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U.S. Energy and Buildings Overview

T TeermE Residential 125 million buildings

27 quads 40% energy ~$400 billion

use : :
T . in enerqy bills
Commercial 39% emissions gy

73% of electricity use
80% of peak demand

Goal of DOE’s Building Technologies Office: Building Energy Modeling
30% EUI reduction building descriptions + weather = estimated building
by 2030 compared to 2010 baseline energy consumption, demand, emissions, equity, ...
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5-year vision

Diglteal Twin of every U.S. Bullding by 2020

Metthodology: Scaleble compute, deta, simuletion, and empiriceal

1. Quantitatively rank most important
building inputs

Small  Outpatien Large Office
Office t

e
Retail Quick Service Full Service | MidRise ~HighRise | Secondary | Primary
Restaurant Restaurant Apt Apt School School
Inputs | 800 438 281 286 1464 4617 1621 1051

2. Time on world’s #1 fastest high-
performance machines

4. Establish partnerships and APIs

Medium Office ~ Hospital Warehous ~ Small Hotel  Large
hotel
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AL Bg g' | 7. Make models
Eihdllh ‘g‘ : ' freely available online
3. Identify and compare data sy
sources for important inputs

6. Create OpenStudio &

5. Algorithms to extract
EnergyPlus models

building properties
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HPC Tools for
Modeling and Simulation

Demonstrate and stimulate
opportunities toward a
sustainable built environment

Use cases:

* Simulation-informed analysis

+ Utility program formulation (utility)

* Business model evaluation (ESCO)
» City-scale emissions (cities)

» Sales/marketing leads (local jobs)

* New building design (AEC firms)

* Resilience (government, insurance)
» Automated financing (PACE, banks)




Building simulation at scale

Simulation Engine and Analysis Platform

U.S. Dept. of Energy Theta is the Titan supercomputer
T ' world’s fastest -
$100+M, 1995-? buildings energy W?IE::‘:)CI( Data EnergyPlus
model (BEM) Size Simulations
-’ simulator mm:ss)
' 16 1814  5GB 64
It of 32 18119 11GB 128
the HPC resource 64 18:34 22 GB 256
128 18:22  44GB 512
256  20:30  88GB 1,024
125M US buildings 16,384 26:11  56TB 65,536
i | imul ’ : : :
EnergyPlus OpenStudio sl ;ﬂ,*;engﬁgﬁsated 32,768 31:29 11.5TB 131,072
Free, open-source (GitHub), community support N N N
. . 131,072 68:08  45TB 524,288
100 — 2,000 improvements per building 8M simulations of
DOE prototypes

(270 TB)

Theta supercomputer
Wall-clock

CPU Time Data EnergyPlus
Cores (mm:ss) Size Simulations
1’068’813 blng/hr 57,344 | 20:44 | 440GB | 229,376

6 utilities/hour 114,688 28:20 880GB 458,752

45 million core-hours (2021) and
51 million core-hours (2022) on
Argonne’s Theta supercomputer
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Nation-scale...

* Free model of every U.S. building (bit.ly/ModelAmerica)

— OpenStudio (vV3.1.0) and EnergyPlus (v9.4)

— State_county.zip (requires free Globus Connect Personal)

— New, Joshua R., Adams, Mark, Bass, Brett, Berres, Anne, and Clinton, Nicholas (2021). “Model America
— data and models of every U.S. building.” ORNL Constellation, https://doi.ccs.ornl.gov/ui/doi/339,

April 14, 2021.

« 125,714,640 buildings, 124,178,694 simulated,
122,930,327 (97.8%) shared

 Dynamic archetypes of models and floor area multipliers for any
geographical region

« Automatic Building Energy Modeling (AutoBEM) software
— Related publications: bit.ly/AutoBEM
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https://bit.ly/ModelAmerica
https://www.globus.org/globus-connect-personal
https://doi.ccs.ornl.gov/ui/doi/339
https://bit.ly/AutoBEM
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CONSULT PERFORMANCE ANALYSIS

Current:

DESIGN SPACE DATA

Proposed:
« IDENTIFY KEY DESIGN DRIVERS

« SET BOUNDARIES (“BUMPERS”)
« IDENTIFY PATH TO HIGH PERFORMANCE
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Design Space Exploration

Kesge

WHATIS A
DESIGN SPACE?

SMITHGROUP
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Design Space Exploration

MODEL DESIGN DECISIONS SIMULATE ITERATIONS DATA ANALYTICS INFORM
DESIGN
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Universal Design Space Exploration

Pre-simulated analysis that encapsulates a common problem

MODEL DESIGN DECISIONS SIMULATE ITERATIONS DATA ANALYTICS INFORM

DESIGN

-
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UDSE: Assign Inputs => Explore Outputs

Filtering Parameter

—

Building Type, Climate Zone

A
\
_’
’
i

Output Metric

Variable Parameter r:::“'. '
* LT +
* i .:.::J:I-i:_j:. _
Window Area, Floor-Floor Height L™ * E . ‘:’;. pEUI
i

Generalized Parameter
+

—

HVAC Quality (Baseline, Good, Great)
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UDSE: Assign Outputs => Explore Input Ranges

Filtering Parameter

—

Building Type, Climate Zone

A
\
_’
’
i

Output Metric

Variable Parameter T T
+ -t +
N i ._-:':):;i.'_j:. *
Window Area, Floor-Floor Height L : E o ‘:'_., pEUI
L

Generalized Parameter
+

HVAC Quality (Baseline, Good, Great)
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Universal Design Space Exploration Workflow

%

g ™
|ldentify Common Design
Parameters
o J
OAK RIDGE

National Laboratory

e

A

Generate and Simulate
Building Energy Models for
Each Design Combination

~

Develop Prototype Design
— App and Make Data Publicly

Y,

Available



Universal Design Space Explorafion Workflow
/—>> Initial Analysis }

¥
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Identify Top Priority
Challenges and How

UDSE Applies

Aggregate Building ’ A

Footprints

Calculate Orientation

v

v
{ Refine Features, '

Metrics, and Sampling
Methodology

I

Assign Pre-generation
Building Properties

v

Sample 200k Bulidings

!

" Generate Buildings in |
OpenStudio using
AutoBEM

!

Run OpenStudio
Measures on Models o
Adjust Additional

|

Use Eppy to Edit
EnergyPlus Models

_

| Window-to-Wall Ratio

Building Type
Standard
Climate Zone

Floor-to-Floor Height
Number of Floors
Height
HVAC Type

| Building Properties )

Simulate EnergyPlus
Models

|

Aggregate and Post-

process Data

Solar Design
| Window-to-Wall Ratio
Setpoint

Wall R-Value
Roof R-Value
Window U-Value
Window SHGC
Output Variables

Total EUI
Heating EUI
Cooling EUI
Lighting EUI

Equipment EUI
Fan EUI
Pump EUI

A 4

‘ Develop Al Surrogates |

Develop Prototype App

Host Data, Models, and

Variables Correlations
Visualization
OQutlier Exploration

L.

MLP
Random Forest
Gradient Boosting
ANN

Analysis

Kaggle




Parametric Sampling
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Sampling parameter Inputs Sampling parameter Inputs
Higher education Low
Lab - high intensity Plate depth Typical
Office High
Program type Hospital Low
Healthcare - outpatient Floor-to-floor height Typical
Residential (Apartments) High
1A Bad
1B Solar design Typical
2A Good
2B - 0.25
A Average W|n(_1Iow-to-waII 7
3B ratio 0.7
3C Baseline
4A Envelope quality High
Climate zone 4B Ultra
4C . Common
A Construction type Toss Common
5B Baseline
5C Lighting power density Better
6A Best
6B Baseline
7A Good
B HVAC system Great
Low Ultra
Total square footage Typical - Baseline
1 ) High Set points Expanded
Low
Target floor area Typical
High




SmithGroup Projects
# of Projects by Use Type

Education - College/University (campus-level)
Laboratory
Health Care - Outpatient - General
Office - Large ( greater than 100,000 sf)
Health Care - Hospital Inpatient [ NG
Health Care - Clinic I
Office - Medium (10,000 to 100,000 sf) [N
Other NG
Health Care - Nursing/Assisted Living [ NRNRG
Office - Small ( less than 10,000 sf) EEREGE
Public Assembly - General | - B
Food Service - Restaurant/Cafeteria | G # Of P rOJ e Ct S p e r C l I m a t e Z 0 n e
Public Assembly - Entertainment/Culture [
Retail Store | 70
Health Care - Medical Office | N
Public Assembly - Recreation |G
Lodging - Hotel/Mote! [N 60
Mixed-Use Il
Public Assembly - Library [l
Public Assembly - Social/Meeting Il
Public Safety - Fire/Police Station [l 50

Retail - Mall [l

Residential - Mid Rise/High Rise |l
Residential - Mid-Rise/High-Rise [l

Residential - Multi-Family, 2 to 4 units [l 40
Residential - Multi-Family, 5 or more units [l
Residential - Single-Family Attached [l

Residential Mid-Rise/High-Rise - see FAQ #29 [l 30

0 10 20
20
| .
I - —

2AHot-  2BHot- 3AWarm- 3BWarm- 3CWarm- 4A Mixed - 4B Mixed - 4CMixed - 5ACool- 5B Cool- 6ACold- 7 Very Cold
Humid Dry Humid Dry Marine Humid Dry Marine Humid Dry Humid

o

o

#(,OAK RIDGE
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ORNL Resources

o AutoBEM (Automatic Building
Energy Modeling)

— Uses building properties as
iNnputs to generate building
energy models

- EnergyPlus/OpenStudio

Building Properties for Building 8009002179481

Building Data

e Access to Supercomputing
Resources

Clark County (Las Vegas) Modeling Example

S_QOAK RIDGE
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Digital Twin: Energy, Demand, Emissions, $ Savings
Results: Digital Twin of a Utility (every building)

BOMEON 2 0 4 I e o
EPB: 178,368 building energy models .,;@' e __ T QLS.

Building Properties for Building 2659310000

Validated against 15-minute electricity s, e :
2 j o oy . Square Footage 1,648,094

(CO|Ored by mOdeled energy/ﬂ- ) AR i Annual Energy Usage 13,069,609 kWh
VIR K R & 7 .-:w;f'" o .. i A . Annual Aggregated Demand 27,260 kW

EUI 8 kWh/ir2

CO2 emissions 12 968,594 Ibs

60

e,

LTI
! '

Lt LT T

Estimated wholesale vs retail cost 6711255
Savings

Annual Annual Annual
Energy Demand Cost
Savings Savings  Savings

425721 kWh 1,402 kW

3.3% 519% 902161

1: Env: Insulate Roof '@
¥. 2 Env: Reduce Space 100,741 kWh 691 kW

Infiltration @ 0.8% Jgy, 920418

3: HVAC: Adjust Thermostat 23547 kWh 12,089 kW $194.305
. Setpoint (4F) @ 0.2% 44.3% :
4: HVAC: Smart -28,720 kWh 12,113 kW

¢ Thermostat (8F) @ 02% 44y~ $189.788

7 5 HVAC: Change Electric 119,645 kWh 347 kW

1¢ HVAC cor @ 0.9% 139 $16.727

;' 6: Light: Change Lighting 706,276 kWh 848 kW

Power Density @ 5.4% 31% $79,657

7: Change to 151,892 kWh 241 kW

Gas Water Heater @ 1.2% 0.9% et

Wy
IR

8 Change to Gas HVAC ® L i L ]

1,352,383
kWh
10.3%

9: Combined Electric*
Savings Potential (1,2,5,6)

3,288 kW

12 1% $178,963

10: Combined Demand*™ 268,640 kWh 13,321 kW

Savings Potential (4,7.8) 2.1% g9y  S2368M



Scalable Computing

« Models typically take days to develop

rocon B Eqpmen el

e AUTOBEM allows for massive scalability

- AUTOBEM can be used by a single person to develop
and simulate 200k models in less than a day

— Modeler rate of $150/hr
— 2 days for basic model (16 hours)

— $480 million dollars and 365.3 years for this modeler
to develop 200k basic models

Modeling Quality | Typical Model Development Time

Basic 2 Days
Functional 1 Week
Detailed 2 Weeks

S_QOAK RIDGE
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AUTOBEM Workflow

e Create input table from parametric
sampling matrix

« Generate building energy models using
AUTOBEM

- Building geometry, building type, HVAC
type, etfc.

* Fine fune models for more specific
changes

- Lighting, HVAC COP, etc.
e Simulate models using HPC resources
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Data Exploration

Building Energy Use Intensity by Building Type & HVAC Efficiency

150-

| — HVAC Setting

E Baseline
. = Good
i : EJ Great

- Outpatient_1A | Outpatient_2A | Outpatient_3A |OQutpatient_4A

BBB Height

NumberFloors
TotalArea
WindowWallRatio
FloorHeight
PlateDepth
PlateLength
SkinArea
SkinFloorRatio
GlassArea

Total EUI (KBtu/ ft*)

Apar‘ément Colllege Hoslpital Off;ce Outpétient
Building Type

EnvelopeFloorAreaRatio
EnvelopeQuality
LightingPowerDensity
%OAK RIDGE SetpointSetting

National Laboratory HVACSetting




Data Hosting

UDSE Kaggle

< =2 O M (5) https;//www.kaggle.com/petermcnallysg/universal-design-space-building-energy-simulation b %8 & 9 B & =
= kaggle Q, search Sign In ‘
Data Code Discussion Activity Metadata Download (149 MB) New Notebook i
+ Create
® Home
Data Explorer
€ Competitions 148.58 MB < Universal_Design_Space_Building_Energy_Simulation_input_output.csv (14... & I
ﬁ Datasets M Universal_Design_Space_Bu...
Detail Compact Column 10 of 49 columns W
<> Code
A TotalArea_Setting = # FloorArea = A FloorArea_Setting = # NumFloors = # PlateDepth =
E] Discussions _
high 35% typ 34%
9 Courses typ 34% low 33%
ther (79244) 30% L, . o Other (85488) 33% 67 | 45 -
v More )
3 OAK RIDGE
National Laboratory



https://www.kaggle.com/petermcnallysg/universal-design-space-building-energy-simulation/metadata

Artificial Intelligence

—

e
o Al can be used as surrogate for m
EnergyPlus simulations

EEEEEEEEEEEEEE

- Don't need every point of design

i
space | e
1

« Use input variables (building type,
area, height, etc.) to predict B
building energy usage

[
(=)
(=]

e Several algorithms evaluated
— Linear Regression
— Neural Network
— Random Forest

—
[5y)
(==

Simulated EUI (KBtu/ ft*)
3
(=]

50-

0 50 100 150 200 250
Predicted EUI (KBtu/ft%)
S_QOAK RIDGE
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https://www.tibco.com/reference-center/what-is-a-random-forest
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Prototype App: Single Design ==8s

Gl B
Crersudoers

e

SHOEBOX Al V1.02 -Dx
Model 3D Model - o
(®) BASIC INPUTS aaly
EETEIE Eul: 72,52 KBTU/Sf o
Climate Zone | 4p M
Building Type | Large Office T
8 0000
Total Area ® 7
R 4000
Target Floor Area ® !
(]
Plate Depth = «
Floor-Floor Height ' 10
g
(=) FACADE PARAMETERS
' 40
Solar Design Typical M
Envelope Quality  gaseline M
() HVAC PARAMETERS
HVAC Setting | gacefine N
HVAC Setpoint | gaceline M m
LPD Setting  gaseline (100%) T

(®) METRICS

EUI : 72.52 kBTU/sf

Cooling : 0.43 kBTU/sf
Heating : 42.93 kBTU/sf
Lighting : 15.03 kBTU/sf
Equipment : 30.94 kBTU/sf
Fans : 0.58 kBTU/sf

Pumps : 0 kBTU/sf
HeatRejection : 0 kBTU/sf
HeatRecovery : 0.75 kBTU/sf

;_V(,OAK RIDGE
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Prototype App: Design Space Exploration

SHOEBOX Al V1.02 - 0 X
Design Space Scatter Plot
Generating Data -l 0 o025 05 075 1 125 15 175
Total Area ] 40000 To 500
Target Floor Area ._l 14000 To 500
Plate Depth —— 45 To 150 9
Floor-Floor Height ——— 10 To 18
WWR ————— 25 To 90 s
Solar Design _.—l_ 081To 1.1 —
HVAC Setting —————] 0703 % ®
_ % w
Envelope Quality f=—=f—— 07003 S
LPD Setting —————— 0 To 2 z
HVAC Setpoint f=f——— 070013 2
- — |
S @
(L]

0 W0 921 Wi W W2 W2 W3 B3 4 204

Tetal (ksf)
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Prototype App: Real-time Analytics

SHOEBOX Al V1.02 - 0 x
Chart Controls Sensitivity Analysis
.
2 Sensftivty of EUl to Features
X Variable | 1otal Area - =0.118 ‘I
' ' ]
£ Decimals . 0
Y Variable | gy -
| |
# Decimals ' 0
Color Variable | | pp Setting -

() DISPLAY SETTINGS

Toggle to turn on Y lines -I
Toggle to turn on X lines -l

() SENSITIVITY ANALYSIS CONTROLS

Choose metric to run sensitivity analysis on | gy v

Regressien Cosffficients

0012 ©.023 0.034 0.048 0.088 0.089 008 0082 0904 0.115

IIlIIIII|Il||II|IIJIIIlII|II|IlI|IIllllll

Choose Sensitivity Features

D Total Area

+ Target Floor Area
Plate Depth
Floor-Floor Height
WWR

¢ PP E
177427777

0

Envelope Quality @? %ﬁ
LPD Setting ‘g @
s

HVAC Setpoint o

Decimals ] 3
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Prototype App: Real-time Analytics
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Questions®e
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