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Objective

Expand analysis from individual buildings to regional/national scale

Provide predictive capability to accurately assess technical/economic
potential of building energy efficiency and solar, accounting for the full
range of U.S. building stock characteristics and weather.

Utilize:
 Data (building characteristics from EIA/RECS, etc.)
* Models (EnergyPlus building energy simulations)
* High performance computing (hundreds of thousands of simulations)
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Possible Users/Uses

Federal
— Policy Analysts

= Carbon savings potential

— DOE/BTO Private
=RBI BA Solution Center —Manufacturers
"ET technology potential = Prioritized technology R&D
= Codes and Standards and product development
=Staged Upgrade Initiative (SUI) = Marketing

—Vendors/Retailers
Non-Federal .
= Product offerings

—NGO’s , Advocates = Marketing

—Program Planners
(Utility, Regional, State and Local)

=Technology selection
= Potential studies
=Setting incentives
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Residential Building Stock Analysis

Aggregate maps indicate
market size/impact by state

Total : 377 x10° MBtu/yr

Modeling the entire U.S. housing stock with
unprecedented granularity Per House maps indicate
local homeowner savings

3.78 7.47 1116 14.85 18.55  22.24 25.93 7.5 10.0 125 15.0 17.5 20.0 22.5 25.0 27.5
MBtu/yr per house MBtu/yr per house

Technical potential of 2-pane low-E windows (replacing 1-pane)

High-granularity supply curves show the
value of targeted deployment

EnergyPlus

=] [Somn =) BwGrphwilses =

Legend
Retrofit: Air Leakage

B Retrofit: HPWH
Retrofit: Windows

B Retrofit: MSHP
Retrofit: Attic Ins

Database of building component
probability distributions

2.02 x 109
Source Energy Savings, MBtulyr
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Approach

[ American Community Survev U.S. Residential Bui|d|r|g Stock
- House Characteristics 1. Housing Stock Characteristics
- House Counts

[ RBSA (Pacific Northwest) - |nput Database

Input Database

i 2. Archetype Buildings/Occupants

— Auto-Generated Models

Building Simulations

BEopt/EnergyPlus —_— ’ .
(NREL supercomputer) Building Simulations

— High Performance Computing

w

(RECS Energy Consumption J Calibration

4. Validation/Calibration

Output 5atabase — Comparison to RECS consumption data

Visualization
- Geospatial Maps 5. Output Visualization
- Heatmap Matrices
- Supply Curves
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1) Data Sources for Housing Stock Characteristics

Probability distribution data

Data Sources

Dependencies

2009 RECS

NAHB Surveys
Ritschard et al. 1992
Chan etal. 2012

RBSA
IECC Codes

HES Eng. Doc.

Geographic
Resolution

Vintage

Heating Fuel

Floor Area

Number of Stories

Found. Type

Usage Level

Total # single-family detached
Vintage %s

Heating fuel %s

Floor area %s

Foundation type %s

Attached garage %s

Number of stories %s
Heating/DHW system types/ages
Cooling system type/age
Cooking, clothes dryer fuel
Heating, cooling setpoints
Lighting, appliances, MELs"
Window type

Wall insulation®

Foundation insulation®

Ceiling insulation®

Air leakage

Equipment efficiency (Htg, Clg, WH)

e e o 2012ACS

c
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AN NN NN

AN NN N

AN

C = Census tract (avg. 4,000 people)

R = Regional (27 RECS reportable domains, 10 census divisions, or 8 IECC climate zones)

Vintage
(% by Decade Built )
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2) Archetypes/Characteristics/Climates

To represent the U.S residential building stock, auto-generate simulation
models for combinations of archetypes/characteristics/climates, ranked by
house-count weighting factors.

Archetypes Characteristics Climates
. Heating System
7 Vintages ., Cooling System
6 Heating fuel types i AirLeakage.
. . Wall Insulation
5 Foundation types W e
6 Floor areas e et ik i
3 # Stories I -
2 Attached garage? .
3 Occupancy usage levels A mom o om mow
2 Daytime occupancy? nomom o womw
: ) e 1080
Possible Possible
Combinations Combinations 135

Note: Not all possible archetype/characteristic/climate
combinations have non-zero house-count weighting factors.
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2) Archetypes/Characteristics/Climates

Characteristics

Heating System L
1 Cooling System A

Locat
L]
wed - Ajr Leakage j
Upper Miocation
L]
et \Wall Insulation A
Upper Mupper MiLocation.
Upper Mugper Miupper M| Attic InSUIation
EE::::EEs: :: Sﬂ”::::lﬂﬂllﬂn CeilingR-7  CeilingR-13 CeilingR-19 CeilingR-30  CeilingR-38  CeilingR49
Mountypoer i U;PMM]UPMTM' Uninsulated, Fiberglass, Fiberglass, Fiberglass, Fiberglass,  Fiberglass,  Fiberglass,
Mountal oper b Up;rmuﬂﬂ‘”:: location Name - Vintage - Vented - Vented * \ented |+ Vented + Vented - Vented Vented
Mountalyiountal p;FM!UPW .Upnef Midwest  pre-1950s 0% 4‘!? 14% 16% 28% H‘:‘b 2%
MountBviountal UE]}HWUW@"M'UPWh-'.ldwest 19505 0% 3% 5% 14% 23% 15?6 3%
Mountalmountalount tuﬂﬂ”WUpper Midwest  1960s 0% 1% 4% 16% 6% 7% %
Mountal r‘.-tmn:aillr.ﬂ: t:‘:uﬂ'“rM'UppelMldweﬂ i " o e 55 iy i =
Mountalyiountally urislUpper Mupper Midwest 19805 0% 0% 1% 8% % an% 1%
ol : °‘f““f”‘-"0d"1ﬂil Upper Midwest 19905 0% 0% 1% 0% 16% 14% 8 0%
Il'u-‘.n.mlallMnhntﬂlrh‘lcur‘ialluppaM|dn.-;9-,|: 20008 0% 0% 0% 0% 1% 14% ; {m
MountalMountall Mountall mountain North  pre-1950s &% 14% 16% 8% 13% 2% a%
New Eng Mountall Mountall Mountain North 19505 3% 8% 14% 1% 15% 2% 8%
Mountall Mountalt Mountain North  1960s 1% 8% 16% 36% 9% 26% 8%
“‘-‘”'f"ir'-ﬂﬂun'riil Mountain North  1970s 1% % 12% 2% 19% 1% B%
Mountall Mountain North 19805 0% 1% 2% % 40% 212% %
New ENg Mountain North 19805 0% 1% 0% 16% 14% 56% 1%
Mountain North 20005 0% 0% 0% 1% 14% 65% A%
New England pre-1950s 4% 14% 16% 8% 13% 1% 4%
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3) Building Simulations

Architype building simulations were run (using
BEopt/EnergyPlus on NREL's high-performance
supercomputer).

700

60 Location/Vintage Max.
—+— Mational Average
500 Location/Vintage Min.

A00

300

200

(MBtu/yrfhouse, Source)

* Simulations based on sample of high house-count
combinations of archetypes/characteristics/climates

100 1,000 10,000 200,000 350,000 N . I . f . « h
4 Simulations simulations for existing homes
(1.2 million simulations w/retrofits)

100

Predicted Energy Consumption

_.80

E 60 * 2.4 years worth of CPU runtime

%40 * Simulations cover 62 million homes; results will be
g scaled to represent all 72 million single family

9: 20 1 detached homes

T 0 500,000 1,000,000

# Simulations
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4) Validation/Calibration

Modeled (y-axis) vs. EIA/RECS (x-axis)

Average Source Energy per House: 10° Btu/yr

Custom Region Vintage Heating Fuel Type
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4) Validation/Calibration

Modeled (y-axis) vs. EIA/RECS (x-axis)

Average Source Energy per House: 10° Btu/yr

Disaggregated by Region and Vintage

Electricity Natural Gas

By Custom Region and Vintage

20 By Custom Region and Vintage 180

NREL National-Scale Analysis
N
NREL National-Scale Analysis

0 10 20 30 40 50 60 70 80 i
RECS RECS
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5) Output Visualization

Results, from the output database, can be sliced in many ways
(consumption, retrofit savings, end uses, year-built, fuel types, etc.)

and visualized in various forms.

Maps

Todal: 12,653 =107 MBtuvr

[ Logend
| Rewofit: Air Leakage
o 1 £55 1 | Rewoft: HPWH
f Retrofit: Windows
1 Retrofit: MSHP
Retrofi: Atic Ins

Heating Fuel: Fuel Oil
] Heating Fuel: Electricity
Heating Fuel: None

0

362x10%
Source Energy Savings, MBtulyr

202109
Seurce Energy Savings, MBlulyr
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Applications

Total Energy Savings

1.0+

How best to allocate an
incentive budget?
Cost-optimal distribution of ® o
incentive spending depends on the
size of the budget 02 | |
; | Heat Pump
' WaterHeater

InceTlve Spending ($M)

$10 Million $30 Million $60 Million

. 41) 0

(Illustrative Example)
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Preliminary Results

National Program Planners
Target Markets — by Location and Year-Built

Air Sealing (to 5 ACH50)

1990s W 4 20008 W

pre-1950

Attic Insulation (to R49)

pre-1950

2000s
Heat Pump Water Heater

pre-1950 ‘ ! 1950s I ! 1980s \ ! 1990s \ ! 2000s

[ - T TTT——

169 494 8.1%9 11.45 14.70 17.95 21.20
MBRuNT per house
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Preliminary Results

Policy Analysts
Quantify Aggregate Savings Potential

Yo 77— Total: 712 x10° MBtu/yr
:,-;1--..__“’ . { *. \ n""\,__,,/ [ 28
m . % B g "':-‘(;ﬁ_‘:
STt s
s (Y
\ [, - 24 10° MBtu/yr
O — per state
= \{d ]
L @ e 20 e 4
A o 8
S
Air Sealing!? 162 ® 16
_ ‘ — - 8 Q@ 32
zi, o Total : 377 x10° MBtu/yr zio o Total : 362 x10° MBtu/yr 125 O
4 A B I R oy B 64
\ﬂ P v [* 2 . '"“f"“ﬁf*‘ﬁ ° C‘m A @
/T . o 4 . .
® iy (| T ) . [ e @ e g =
V(e / LF i V1 @
O I" e I‘.‘ e -rf—
\ -t
= | I —
/e [ ] 4
, ,.J_H-‘_J
NS e § Attic Ins.* - lo
Window 3 o <
y

Technical Potential:

1to 5 ACH50

2replacing electric tank WH
3single pane to double low-e
“to R-49
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Preliminary Results

by Region and Vintage

Attic Insulation

Heat Pump Water Heater

Rows: [Locaton | coume: [wage &) | ross s i
Ok | e v e b <3| (T a3 (Buamw | Prbinom o7

Air Sealing

# SREAT Dutput Matis - 25m Finalsaiite o]

Rows: | Locaton iz Coume [Vetage nE Chocse ot fe..

Doply: | et Savegs: A Lesiage »| [Toal +| [soue < [Ferbouse <]

Vintage

g %2 15 125 0 '\.\

03 128 103 \_"‘

0 PRI} l\.\

0 A3 w1 w3 '\\

] T s owe 12 om 0 S,

% R0 By w0 | n2 .\‘\‘

3 ; 08 155 159 "-.N

0 W6 196 187 186 116 ""\‘

T n2 .,

e,

TP e

MMBliyrhouse, Source [Ll

MUByriouss, ot el

Retrofit to 5 ACH50
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& SREAT Output Matrix - psfiHome Dacuments\ SREAT\Output 1.25m Final safite ==

Rovs: [ Lacaton +Ji= ol [Vrizge NE Chosse audud ..

Oepar [ Retolt Savngs HPWH o) [Toal - [sorce < [porkaume <]
Vintage

Location

MMELyrhause, Souce

Retrofit to R-49

Retrofit Electric WH’s




Supply Curves -- McKinsey Carbon Abatement Example

U.S. MID-RANGE ABATEMENT CURVE - 2030 [ Abstement

cost <350ton
Cost o Commercial Residental
Real 2005 dollars per ton COue AGrestation g jgnge —  buildings -
- 0 of cropiand | gyac HVAC
a0 Coal power planis— equipmenl - equipment
CCS rebudds with EOR | Saency  effcency
Industral
. Residenlial
Fuel ecanory process Caal mining - buidings - Actve forest Distibuted Solar CSP
packages—Light  improve- Melane  cep o management salar PY
G0 trueks fiefils mgni retrafils i
s Commencial I
alaciionics Commerdal Muclesr | 1
EI.IimﬁgS— Residential Bl H‘l‘lnﬁ I - I
Combined waler Cotnl | b |
30 Residential heal &nd hestess | e | | :
buildifigs - power |
Lightng ’
u I | ; I 1 L
02 o4 I:Ial 0.8 |:|J_I—|"r‘zﬂ,'|-r 14 16 1.4 20 2 24 18 1] & ] 3z
' Potential
Onghore wind - Gigatonsiyear
e Low penetralion Dnghare wind - | sty =
Indusiry - High penetratian | CCS new
buikds on
Combined pirady
& sl e Biomass power— | njansive
| power Cafing proGesses
= | Cebulosic
. Maufactusing -
biolugls  Eyisting poer Car hybridi-
. st 9o HFCe mgi Coal power planis - CC3 - :
A0 T_' ::"gmﬂ I convarsion s builds with EOR
g efficiency Onshore wind - Madium
. New sh improvements penelration Ceaio-gas
Commercial impravemenis Conservation shift - digpateh of
g | ecironics Hlage Winler sisiing planis
e Codnirarcsl GOVer Crops
bilings - Coal power piants -
CFL lighting Relorestation CCS rebuids
0% Commercal
buildings - Carmhercial
LED ighting E:I?h:r Matural gas ‘;a“;fri::lr?dn o Caal power
and pelroleurh als - CCS
Fuelsconory  improvements 39512:3 nluEurhuIIdS
pacnges - Lan management

Source: McKinssy analysis
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Supply Curves

by Retrofit
o5 SREAT Supply Curve - C:\Users\cchriste\Documents\SREAT\Output.sqlite E@
Retrofits: |NrLeakage.HF'WH.Windows. MSHF, Attic Ins v|
Display: |<None> v||S::L||'ce v||Bar(3|aph\nl,f’ labels =
Highlght: et ALL vl
280
Legend
E., Retrofit: Air Leakage
2 J Retrofit: HPWH
= Retrofit: Windows
#
= B Retrofit: MSHP
c MR (o e | : :
‘S Retrofit: Attic Ins
g
p
0 2.02 x 10*9
Source Energy Savings, MBtu/yr
Close
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Supply Curves

by Retrofit and Vintage

a5 SREAT Supply Curve - C:\Users\cchriste\ Documents\SREAT\ Output sqlite E@
Retrofite: |ﬂereakage,HPWH,Windows,MSHP,Mic Ins v|
I Display: |‘u“|rrtage V||Source V| |Eaerph w/ labels
Hihlght: [Retoft ALL |
872 2
-| Legend
- ] A
5 28 Retrofit: Air Leakage
= = ga .
Z s £527 | | Retrofit: HPWH
2 T Retrofit: Windows
&
= N Retrofit: MSHP
g |
o . g §os3¢ Retrofit: Attic Ins
] —m——————— -f_h---?---é--gr-g-m- ==t
g3 I z a -

0 2.02 x 10*9
Source Energy Savings, MBtulyr

(Close

b
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Supply Curves
by Retrofit, Vintage and Heating Fuel Type

o< SREAT Supply Curve - C\Users\cchriste\Decuments\SREAT\ Qutput sqlite E@

Retrofs: | i Leakage, HPWH, Viindows, MSH. Atic ns |

Display: “u“lrrtage. Heating Fuel v‘ |5m.|rce v‘ ‘Eaerph w/labels

Highlight: | Retrft. ALL |

1368
Legend

I

-;‘ Retrofit: Air Leakage
s 5

g B Retrofit: HPWH

& y . Retrofit: Windows

-— ;“\ l;: E._"' 3 E 1 =)

2 > 2z 228 § f% lll{ B Retrofit: MSHP

g N Retrofit: Attic Ins
SRR B N oo I N L1111 1

0 2.02x 109

Source Energy Savings, MBtu/yr

Close

)
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Conclusion

Combining building characteristics data with simulation-based
modeling can be used to answer a wide range of what-if questions

regarding U.S. building energy consumption and the potential for

energy efficiency.
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Next Steps and Future Plans

Next Steps and Future Plans:

* Work with user audience to explore specific use cases

Coordinate with NREL Commercial Buildings Group

Collaborate on OpenStudio version (that can use cloud computing)

BPA Regional Analysis Tool (FY2016)

Calibration to utility hourly load shapes

NATIONAL RENEWABLE ENERGY LABORATORY



Preliminary Results

State and Local Program Planners
Identify Best Upgrades -- for a Particular State (e.g., Oklahoma)

Air Sealing ! Heat Pump Water Heater 2

11.45 14.
MBtu/yr per house

Double-pane, low-e 3

Technical Potential:

1to 5 ACH50

2replacing electric tank WH
3single pane to double low-e
4to R-49

3.78 .47 11.16 1485 18.55 22.24 25.93
MBtufyr per house

(MBtu/yr per home)
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