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Abstract
Building enclosure design has until now mainly focused 
on thermal performance and its impact on operational 
carbon emissions. 

This area is now well understood, and industry-trusted 
tools exist to evaluate thermal bridging and whole 
building thermal performance. Embodied carbon 
emissions associated with building enclosure systems 
are not well understood but contribute significantly to 
the emissions over a building’s lifespan. 

This project aims to build understanding of the 
embodied carbon emissions from building enclosures 
by providing analysis of 26 commonly used enclosure 
systems which provide tools for design teams to start 
to consider and address this issue.

Introduction  
The buildings and construction industry represent 
around 37% of global operational energy and process-
related CO2 emissions1.  

Responding to the climate crisis, the building industry 
has largely focused on reducing the emissions associated 
with the cumulative energy demand required by the 
building during its operation (operational carbon). 
However, as rapid reductions to our operational energy 
use and thus carbon emissions are achieved by designing 
high performance buildings, and our electrical grids 
decarbonize, the impact of the carbon embodied in all 
the materials and components required to construct a 
building (i.e. embodied carbon) on buildings total 
lifecycle carbon emissions is fast becoming the driving 
factor. In Canada, between 2023 and 2050, embodied 
carbon could represent the majority of new building’s 
carbon emissions2. 

Figure 1 through 3 from CAGBC’s Embodied Carbon 
Primer published in March 2022 demonstrate the 
significance of embodied carbon on lifecycle carbon 
from now to 2050 for high performance building examples 
in Vancouver, Toronto, and Calgary respectively. In the 
case of Calgary, projections today based on the current 
electrical grid do show operational emissions surpassing 
embodied emission by 2030, however this balance will 
change as Calgary’s electrical grid becomes cleaner. 

Furthermore, up to 2030 upfront carbon emissions still 
have a significant overall impact and addressing these 
will be critical in all regions to meet Canada’s 2030 
targets under the Paris Agreement.3

This global context is driving the development and 
implementation of stricter building codes and regulations 
throughout North America, with the goal of reducing 
the negative environmental impacts pertaining to both 
operational and embodied carbon emissions resulting 
from the built environment. At a national level, the 
Government of Canada has committed to a legislated 
goal of achieving net-zero emissions by 2050 under the 
Canadian Net-Zero Emissions Accountability Act. 

12022 GLOBAL STATUS REPORT FOR BUILDINGS AND CONSTRUCTION – UNEP. The Government of Canada’s ‘Canadian Net-Zero Emissions 
Accountability Act’ was legalized on June 29, 2021, as per https://www.canada.ca/en/services/environment/weather/climatechange/climate-
plan/net-zero-emissions-2050.html

2Canadian Green Building Council – Zero Carbon Building Design Standard Version 3 as per https://www.cagbc.org/wp-content/
uploads/2022/06/CAGBC_Zero_Carbon_Building-Design_Standard_v3.pdf

3Canadian Green Building Council (CaGBC) Embodied Carbon Primer: A Primer for Buildings in Canada, available https://www.cagbc.org/wp-
content/uploads/2022/03/Embodied-carbon-white-paper-March-2022.pdf 
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Organizations such as the Canada Green Building Council’s 
(CAGBC) Zero Carbon Building (ZCB) Design Standard is 
an example of a certification that was developed to 
help incentivize, advertise, and guide green building 
design through the lens of total carbon emissions. 

The ZCB Design Standard Version 3 Update outlines 
potential pathways projects can follow to attain 
certification. These pathways all implement the use of 
life cycle assessments (LCAs) as measures to determine 
the total embodied carbon intensity (in kgCO2e/m2 of 
gross floor area) of a building. On a more localized 
scale, the city of Toronto has outlined a new 
requirement as part of the Toronto’s Green Building 
Standard (TGS) Version 4 updates, to carry out embodied 
carbon emission assessments upfront for certain 
project types . While there is no specific requirement 
yet to conduct life cycle assessments, they provide one 
straightforward way of calculating and presenting that 
data. Other municipalities are looking at similar 
requirements to reduce embodied carbon emissions.

Most embodied carbon analysis to date has focused on 
structural materials such as concrete due to the large 
quantities required for mid- and high-rise construction 
and the high embodied emissions impact of cement. 
Building enclosure design with regards to high-
performance buildings has until now focused on 
optimizing thermal performance during op̀ eration. 
Embodied carbon emissions associated with building 
enclosure systems are not well understood (and vary 
widely) but contribute significantly to the emissions 
over a building’s lifespan. Also, additional materials 
needed to improve the thermal performance for 
high-performance, low energy buildings considered 
“green” may add to the overall embodied carbon emissions. 
Thus, a carbon balance point must be reached.

Responding to the urgent need for a better 
understanding of embodied carbon by the 
Architecture, Engineering, and Construction (AEC) 
industry, the following embodied carbon database and 
guide for building enclosure design seeks to provide a 

resource for designers, manufacturers, and policy 
makers on how to meet this challenge and to make 
more informed decisions early in the design, 
specification, and review process when the greatest 
opportunity for impact and change is available.

In this guide, we have quantified the embodied carbon 
intensity of commonly used enclosure systems in the 
Greater Toronto and Hamilton Area (GTHA) used in 
office, multi-unit residential and institutional buildings 
(Ontario Building Code (OBC) Part 3 buildings). Using a 
standardized life cycle assessment methodology for 
calculating CO2 equivalent emissions, embodied 
carbon metrics were established for 26 different 
enclosure assemblies. As our focus is narrowed to the 
specific implications for the Canadian market, the 
analysis is specific to the embodied carbon contributions 
of the locally available materials and typical enclosure 
systems. The resulting database will inform design at 
the earliest stages, prior to the establishment of detailed 
design information, through the lens of embodied 
carbon, enabling designers to choose optimum 
enclosures that balance embodied and operational 
carbon emissions across the building’s life-cycle and 
consider material substitutions to reduce emissions. 

How to Use This Guide
The authors envision a number of use cases for this 
enclosure database. They are:

•	 Provide designers of offices, multi-unit residential 
and institutional buildings with early-stage design 
information regarding the embodied carbon impact 
of enclosure assembly type and the material within.

•	 Allow designers and consultants to estimate the 
embodied carbon impact of their buildings early in 
design to support in the achievement of current 
and future absolute embodied carbon emission 
targets.

•	 Assist in the development of embodied carbon 
targets for codes and standards development and/
or references (baseline). 

•	 Allow manufacturers to develop an understanding 
of context for their product, including meeting ever 
evolving demands for low carbon design choices.

•	 Encourage manufacturers to develop their product 
specific Environmental Product Declarations (EPDs) 
that will allow designers to have greater choices of 
materials with available data to inform decisions in 
designing their enclosure assemblies. 

4As per the Toronto Green Building Standard Version 4 (https://www.toronto.ca/legdocs/mmis/2021/ph/bgrd/backgroundfile-168196.
pdf#:~:text=Embodied%20Carbon%20%E2%80%93A%20new%20requirement%20has%20been%20added,sequestration%20within%20
landscape%20designs%20has%20also%20been%20added.), embodied carbon should be measured through a materials emissions 
assessment.

Early Stage Design Decisions
A problem with early stage decisions is that not all 
information is available for a comprehensive analysis. 
At the beginning of the design process, in concept and 
schematic design, the enclosure assembly details and 
often the enclosure assembly types are not yet 
developed. This makes evaluation of the quantities of 
material and choosing data from appropriate EPDs 
challenging. Developing detailed drawings for multiple 
enclosure assemblies being considered increases 
design effort when many other design elements are 
still in flux. LCA practitioners could develop this 
information over time using prior projects, however 
the urgency of the climate emergency requires the 
ability to make these decisions today. 

The assemblies included in this work provide both 
detailed material descriptions and material quantities 
for 26 assemblies typically used in commercial 
construction. While normalized values for embodied 
carbon emissions are provided in kilograms of equivalent 
carbon dioxide per square meter of enclosure area 
(kgCO2e/m2), these values should only be used as the 
starting point for any user of this database. 

The EPDs used in most cases represent product 
category averages only, and are not project or 
manufacturer specific. Furthermore, new and updated 
EPDs are constantly becoming available. However, 
when armed with the embodied carbon breakdown by 
assembly component, users can readily understand 
which components have the most significant 
contribution to whole assembly carbon content, and 
how to seek improvement by selecting project specific 
materials, substituting these preliminary EPD values 
with their own sources. 

Codes and Standards
Whole building embodied carbon emissions targets are 
more frequently being developed in both voluntary 
standard and code regulations. For example the 
Canada Green Building Council’s Zero Carbon Building 
Design standard has an embodied carbon maximum 
target of 500 kgCO2e /m2 of gross floor area and the 
Toronto Green Standard (Tier 2) has set a target of 350 
kgCO2e/m2. Targets like these have been developed 
from LCA benchmarking of many buildings and have 
been selected based on that past experience.
 

Presumably these targets will be lowered in the future 
as industry reduces embodied carbon in their products 
and materials used in buildings, and designers become 
more knowledgeable and experienced with their design 
choices. Based on the current practice of past 
benchmarking, updating these standards will have to 
wait for more final embodied carbon emissions values 
for newly constructed buildings to update their targets. 
Understanding the balance point between operational 
and embodied carbon emissions will also support in 
further reducing these targets, or in transforming 
targets into a whole life cycle carbon emission metric, 
combining the two.

The information in this database will accelerate this 
process. As new products with reduced embodied 
carbon become mainstream, the impact on whole 
building embodied carbon can be evaluated before 
waiting for the next generation of low embodied 
carbon buildings to be constructed. 

Providing Context for Manufacturers Products
For any manufacturer to understand the impact of the 
embodied carbon of their products, they need to 
understand the context in a whole building life cycle 
analysis. While every improvement in a manufacturer’s 
carbon emission goes toward improving their own 
carbon footprint and should be pursued, when marketing 
their product, manufacturers require proper context to 
avoid overselling and damaging their credibility with 
potential product specifiers and builders. 

This database highlights the impact of specific materials 
in enclosure assemblies, and as manufacturers reduce 
the environmental impacts of their products, this 
database can be used to estimate the impact on the 
overall enclosure emissions. The database also 
demonstrates industry average embodied carbon 
emissions from a specific product type in Canada, 
which manufacturers can use as a benchmark for 
improving their own emissions. In addition, 
manufacturers can use this database to understand 
how their products contribute to various assemblies 
and how to focus their marketing efforts.
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Encourage Expansion of EPD Availability
The existence of this database highlights which 
components are the largest contributor to the 
environmental impact of enclosure assemblies. This 
allows designers to focus on components in their 
assembly that have the highest environmental impact 
and seek alternatives. The request for these alternatives 
will incentivise manufacturers to develop EPDs for their 
own products particularly where they have lower 
emissions compared with generic values. 

Manufacturers that are improving their environmental 
footprint will be incentivized to demonstrate that their 
product has a lower environmental footprint than the 
industry average values used in creating this database. 

 
METHODOLOGY USED TO DEVELOP LCAS  
FOR ASSEMBLIES

Assembly Selection and R-value Calculations 
The building enclosure systems included in this study 
focus on some of the most commonly used assemblies 
in OBC Part 3 commercial, residential, and institutional 
buildings (as defined by the Ontario Building Code) in 
the Greater Toronto and Hamilton Area (GTHA). Based 
on the authors’ collective industry experience, and 
consultation with industry representatives, a total of 26 
building enclosure assemblies were selected for 
analysis, prioritizing variety in the materials used to 
establish a strong data set for comparison and to 
maximize the usefulness of the data for analysis and 
industry guidance. The majority of the assemblies 
selected are suitable for new construction projects, 
however some assemblies suitable to existing building 
retrofits are also included. 

Low energy and low carbon use buildings require a 
high-performance thermal enclosure to significantly 
reduce environmental loads; typically, this leads to 
added number and quantity of materials within the 
specified assemblies. However, this added material 
cost must be balanced with a low-embodied carbon 
enclosure design. This relies on the use of low carbon 
materials as well as durable materials that minimize 
maintenance and replacement needs throughout the 
building’s life cycle.

To achieve these performance values, a focus on the 
“effective” thermal performance is required. Effective 
thermal resistance values for assemblies are calculated 
by summing the thermal resistance of all layers in the 
assembly, and also accounts for the additional heat 
loss (i.e. thermal bridging) as a result of repetitive 
higher conductivity materials bridging through lower 
conductivity materials (i.e. insulation). The targets 
established in this study therefore focused on effective 
R-values. 

In order to establish reasonable performance targets 
that both meet current needs of designers as well as 
meeting future performance requirements of local 
energy codes such as the Toronto Green Standard 
Version 4, the “City of Toronto Zero Emissions Building 
Framework (2017) Appendix C: Parametric modeling 
results” was used as a reference point to set 
recommended baseline target effective R-values for 
the roof, wall, exposed floor, and vision glazing. A 
thermal performance target of R-30 (RSI-5.3) was set 
for the roof, R-25 (RSI-4.4) for the walls, and R-25 
(RSI-4.4) for the floors. 

The assemblies are designed to meet the effective 
R-value targets followed above, and the effective 
R-value of each of the selected assemblies was calculated 
following building science best practice principles as 
well as NECB-2017 and ASHRAE Fundamentals.  

An example of an effective R-value calculation is provided 
below for wall W01, which includes the assembly 
description, material thickness, material conductivity, 
effective R-value, and nominal R-value. Assumptions 
and data sources are included for each material.

Global Warming Potential Calculations
The embodied carbon emissions analysis was carried 
out by calculating the volume or mass of material in 
each layer of the assembly and then using emissions 
data from appropriate Environmental Product 
Declarations (EPDs). 

The calculations were made for a functional unit of 9 
m2 of enclosure assembly. This was to account for all 
assembly components that might be missed in a 
smaller area, such as studs, insulations pins, and 
anchorage systems. However, the data is reported both 
for 9m2 and also normalized for 1m2 carbon intensity 
(kg CO2e/m2) to simplify early design stage calculations 
from enclosure area take-offs. The LCA calculations 
assumed a building life span of 60 years. If components 
had a shorter lifespan, the emissions associated with 
replacement were included.

The material quantities for each building enclosure 
component were calculated using Microsoft Excel 
spreadsheets using dimensions established from the 
assembly specifications. The material EPDs were selected 
from the One Click LCA database, or where necessary 
other databases such as EC3 were used. In most cases 
generic or industry average data was selected, but in 
rare cases it was necessary to search specific 
manufacturer data when no other data was available or 
appropriate. The focus of the LCA assessment was 
embodied carbon emissions (GWP) and this is broken 
down by material layer. 

However, other environmental indicators as defined by 
the TRACI v2.1 characterization for North America are 
reported for the assembly as a whole for the various 
life stages. Default values in OneClick LCA for transport 
impacts were used.

The outputs for each enclosure include calculations for 
embodied carbon (kgCO2e/m2) for each layer of the 
system. Life cycle stages A1 to A3 are highlighted 
indicating the layers with most impact. Life stages A4 
and A5 are also included although these are a small 

proportion of the total. It should be noted that A5 
emissions are attracting considerable attention at 
present but mostly these are attributed to general site 
activities and not to individual components or materials. 
To give some indication of total environmental impact 
including stages A, B and C, these are also reported 
based on various TRACI environmental impact 
categories but with less confidence of their accuracy. 

Biogenic carbon, which refers to the carbon that is 
taken out of the atmosphere and stored in biological 
materials such as trees or plants through the process 
of photosynthesis, is also reported where appropriate. 
Materials that originate from biological sources may 
sequester carbon while in use as part of the enclosure  
system. In this respect biogenic carbon stored in 
timber and other plant based materials can be viewed 
as a negative emission. Timber used in construction is 
considered to lock in the biogenic carbon for the 
lifetime of the building. When a component using such 
materials reaches the end of its life it is assumed to be 
incinerated with the stored carbon released back into 
the atmosphere. 

 Figure 4. Example W01 Assembly effective R-value calculation table.
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The output summary data for stages A1 to A3 of each 
enclosure system is presented graphically for each 
assembly as well as summarized in an as shown below 
for wall. Total emissions from A1 to A5 are also 
represented graphically to show the impact of the A4 
and A5 category estimated from OneClick as described 
above. In the summary table, the materials that 
contribute most significantly to the embodied 
emissions of the assembly have been highlighted. An 
example of the graphic representation and summary 
table are shown for wall type W01 - Exterior Insulated 
Concrete Masonry Unit (CMU) with Brick Veneer in 
Figures 6 and 7 respectively. 

Figure 5. Building life cycle stages contributing to upfront (embodied) and operational carbon emissions..

Limitations of the Study
Embodied carbon analysis of buildings and 
components is still in its infancy and availability of data 
is changing quickly. For many materials and 
components in North America, EPDs are often either 
generic industry level assessments or are not yet 
available. In future, it is hoped that more manufacturer 
or even production plant specific EPDs will allow more 
detailed analysis and selection of materials. These 
assessments should not be treated as complete 
answers to enclosure selection, but rather to inform a 
consideration of the different materials that make up 
an enclosure. They also highlight which layers may 
have significant impact and merit further attention.

W01 

W01 R-Value Calculations: 

Summary for W01

Description Exterior Insulated CMU with Brick Veneer

R-Value Rsi 4.6 m2K/W    R 26 ft2·°F·h/BTU

Embodied Carbon per m2 of Enclosure (A1-A3) 136.3 KgCO2/m
2

Biogenic Carbon per m2 of Enclosure 0 KgCO2/m
2

Assembly Description
tSI

[mm]

tIP

[in]

k

[W/=mK]

C (USI)

[W/m2K]

RSI Effective

[m2K/W]

R-effective

(ft2·°F·h/BTU)

R-nominal

(ft2·°F·h/BTU)

Interior Film 0.12 0.68

Interior Gypsum Board 12.7 0.5 0.16 27.04 0.04 0.21

Steel Stud-Framed Wall 63.5 2.5 0.49 7.75 0.13 0.73

Single-Wythe CMU Wall 203.2 8 1.18 5.81 0.17 0.98

Self-Adhered Sheet-
Applied Air Barrier and 
Water-Resistive Barrier 

(WRB) Membrane 
(Vapour Permeable) 

1 0.03 - - - -

Semi-Rigid Mineral Fiber 
Exterior Insulation with 
Intermittent Stainless 
Steel Masonry Veneer 

Anchors

152.4 6 0.04 0.24 4.09 23.22 25.80

Air Cavity 25 0.98 0.03 - - -

Anchored Masonry 
Veneer 90 3.54 0.79 8.78 - -

Exterior Air Film 0.03 0.17

Total 547.8  21.6 4.6 26.0 25.8

Figure 6. Graphic representation of embodied carbon emissions of each W01 assembly material for a 60 year 
life cycle for stages A1 to A3 (top) and total assembly emissions for stages A1 to A5 (bottom).

Figure 7. Example W01 embodied carbon emissions summary for stages A1 to A3, calculated for a 9m2 
assembly area, including takeoffs for thickness and volume of material.

EMBODIED CARBON EMISSIONS FOR WALL W01 (KgCO2/m2)
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Data used in EPD assessments and databases such as 
One Click LCA are often based on national or even 
continental averages which do not highlight the 
differences between particular products.  The global 
warming potential of materials within the product 
stage is often regionally specific and is driven by 
factors such as the source energy of regional electrical 
grids, manufacturing processes, regional transportation 
options, availability of raw materials, and more. The 
national averages available do not include these critical 
systemic differences between provinces and industries 
within provinces, and the resulting global warming 
potential of the assemblies and materials within these 
assemblies are subject to change when placed within a 
specific regional context. 

This situation is expected to gradually change and 
improve as more manufacturers develop specific 
product and production plant data. This will facilitate 
the careful selection of locally manufactured materials 
and components.

WALL ASSEMBLIES Results 
The results of the analysis are summarized below in 
the form of comparative charts for each building 
enclosure assembly type evaluated - walls, floors, and 
roofs. The charts show the total A1 to A3 emissions, the 
additional estimate emissions associate with A4 to A5, 
as well as the estimated reduction in assembly emissions 
resulting from biogenic carbon. 

The intent of representing the data in this way is for 
readers to quickly understand assemblies with the 
highest embodied emissions, as well as to compare 
these assemblies with proposed project-specific 
assemblies and to simplify decision making for projects 
striving for a low embodied emissions target.
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ROOF ASSEMBLIES FLOOR ASSEMBLIES
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Discussion 
The pie charts in Figure 8 below represent the total embodied 
carbon emissions for each enclosure system.  The size of the 
circles are proportional to the overall impact; large pies show 
a larger overall carbon emission. The pie slices represent 
major enclosure component categories. The results show 
that the embodied carbon emissions of enclosures are 
generally dominated by the cladding material, followed by the 
insulation layers, and backup structure. Other components 
have limited impact. Using the below results, designers are 
able to choose optimal enclosure designs by prioritizing the 
selection of low carbon alternatives for the high impact layers 
highlighted below.

By looking more carefully at insulation using 
comparison graphs shown in Figure 9, it is clear that 
careful selection of lower embodied carbon products 
is a simple way to reduce the overall embodied carbon 
emissions of an assembly. There is considerable 
variation between insulation types, and between 
manufacturers of the same insulation type. 

The graphs below highlight the range of values 
available for each material type. In general, rigid board 
insulation materials used for external layers outside 
the structure, both foam based and mineral wool 
based, have a higher embodied impact compared to 
batt and loose fill insulation materials used between 
studs, which are usually less dense. Also, for batt type 
insulation there are some low impact alternatives such 
as cellulose and wool insulation. 

Thus, the current tendency to use external insulation 
due to benefits in thermal performance resulting from 
reduced thermal bridging has to be balanced by the 
additional embodied carbon emissions associated with 
these materials. This point highlights the importance of 
understanding the balance point between operational 
and embodied emissions.

R01
46 kgCO2/m²

R05
121 kgCO2/m²

R04 (reuse)
52 kgCO2/m²

R03
48 kgCO2/m²

F02
148 kgCO2/m²

F03
150 kgCO2/m²

F04
138 kgCO2/m²

F01
168 kgCO2/m²

R02
148 kgCO2/m²

Cladding Insulation Back-up Structure OtherCladding

W01
136 kgCO2/m²

W07
209 kgCO2/m²

W06
166 kgCO2/m²

W05
60 kgCO2/m²

W04
56 kgCO2/m²

W11
105 kgCO2/m²

W10
94 kgCO2/m²

W09
74 kgCO2/m²

W08
95 kgCO2/m²

53 kgCO2/m²23 kgCO2/m²10 kgCO2/m²
W14 (reuse) W15 (reuse) W16 (reuse) W17 (reuse)
34 kgCO2/m²

W13
114 kgCO2/m²

W12
136 kgCO2/m²

W02
110 kgCO2/m²

W03
50 kgCO2/m²

Insulation Back-up Structure Other Interior Finish

Figure 8. Summary pie chats for wall, roof, and floor assemblies. The size of the pie represents the total relative 
embodied carbon emissions for each assembly compared to others (larger pie has greater emissions) as well as the 

relative impact of each major enclosure component.

Wall Assemblies Roof Assemblies

Floor Assemblies
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Insulation Comparison

A1-A3  kgCO2/m² 
with RSI of 1

0 20 30 5010 40 60 70

EIFS

Stone Veneer

Steel*

Brick

Terra Cotta*

Aluminium 

Embodied Carbon Values from Maximum to Minimum Average
*denotes sample size of 1

22.7

13.5

46.4

35.0

17.9

18.0

#

Figure 10. Comparison of the embodied emissions of cladding products for stages A1 to A3. Data is based on: Brick- 7 
products, Aluminum cladding -5 products, Terra Cotta -one product EPD available, EIFS - 10 products (Acrylic-based finish), 

Stone Veneer - Only one product EPD available, Steel cladding  - 4 products.

Figure 9. Comparison of the embodied emissions of insulation products for stages A1 to A3, normalized by an RSI of 1. 
The lower graph is an expanded graph of loose fill and batt products that tend to have lower embodied carbon emissions 

that rigid and semi-rigid board products.

Cladding systems also vary significantly in their impact 
as shown in Figure 10  below. Depending on the man-
ufacturer, there are large differences in emissions. To 
address this, designers should request project specific 

EPDs that meet the project performance requirements 
while also achieving low emissions. Please note that for 
some cladding types, limited EPD data is available, and 
the reported data may be based on a single EPD.

Insulation Comparison Embodied Carbon Comparison of Cladding Materials
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APPENDIX A - DATABASE OF ASSEMBLIES 

In this appendix we have summarized the data output 
for each of the 26 enclosure assemblies. 
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