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What is a green building?
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A life cycle perspective should be used to evaluate 
environmental impacts of building design strategies

Materials & Products
• Use recycled
• Reduce energy
• Improve material 

performance

Design & Construction
• Use less 

(i.e., stronger) material
• Create longer-lasting 

designs
• Reduce construction 

impacts

Operation
• Reduce building energy 

consumption
• Reduce maintenance
• Minimize damage due 

to hazards

End-of-Life
• Enable material 

recovery
• Enable component 

recovery

Trade-offs among strategies should be evaluated quantitatively
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Life-cycle assessment: 
Method for quantifying environmental impact

Materials & 
Production

Design & 
Construction Use End-of-Life

Activity
Raw 

Materials

Energy

Product

Air 
Emissions

Water 
Effluents

Releases to 
Land
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Building LCA Scope from EN 15978
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Scope of different building LCAs

Building 
Product 
EPD*



Whole 
Building 
LCA

   

Whole 
Building 
& Whole 
Life LCA

    

Materials & 
Production Construction Usage Operational End-of-Life

*EPD= Environmental Product Declaration



Slide  8

LEED has started to incorporate LCA

EPDs & 
Whole Building LCA
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EPDs and WBLCA Tools are meeting demand for LEED

Building 
Product 
EPD



Whole 
Building 
LCA

   

Whole 
Building 
& Whole 
Life LCA

    

Materials & 
Production Construction Usage Operational End-of-Life

LEED M&R

LEED M&R (Embodied Impacts) LEED M&R



Slide  10

Potential objectives for building LCAs beyond LEED

Building 
Product 
EPD



Whole 
Building 
LCA

   

Whole 
Building 
& Whole 
Life LCA

    

Materials & 
Production Construction Usage Operational End-of-Life

Vendor 
Decisions

Design Decisions (Same Operational Performance)

Design Decisions (Different Operational Performance)



Slide  11

Challenge of supporting building design decisions
Design tension #1: Need for early guidance vs. uncertainty in early design

Planning and 
pre-design

Conceptual 
design

Schematic 
design

Design 
development

Construction 
documents

Ability to influence 
performance

Cost of 
design changeDesign uncertainty

Design process

Streamlined LCA Conventional LCA

Design process (time)
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Challenge of supporting building design decisions
Design tension #2: Guidance vs. maintaining design flexibility

• Early design is about experimenting with potential 
solutions to variety of design objectives

• Pure optimization is too constraining
• More helpful to identify 

• Near-optimal region of design space 
• Flexible vs. critical aspects of design

Performance

Env. 
Impacts Cost

Safety
Resilience
Daylighting
Acoustics
…
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Early-design, probabilistic LCA model
Building Attribute to Impact Algorithm

Building Attribute to Impact Algorithm

Design refinement

Life-cycle 
costs

Cost 
model

Life-cycle 
impacts

Impact 
factors

Material 
masses

Material 
model

Energy 
use

Energy 
modelUnder-specified

design
(Building, assembly, 
& material attributes)

Inputs Outputs

Hester, J., Gregory, J., Kirchain, R. "Actionable insights with less data: guiding early building design 
decisions with streamlined probabilistic life cycle assessment“, The International Journal of Life Cycle 
Assessment (2018).

Building
Geometry and 
systems 
(mechanical, 
electrical and 
plumbing systems)

Assemblies
Layers defined by 
material type and 
thickness

Materials
Each material can 
be specific or 
underspecified

ATTRIBUTES

visualconstructionmarketing
.com

https://link.springer.com/article/10.1007/s11367-017-1431-7
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Under-specified design
Represented by set of specific designs

…

Under-specified building

Under-specified roof pitch

Under-specified window area

Set of 1,000 specific, randomly-generated designs
with varying roof pitches and window areas
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Sequential specification
Design refinement method #1

Refine design
Specify priority attribute(s)

Run BAIA
(Monte Carlo LCA)

Input:
Under-specified

design information
Embodied Use-phase Total

Life cycle impacts and costs
Key outputs: 

Probabilistic triage: priority attributes

Ext. wall insulation

Heating efficiency

Bedrooms

Ext. wall core
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Sequential specification example

Air leakage
Selected attribute: 

Window area
Selected attribute: 

Boston
2400 sq. ft.

Any air leakage
(0.5 - 7 ACH50)

Any win. area
(10-40% of wall area)

Step 1

Boston
2400 sq. ft.

Low air leakage
(≤ 3 ACH50)

Any win. area
(10-40% of wall area)

Step 2

Boston
2400 sq. ft.

Low air leakage 
(≤ 3 ACH50)

Moderate win. area
(20-30% of wall area)

Step 3
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Efficient increase in LCA precision
through sequential specification
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Variability (CV) quickly approaches value from a fully specified design. 
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Genetic optimization
Design refinement method #2

Black/grey = Intermediate generations
Orange = Final (optimized) generation

• Optimization method based 
on natural selection 

• Each “generation” uses 
features from best designs in 
the previous generation

• Optimization continues until 
mean impacts and costs 
change by less than 0.1% 
over 5 steps

• A quasi-optimum region can 
be defined and used to 
determine which parameters 
are flexible
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Impact/cost Pareto frontier 
Determined by changing 𝛼𝛼, relative weight of impacts and costs

𝑭𝑭𝒊𝒊 = 𝟏𝟏 − [𝜶𝜶𝑰𝑰𝒊𝒊 + 𝟏𝟏 − 𝜶𝜶 𝑪𝑪𝒊𝒊]

0

0.1

0.25

0.5

0.75 0.9
1

Quasi-optimum designs

Impacts only (𝛼𝛼 = 1)

Equal weighting (𝛼𝛼 = 0.5)

Cost only (𝛼𝛼 = 0)

𝐹𝐹𝑖𝑖 = Fitness of design 𝑖𝑖
𝐼𝐼𝑖𝑖 = Impacts* of design 𝑖𝑖
𝐶𝐶𝑖𝑖 = Cost* of design 𝑖𝑖
𝛼𝛼 = Weighting factor
*Normalized to [0,1] in each generation
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Definition of quasi-optimum regions
Based on % of optimum improvement in impacts and costs

95th percentile of 
final impacts and costs

Quasi-optimum 
region

(𝛾𝛾 = 0.5)

Optimum 
region

Cost

G
W

P

Final 
gen.

Initial 
gen. 

Initial mean

Δ𝐶𝐶𝑜𝑜

Δ𝐼𝐼𝑜𝑜

𝚫𝚫𝑰𝑰𝒒𝒒 = 𝜸𝜸 ∗ 𝚫𝚫𝑰𝑰𝒐𝒐

𝚫𝚫𝑪𝑪𝒒𝒒 = 𝜸𝜸 ∗ 𝜟𝜟𝑪𝑪𝒐𝒐
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Initial min Initial max

Bedrooms
Air leakage

Side window-to-wall ratio
LED ratio

MSHP efficiency
Aspect ratio

Back window-to-wall ratio
Front window-to-wall ratio

Ventilation heat recovery rate
Heating set point

Stories
Roof pitch

Water heater energy factor
Cooling set point

Average area of single window
Interior door area

Window overhang
Orientation

Exterior door area
Heating season shade factor

Ratio of windows open
Cooling season shade factor

Roof type

2.00 4.00 

0.25 ACH50 5.00 ACH50

0.10 0.40 

0.00 1.00 

14.00 SEER 29.00 SEER

0.33 3.00 

0.10 0.40 

0.10 0.40 

0.60 0.80 

68.00 F 72.00 F

1.00 3.00 

0.33 1.00 

0.68 0.87 

73.00 F 77.00 F

0.50 m2 2.00 m2

10.00 m2 30.00 m2

0.00 m 1.00 m

-90.00 deg 90.00 deg

4.00 m2 10.00 m2

0.70 0.95 

0.00 0.50 

0.45 0.70 

0.00 1.00 

Optimum Quasi-optimum (0.75)

Initial min Initial max

Bedrooms
Air leakage

Side window-to-wall ratio
LED ratio

MSHP efficiency
Aspect ratio

Back window-to-wall ratio
Front window-to-wall ratio

Ventilation heat recovery rate
Heating set point

Stories
Roof pitch

Water heater energy factor
Cooling set point

Average area of single window
Interior door area

Window overhang
Orientation

Exterior door area
Heating season shade factor

Ratio of windows open
Cooling season shade factor

Roof type

2.00 4.00 

0.25 ACH50 5.00 ACH50

0.10 0.40 

0.00 1.00 

14.00 SEER 29.00 SEER

0.33 3.00 

0.10 0.40 

0.10 0.40 

0.60 0.80 

68.00 F 72.00 F

1.00 3.00 

0.33 1.00 

0.68 0.87 

73.00 F 77.00 F

0.50 m2 2.00 m2

10.00 m2 30.00 m2

0.00 m 1.00 m

-90.00 deg 90.00 deg

4.00 m2 10.00 m2

0.70 0.95 

0.00 0.50 

0.45 0.70 

0.00 1.00 

Optimum Quasi-optimum (0.75)

Increased building attribute flexibility
From exploring quasi-optimum designs (𝛾𝛾 = 0.75)

Larger blue bar indicates more flexibility gained

 Critical
< ½ initial 

range

 Flexible
≥ ½ initial 

range
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Case studies

Four sets of cases, each with three 2,400 square-foot buildings in Chicago 
(except for climate case):
1. Climate

Chicago (cold), San Francisco (mild), and Phoenix (hot)
2. Analysis period

25 years, 50 years, and 100 years
3. Energy impact factor variability

Double, original, and half coefficient of variation
4. Optimization weighting of impacts and costs (𝜶𝜶)

0 (cost only), 0.5 (equal weighting), and 1 (impacts only)

Quasi-optimum designs in different contexts
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Summary of cases
Flexibility of geometrical attributes, 𝛾𝛾 = 0.75

KEY:    Flexible       Critical  
 Varies          – NA

Climate Weight of impacts vs. costs 
(𝜶𝜶)

Attribute Summary Chicago Phoenix San F. Cost 
only (0)

Equal
(0.5)

Imp. 
only (1)

GEOMETRY 
Orientation       
Stories       
Roof type       
Roof pitch       
Window overhang       
Average area of single win.       
Exterior door area       
Interior door area       
Front window-to-wall ratio       
Back window-to-wall ratio       
Side window-to-wall ratio       
Building aspect ratio       

Highlighting indicates sets of cases where flexibility changes
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Summary of cases
Flexibility of occupant- and systems-related attributes, 𝛾𝛾 = 0.75

KEY:    Flexible       Critical  
 Varies          – NA

Climate Weight of impacts vs. costs 
(𝜶𝜶)

Attribute Summary Chic. Phon. San F. Cost 
only (0)

Equal
(0.5)

Imp. 
only (1)

OCCUPANTS
Ratio of windows open       
Heating season shade factor       
Cooling season shade factor       
Cooling set point       
Heating set point       
Bedrooms (occupancy)       

Highlighting indicates sets of cases where flexibility changes

SYSTEMS
Furnace efficiency*  – – –  – –
AC efficiency*  – – –  – –
MSHP efficiency*     –  
Water heater energy factor       
Vent. heat recovery rate       
Air leakage       
LED ratio       
*Mini-split heat pump preferred in majority of cases
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Benefits of BAIA Approach

Building design attributes are inputs

Combined embodied and energy analysis

Feedback provided on key parameters

Details specified only when necessary

Uncertainty quantified for impacts

Quasi-optimization guides flexible design
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The future of BAIA

• Expand to commercial structures
• Integrate with design software
• Evaluate potential to integrate with design process



More information available at:
http://cshub.mit.edu/
jgregory@mit.edu

http://cshub.mit.edu/
mailto:cshub@mit.edu


Pathways to a Low Carbon World



Achieving a Deep Understanding



Environmental 
Impacts

Health 
Impacts



Environmental Product Declaration
GLOBAL WARMING POTENTIAL (GWP) Carbon footprint. 
Quantification of greenhouse gas and other types of emissions which 
contribute to global warming/climate change.

ACIDIFICATION POTENTIAL When emissions (especially sulfur 
dioxide from coal-burning) contribute to acid rain, which leads to the 
build-up of acidity in soil and bodies of water.

OZONE DEPLETION The thinning of the earth’s stratospheric ozone 
layer due to widespread production and release of halogens (notably 
CFCs, HCFCs, freons and halons), which also contributes to global 
warming/climate change.

EUTROPHICATION The potential increase in chemical nutrients, 
such as nitrogen and phosphorus often found in fertilizers, in aquatic 
ecosystems. The added nutrients stimulate excessive plant growth 
and algal blooms, depleting oxygen and light leading to large scale 
fish kills.

SMOG/PHOTOCHEMICAL OZONE CREATION POTENTIAL Potential
contribution of a substance towards creating “ground level ozone.” 
POCP is formed by reactions of VOCs and nitrogen oxides in the 
presence 
of heat and sunlight.















Carbon as a Proxy for Other 
Environmental Impacts

Environmental Impact per Dollar Spent in Sector



How do we use the tools

Environmental Impacts



Building Product Disclosure & Optimization

• Option 1: Use at least 20 different 
permanent products from at least 5 
manufacturer’s that have an EPD (1 point)
– Product-specific LCA from cradle to gate 

following ISO 14044 = 1 product
– Industry-wide EPD = 1 product
– Product-specific EPD = 1.5 product

ENVIRONMENTAL PRODUCT DECLARATIONS - Disclosure



Gypsum Board





Metal Stud







Insulation





• Option 2: Use products that comply with one of the criteria 
below for 10%, by cost, of the total value of permanently 
installed products in the project, or use at least 10 
permanently installed products sourced from at least 
three different manufacturers:
– Any product with a “Life Cycle Impact Reduction Action Plan” is 

valued at 50% or ½ product
– Any product with third-party verified, published EPD or LCA 

showing reductions in GWP:
• Any reduction = 1 product or 100% of cost
• >10% reduction = 1.5 products or 150% of cost

ENVIRONMENTAL PRODUCT DECLARATIONS - Optimization

Building Product Disclosure & Optimization



Metal Stud









Big Moves



Generic EPD’s





Structural Systems - Concrete

• Reduce Cement Content:
– Lower quantity of Portland Cement with SCM’s

• Fly Ash
• Granulated Blast Slag
• Metakaolin

– Specify Higher quality Aggregate
– Reduce water content

• High Strength Concrete = Less Cement



Consult your Structural Engineer

Ove Arup



Structural Systems - Steel

• Clean up the steel
– North American steel is cleaner, higher recycled 

content.
• Use Less Steel
• Efficient Design



Consult your Structural Engineer

Ove Arup Gustave Eiffel



Structural Systems - Wood

• Complicated Topic
• Use only FSC and salvaged wood
• Use only what you need - efficiency



Consult your Structural Engineer

Ove Arup Gustave Eiffel Stephanie Kwolek



Focus on the materials you use 
the most of, and the energy and 
carbon intensive materials.



Where to focus:



Fully Disclosed…



Kg C02 eq
metric tonne

C02 eq is Carbon Dioxide Equivalent

Understand the formula



Declared unit:  1 kg

Declared unit:  1 kg

Declared unit:  1 kg

24.2 Carbon Dioxide Equivalent
1 yard of concrete = 4000 lbs
1 yard of concrete = 48.4 CO2 eq

36 x metric tons 
1 gypsum board sheet = 51 lbs
1 gypsum board sheet = 0.918 CO2 eq

8.78 x metric tons
1 yard of carpet = 5-20 lbs
1 yard of carpet = 0.066 CO2 eq



And Never forget

ALWAYS REMEMBER



ONE You need a Tracking 
Tool



Environmental Product Declaration   spot.ulprospector.com   



Environmental Product Declaration   programoperators.com   



Giga ORIGIN www.origin.build   



Don’t forget about HealthTWO



If you don’t spec it, you won’t get itTHREE



Division 1



Division 2-14



SECTION 01 2900

PAYMENT PROCEDURES

1.4 Application Preparation: Complete every entry on form. Notarize and execute by a 
person authorized to sign legal documents on behalf of Contractor. Architect will 
return incomplete applications without action.

A. Entries shall match data on the schedule of values and Contractor's 
construction schedule.  Use updated schedules if revisions were made.

B. Include amounts for work completed following previous Application for 
Payment, whether or not payment has been received.  

C. Include only amounts for work completed at time of Application for 
Payment.

D. Provide updated Environmental product data submittal form to assure proper 
accounting of environmental metrics with each application for payment.

Getting our Way





Just AskFOUR



Reuse: measure what we value

15 March 2019
Brad Guy, Assoc AIA
ISO/TC 59/SC 17/WG1 Design for A/D
AIA Materials Knowledge Working Group 
USGBC LEED Social Equity Working Group



Building stock available for reuse

• 60% older than 25 years
• 22% older than 50 years
• 2.2% vacant as of 2012 (NGO)
• = 2 billion SF (NGO)

11.49%

8.47%

11.90%
12.45%

17.49%

15.85%

22.35%

BEFORE 1946 1946 TO 1959 1960 TO 1969 1970 TO 1979 1980 TO 1989 1990 TO 1999 2000 TO 2012

Year Built  by SF

CBECS, 2016



Retrofit trend

• Adaptive reuse (AdRu) ~ 1-2% of all commercial space annually.
• Estimated to be 4% by 2023 – due to mall and store closings and rise 

of e-commerce and A.I.
• “AdRu now competes effectively against new construction. It can be 

15-20 percent cheaper and faster for projects without 
environmental issues in cities that have sufficiently evolved their 
zoning and building codes to accommodate it. The wild card is the 
permitting, engineering, and approval costs for AdRu.”

“Adaptive Reuse: Turning Blight into Bright”, Alabama Center for Real Estate, University of Alabama, 2018.



Scale-jumping

1. Salvage materials from 
renovation and demolition.

2. Substitute reclaimed materials 
for new in renovation and 
construction.

3. Retrofit existing buildings, 
reuse in situ.

4. Reuse buildings on Brownfields 
and within urban fabric.



Four studies of reuse (different scales)

• GWP of demolition versus deconstruction.
• GWP footprint (Scope III) of reuse system for materials.
• Whole building GWP impact reduction for net-zero retrofit.
• Building reuse vs non-reuse via LEED site, energy and IEQ metrics.



LCA of deconstruction vs demolition

• Impacts of process via time, 
mass, environmental effects?

• Trade-offs between 
deconstruction and demolition?

• Greenhouse gas (GHG) impacts of 
deconstruction vs demolition?

• Environmental “break-even” for 
deconstruction?

Ft. McClellan LCA
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10

1.5

3
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Ft. McClellan LCA
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88 40
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Ft. McClellan LCA
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386

111

1397

-272

-1620

2179 27.8

1990

0

-6.6

2190.2

EQUIPMENT TRANSPORT DISPOSAL RECYCLED SALVAGE TOTAL

CO2-e g/sf (what if 55% REUSE)

Deconstruction Demolition

Ft. McClellan LCA



Carbon footprint (scope III) of reuse operation

• Environmental (GHG) benefit to 
reuse facilities? 

• GHG consumer marketing 
message?

• Internal knowledge of 
environmental impacts?

• Regional building materials reuse 
facility, ~55,000 SF, Washington, 
DC.
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LEED v2 & 3 building reuse vs new

• Energy performance of building 
reuse vs new construction?

• Is building reuse “sustainable 
design”?

• Holistic comparison between 
building reuse and new 
construction?



1.0 2.0

111.0 122.0

413.0

983.0

505.0

33% 42% 25% 50% 55% 75% 95%

LEED MRc1 Projects by Reuse %

LEED Building Reuse



LEED Building Reuse

24%
25%

18%

25%

V2 EA1 OPTIMIZE ENERGY PERFORMANCE V3 EA1 OPTIMIZE ENERGY PERFORMANCE

Core & Shell EA Energy-use Reduction

Adaptive Reuse New Construction



87%
90%

19%

64%

71%

33%

SS2 DENSITY AND CONNECTIVITY SS4.1 PUBLIC TRANSIT ACCESS EQ8.1 DAYLIGHT

Core & Shell SS and IEQ Credits

Adaptive Reuse New Construction

LEED Building Reuse
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25%25%
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V2 EA1 OPTIMIZE ENERGY PERFORMANCE V3 EA1 OPTIMIZE ENERGY PERFORMANCE

NC & MR EA Energy-use Reduction

Adaptive Reuse New Construction

LEED Building Reuse



76%

60%

19%

60% 60%

39%

SS2 DENSITY AND CONNECTIVITY SS4.1 PUBLIC TRANSIT ACCESS EQ8.1 DAYLIGHT

NC & MR SS and IEQ Credits

Adaptive Reuse New Construction

LEED Building Reuse



Whole building net-zero retrofit

• GWP “benefits” between 
replacement and retrofit?

• Impacts of PV panels for net-
zero?

• Hotspots for embodied impacts?
• Building lifecycle (60-year) 

effects?

AGU Net-Zero



1,552,648

518,100

203,607

73,311 23,790 7,921

03 - Concrete 05 - Metals 04 - Masonry 09 - Finishes 08 - Openings and Glazing 07 - Thermal and Moisture
Protection

Existing Embodied (EM) GWP (kgCO2eq)

AGU Net-Zero



1,552,648 518,100 203,607 73,311 23,790 7,921

28,419,218

03 - Concrete 05 - Metals 04 - Masonry 09 - Finishes 08 - Openings and
Glazing

07 - Thermal and
Moisture Protection

Operational Energy
(2015)

Existing EM + OP GWP (kgCO2eq)

AGU Net-Zero



715,392

468,550 460,876

314,261

171,945 126,553 96,927 21,090

2,375,594

0

468,550
384,880

314,261

171,945 126,553 96,927 21,090

1,584,206

Renovation EM w/ vs w/out PV

Renovation w/ PV GWP (kgCO2eq) Renovation w/out PV GWP (kgCO2eq)

AGU Net-Zero



1552647.645 518100.1373 203607.1396 73311.31023 23789.73107 7921.145125 0 0

28419217.65

30798594.76

314261.0239 384880 21090.12883 468550.2186 171945.1421 126552.9885 96926.61933 0

4831267
6415473.121

Existing vs Renovation w/out PV

Existing GWP (kgCO2eq) Renovation without PV GWP (kgCO2eq)

AGU Net-Zero



1552647.645 518100.1373 203607.1396 73311.31023 23789.73107 7921.145125 0 0

28419217.65

30798594.76

314,261 460,876 21,090 468,550 171,945 126,553 96,927 715,392

-3,694,498
-1,318,904

Existing vs Renovation w/ PV

Existing GWP (kgCO2eq) Renovation with PV GWP (kgCO2eq)

AGU Net-Zero



314,261 460,876 21,090 468,550 171,945 126,553 96,927 715,392

-3,694,498

-1,318,904

314,261 384,880 21,090 468,550 171,945 126,553 96,927 0

4,831,267

6,415,473

Renovation w/ vs w/out PV

Renovation with PV GWP (kgCO2eq) Renovation without PV GWP (kgCO2eq)

AGU Net-Zero



Building Lifecycle Impact Reduction (GWP)

• Embodied energy reduction from existing (i.e. build new) to retrofit.
• Without PV = 33% reduction in GWP
• Expenditure of high GWP materials – finishes, metals, electrochromic 

glazing, etc.
• With PV = 1% reduction GWP
• Additional expenditure of high GWP metals for PV frame and PV 

panels.
• Net-zero retrofit “PV payback” of EM of renovation, i.e. building is 

net-positive both EM and OP over 60-year lifespan.



Themes and findings

• Salvaging reduces GWP impacts of renovation and demolition.
• Reuse substitutes for new materials – CARBON SINK.
• Location-related values and GWP are major benefits of reuse.
• More to reuse than just the building (context).

• Building reuse energy-performance comparable or better than new 
construction (some limitations).

• Renewable-energy buildings’ additional impacts can be offset by 
starting with existing and vice-versa.



Future

• Carbon offsets for reuse of materials and buildings.
• Scope of reuse in US – more information.
• PCRs and EPDs for reclaimed materials.

• Buildings as invested materials banks for the future (return).
• DESIGN FOR ADAPTABILITY AND DISASSEMBLY (ISO 20887).

• Only two choices for buildings: existing or net production of –
materials, energy, ecosystem services, etc.



Thank you !

Brad Guy
materialreuse@gmail.com
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