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Learning Objectives

1. Describe methods for utilizing knowledge and experience in human studies to 
inform and shape engineering research of buildings and building occupants.

2. Share best practice on harvesting behavioral data via building management 
systems, building sensors, and personal device data streams and how to pool these 
data.

3. Evaluate and advance the case for evaluating occupant health and well-being in 
buildings, including measurement of avoided health costs.

4. Describe the role of persuasive visualization technology in building occupant 
behavior based on case study data.

5. Model multidisciplinary activity to foster collaboration on funding and other 
scholarships opportunities
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Short Takes (45 min)
Short Takes to inspire:

Brainstorming about proposed ideas, research questions, proposals, 
collaborations, needs

Presentations:

Routes to Evidence-Based Design
Clinton J. Andrews, Rutgers University 

An Economic Framework for Monetizing Healthy Buildings
Nora Wang, Pacific Northwest National Laboratory

Thermal Engineering, Occupant Health and Productivity
Patrick Phelan, Arizona State University

The Role of Persuasive Visualization Technology in Building Occupant Behavior
Jennifer Senick, Rutgers University

Buildings as Biodiversity Connectors
Adina Dumitru, University of A Coruña, Spain
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Routes to Evidence-Based Design
Clinton J. Andrews

The routes that evidence follows into the design process are often tortuous, and their relative merits are not well 
understood. Most common is the establishment of a heuristic, a rule of thumb that gets passed from master to 
apprentice. Field studies using post-occupancy evaluation and building performance evaluation techniques have 
taught lessons one building at a time, but those lessons mostly accrue to the individual designer and the limited 
ƴǳƳōŜǊ ƻŦ ǎǘǊǳŎǘǳǊŜǎ ŘŜǎƛƎƴŜŘ ŀƴŘ ōǳƛƭǘ ŘǳǊƛƴƎ ǘƘŀǘ ǇŜǊǎƻƴΩǎ ǿƻǊƪƛƴƎ ƭƛŦŜΦ CƻǊƳŀƭ ǎŎƛŜƴǘƛŦƛŎ ǎǘǳŘƛŜǎ ƛƴŎǊŜŀǎƛƴƎƭȅ 
inform standards development and establish a performance floor for broader design practice. The advent of 
building information modeling and building performance simulation tools has opened up the possibility of learning 
and designing in silico, if data are available for calibrating the models. For physics questions that influence 
structural, mechanical, and electrical engineering design, there are plenty of data to support simulation modeling. 
Data on human behavior are much more limited, and it is only recently that researchers have collected enough 
data to calibrate sophisticated models of human interactions with building systems. Such models typically represent 
behavior as either a Markov process or an agent-based model. Current efforts attempt to make behavioral data 
much more widely available by harvesting building management system and personal device data streams, 
developing large-scale occupant surveys, and pooling building-specific data sets. This paper develops a typology of 
categories of evidence and of the routes by which evidence influences design. It assesses the strengths, 
weaknesses, histories, trajectories, and fitness for specific purposes of each, and provides illustrative examples. It 
makes a first step toward realizing a more ambitious and evidence-based Vitruvian design paradigm. 
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Routes to 
evidence-
based design

www.pritzkerprize.com

Clinton J Andrews

Edward J Bloustein School of Planning & Public Policy



Specialization
ÅInterior design

ÅArchitecture

ÅLandscape architecture

ÅUrban design & planning

ÅInfrastructure design

https://pixabay.com/en/interior-design-indoor-building-1682392/ https://upload.wikimedia.org/wikipedia/commons/f/fc/Chrysler_Building_at_night.JPG 

https://upload.wikimedia.org/wikipedia/commons/a/a1/Orangerie.jpg https://upload.wikimedia.org/wikipedia/commons/2/2e/Radburn_Cellular_Street_Pattern.jpg 

https://en.wikipedia.org/wiki/Golden_Gate_Bridge



www.pritzkerprize.com



Utilitas

Firmitas Venustras

Vitruvius

25 BC



Commodity

Firmness Delight

Wotton

1624



Function

Structure Beauty

O Gorman

1998



Plan (Function)

Section (Structure) Elevation (Beauty)

How do we 

communicate our 

design intent?



commons.wikimedia.org/wiki/Image:US_capitol_building.jpg
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Capitol

1792



Winning design

for U.S. Capitol

www.loc.gov/exhibits/us.capitol/s3.html



Client (Function)

Builder (Structure) Architect (Beauty)

Who does what?



Function

Structure Beauty

Role of evidence



Function

Structure Beauty



Measure Model Design

http://seasoft022.blogspot.com/2013/05/pre-stressed-concrete-structures-02.html https://commons.wikimedia.org/wiki/File:Beam_in_static_equilibrium2.svg 

https://upload.wikimedia.org/wikipedia/commons/b/b9/3d.JPG
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Structure Beauty



Measure Model Design

Functionality includes:

ÅLayout

ÅSecurity

ÅWayfinding

ÅLighting

ÅThermal comfort

ÅIndoor air quality

ÅNoise

Åand more

Approaches:

ÅMeet minimum 
standards

ÅMaximize usability



Measure Model Design

http://www.exceltest.com.my/index.php https://www.hpac.com/heating/thermal-comfort-more-just-air-temperature https://www.ibpsa.us/designbuilderenergyplus-

training-dubai

Meet thermal comfort 

standard



Measure Model Design

But people 

have diverse 

thermal 

preferences

ASHRAE Standard 55-2004

Overby 2013



Building

Occupant Behavior

Groups

BCVTB

Co-simulation Framework

State of 

Environment
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System 
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Planning
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Action
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Action
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State of 
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Andrews, Chandra Putra & Brennan 2013



Building Data
(Architectural and 

Mechanical 
Drawings)

Google 
SketchUp Open Studio

Energy Plus

Occupant 
Behavior 

Simulation

Occupant 
Behavior 

Survey Data

Calibration 
Analysis

Building 
Geometry

HVAC 
Construction 
Lighting, Etc

Calibrated 
Building 
Models

NetLogo

Utility Bills

What-if 
scenarios

Peak day discomfortAndrews, Chandra Putra & Brennan 2013

Measure Model Design
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Measure Model Design

http://seasoft022.blogspot.com/2013/05/pre-stressed-concrete-structures-02.html https://commons.wikimedia.org/wiki/File:Beam_in_static_equilibrium2.svg 

https://upload.wikimedia.org/wikipedia/commons/b/b9/3d.JPG

?What do we 

measure?



ñVisual Preference Survey Finds Support for 
Colonial Styleò

https://www.tapinto.net/towns/scotch-plains-slash-fanwood/sections/community-life/articles/back-to-the-future-scotch-plains-downtown-visual



Neuroscience of Aesthetics
Eye Tracking

Neurotypical Person Autistic Person

ñLe Corbusier remained blind to othersô viewsðhe literally couldnôt process visual stimuli normallyò

Ann Sussman, Katie Chen. 2017. http://commonedge.org/the-mental-disorders-that-gave-us-modern-architecture/



Available 

evidence varies 

from objective & 

universal to 

subjective & 

contextual

Function

Structure Beauty

Ways used to 

incorporate  

evidence include 

Å standards, 

Å heuristics, 

Å evaluation 

protocols, 

Å models 

Need to teach not just design rules but also measuring & modeling



http://Bloustein.Rutgers.edu/Andrews



Thermal Engineering, Occupant Health and 
Productivity
Patrick Phelan

Indoor environmental conditions (e.g., temperature, relative humidity) are currently designed 
according to prescriptive comfort criteria (e.g., ASHRAE 90.1) and then controlled based largely on 
ƻŎŎǳǇŀƴǘǎΩ ǊŜǇƻǊǘŜŘ ŎƻƳŦƻǊǘ ŎƻƴŘƛǘƛƻƴǎ όƛΦŜΦΣ ŎƻƭŘ ŎŀƭƭǎύΣ ōǳǘ ŀǊŜ ǘƘƻǎŜ ǘƘŜ ƘŜŀƭǘƘƛŜǎǘ ŎƻƴŘƛǘƛƻƴǎ ŦƻǊ 
the building occupants? In other words, should buildings be designed according to other criteria 
(e.g., reported comfort data) and controlled not only to optimize comfort, but also to optimize 
health?  Similarly, can energy-efficient design features such as daylighting, increased thermal mass 
to minimize temperature fluctuations, and windows with high thermal resistance and minimal glare 
also enhance occupant health and productivity?  This talk seeks to utilize knowledge and experience 
in human studies to inform and shape engineering research.
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An Economic Framework for Monetizing 
Healthy Buildings

Nora Wang

There has been continuing research leading to a rich literature on how the built environment 
affects human behavior. The challenge is to understand these studies in context and to 
convert the research findings to business cases. This presentation will discuss an economic 
framework to outline the value of balancing and integrating energy and healthy building goals 
and to quantify the return on investment. Using federal facilities as examples, this framework 
ŜȄǇƭƻǊŜǎ Ƙƻǿ ǘƻ ǘǊŀƴǎƭŀǘŜ ǘƘŜ ǇƻǘŜƴǘƛŀƭ ƻŎŎǳǇŀƴǘǎΩ ƘŜŀƭǘƘ ŀƴŘ ǿƻǊƪ ǇǊƻŘǳŎǘƛǾƛǘȅ Ǝŀƛƴǎ ŦǊƻƳ 
improved indoor environments to facility investment and personnel spending. The 
presentation will also discuss how to integrate healthy building strategies with goals to 
increase energy efficiency and resilience. 
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Framework to 
Integrate Energy 

Efficiency and 
Occupant 

Health/Wellness

EDRA 50, Brooklyn
May 22, 2019 

Nora Wang, Kevin Keene,

Mark Weimar, Julia Rotondo

Pacific Northwest National Laboratory



ÅQuantify and customize the cost-benefit 
results in terms of improved productivity, 
reduced absenteeism, and reduced 
employee turnover.

ÅIntegrate these interventions with building 
energy efficiency planning and investment, 
to provide a greater, more relevant context for 
decision makers.

Objectives

Source: www.gsa.gov
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Methodology

Baseline 

measurements (IAQ, 

thermal comfort, 

lighting, daylighting)

Potential 

improvement from 

baseline to targets

Correlation 

between building 

metrics and 

occupants 

(productivity, 

absenteeism, 

turnover)

Quantification of 

financial/personnel 

savings

Literature

Feedback loop to improve correlation
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ÅBuilding Metrics
ÁMeasured with an energy-style audit

ÁBased off WELL, Fitwel, ASHRAE, IES

ÅOccupant Metrics
ÁHR and manager info (default assumptions 

provided) 

VAbsenteeism rate, turnover rate, and recruiting 
expense

ÁSatisfaction survey (optional) 

VSupplementary to building metrics 

Baseline 
Measurements

Category Building Metrics

Lighting Quality

(visual comfort, 

circadian rhythms, 

customization)

Lighting Controls

Light Zones

Supplemental Lighting

Equivalent Melanopic Lux

Circadian Stimulus

Illuminance

Color Rendering Index

Daylight

(access, quality)

Spatial Daylight Autonomy

Window Proximity

Visible Light Transmittance

Light Shelves

Control for Solar Glare

Indoor Air 

Quality

(pollution, 

ventilation, 

control) 

Ventilation Rate

Individual Air Diffusers

Demand Controlled Ventilation

Variable Air Volume

Air Quality Devices

Air-side Economizers

Particulate Matter ïPM2.5, PM10

Inorganic Gases ïCO2, CO, O3

Organic Gases ïTVOC, 

Formaldehyde

Thermal 

Comfort

(customization, 

comfort)

Thermal Zones

Individual Thermal Control Devices

Radiant Systems

Dedicated Outdoor Air System

Clothing Level

Metabolic Level

Temperature

Humidity
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ÅThe metrics have corresponding ñtargetò values 
based on ASHRAE 189.1/55/62.1, IES Lighting 
Handbook, WELL v2 and Fitwel

ÅMetrics for each category (IAQ, lighting quality, 
daylight, thermal comfort) will be averaged into a 
single ñpotential improvementò value for each

ÅAfter data 
normalization and 
applying weights, 
the lighting quality 
for this example 
building has a 
potential 
improvement of 
55% (see next 
slide for 
continuing 
analysis)

Potential Building 
Improvement

Metric 

Category
Metric Notes Min Baseline Target

% 

Potential
Weight*

Lighting 

Quality

Illuminance 
(Horizontal 

Footcandles)

Average value 

by activity type, 

e.g. open office 

space 

15 27 40 50% 1

Circadian 

Stimulus 

(calculated)

Typical value 

between 9AM and 

1PM
0.1 0.22 0.3 40% 3

Supplemental 

Lighting

(%)

Percent of office 

spaces that have 

task lighting 

available

0 20% 100% 80% 2

*Weights are being developed, these are samples values

Hypothetical Example:
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Literature Correlation 
From Building Systems to 
Occupant Health

ÅPercent Potential Improvement: 55%

ÅCorresponding Productivity Improvement: 7%

ÅUncertainty: +/- 3%

40                        55                           70                     85 100

7%
Collection of publications relating 
lighting quality to productivity

Plot of studies with percent 
improvement to productivity vs percent 
improvement to lighting quality 
measure

Ą Find improvements to absenteeism and turnover as well, 
and then repeat for daylight, thermal comfort, and IAQ

Å80 publications in database ïcontinuing to 
expand and quality check
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Quantification 
of Financial 
Savings

Savings Source Savings Category Explanation Action

Utilities Energy Building retrofits will likely reduce energy consumption

Utilities savings can be reinvested 

in building retrofits or agency 

programs

Recruitment Turnover
Reduced turnover saves overhead expenses on 

recruitment

Recruitment savings can be 

reinvested in agency programs

ñOver-capacityò 

Contracted Work

Productivity/ 

Absenteeism

Federal employees and flexible contractors in building 

are more efficient and decrease need for contracted 

work

Contractor savings can be 

reinvested in agency programs

Specialized Work
Productivity/ 

Absenteeism

Federal employees and essential contractors are more 

efficient and complete specialized work sooner

[and/or improved quality of service and mission 

achieved ]

Programs can request additional 

scope with the same budget

Utilities

Recruitment

ñOver-capacityò 

Contracted Work

Specialized 

Work

$
Post-Retrofit

Budget     ñSavingsò

Pre-Retrofit
$

Budget

Reinvested

Additional scope with no 

added cost
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ÅDecision matrix can compare personnel savings to:
ÁEnergy savings/costs

ÁCost of construction

ÁExternal/non-monetary benefits

o Aesthetics, employee satisfaction, office culture, GHG emissions

ÅUncertainty from the confidence intervals in literature 
data and number of metrics completed

ÅNPV to compare discounted benefits and payback 
period to upfront cost of improvements

Retrofit

Monetary Non-Monetary

NPV 

(personnel 

savings)

Uncertainty
NPV (energy 

savings)

Estimated 

Retrofit Cost

Benefit / Cost 

Ratio

Occupant 

Satisfaction

Office 

Culture

Option 1 -

Combined
$10,164K +/- 15% $1,994K $2,010K 6.05 +/- 0.76 66% High

Option 2 - IAQ $7,988K +/- 10% $798K $1,546K 5.68 +/- 0.52 25% Low

Option 3 -

Lighting
$6,196K +/- 9% $1,196K $464K 15.9 +/- 1.23 35% Medium

Decision Matrix, 
NPV, and 
Uncertainty
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Thank you!

Contact

ÅNora Wang ïnora.wang@pnnl.gov

Å Kevin Keene ïkevin.keene@pnnl.gov

Å Mark Weimar ïmark.weimar@pnnl.gov

Å Julia Rotondo ïjulia.rotondo@pnnl.gov

mailto:nora.wang@pnnl.gov
mailto:kevin.keene@pnnl.gov
mailto:mark.Weimar@pnnl.gov
mailto:julia.rotondo@pnnl.gov


Art as Input to Air Quality Management: 
Persuasive Technology

Jennifer Senick

This presentation will share results of recent participatory-based research into 
how children in low-income housing settings perceive and assess indoor air 
quality.  As an example of an HCI approach based on theories of environmental 
and behavioral psychology, this work offers insights into how socio-technical 
systems may help to combat the detrimental health impacts of poor IAQ, 
especially in lower resource communities. The topic of how persuasive systems 
may condition behavior towards, and impacts on, environmental factors is an 
important one in HCI.  Lessons drawn from this work have broader applicability 
to the design of persuasive systems in various building settings.
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Art as Input to Air Quality Management: 

Persuasive Technology

Jennifer Senick, Rutgers Center for Green Building

Sunyoung Kim, School of Communication & Information

Gediminas Mainelis, Department of Environmental Sciences

EDRA 50, Brooklyn - Sustainable Urban Environments
Humanizing Building Technology and Experience: a Collaborative Forum for          

Re-envisioning Sustainable, Healthy Buildings and Occupants

Wednesday May 22, 2019
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https://fineartamerica.com/art/air+pollution



Rutgers Professor Alan Robock with an image of The Scream, an 1895 painting by 

Norwegian artist Edvard Munch. From top to bottom on the right are: a nacreous 

cloud over McMurdo Station in Antarctica in 2004; an 1883 drawing by William 

Ascroft showing the sky in London after the Krakatau eruption; and a 1982 volcanic 

sunset over Lake Mendota in Madison, Wisconsin, after the El Chichón eruption in 

Mexico. Photo: Nick Romanenko/Rutgers University


