < E 2@ § 8 5 & mPrecastconcrete beams/column:
CH -l $§8528z38:£3¢%@ |
o g% g0 ge2g ol -
x 9 3} £ £ 92 & @  ®Windows
7] = .
o P B Precast concrete (conventional
Q panel)
— . .
-_8 B Footings and exterior wall
< foundation (concrete building)
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Occupancy phase L CIA results-
Baseline Building- Operating energy (1)

Operating energy use LCIA results for P-P Toronto 60 yrs (baseline).




Baseline Building- Operating energy (2)

Operating energy use LCIA results by end-use for P-P Toronto 60 yrs (baseline).

s EERERRERERERD
s ERAREREERRRED
60%— l

40% - — — — — —

20%
0% -
N b )
O O Qp(o ‘&o(\ 6‘& &@ & o Q‘;\\OQ Q}Oﬁ o@"\ (}Q’% @\2\0 @Q’g = Water Systems
> S K FFTETE TSP e
F WP & 9 O & & NP = Fans
N\
»® ey ¢ & Nk & @‘\e QQ§ & &
<& Q~<\° @6‘2’ «@éo‘\' (\,@ v ng\ M Interior Equipment
S o
Q}%o‘\} < m Exterior Lighting
‘\0‘\\0\ Interior Lighting
v m Cooling

B Heating
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End-of-life LCIA results for P-P Toronto 60 yrs (baseline)- absolute basis

100%
80%
60%

40% -
20% -

0% -
-20% -
-40% -

-60%
-80%
-100%

m Steel stairs with concrete topping

Slab on ground

W Roof waterproofing system
m Interior partition walls

m Elevator and stairwell walls

m Hollow-core floors

Globalwarming

Acidification

=

Respiratory effects

T T T T - T T T T T T T 1
c W w w £ aa = = = unn = wu
[%y] m w [52] w
2 g B 3 8 28 5 8 € © g © M Precast concrete beams/columns
T nw 2 5 2 @ c *w= 5 = E & E
2 — 2 = =2 o g = o e s 2
£ B T ©® o o > = . — 2 o = .
g_ E S g - — s % L 2 E " m Windows
§ 2 ” § g E 5 ' T % S 3
o g 385533z 8%
2 2 O 5z 2 2 c 3 = 37 m Precast concrete wall panel
1
£ c s s5reg &
o 1= —_
= = £ . .
k=) = M Footings and exterior wall
= foundation
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All scenarios LCIA results: Global Warming and ranked from lowest (1) to highest (15).

16.0

19.2

Millions

15.9

Millions

19.1

GWP, kg CO2 eq. & rank (low to high)
GWP, kg CO2 eq. & rank (low to high)

O © R & L 8 o O 2 & O 8 9 O 2
O&&@*%@%QQQQ‘Q\Q‘Q@Q\‘QQ\Q

Toronto, 73 years
Toronto 60 years

[ istiowest | 2nd lowest 3rd lowest 4th Towest 5th lowest

60 years- Of the top 5 performers in Toronto for lowest GWP impact, all are precast wall envelopes and three
have concrete structure.
73 years- Of the top 5 performers in Toronto for lowest GWP impact, four are precast wall envelopes and four
have concrete structure.
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All scenarios LCIA results: Global Warming and ranked from lowest (1) to highest (15).
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Vancouver, 60 years Vancouver, 73 years
[ istlowest | 2nd lowest 3rd lowest 4th lowest 5th lowest

60 & 73 years- Of the top 5 performers in Vancouver for lowest GWP impact, three have precast wall envelopes,
one is curtain wall and one is brick with steel stud envelope.

' Athena W u
Sustainable Materials il
Institute MORRISON HERSHFIELD




N \\\\\\ \T \\\ \\\;\ N\ N\
\\ \\\\\\\\x:\\\\\\\\\: \j\\\:\}\\\\\ \\

NN
N ‘Q\\\\\\

\ R \ ) \ »\. > \ X \ \ \\‘\ \\ \ \ »: \ N \} NS
R \ RTINS NN NG NN AR R RRRRRRSS

N nmiiinnn \\\\t\ R \ \ NN \\\ \\\\\ﬁ\\\\\ \b\\\s\\\\ \\\\\\ N N
N NN \ NN g NN\ \ \ NN NN NN

\ A RN NI T ;] ik

LCIA results- All Buildings-TPE-Toronto

All scenarios LCIA results: Total Primary Energy and ranked from lowest (1) to highest (15).
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Toronto 60 years Toronto, 73 years

[ istlowest | 2nd lowest 3rd lowest 4th lowest 5th lowest

60 & 73 years- Of the top 5 performers in Toronto for lowest TPE impact, the top three performers are precast
envelope with concrete structure and two are curtain wall, and brick and steel stud, both with concrete structure.
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All scenarios LCIA results: Total Primary Energy and ranked from lowest (1) to highest (15).
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Vancouver, 60 years

Vancouver, 73 years

2nd lowest 3rd lowest | 4th lowest] 5th lowest

60 & 73 years- Of the top 5 performers in Vancouver for lowest TPE impact, the top three performers are precast
envelope with concrete structure and two are curtain wall, and brick and steel stud,with concrete structure.
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LCIA results A|| Bu.m.n\gsb‘y“ LC stage GWP

All scenarios LCIA results by life cycle stage for global warming potential (kg CO, eq.)
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Toronto- For all building types, Operating Energy represents (89% to 93%) of the GWP impact;
Vancouver- For all building types, Operating Energy represents (50% to 62%) of the GWP impact.
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All scenarios LCIA results by life-cycle stage for total primary energy (MJ).
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Toronto- For all building types, Operating Energy represents (96% to 97%) of the TPE impact;
Vancouver- For all building types, Operating Energy represents (89% to 92%) of the TPE impact.



LCIA results- All Buildings- Operating energy- GWP

All scenarios LCIA results for GWP due to operating energy (kg CO2 eq.) and ranked from lowest (1) to highest (15)
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Vancouver, 60 years

Vancouver, 73 years

Toronto- Of the top 5 performers in terms of operating energy, for lowest GWP impact, all are precast envelopes

with concrete or precast structure.

Vancouver- Of the top 5 performers in terms of operating energy, for lowest GWP impact, four are precast
concrete with concrete or precast structure, and one is curtain wall with concrete structure.
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All scenarios LCIA results for TPE (MJ) due to operating energy and ranked from lowest (1) to highest (15).
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~ Toronto & Vancouver- Of the 5 five performers in terms of operating energy for lowest TPE impact, four are
- precast envelopes with concrete or precast structure, and one is brick with steel stud on concrete structure.



Process Contribution Analysis
Influence Analysis for Precast Products
Sensitivity Analysis on Portland Cement Content

Sensitivity Analysis on Thermal Performance of Exterior Walls

I o o Do Do

Sensitivity Analysis on Recycling
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Cradle-to-gate LCIA contribution analyses of major materials and processes for
m3 of precast concrete hollow-core slab (Toronto profile) 1 includes steel reinforcement.

100 — — — — — — — — -

B RPC - hollow core - TOR - cradle-to-gate B RPC - CAN - raw materials extraction
H RPC - TOR - raw materials transport. H RPC - TOR - manufacturing
B CAN - gate-to-gate (precast) transport. B Fly ash - CAN - gate-to-gate (precast) transport.
B Fine agg. - CAN - raw materials extraction B Aggregate - CAN - gate-to-gate (precast) transport
W Coarse agg. - CAN - raw materials extraction B Aggregate - CAN - gate-to-gate (precast) transport
B Admixture - CAN - cradle-to-gate admixture @ Admixture - CAN - gate-to-gate (precast) transport
H Reinforcement - cradle-to-gate Steel plate - cradle-to-gate
Reinforcement - CAN - gate-to-gate (precast) transport. Concrete - TOR - precast concrete plant ops.
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IP- Process Contribution Analysis (2)

Cradle-to-gate LCIA contribution analyses of major materials and processes for m3 of precast
concrete wall panel, column and beam product grouping (Toronto profile) 1 includes steel
reinforcement.

100

B RPC - precast wall panel, columns, beams - TOR - cradl@#-Bfgate CAN - raw materials extraction

H RPC - TOR - raw materials transport. B RPC - TOR - manufacturing
B CAN - gate-to-gate (precast) transport. B Fly Ash - CAN - gate-to-gate (precast) transport.
B Fine agg. - CAN - raw materials extraction B Aggregate - CAN - gate-to-gate (precast) transport.
I Coarse agg. - CAN - raw materials extraction B Aggregate - CAN - gate-to-gate (precast) transport.
B Admixture - CAN - cradle-to-gate admixture I Admixture - CAN - gate-to-gate (precast) transport.
Il Reinforcement - cradle-to-gate Steel plate - cradle-to-gate

Reinforcement - CAN - gate-to-gate (precast) transport. Concrete - TOR - precast concrete plant ops.
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Impact category Hollow-core - cradle-to-gate Precast wall panel, colnmns, beams -
(units in % of totak) cradle-to-gate
Plant Suppliers Total Flant Suppliers Total
in-house impacts in-house impacts
impacts lf:iru cluding impacts L(im:]u ding
ansport. ) ANSPOIT. )

Global warming 17.6 824 100 16.6 834 100
Acidification 284 71.6 100 26.7 733 100
Respiratory effects 20.0 80.0 100 18.8 81.2 100
Eutrophication 255 4.5 100 242 75.8 100
Photochemical smog 41.7 583 100 41.1 58.9 100
Solid waste 58.8 41.2 100 38.7 413 100
Water use 2.0 71.0 100 309 69.1 100
Abiotic resource depletion 0.0 100.0 100 0.0 100.0 100
Ozone depletion 39.7 60.3 100 83 01.7 100
Total primary energy 331 66.9 100 31.0 69.0 100
Non-renewable, fossil 30.1 69.9 100 28.1 71.9 100
Nen-renewable, nuclear 54.0 45.0 100 51.2 438 100
Fenewable (SWHG) 33.5 4.5 100 53.7 46.3 100
Renewable, biomass 99.8 0.2 100 08.4 1.6 100
Feedstock, fossil N/A N/A N/A N/A N/A N/A
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Based on in-depth research of the available publications in Portland Limestone Cement field

[Thomas, M. et al 2010, CAC 2009a, CAC 2009b, CSA A3001-08, PCA 2003, PCA 2002] and
personal communications with Canadian cement industry experts, the following assumptions
are applied for the LCI modeling of general use portland limestone cement (GU PLC):

A The composition of GU PLC is 5% gypsum, 12% limestone, 83% clinker.

A As permitted by CSA A3001-08, one-to-one replacement basis of regular portland
cement (RPC) with PLC is applied (see Slide 23);

N Water-cementitious materials ratio remains unchanged (see Slide 23);
O Percent cement substitution with SCM remains unchanged (see Slide 23).
A Density of concrete profiles remains unchanged (see Slide 23).
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IP Sen5|t|V|ty AnaIyS|s on Portland
Cement Content (2)

Comparison of Regular Portland Cement and Portland Limestone Cementi 1 kg




