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New York City
Population: ~8,500,000

Mt. Pleasant, NC
Population: ~1,000

NC State University
Student Population: ~35,000

Richland, WA
Population: ~55,000



“Long after the property is 
repaired, Hugo’s legacy will 

survive, seared into the minds 
of millions who spent a night in 
September 1989 huddled in the 

dark.”



2010: Chasing tornadoes in Oklahoma



2011: Studying severe 
thunderstorms around 

Lake Victoria in 
eastern Africa



2012: Studying tropical clouds in the Maldives





2°C 2 GW

What is the sensitivity of aggregate 
building energy demand in the western 

U.S. to expected changes in climate, 
population, and building technologies?



Credit: WorldArchery.org



Credit: Bleacher Report Credit: Sander van Ginkel
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Credit: Travel + Leisure
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Forcing Factors
---- Technology
---- Population
---- Climate
---- Policy (e.g., building codes, etc.)

Goal
---- Climate + Population + Technology  

+ Policy + Uncertainty

What is the sensitivity of aggregate building energy 
demand in the western U.S. to expected changes in 

climate, population, and building technologies?



Given enough data you could formulate a statistical model 
that relates the current state of the forcing factors to 

current observations of the total building load:

𝐵𝑢𝑖𝑙𝑑𝑖𝑛𝑔 𝐿𝑜𝑎𝑑𝐴𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑒 = 𝑥1 ∗ 𝑇𝑒𝑐ℎ. + 𝑥2 ∗ 𝑃𝑜𝑝. + 𝑥3 ∗ 𝐶𝑙𝑖𝑚𝑎𝑡𝑒 + 𝑥4 ∗ ⋯

Auffhammer et al. 2017 – PNAS
(Figs. 1 and 2)



Given enough data you could formulate a statistical model 
that relates the current state of the forcing factors to 

current observations of the total building load:

Challenges
1) Coefficients (x1,…,xn) reflect 

physical relationships, but are 
inherently black boxes.

2) “Past performance is no 
guarantee of future results.”

3) Parameters cannot be easily 
separated:

Population Climate
Zhou et al. 2014 – Applied Energy

(Eq. 2 and Fig. 6a)



Building Modeling using the 

EnergyPlus (E+) Simulation Engine

+
E+ Parameters 

HVAC type, wall type, 
roof type, insulation, 

windows, internal load, 
schedule, etc.

Hourly energy 
demand for 1 yearWeather data

E+ evaluates energy demand for individual buildings 
using numerical simulations.



Projecting Future Changes Using E+

Shen (2017) simulated future heating and cooling energy 
consumption for 1 residential and 1 commercial building in 4 

regions for 2 climate scenarios.

Shen 2017 – Energy and Buildings
(Figs. 2 and 5)

Challenges
1) Diversity in the building stock is 

massively underrepresented.

2) Spatial variance in current and 
future climate is not captured 
by a single location or a small 
subset of locations.

3) Unable to simultaneously 
capture changes in population, 
technology, or policy.



Novelty: Rather than simulating a single building in a single location and then 
extrapolating the results, simulate a (very) large representative sample of 
residential and commercial buildings over a distributed area.

PNNL’s Building ENergy 

Demand (BEND) Model

Building Load = Sum 

+

+

+

+
N = 1:10,000+



Others are Using E+ on City Scales

Davila et al. (2016) simulated a sample population of 83,541 
buildings in the city of Boston for a single year to explore the 
impact of PV expansion and demand response technologies.

Davila et al. 2016 – Energy
(Figs. 2 and 9a)



PNNL’s Building ENergy 

Demand (BEND) Model

Novelty: The model has enough flexibility to adapt to 
multiple decision-relevant scales*

Applications: Regulations and energy markets



PNNL’s Building ENergy 

Demand (BEND) Model

Novelty: The model has enough flexibility to adapt to 
multiple decision-relevant scales*

Applications: Regulations and planning



PNNL’s Building ENergy 

Demand (BEND) Model

Novelty: The model has enough flexibility to adapt to 
multiple decision-relevant scales*

Applications: Planning and capacity expansion

* Smallest 
scales are 
still on the 
order of a 

few 
counties



Building a Population of 

Individual Building Models

Bulk Characteristics
Size [N = 6]

Vintage [N = 7]
Type [N = 16]

Location [N = 15]
+

Each building is 
given a weight that 
reflects how many 
other buildings it 

represents

Group

E+ Parameters
HVAC type
Wall type
Roof type
Insulation
Windows
Schedule

…

Infer

We used the commercial (CBECS) and residential (RECS) building surveys to 
construct a representative population of building models in the western U.S.



Building a Population of 

Individual Building Models
Type [N = 16], Size [N = 6], Vintage [N = 7], Location [N = 15]

Building Type

1 Public Assembly

2 School

3 Food Sales

4 Food Service

5 Health Care

6 Lodging

7 Retail

8 Office

9 Public Safety

10 Warehouse

11 Other

Building Type

1 Mobile Home

2
Single Family Home 

(Detached)

3
Single Family Home 

(Attached)

4
Apartment
(2-4 Units)

5
Apartment 
(5+ Units)

Commercial Buildings [N = 11] Residential Buildings [N = 5]



Building a Population of 

Individual Building Models
Type [N = 16], Size [N = 6], Vintage [N = 7], Location [N = 15]

All 
Commercial 

Buildings

Mobile
Home

Single 
Family 
Home

(Detached)

Single 
Family 
Home 

(Attached)

Apartment 
(2-4 Units)

Apartment 
(5+ Units)

1 < 5,000 < 700 < 1,350 < 1,200 < 2,100 < 5,570

2 5,000-10,000 700-850 1,350-1,800 1,200-1,600 2,100-2,700 5,570-8,050

3 10,000-25,000 850-1,000 1,800-2,300 1,600-2,000 2,700-3,300 8,050-11,900

4 25,000-50,000 1,000-1,200 2,300-2,800 2,000-2,600 3,300-4,500 11,900-21,400

5 50,000-100,000 1,200-1,450 2,800-3,650 2,600-3,600 4,500-6,900 21,400-53,400

6 > 100,000 > 1,450 > 3,650 > 3,600 > 6,900 > 53,400

Size Bins [N = 6]

Range of sizes (in ft2) in each size bin



Building a Population of 

Individual Building Models
Type [N = 16], Size [N = 6], Vintage [N = 7], Location [N = 15]

Vintages

1 < 1946

2 1946-1960

3 1961-1973

4 1974-1979

5 1980-1986

6 1987-1996

7 > 1997

Vintage Bins [N = 7]

Range of year built in each vintage bin



Building a Population of 

Individual Building Models
Type [N = 16], Size [N = 6], Vintage [N = 7], Location [N = 15]

There are 15 unique combinations of regional groupings in the building surveys. These 15
regions are the base spatial scale for the representative building population in BEND.
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BEND Calibration: Is a Terawatt a Lot?

What BEND Produces
Hourly estimates of total electricity use for residential and commercial 
buildings within a given BEND region + weather station combination.

Sum ≈ 675,000 MW = 0.675 TW
≈ 11 billion 60 W light bulbs



BEND’s Calibration Challenges

1. BEND is a statistical 
abstraction of the real 

building stock:
16 Types, 6 Sizes, 7 Vintages, 15 Locations

2. Uncertain weights, derived from 
CBECS/RECS, are used to scale BEND after the 

individual building simulations are run.

* X =

3. Using more weather stations improves the 
representation of climate variability, but 

drastically increases computational costs.

# of Weather Stations in the WECC

Explored in 
detail in 

Burleyson 
et al. 2017 
– Applied 

Energy

4. The best available data for calibration are 
often hard to find, incomplete, or not 

directly comparable.

Ideally Realistically



BEND’s Calibration Challenges

“Note that for 
expediency in this 

particular effort, the 
uncalibrated model was 

used because the 
analysis was 

investigating relative 
changes rather than 

absolute magnitudes.”



We address biases by adjusting the output using scaling factors that force 
the model to match observed loads on monthly & hourly time scales. 

BEND’s Calibration Approach

*Not a real picture of the BEND team

𝑆𝑚 ,ℎ
𝑡𝑦𝑝𝑒

=
 𝐸𝐼𝐴𝑚 ,ℎ

𝑡𝑦𝑝𝑒 ,𝑑𝐷
𝑑=1

 𝐵𝐸𝑁𝐷𝑚 ,ℎ
𝑡𝑦𝑝𝑒 ,𝑑𝐷

𝑑=1

,              
𝑚 = 1, … ,12
ℎ = 1, … ,24

𝑡𝑦𝑝𝑒 =  𝑟𝑒𝑠, 𝑐𝑜𝑚 ;  𝑑 = 1, …
 

Monthly & Hourly Scaling Factors8,760 hour time series of total 
residential and commercial 
building load at the spatial 

scale of balancing authorities



BEND’s Calibration Approach

Example monthly 
and hourly 
commercial 

scaling factors for 
a representative 

balancing 
authority: Arizona 
Public Service Co.

We address biases by adjusting the output using scaling factors that force 
the model to match observed loads on monthly & hourly time scales. 



BEND Calibration Test

We calibrated the model using weather and load data from one year (2007) to 
derive the scaling factors and then evaluated the calibrate model in a separate 

year (2010) with different weather conditions.

2010 had a 
warmer winter 

and a colder 
summer than 2007



BEND Calibration Test - January

We calibrated the model using weather and load data from one year (2007) to 
derive the scaling factors and then evaluated the calibrate model in a separate 

year (2010) with different weather conditions.



BEND Calibration Test - August

We calibrated the model using weather and load data from one year (2007) to 
derive the scaling factors and then evaluated the calibrate model in a separate 

year (2010) with different weather conditions.



BEND Calibration Test - Annual

Missing or 
incomplete 
calibration 

data

We calibrated the model using weather and load data from one year (2007) to 
derive the scaling factors and then evaluated the calibrate model in a separate 

year (2010) with different weather conditions.



1) BEND has four primary calibration challenges:
- Representing a diverse building stock with a representative subsample
- Uncertainty in building weights from survey data
- Undersampled climate variability in the forcing data
- Incomplete or not directly comparable targets

2) We have developed a robust approach to address these 
challenges and calibrate the model.

3) The calibrated version of BEND is able to capture the impact of 
interannual variability in weather conditions on building energy 
demand reasonably well.

Take Home Points

Xie, Y. L, Z. T. Taylor, C. D. Burleyson, N. Voisin, and I. Kraucunas, 2018: A process-oriented 
aggregated building energy demand model to capture non-stationarity in multi-scale 
electricity load. Submitted to Applied Energy – May 2018.

Taylor, Z. T., Y. L. Xie, C. D. Burleyson, N. Voisin, and I. Kraucunas, 2018: The Building ENergy 
Demand (BEND) model: A comprehensive composite building energy modeling framework. 
PNNL Technical Report – Targeted for release in June 2018.



Credit: Ford.com



Vintage Replacement Experiment

Type [N = 16], Size [N = 6], Vintage [N = 7], Location [N = 15]

Vintages

1 < 1946

2 1946-1960

3 1961-1973

4 1974-1979

5 1980-1986

6 1987-1996

7 > 1997

Vintage Bins [N = 7]

Range of year built in each vintage bin

We replaced all of the oldest commercial buildings in the 
model with new versions.



Vintage Replacement Experiment

We replaced all of the oldest commercial buildings in the 
model with new versions.



Vintage Replacement Experiment

We replaced all of the oldest commercial buildings in the 
model with new versions.



Upcoming “ΔBEND” or “BEND-GCAM” Experiment

Science Questions
1) What are the expected sensitivities of aggregate building energy demand to reasonable 

changes in climate, population, and building technologies in isolation and in 
combination? What are the differences between changes in peak and annual energy 
demand?

2) To what degree do the forcing factors either amplify or cancel each other out on 
different time scales?

3) Are the rates of change due to each forcing factor roughly constant (i.e., can they be 
approximated linearly)?

4) What features of the dynamic system might be missing from estimates of building 
energy demand changes in coarser models (i.e., what might GCAM need to know)?



2°C 2 GW

• What are the relevant forcing factors and to what degree 
can they be realistically simulated either independently or 
simultaneously?

• What models might you need to join together in order to 
capture the relevant changes? When will a simple model 
suffice instead something more complex?

• How does uncertainty propagate through your coupled 
system? How much uncertainty is too much?

• How do you connect what the models provide to what 
decision-makers need to know?


