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Building Science for
Building Enclosures

This text is intended for the building professions: the engineer, architect or
technical specialist involved in the design, construction, operation,
maintenance, repair, and renovation of buildings.

The focus is on the building enclosure, i.c., walls, windows, roofs, below-
grade construction, and the relevant building science. The control of heat,
air, and moisture is emphasized because of their critical importance.

JOHN F. STRAUBE, Ph.D. M.A.Sc. B.A Sc. (Eng) P. Eng. holds a
joint appointment as Associate Professor in both Civil Engineering
and the School of Architecture at the University of Waterloo where
he teaches courses in structural design, material science, and
building science to both disciplines. His research and practice have
focused on the design of energy-efficient, healthy and durable
buildings, and the development of new building systems and
products. As a consultant he has worked around the world on
forensic investigations, iconic buildings, new product development,
and education.

ERIC F. P. BURNETT, Ph.D. M.A.Sc. D.I.C. B.A.Sc. (Eng) P. Eng.
. F.ACI FCSCE is a structural engineer with specialist competence in
~ the broad areas of building science and technology, building
performance, and structural concrete. He has worked with and
consulted to a number of agencies in the US, Canada and elsewhere.
~ He held the Bernard and Henrietta Hankin Chair in Residential
Construction at Penn State and he was Director of the Pennsylvanie
Housing Research Center. For many years he taug
of Waterloo, where he initiated the Buildi»
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This presentation

* Question: How much focus should we put on low-
embodied carbon building materials?

e Qutline:
— Why care about carbon
— How are we doing in the building industry
— Electrify Everything
— Materials and Carbon
Integrating Renewables
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Why care about carbon?




Carbon in atmosphere is rising

. COZ2 levels continue to rise
* Risen by 100 ppm  aAwmospheric carbon dioxide concentrations, parts per méilion

since | was born 450

* This can screw -.‘#""
things up, like the 4=
climate

350 MM

1960 1930 20 2020
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Resiliency and Sustainability

e Sustainability
.. how we impact the world, e.g., CO,

* Resilience
... how the world impacts us, e.g., floods
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Sustainability

* Building construction and operation impacts the
environment

e Habitat destruction, ecological disruption, resource
depletion are some consequences

* Climate Change is widely accepted as the biggest threat

* Climate change is driven by anthropogenic carbon
emissions (and other GHG of course)
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The story until now ...

* Energy consumption used to = environmental damage
— Response: reduce energy use in buildings

* Recent Past
— Energy efficiency, PV on buildings

* Future:

— Energy produced by low carbon / renewable sources
— So, Carbon emissions, not energy become the focus
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Operational Carbon

-
* Result of operational energy use
* Emissions from energy

— How much energy joes the |
L | |
{

-
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Global construction expected to exceed 230 billion square meters by 2060.
That’'s another New York City every month for the next 40 years.

Source: Architecture 2030
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What is embodied carbon?

e Carbon (GHG) emitted by manufacture, transport,
maintenance of materials

6 5%~A5%,
of total
embodied
carbon
eMmissions

E%-10% Source: RMI
of total
emsdied
carbon E%-15% of total T%~15% of total
m EMissiONS B -mbodied carbon emissions s ombodied carbon emissions
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Embodied

* New attention to
Carbon embodied
within materials and
their production

CARBON

BUILDING TO COOL
THE CLIMATE
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Sequestered Carbon

* Carbon removed from atmosphere and stored in building
materials

e Wood

— Removes CO, from air via photosynthesis during “production”
— About 180% CO, of the mass of wood

* Concrete releases 50-70% of cement mass during production

— removes CO, from air via carbonation during service
— about 25% CO, of the mass of cement used

UNIVERSITY OF
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The promised future

1. Buildings will consume very little operational energy

2. We will transition to low-carbon energy
and, the electric grid will be zero carbon source

Therefore....
e Carbon embodied in materials should become our
focus
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Are we there yet?

Do we have a low-carbon grid?

Are we building low energy use
buildings?




Energy Use per Household

Energy consumption per household, U.S. average and by census
region in selected years

million British thermal umits
160 National:
140 >1/3 reduction

in 35 years
120 y

100

.5 average Mortheast hMidwest South West

@ 130 @& 1980 @ 2001 2015

Caata source: US. Enengy Infomeation Administration, Rlesidential Enargy Consirmpion Sursey 1o indecaled
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Energy Codes over time
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Energy intensity of major fuels in U.5. commercial buildings in
selected years =

thousand British thermal units per square foot of floorspace

120

315 kWh/m? 100

About 35%

250 kWh/m?2 8

\Progress

~

N.

190 kWh/m? @

40

20

1879 1983 1988 1689 1982 1965 1968 2003 2012 2018

<2 all major fuels -# electricity -8 natural gas

- Data source: LS. Energy Information Administration, Commercial Buldings Energy Consumplion Swurey
E1a" Note: Major fuels include elactricily, natural gas, fuel of, and dislicl heal

IR zoome S WATERLOO | onmiar,

SCIENCE

Lots of work ...



Figure 4. Emissions intensity in BERDO buildings by year built, 2018 data
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Beware Simple Solutions

= Forbes Subscribe: $1.50/weak

Flectrify Evervthing Ioverywhere All At Once
For The Lllllmlt \mll COoNnomy

By Michaol Barngrd. Fo Cantnibutor, © Clhima ulunet sohviteng muli-llion dollar funds an -
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“Electrity Everything”

* Electricity use still results in significant carbon
emissions

* Household, municipal, broader grids cant
handle instant electrification

— 100A panel in house, now add heat pump and
electric car to every house on the street

RO o B WATERLSO | Zesaesne



How is your electricity made?

Carbon intensity of electricity by state in pounds of carbon dioxide per megawatthour, =5 _Y

2022 g’g 1’8‘35 Ontario Quebec eia

77

+ Avg Electricity in USA:
=0.85 |bs CO,e / kWh

Avg Electricity in MA:
=0.95 |lbs CO,e / kWh

Electricity in CA:
= 0.48 Ibs CO,e / kWh

Burning Nat Gas for heating is about 0.44 |b
/kWh or 117 Ibs/mmBTU, 0.12/CF




De-carbonization of the Grid

Figure 1. .5, energy-related carbon dioxide emissions by sector, 1990=-2024
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Conclusions

* Our buildings are not low-energy
* Our grid is not low-carbon

* Trends are positive, but much work to be done
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Building Life-cycle Carbon




Life-cycle Carbon

operational carbon
+

embodied carbon

* Operational depends on the amount and kind of energy
* Embodied depends on the amount and kind of materials

RO | 2o WATERLGO | Hetetste
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Operational Energy Still Matters
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Accumulated Operational Carbon

Construction

\/

/7
/7
/
&7
\
& 7
7
&7
N ‘
/ ‘e(\\. /
/ S~
o~
€“e‘/
/
/
/
Net-Zero Energy Buillding
— e — | |
N S
Years |
|

Operational Life

Demolition
Disposal

ERSITY OF

[ERLOO

FACULTY OF
ENGINEERING



RDH

BUILDING
SCIENCE

Operational Car

Accumulated Operational Carbon
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Impagt of Energy Source Carbon

The source of energy
has a profound effect
on carbon emissions.

Can swamp efficiency.
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Accumulated Operational Carbon
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Embodied + Operational Carbon

- Embodied Carbon

Demolition / Disposal
Carbon

~
~
~

£

Repair / Maintenance

Carbon -

/
/
~
~
-

(Repairl Maintenance
Carbon

~
PR Embodied Carbon
—~ occurs at points in time
[ Embodied
Carbon

| | | | | |

| | | | | | >
c 10 20 30 40 50 60 c _
9o L
© Years ‘ =9
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2 Operational Life §2 rsiTy oF
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Replacement / repair have
important impacts... but
future carbon should be less
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Life-cycle Carbon Emissions

Example 60 year life-cycle Embodi.ed Carbon may approach
A No grid decarbonization Operational Carbon
for hyper-efficient building and/or low-

carbon energy sources

Demolition / Disposal
Carbon

Repair / Maintenance
Carbon

Carbon Emissions

Operational Carbon

Embodied Carbon
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30 years to Grid Decarbonization

A 30 year life-cycle
until full grid decarbonization

2 and full electrification
o
0 .
KL bemolition | D | Embodied Carbon
£ emolition / Disposa becomes more important
- Carbon
S
= Repair / Maintenance
®
(& Carbon
Operational Carbon
Embodied Carbon Operational drops to
near zero in year 30
UNIVERSIROF
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30 years to Economy Decarbonization

30 year life-cycle

until full grid decarbonization
and full electrification

and reduced carbon in materials

A

Carbon Emissions

— e =

R ' * BUILDING
| SCIENCE

Demolition / Disposal
Carbon
Repair / Maintenance

Carbon Operational Carbon

Embodied Carbon
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How much embodied carbon
IS in your building?




Estimating Embodied Carbon

* Materials are not products, components, or systems

* Designers need to develop project-specific assemblies

e Recommendation: use the enclosure schedule to start
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Weight of Materials vs Products

All figures in kg CO2/kg of building material

Aluminum

Fibreglass 8.1
Brass N /.5
lead NG .2
Zinc NG .0
Plastic 2.7
Steel | 2.7
Copper | 2.7
Viyl 2.6
Insulation [N 1.9
Cement N 1.0 Materials
Glass I 0.9 Mass/volume

Ceramics HE 0.7
Plasterboard || 0.4
Ho3

Bricks B 0.2
Concrete | 0.1

Straw | 0.1

Stone | 0.1

Mota: This fiaure & intan

Timber

led as a beginners gi
considerable camplexity 1
Source: Inventory of Carbon & Energy (ICE) database.

Downloasd: hitpy/www . circularecology.com/ice-database html
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SCIENCE

11.5

o @ach product. Figures for matals assume virgin material
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Patydrnthaneg wrlasd

Products
Mass/area of
enclosure

o 50 L] 150

Emdaocdied carbon (kgCO02e) per m2 of wall

Source: Inventory of Carbon & Energy (ICE) database
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Environmental Product Declarations

e Most common, reliable, and consistent source of data

« Becoming more widely available....
Keep “googling” ..they change! Eovionmental AT s

i’

N o | )) INTERNATIONAL
°
ot 50spe Product

* Vary with time, assumptions Decdaration

A cradle-to-gate EPD according to ISO 14025 and 1SO 21930

IR zuone




PCA~

hmevica's Cement Manufattuners ™

Portland

(per ASTM CI

ASTM CITS7,
. AASHTO M 85
~or CSAA3001)

ENVIRONMENTAL PRODUCT DECLARATION

4

T I

Committed to Sustainability

The United States cement industry is dedicated to
manufacturing a superior product while constantly
improving energy efficiency, minimizing emissions, and
reducing environmental impacrs.

This Environmental Product Declaration (EPD) was
developed to document the environmental impacts of

our products. Inside, you will find ASTM-certified, 150-
compliant information on cements environmental footprint,
including energy use and global warming potential. This is
intended for business-to-business communication.

Environmental

Product

Declaration

CRMCA Member Industry-Wide EPD for Canadian

E READY-MIXED CONCRETE

Specific Materials

ENVIRONMENTA
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Ripidar Sales GmbH
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Ittt Hauon und Limwealt o\ {IBU)
EPD-REE-20180068-01-0E
20.10.2018

28,10.30.23
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Hgure 2.1 = Uk cyche astessment  [LEA]
Diogrom odopied from Mowidng' Brown veing Busiotion: fom Open
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Hybrids .. Good engineering




Novel Hybrids




Investigating Alternate Systems

Concrete Masonry Unit Wall #3 (CMU-W3)
Building Component Description:

Camgary: Empriag 'Wals rs
Outside Spreadsheet
Concenan mpsonry ol wall wh fpkcal 128mm concrole pre-casl dladding i
Bris Description: @adariee b ife LAaBOS It el LRt FE I analys|s
IR CHO famm aruded pak taete g neslason

Data from EPDs

Satl-aiireirs b T bra el Wi P i (ABL VB YWES)
DOrn &R wig bl shaein Dok

Guick Numbers: finciudes #FEMDars G A00mm ol win groe
ASHRAE Saancard B01: | R-vipips: 918 BSHvaiue: 2.0 (P

THERM §.5; F-Valos: 133 Rii-value: 2.3 insiohs

| Wiall Thichnaaa: ¥ mm

Tohal Embodied Endegy: | £ 553 M’
Toda | Emn boddied G P: 100 g of SO el

Life-Cvcle Assessment Results:
Global Warming Polential (kg of CO: eq.)
Embodied Global Warming Potential [GWP) e
sy Manutach Caonsinuction Maintg End of Lisg * Towt
Autachin N L0 M Ml il G
[¥esars) ng :IGT:;1 awp |
Material | * Teang,| Total |Matedal |[® Trans.| Totsl |Maberal |* Trang.| Total |Matedal | Trang.| Tatal perme
Tiitial | 5,523 | 2 | 5,525 | 48 4 51 0 0 0 0 0 0 | 5576 | 110
50 | 5523 | 2 | 5525 | 4 a 51| 44 0 44 5 2 7 | 5626 | 11D 22.5 |b/ft2

Embadied enwgy (and GWP) numbers are based onan area of wall = 508 5 (Longth x Haight = 7.6m x & fm = 50.8m° )

FACULTY OF
ENGINEERING

From: Kevin Van Ooteghem (2010). The Life-Cycle Assessment of a Single-Storey Retail Building in % UNIVERSITY OF
Canada. M.A.Sc. Thesis, Civil & Environmental Engineering Department University of Waterloo @ WATERLOO



Investigating alternate systems

Building Component Description:

Catogoay: Ewariind Wals |

! e ‘ ol 5

Wi et il DD S| W ees | g ket chy Bk thadkdeyg —
Boig| Daarwipiion: i ngid irmyliden and plardad oy | P g g - =
Evam clwdcding | S gl P R R AT P LR o =
| Set pdNEie == Sracd Wik 2esge (AR Wl Wl -
Hetsin, b paelr Sl e iPpaang .

Cubck Mumbers: | i g e, e § R A O
ASHIAE Srandara 30,1 | B value | fmead st arw bibu copd i & LI of aF igtif 1R
bR valug | i eraiiE PGS " Al AddE @O0 08
Wl Thickness; T m= | wirn eyt g e an one o plae)
Taral Estentiod Evaigy. 848 pum | Beg ar VB praym nowrd
Total B P; T g of S0 ey om® | Lk i pard

] “

Global Warming Potential (kg of COy exq.)
Embodied Global Warming Potential (GWP)
Whepan 4 Total
s Manulachuring Conswucion Mairanance End od Lilm a
{ramog Total | owe |
Matarial |? Trans. | Totmd |Masedal |® Trans.| Tomd |Mabedal |® Trans.| Toll |Materal |* Trans. | Total parme

' Initigd | 2,797 1 2.T98 13 3 18 0 0 1] 1] i} 0 2814 55

50 (2797 | 1 |27@| 13 | 3 | 16 | 46 | 0 | 4 | © | 1 | 1 |2e6% | %
Embocied enery [and GWP) numbers are based on an area of wall = 509 w7 (ength x Hoight = 7.6m x 6 7m = 50.9m" ) 11.4 Ib/ft2

From: Kevin Van Ooteghem (2010). The Life-Cycle Assessment of a Single-Storey Retail Building in W UNIVERSITY OF FACULTY OF
Canada. M.A.Sc. Thesis, Civil & Environmental Engineering Department University of Waterloo @ WATERLOO ENGINEERING



Danger: Improper Substitution

e Systems may have very different performance
characteristics (resilience, durability, etc)

e Be sure to ensure alternates have similar or
better important attributes

— Especially: durability, fire resistance, etc
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Decarbonizing Materials

* As the grid de-carbonizes, the embodied carbon of
products is also reducing

* Industries are changing to lower carbon methods...

— So steel, cement, aluminum etc will all be lower carbon

IRD | susone %) WATERLOO | Sz

SCIENCE



Current Building Industry
Response

For North America




Direction




Industry Response

* Energy codes have become tighter

— Account for thermal bridging, air leakage = actual
performance

— ASHRAE 90.1, IECC

* Regulations to limit actual operating carbon emissions
— NYC Local Law 97, Boston BERDO, Seattle &Toronto BEPS
— Essentially the ultimate performance path

* Expect this approach to grow

BERDO: Building Emissions Reduction and Disclosure Ordinance

IRD | susone %) WATERLOO | Sz
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“The future is already here — it’s just

not very evenly distributed.”
William Gibson

NYC Law 97 and BERDO are small % of buildings

RO | 2o WATERLGO | Hetetste



Whole-Building Carbon Targets

* Having metrics and targets is critical for achieving
better performance

* Example, for energy, MMBTU/ft?, or kWh/m?
— E.g. Passive House 120 kWh/m? for primary

* Embodied Carbon metric
— kg co, . /m?
— |b co, . /ft?

RO | 2o WATERLGO | Hetetste



Low-rise wood frame Housing

* Many embodied carbon studies, wide variation...
* about 50 IbCO,/ft? (250 kgCO,/m?)

UNIVERSITY OF

IR euone WATERLOO | Zemesr,
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Targets being developed ...

Baseline Best practice 2020 Best practice 2030

800

<500 <300

kgCO.fm? kgCO./mé kgCO,/m?
165 IbCO,/ft? 100 IbCO,/ft? 60 IbCO,/ft?
Baselines will Equivalent to Equivalent to
vary by building 40% reduction 65% reduction
type and features. over baseline. over baseline.
sonie The inclusion of 30% of materials 50% of materials
a parkade, for from re-used from re-used
example, would sources. sources.
expand the .
bpas cline 50% of materials 80% of materials
sionificantly. can be re-used at can be re—u.sed at
s g end of life. end of life.

Source: LETT Embodied Carbon Primer & City of Vanconver Zero Emissions Butlding Plan

5 UNIVERSITY OF
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Multi-family Embodied CO, Example

Embodied carbon This is :orb a.:'::gh-rise
Focus on reducing embodied carbon e concrete building
for the larges! uses: _

1%

Average splif of embodled carbon
mamm  Products/matenals (Al-A3) per bullding element:

- 45?:; - Supasiucturé

Lol) Tronsport (Ad) .
embodied

-ﬁ_'fulr' Construction (&S] ﬂ'_ 21% - substruciure :fﬁ:;ﬁ;
i :

14%% - intemal finishes
," Mainlenancea and
replacemaents (81-85) r’ 13% - Facade
T2/ Endofife disposal [C1-C4)  pe A% - MEP

100 IbCO, /ft?

i1 UNIVERSITY OF

2y WATERLOO

FACULTY OF
ENGINEERING
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Firm, Measurable Operational Targets

BERDO Limits, from the ordinance

 Ambitious
BERDO
(Boston)

e NYC carbon
fines
(5268/ton)

BERDO: Building
Emissions Reduction and
Disclosure Ordinance

R o
SCIENCE

Iluil:tlnE use Emissions standard [IiEED,ﬂ'SF#yn}
2025 - 2029 [ 2030-2034 | 2035-2039 | 2040-2044 | 2045-2049 | 2050-

Assembly 78 4.6 33 2.1 1.1 0
College/ University 10.2 5.3 38 2.5 1.2 0
Education 39 24 1.8 1.2 0.6 0
Food Sales & Service 17.4 10.9 8.0 5.4 2.7 0
Healthcare 154 10,0 T4 4.9 2.4 0
Lodging 58 3.7 2.7 1.8 0.9 0
Manufacturing/ 23.9 153 10.9 6.7 32 0
Multifamily housing 4.1 24 1.8 1.1 0.6 0
Office 53 3.2 24 1.6 0.8 0
Retail 7.1 i4d 24 1.5 0.7 0
Services 15 4.5 3.3 22 1.1 0
Storage 5.4 28 1.8 1.0 0.4 0
Technology/Science 19.2 11.1 7.8 5.1 2.5 0

‘@J WATERLOO | ENGINEERING



Changing Design Landscape
* Areal “step” change... deliver specific performance and
confirm it during use

* This requires new design and build process

— Set quantifiable performance targets (e.g., OPR)

* True U-value, airtightness, energy use, carbon emissions, embodied
carbon

— Iterate design to achieve target
— Measure & confirm performance (commissioning)
— Measure and report (operation)

IRD | susone %) WATERLOO | Sz

SCIENCE



How does renewable
energy fit in?




On-site Generation

Solar PV Generates electricity with no carbon
But ... modest embodied carbon & chemicals

Alas, only power when the sun is shining
Need Grid or Batteries, best is both

Batteries have significant environmental/economic
costs

RO o B WATERLSO | Zesaesne



Ratio of Collector to Floor Area

 ASHRAE “max technical potentia
* EFconomic optimum is often lower ratio

RDH

BUILDING
SCIENCE

Warehouses
Dffices
Retail
Schools

Apartments

PAGIFIC WARM AND HOT AND

COAST

0.08
01
0.18
0.22
0.33

DAY

0.08
0.14
0.24
0.28
0.40

HUMID

0.07
0.15
0.25
0.32
0.41

II)

energy use

WARM AND COLD AND

HUMID

0.0
0.15
0.25
0.32
0.44

ORY

010
0.15
0.26
0.31
0.47

3
GOLD AND
HUMID

0.13
0.18
0.32

0.38
m.
@vwi’ T

ARCTIC

0.19
0.30
067
0.66

ERLOO
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Evolve Building, Waterloo (Net Positive)

* Entire roof coverage is common in NZE
* Sometime more coverage is needed
* Consider service access, fire fighter access paths, etc.

Parking
structure

R o
SCIENCE



Cover it all

* Parking structure can feed a “campus”

RI 'I* BUILDING - " _---—""__:- =
SCIENCE . - — Source: DOE/NREL
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I Who gets the bill?

26
24
22
20
18
16
14
12

10

1 I M I i 1 i 2 i i 1 I I i 2 1 i L 1 2 i I L i ] "i"
0000 06:00 12:00 18:00 24:00

Sowrce: Califernia IS0

Ecomamist.com

California, electricity load requirement Anint:fhtasl_;.l of 10.9GW
- : ; over three ours
Typical spring day, gigawatts ;,a (February 15t 2076
. . 2B
California adopted PV / _

early and eagerly

FACULTY OF
ENGINEERING



The ”Duck_ff Curve

(MW) dam Pam 12pm 3pm apm Ypm
A
25000 | - ot | | |
— . .
— 2023 California Power

= == Forenast Demand over fhe dqy

e 225 Foracost

20000

15000

>
=7

ULTY OF
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Fotential for
I grid instability®



Ducks and Batteries

omi = Dok California Grid Hourly Supply

Imports

slpssalis ®heevipn PiepEbhpds diEeges S kees 0 MNeder o O
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How will this change our
industry?

RD | s I WATERLGO | e




Operational Energy Saving vs Building

Reduce need for energy use

Better windows, insulation, airtightness, controls

minimize energy

required to meet needs
i.e. efficient HVAC, etc

New Build

Retrofit

re-use energy
where possible

generate
with

renewables Y St oty oF
BUILDIN
R J I-I SCIENCE Low carbon ~OO0 | encineerinG




How to reduce embodied carbon
1. Don’t build ©

— Renovate, plan smarter
2. Build smaller

3. Build simpler
4. Use materials and products efficiently
5. Use materials and products with lower carbon

RO | 2o WATERLGO | Hetetste

Impact

In Order of Decreasing



Summary

* Low embodied-carbon buildings are the future of the
industry — but this may take along time

* Much work remains to reduce energy consumption,
decarbonize the grid
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