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Learning Objectives

1. Define design of experiment and statistical resolution
2. Describe capabilities for a resolution IV statistical 
design.
3. Describe sensitivity screening method options.
4. Explain additional requirements for design when 
variables are correlated.

ASHRAE is a Registered Provider with The American Institute of Architects Continuing 
Education Systems.  Credit earned on completion of this program will be reported to ASHRAE 
Records for AIA members.  Certificates of Completion for non-AIA members are available on 

request.

This program is registered with the AIA/ASHRAE for continuing professional education.  As such, it 
does not include content that may be deemed or construed to be an approval or endorsement by 

the AIA of any material of construction or any method or manner of handling, using, distributing, or 
dealing in any material or product.  Questions related to specific materials, methods, and services 

will be addressed at the conclusion of this presentation.
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40 Years: Energy and Life



U.S. Energy Consumption
Commercial Site Energy

Consumption by End Use



BEM Limited

3,000+ building survey, 23-97% monthly error



Outline/Agenda

• Motivation

• Parameterization

• Design of Experiments

– Limitations

• Examples



Most “Important” Inputs

• 3,000+ inputs per building

• Use prototype buildings

– many assumptions differences from an 
existing or planned/new building

• Calibrate important inputs

• Pick qualitatively important parameters, 
quantify energy use impact (sensitivity) or 
quantify uncertainty of estimates (UQ)



Parametric List
Restaurant Hospital Large Hotel Large Office

Medium 
Office

Midrise 
Apartment

Primary 
School

Quick 
Service

#Inputs 49 227 110 85 81 155 166 54

#Groups 49 139 67 43 36 78 109 54

Secondary 
School

Small Hotel Small Office
Stand-alone 

Retail
Strip Mall

Super 
Market

Warehouse TOTAL

#Inputs 231 282 72 59 113 78 47 1809

#Groups 122 131 58 55 85 72 44 1142
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DoE - Full

• Design of Experiments (a.k.a. experimental designs)

– Full factorial, consists of 2+ variables with 
discrete values whose experimental units 
take on all possible combinations of those 
values across all variables. #vals#vars

• Example: 3 vars, 2 vals each = 8 sims (16 mins)

• Example: 5 vars, 2 vals each = 32 sims (1.1 hrs)

• Example: 10 vars, 2 vals each = 1,024 sims (1.4 days)

• Residential Building Calibration:
156 parameters, 5x1052 sims, 4x1028 (LOKU=13.8 billion 
years) on world’s fastest supercomputer!



DoE – Full to Fractional

• Full factorial sampling matrix for 3 
variables: 2 values each (+1, -1) represents (max, 

min)
X1 X2 X3

1 -1 -1 -1

2 +1 -1 -1

3 -1 +1 -1

4 +1 +1 -1

5 -1 -1 +1

6 +1 -1 +1

7 -1 +1 +1

8 +1 +1 +1

X4= 
X1X2

X5= 
X1X3

+1 +1

-1 -1

-1 +1

+1 -1

+1 -1

-1 +1

-1 -1

+1 +1

16 minutes 1.1 hours (or 8 minutes if X4 and X5 are confounded)

Fractional Factorial
Lk-p where:

L = #vals
k = #vars
p = #generators

This example is a
25-2 design



DoE - Fractional

• Fractional Factorial Design

– Resolution III (25-2) estimates main effects 
(A,B,C,D,E) but may be confounded with 2-
factor interactions (D,E)

– Resolution IV: main effects unconfounded, 
two-factor interactions confounded

– Resolution V: main effects  and 2-factor 
interactions unconfounded, three-factor 
interactions confounded

…



DoE - Fractional

• Fractional Factorial Design

– Change the alias (why X4 and X5?) for new designs

M=

– #vars not factor of 16, throw out columns based on minimizing 

aberration

– Helped extend “FrF2” package in R

M is 16x9 matrix…
can be used to construct 
one of arbitrary size 
(#rows = #vars)



DoE – Fractional Limitations

• Charts which show design of experiment 
scalability (confidence level based on #sims 
for #vars)

– None go into hundreds of variables (extending)

• De-barred designs for 2-level (min,max) to 
3-level (min,default,max)

• Accommodating distributions (more likely 
to be default)

• Correlated input variables
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Parametric List (retail building)



Building Sim Example

• Retail building, 20 variables

– Resolution VI design

– 1024 simulations (instead of 1 million)

– Record monthly energy (electricity and gas) 
use as response

– All (380) 2-way interactions for 20 variables

– 778 degrees of freedom in the error term

– 58 of 380 interactions significant at <0.01



Most Important

• Y-axis descending from most important 
input variable (Cooling setpoint)

• X-axis in kWh



Sensitivity Analysis

• Sensitivity based on heating setpoint levels



Conclusions

• Sampling parametric spaces is important 
for sensitivity, uncertainty, and calibration 
of building energy models

• Design of experiments can usually allow 
strong results without supercomputers

• There are methods to overcome or 
mitigate most limitations
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