ARCC-EAAE 2022 INTERNATIONAL CONFERENCE



PROCEEDINGS



ARCC

The Architectural Research Centers Consortium (ARCC) is an international association of
architectural research centers, academies and organizations committed to the research culture
and supporting infrastructure of architecture and related design disciplines. Through conference
programming, grant and award programs, workshops, and research journal ENQ, ARCC
represents a concerted commitment to improve the quality of life in the built environment.

> https://www.arcc-arch.org

EAAE

The European Association for Architectural Education (EAAE) is an international,
membership-based Association organizing architectural schools in Europe. The purpose of
the Association is to advance the quality of architectural education and to promote the quality
of architecture in Europe. The Association provides a forum for generating information on
aspects of architectural education and architectural research.

> hitps://www.eaae.be

DIGITAL VERSION
Best to read Proceedings as a two-page spread in Acrobat
In Acrobat, go to: View > Page Display > Two Page View

Proceedings of the ARCC-EAAE 2022 International Conference
Architectural Research Centers Consortium / European Association for Architectural Education
RESILIENT CITY: Physical, Social, and Economic Perspectives

Editors: Chris Jarrett, Adil Sharag-Eldin
Publisher: Architectural Research Centers Consortium, Inc.

ISBN 978-1-935129-31-8

© 2022 Architectural Research Centers Consortium, Inc. All rights reserved. No part of this book
may be reproduced in any manner whatsoever without prior written permission from the publisher.






The Architectural Research Centers Consortium (ARCC) in partnership with the
European Association for Architectural Education (EAAE)

RESILIENT CITY

Physical, Social, and Economic Perspectives

ARCC-EAAE 2022 International Conference
Florida International University, Miami, FL

March 2-5, 2022
May 23, 2022: Virtual Session

Conference Co-Chairs
Marilys Nepomechie
Shahin Vassigh

Editors
Chris Jarrett
Adil Sharag-Eldin



i CONFERENCE LEADERSHIP AND ADMINISTRATION
i PAST CONFERENCES AND ARCC MEMBERSHIP

iii-vi CONFERENCE PEER REVIEW COMMITTEE
Two-Stage Double-Blind Peer Review

vii-viii CONFERENCE THEME
Marilys Nepomechie and Shahin Vassigh
Florida International University

iX-xii KEYNOTE SPEAKERS
Philippe Block, ETH Zurich and Block Research Group
Susannah Drake, DLANDstudio, New York
Toni Griffin, Harvard University, urbanAC
James Murley, Chief Resilience Officer, Miami-Dade County
Jeremy Till. University of the Arts, London

Xiii-xxiv LIST OF RESEARCH PAPERS AND POSTERS
1-776 ARCC-EAAE 2022 RESEARCH PAPERS
777-796 ARCC-EAAE 2022 RESEARCH POSTER ABSTRACTS

797-798 BEST PAPER AND BEST POSTER AWARDS



RESILIENT CITY
Physical, Social, and Economic Perspectives

ARCC-EAAE 2022 INTERNATIONAL CONFERENCE COMMITTEE

Conference Co-Chairs
Marilys Nepomechie, Florida International University
Shahin Vassigh, Florida International University

Conference Leadership + Advisory Committee
ARCC: Chris Jarrett, President

Adil Sharag-Eldin, Vice-President/President-Elect

EAAE: Oya Atalay, President
llaria Valente, Vice-President

Conference Topic Chairs: Florida International University

Biayna Bogosian, Co-Chair, Technology
Jason Chandler, Co-Chair, Climate
Newton D'souza, Co-Chair, Public Health
Neal Leach, Chair, Doctoral Education
Magda Mostafa, Co-Chair, Public Health
Eric Peterson, Co-Chair, Technology
Gray Read, Co-Chair, Equity

Roberto Rovira, Co-Chair, Climate

Elisa Silva, Co-Chair, Equity

Session Moderators

Tristan Al-Haddad, Formations Studio

Ahmed Ali, Texas A&M University

Oya Atalay, Zurich University of Applied Sciences
Rahman Azari, Pennsylvania State University

Ezgi Bay, University of Utah

Christina Bollo, University of lllinois Urbana-Champaign
Dag Boutsen, Katholieke Universiteit Leuven

Elizabeth Marie Cronin, University of Florida

Lyndsey Deaton, University of Oregon

Rachel Dickey, University of North Carolina at Charlotte
Ihab Elzeyadi, University of Oregon

Niloufar Emami, University of lllinois Urbana-Champaign
Jori Erdman, James Madison University

Sarah Gamble, University of Florida

Saif Haq, Texas Tech University

Adele Houghton, Harvard University

Ming Hu, University of Maryland

Chris Jarrett, University of North Carolina at Charlotte
Elizabeth McCormick, University of North Carolina at Charlotte
Taraneh Meshkani, Kent State University

Valerian Miranda, Texas A&M University

Teresa Fotini Moroseos, University of Washington
Ana Tricarico Orosco, Florida A&M University

Claus Peder Pedersen, Arkitektskolen Aarhus

Hazem Rashed-Ali, Texas Tech University

Traci Rider, North Carolina State University

Jessica Rossi-Mastracci, University of Minnesota

Adil Sharag-Eldin, Kent State University

Alexandra Staub, Pennsylvania State University
llaria Valente, Politecnico di Milano

Peter Wong, University of North Carolina at Charlotte
Chengde Wu, lowa State University

Joao Pedro Xavier, University of Porto

Tadeja Zupanci¢, University of Ljubljana

*Special thanks to students Ethan Rhodes and Vamsi Kamatham for their administrative support of the Conference.

ARCC BOARD OF DIRECTORS (2021-2022)
Officers

Chris Jarrett, President, University of North Carolina at Charlotte
Adil Sharag-Eldin, Vice-President/President-Elect, Kent State University

Saif Haq, Treasurer, Texas Tech University

Alexandra Staub, Secretary, Pennsylvania State University
Hazem Rashed-Ali, Past-President, Texas Tech University

At-Large Members

Christina Bollo, University of lllinois at Urbana-Champaign

Ihab Elzeyadi, University of Oregon
Ming Hu, University of Maryland
Clare Robinson, University of Arizona

X-Officio Members

Rahman Azari, Pennsylvania State University
Valerian Miranda, Texas A&M University

Philip Plowright, Lawrence Technological University
Brian Sinclair, University of Calgary

Virginia Ebbert, American Institute of Architects

Leadership and Administration of ARCC-EAAE 2022 International Conference



ARCC Past Conferences

Paris_2000 EAAE-ARCC International Conference
Blacksburg_2001 ARCC Conference

Montreal_2002 ARCC-EAAE International Conference
Tempe_2003 ARCC Conference

Dublin_2004 EAAE-ARCC International Conference
Jackson_2005 ARCC Conference

Philadelphia_2006 ARCC-EAAE International Conference
Eugene_2007 ARCC Conference

Copenhagen_2008 EAAE-ARCC International Conference
San Antonio_2009 ARCC Conference

Washington DC_2010 ARCC-EAAE International Conference

Detroit_2011 ARCC Conference

ARCC Member Institutions (2021-2022)
American Institute of Architects
Arizona State University

Auburn University

Ball State University

Ball State University (CERES)
California Baptist University
California College of the Arts
California Polytechnic State University
Catholic University of America
Clemson University

Drexel University

Florida Atlantic University

Florida A&M University

Florida Atlantic University

Florida International University
Georgia Institute of Technology
IE School of Architecture and Design
lllinois Institute of Technology
lowa State University

Kansas State University
Kennesaw State University

Kent State University

Laurentian University

Lawrence Technological University
Louisiana State University

McGill University

Miami University

Mississippi State University
Montana State University

New York Institute of Technology
North Carolina State University
Northeastern University

Norwich University

Oklahoma State University
Pennsylvania State University
Pratt Institute

Qatar University

Rensselaer Polytechnic Institute
Rochester Institute of Technology
Ryerson University

RESILIENT CITY
Physical, Social, and Economic Perspectives

Milan_2012 EAAE-ARCC International Conference
Charlotte_2013 ARCC Conference

Honolulu_2014 ARCC-EAAE International Conference
Chicago_2015 ARCC Conference

Lisbon_2016 EAAE-ARCC International Conference

Salt Lake City_2017 ARCC Conference
Philadelphia_2018 ARCC-EAAE International Conference
Toronto_2019 ARCC International Conference
Valencia_2020 EAAE-ARCC International Conference
Tucson_2021 ARCC International Conference

South Dakota State University
Southern lllinois University
Temple University

Texas A&M University

Texas Tech University

Thomas Jefferson University
Universitat Liechtenstein
University of Arizona

University of Arkansas

University of Buffalo

University of Calgary

University of Florida

University of Hawaii Manoa
University of Houston

University of Idaho

University of lllinois at Urbana Champaign
University of Kansas

University of Manitoba

University of Maryland

University of Massachusetts Amherst
University of Memphis

University of Michigan

University of Minnesota

University of Missouri

University of Nebraska-Lincoln
University of Nevada-Las Vegas
University of North Carolina at Charlotte
University of Oklahoma

University of Oregon

University of South Florida
University of Tennessee
University of Texas at Arlington
University of Texas at San Antonio
University of Toronto

University of Utah

University of Virginia

University of Washington
University of Waterloo

University of Wisconsin-Milwaukee
Virginia Polytechnic University
Washington State University

Individual Member

Luis Alberto Perez Irribarren
Victor Molina

Lubomir S. Popov

ARCC-EAAE 2022 > RESILIENT CITY



RESILIENT CITY
Physical, Social, and Economic Perspectives

Conference Peer Review Committee

Agutter, James
University of Utah

Aksamija, Ajla
University of Massachusetts Amherst

Al-Haddad, Tristan
Formations Works

AL-Mohannadi, Asmaa
Qatar University

Alagtum, Tasbeeh
University of Arizona

Altaweli, Rafah
University of Cincinnati

Anis, Manal
University of lllinois Urbana-Champaign

Arvayo-Ballesteros, Fernando
Universidad de Sonora, Mexico

Ashayeri, Mehdi
Southern lllinois University

Azari, Rahman
Pennsylvania State University

Balmer, Jeffrey
University of North Carolina at Charlotte

Bank, Lawrence
Georgia Institute of Technology

Baudoin, Genevieve
Kansas State University

Baweja, Vandana
University of Florida
Bay, Ezgi
University of Utah

Beltran, Liliana
Texas A&M University

Bernal, Sandra Maria
University of Arizona

Blouin, Vincent Yves-Marie
Clemson University

Bollo, Christina
University of lllinois

Brause, Caryn
University of Massachusetts Amherst

Cabrera | Fausto, Ivan
Universitat Politécnica de Valéncia, Spain

Caldwell, Damon Edward
Louisiana Tech University

Carver, Dwaine
University of Idaho

Chamel, Olivier
Florida A&M University

Chinellato, Enrico
Independent Researcher, Italy

Christenson, Mike
University of Minnesota

Clouse, Carey
University of Massachusetts Amherst

Coronado, Maria Camila
University of Oregon

Costanza, David
Cornell University

Crosson, Courtney
University of Arizona

Daniels-Akunekwe, Chika Chioma
University of Calgary

de Paula, Nathalia )
Ecole de technologie supérieure (ETS), Canada

De Walsche, Johan
University of Antwerp, Belgium

Dearstyne Hoste, Benjamin
University of Arizona

Del Bo, Adalberto
Politecnico di Mllano, Italy

Demers, Matthew
Barker Nestor Architects

Diarte, Julio
Pennsylvania State University

Dreifuss-Serrano, Dr. Cristina
Universidad de Lima, Peru

Du, Peng
Thomas Jefferson University

El Khafif, Mona
University of Virginia

Elvin, George
North Carolina State University

Esmaeili, Nooshin
University of Calgary

Faoro, Daniel
Lawrence Technological University

Farid Mohajer, Mahsa
University of Massachusetts Amherst

Gamez, Dr. José L.S.
University of North Carolina at Charlotte

Geraki, Stefania Palmyra
University of lllinois at Chicago

Peer Review Research Committee of ARCC-EAAE 2022 International Conference



Ghaemi, Sara
BWS Architects

Golden, Saul
Ulster University

Gopalakrishnan, Dr. Srilalitha
Singapore ETH Centre, Singapore

Guzowski, Mary Margaret
University of Minnesota

Hablani, Chirag
Singapore University of Technology and Design

Haglund, Bruce
University of Idaho

Hanzelkova, Jessica Rachel
University of Waterloo, Canada

Hagq, Saif
Texas Tech University

Harrington, J. Brooke
Temple University

Hashemi, Farzad
Pennsylvania State University

Hashim, Bushra
University of Calgary

Hayes, Richard
Central Michigan University

Hennebury, Deirdre
University of Michigan

Hollengreen, Laura Holden
University of Arizona

Houghton, Adele
Harvard University

Hu, Ming
University of Maryland

Idris, Abdou
Université de Djibouti, The Netherlands

Im, Ok-kyun
University of North Carolina at Charlotte

Imam, Salah
University of Calgary

Ingaramo, Roberta
Politecnico di Torino, Italy

Jaminet, Jean
Kent State University

Jarrett, Chris
University of North Carolina at Charlotte

Jimenez Aguilar, Diana Maria
Universidad de Sonora, Mexico

RESILIENT CITY
Physical, Social, and Economic Perspectives

Jo, Soo Jeong
Louisiana State University

Kim, Kyounghee

University of North Carolina at Charlotte
Kio, Patricia Njideka

Texas A&M University

Klein, Lidia

University of North Carolina at Charlotte

Koester, Robert
Ball State University

Konbr, Usama Abdelnaby
Tanta University, Egypt

Laboy, Michelle M.
Northeastern University

Lyndsay, Eva
Streika Institute, United Kingdom

Liu, Rui
Kent State University

Liu, Xiaoyun
Politecnico di Milano, Italy

Lopez Barrera, Silvina
Mississippi State University

Louro, Margarida
Universidade de Lisboa, Portugal

Machry, Herminia
Georgia Institute of Technology

Mansy, Khaled
Oklahoma State University

Marks, Frederick

Salk Institute for Biological Studies
Martin-Malikian, Liz

Kennesaw State University

Mathur, Pegah
North Carolina State University

Mayer, Matan
IE University, Spain

McCormick, Elizabeth
University of North Carolina at Charlotte

Mclntire, Russell
Thomas Jefferson University

McQuistion, Lauren
University of Virginia
Medvegy, Gabriella
University of Pécs, Hungary

Meek, Christopher
University of Washington

ARCC-EAAE 2022 > RESILIENT CITY

iv



RESILIENT CITY
Physical, Social, and Economic Perspectives

Miranda, Valerian
Texas A&M University

Mistur, Mark
Kent State University

Mohsenin, Mahsan
Florida A&M University

Montelli, Raffaella
University of Houston

Mozari, Milad
University of Utah

Mueller, Stephen
Texas Tech University

Murphy, Christina
Morgan State University

Myung, Junyoung
University of lllinois Urbana-Champaign

Naik, Niyati Sudhir
University of Oregon

Newman, Winifred
Clemson University

Ng, Tsz Yan
University of Michigan

O’Geen, Charles Joseph
Kendall College of Art and Design

Ogoli, David Mwale
California Baptist University

Orlowski, Edward Michael
Lawrence Technological University

Osayamen, Esosa
University of Massachusetts Amherst

Park, Jinoh
University of Tennessee

Parlac, Vera
New Jersey Institute of Technology

Parsaee, Dr. Mojtaba
Laval University, Canada

Penvose, Jon
Kent State University

Pires da Fonseca Dias da Fonseca, Maria Teresa

Universidade do Porto, Portugal

Plowright, Philip David
Lawrence Technological University

Poerschke, Ute
Pennsylvania State University

Pokol, Julia

Budapest University of Technology and Economics,

Hungary

Poustinchi, Ebrahim
Kent State University

Ra, Seung Kyu
Oklahoma State University

Ragheb, Ash
Lawrence Technological University

Rastegar, Roja
University of Kansas

Ridwana, Iffat
University of Cincinnati

Robinson, Clare
University of Arizona

Rockwood, David
University of Hawaii at Manoa

Rossi-Mastracci, Jessica
University of Minnesota

Riigemer, Jorg
University of Utah

Sadiq Garcia, Fauzia
Temple University

Santos, Joao Rafael
Universidade de Lisboa, Portugal

Santus, Kevin
Politecnico di Mllano, Italy

Sapone, Sara Anna
Politecnico di Mllano, Italy

Schafer, George Jacob
Clemson University

Schultz, Anne-Catrin
Wentworth Institute of Technology

Serafim, Marcos
University of Arizona

Shall, Scott Gerald
Lawrence Technological University

Sharag-Eldin, Adil
Kent State University

Sherbakova, Larisa
Larisa Sherbakova Architecture

Sinclair, Brian Robert
University of Calgary, Canada

Soderberg Esper, Prof. Catherine
Texas Tech University

Spagnolo, Isabella
Politecnico di Mllano, Italy

Staub, Alexandra
Pennsylvania State University

Taher, Mania Tahsina
University of Wisconsin-Milwaukee

Tariq, Tasheem
Pennsylvania State University

Peer Review Research Committee of ARCC-EAAE 2022 International Conference



Thaddeus, David
University of North Carolina at Charlotte

Theisen, Tanner
Louisiana State University

Valzania, Giacomo
McGill University, Canada

Van Acker, Maarten
University of Antwerp, Belgium

Van de Riet, Keith
University of Kansas

Willoughby, William
Kent State University

Wingert-Playdon, Kate
Temple University

Wong, Daniel Kin Heng
Singapore University of Technology and Design

Wong, Peter
University of North Carolina at Charlotte

Wu, Chengde
lowa State University

Yoon, Yeobeom
North Carolina State University

Yousif, Shermeen
Florida Atlantic University

Zekos, Erika
University of Massachusetts Amherst

Zhang, Catty Dan
University of North Carolina at Charlotte

ARCC-EAAE 2022 > RESILIENT CITY

Vi

RESILIENT CITY
Physical, Social, and Economic Perspectives



RESILIENT CITY
Physical, Social, and Economic Perspectives

ARCC-EAAE 2022 INTERNATIONAL CONFERENCE THEME

Conference Co-Chairs: Marilys Nepomechie and Shahin Vassigh

RESILIENT CITY: Physical, Social, and Economic Perspectives

The challenge of creating cities and landscapes resilient to social and environmental change lies at the core of critical
research in the design disciplines. These challenges are the consequences, direct and indirect, of a warming planet
with nearly 8 billion diverse inhabitants, an increasing number of whom reside in coastal (mega)cities amid conditions
of growing inequity, vulnerability and disparities in public health. Around the globe and at a range of scales, the
professions and disciplines involved in the design and development of environmental and urban systems, are
harnessing technologies and practices, both well-established and at the cutting edge, to play a significant role in
formulating responses to such ecosystem stressors. Through its focus on urban resilience, the 2022 ARCC-EAAE
International Conference addresses the multiplicity of ways in which new design pedagogies, research, and innovation,
carried out across our disciplines and professions, empower us to educate a new generation of built environment
designers, and to meet the strategic imperatives of this historical moment.

CLIMATE

Topic Co-Chairs: Jason Chandler and Roberto Rovira

Global Sustainability: Mitigation and Adaptation

Identified as the key challenge of our times, global sustainability is the core of the 17 United Nations Sustainable
Development Goals (SDG). Focusing on the design disciplines and professions, this thematic area invites paper/poster
contributions that propose new pedagogies, research and innovation in energy efficient design and construction,
sustainable design processes that reduce the carbon footprint of the built environment, educational research on
pedagogies for sustainable and resilient architecture, vernacular architecture, green design, adaptive, remedial and
retrofit design strategies, as well as processes for evaluating resilience and sustainability.

Coastal Cities: Design Frameworks for Interconnectivity

By the year 2050, over 66% of the world’s population will reside in cities. Today, nearly 40% of global urbanization is
coastal, with approximately 10% of urban areas worldwide lying fewer than 10 meters above sea level (UN.org). The
vulnerabilities associated with these conditions invite paper/poster contributions that propose new pedagogies,
research, and innovation in adaptive design for coastal hazards and sea level rise, sustainable urban patterns and
smart growth, infrastructure planning and design strategies, designing for extreme events in the coastal tropics, and
dynamic planning, zoning and building regulations that incorporate a narrative of change over time.

TECHNOLOGY

Topic Co-Chairs: Biayna Bogosian and Eric Peterson

Materials and Advanced Digital Fabrication

The demand for increased building production and sustainable practices is driving technological integration into
architectural curriculum and design practices. To keep up with this demand innovation in materials and methods as
well as digital fabrication techniques have become ubiquitous in design and practice. Advances in performative
materials, additive/subtractive manufacturing, and construction robotics have expanded our capabilities and created
new fields of study. This thematic area encourages paper/poster contributions that propose new pedagogies, research
and innovation in material design and robotics processes for design and construction/ fabrication.

Digital Design and Practices

Computational design practices have become a vital part of architectural production. However, emerging technologies
Artificial Intelligence (Al), data acquisition via sensors, and Extended Reality (XR) are changing the landscape of
research, innovation, design, and production. Integration of these advances with architectural practice is becoming
increasingly critical for developing innovative and better performing built environments. Papers/posters in this theme
address pedagogies and research in advanced digital processes for planning and design, including but not limited to
advanced computational design, Internet of Things (loT), environmental data collection and processing, Artificial
Intelligence (Al) and new definitions of “craftsmanship” through digital practices.

Theme of ARCC-EAAE 2022 International Conference
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EQUITY
Topic Co-Chairs: Gray Read and Elisa Silva

Inclusive Urban Landscapes

Landscapes of resilience and inclusion are the product of myriad elements, incorporating solutions to urban challenges
that are both natural and created by human hands. Among them are the social and cultural integration of diverse
populations, and responses to the barriers created by limited access to the critical elements of a safe, healthy, dignified
life. This thematic area invites paper/poster contributions that propose new pedagogies and research that advance
equity in the built environment; strategies that incorporate community engagement; and efforts that support the creation
of affordable, accessible, equitable housing and public space for diverse communities.

Cities and (Im)migration

In its first two decades, the twenty-first century has produced substantial and growing number of global migrations,
often provoked by environmental, socio-cultural, economic and political upheavals. These resettlements have stressed
already-burdened environmental and urban systems, exacerbating a broad range of inequities. They foreground
opportunities for the design disciplines to address and mitigate their impact, bringing new life to areas of tension and
disinvestment; engaging strategies of integrative urban planning, and holistic, inclusive problem-solving. This thematic
area encourages paper/poster contributions in new pedagogies, design innovation and research that address the urban
challenges, at and beyond national borders, of global (im)migration(s) to urban centers.

PUBLIC HEALTH
Topic Co-Chairs: Newton D’souza and Magda Mostafa

Public Health and Public Space

Foregrounded by the COVID pandemic, the urban penalties associated with infectious diseases have often placed
public health experts at the center of urban planning practice. To reduce disease transmission, zoning regulations were
historically introduced to ease crowding and increase sanitation in cities. Such regulations have had implications for
equity of access to public space. In turn, accessibility to open space has consequences for emotional and mental
health, chronic disease, toxicity and violence. This thematic area encourages paper/poster contributions that address
new pedagogies, research and innovation in urban and environmental design, including data-driven, trans-disciplinary
and community engaged research that addresses inclusivity and public well-being.

Public Health and Human-Centered Design

Defined as innovative problem solving with the user(s) at its core, human centered design thinking can be effective,
impactful, and scalable, by providing solutions to problems that range from discrete to systemic in scope. Collaborative,
transdisciplinary approaches to questions of public health can result in solutions that address social and environmental
vulnerability with unique effectiveness. This thematic area encourages paper/poster contributions that assess
transformative, multi-disciplinary models of collaboration around public health; that actively engage communities; that
incorporate human-centered, data-driven design thinking and that propose new pedagogical models for addressing
these topics in the expanded studio and classroom.

SPECIAL TOPIC SESSION
Topic Chair: Neil Leach

Doctoral Education: Artistic Research, Design Doctorates and the Built Environment

This session aims to unveil new positions dealing with the issues of uncertainty, potentiality and creativeness in terms
of responsible experimental gesturing, with reference to the Erasmus+ Strategic Partnership CA2RE+ (Collective
Evaluation of Design Driven Doctoral Training) — an initiative exploring and developing immersive experiential research
evaluation environments, where it explicates the integrative nature of architectural design research, able to face the
contemporary knowledge fragmentation from humanities, social sciences and technology. The initiative and hence this
session focuses on the interdisciplinary relevance of convergent thinking, mastering wicked problems, open-ended
processes, resilience and risk, as well as orientation to future, all featured in Design Driven Research. Another aim is
to unfold the didactic relevance of Design Driven Research for training creative professionals on how to use the
integrative power of design thinking to master open-ended processes while solving contemporary spatial challenges
through responsible experimental gesturing. We welcome project proposals especially design doctorates, aiming to
enhance the built environment by means of artistic and design research.

ARCC-EAAE 2022 > RESILIENT CITY
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KEYNOTE SPEAKERS AT ARCC-EAAE 2022 International Conference

Keynote Speakers of ARCC-EAAE 2022 International Conference

ix



RESILIENT CITY
Physical, Social, and Economic Perspectives

PHILIPPE BLOCK
Professor, ETH Zurich and Block Research Group

“DISRUPTING CONCRETE CONSTRUCTION”

Philippe Block is Professor at the Institute of Technology in Architecture at ETH Zurich, where he co-directs the Block Research
Group (BRG) together with Dr. Tom Van Mele. He is director of the Swiss National Centre of Competence in Research (NCCR)
in Digital Fabrication, and founding partner of Ochsendorf DeJong & Block (ODB Engineering). Block studied architecture and
structural engineering at the VUB, Belgium, and at MIT, USA, where he earned his PhD in 2009. Research at the BRG focuses
on computational form finding, optimisation and construction of curved surface structures, specialising in unreinforced masonry
vaults and concrete shells. Within the NCCR, BRG researchers develop innovative structurally informed bespoke
prefabrication strategies and novel construction paradigms employing digital fabrication. With the BRG and ODB Engineering,
Block applies his research into practice on the structural assessment of historic monuments in unreinforced masonry and the
design and engineering of novel shell structures.

SUSANNAH DRAKE
DLANDstudio, New York

“COASTAL URBANISM”

Susannah Drake is a principal and founder of DLANDstudio, a leading multidisciplinary design firm. With qualifications in both
architecture and landscape architgy:'ture, Susannah specializes in complex projects that require a synthesized, analytical, and
research-based approach. All of her designs engage diverse systems to create ecologically and socially progressive projects
that are equally well-crafted and beautiful. Susannah is a leader in resilient urban design and has dedicated much of her
practice to developing and implementing design strategies to confront the impacts of climate change. The Gowanus Canal
Sponge Park is a working landscape that improves the environment of the EPA Superfund site over time and Rising Currents,
a collaboration with ARO Architects in MoMA’s 2010 “A New Urban Ground” exhibition, set a design precedent in urban
waterfront resiliency. Susannah’s research has been at the forefront of innovation on urban ecological infrastructure. She is
the recipient of the inaugural 2020 Climate Action Design Award by the Cooper Hewitt Smithsonian. Her exploration of campus
landscape design and large-scale urban infrastructure has received funding through grants from the Graham Foundation, the
Environmental Protection Agency, the New England Interstate Water Pollution Control Commission, the New York State
Department of Environmental Conservation, and the New York State Council on the Arts.

ARCC-EAAE 2022 > RESILIENT CITY
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TONI GRIFFIN
Harvard University and Founder, urbanAC

“JUSTICE AS SPACE AND PLACE: TOWARDS A NEW DESIGN VOCABULARY AND PRACTICE”

Toni L. Griffin is Professor in Practice of Urban Planning at Harvard University and founder of urbanAC, a planning and design
management practice that works with public, private and nonprofit partnerships to reimagine, reshape and rebuild just cities
and communities. urbanAC uses data-driven methods and a disruptive framework of policies and practices that produce
outcomes designed to break down historic structures and systems of oppression, inequality and access. In Just City Lab, her
team of research assistants have produced The Just City Index, Just City Indicators for the Public Realm, tools for civic
engagement, design case studies and masterclasses and workshops on designing for justice. Her role as Project Director of
the long-range planning initiative Detroit Work Project led to Detroit Future City, a comprehensive citywide framework plan for
urban transformation. More recent clients include the cities of Memphis, Milwaukee and Pittsburgh. Ms. Griffin previously
served as Professor of Architecture and founding Director of the J. Max Bond Center on Design for the Just City at the Spitzer
School of Architecture at the City College of New York; Director of Community Development for the City of Newark; Vice
President and Director of Design for the Anacostia Waterfront Corporation in Washington, DC, leading the planning for the
Washington Nationals Ballpark District; and Deputy Director for Revitalization Planning and Neighborhood Planning in the
D.C. Office of Planning.

JAMES MURLEY
Chief Resilience Officer, Miami-Dade County

“MIAMI-DADE COUNTY: THE ROAD TO RESILIENCE”

James F. Murley is the Chief Resilience Officer for Miami-Dade County. Miami-Dade County, together with the Cities of Miami
and Miami Beach, launched their Resilient 305 Strategy in May 2019. Jim previously served as Secretary of the Department
of Community Affairs under Governor Lawton Chiles and was appointed Chair of the Florida Energy and Climate Commission
by Governor Charlie Crist. Additionally, he served as Executive Director of 1000 Friends of Florida, spent over 10 years with
Florida Atlantic University overseeing research on urban and environmental issues, and served as Executive Director of the
South Florida Regional Planning Council. Jim is a founding member of the American Society for Adaptation Professionals and
Resiliency Florida, a Board member of The Florida Ocean Alliance and the Southeast Coastal Ocean Observing Regional
Association. He serves as Mayor Levine Cava’s designee on the Miami River Commission. He is also a Fellow of the National
Academy of Public Administration.

Keynote Speakers of ARCC-EAAE 2022 International Conference
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JEREMY TILL
Head of Central Saint Martins, Pro-Vice Chancellor, University of the Arts

“ARCHITECTURE AFTER ARCHITECTURE: SPATIAL PRACTICE IN THE FACE OF THE CLIMATE
EMERGENCY”

Architect Jeremy Till is Head of Central Saint Martins and Pro-Vice Chancellor of the University of the Arts. He previously
served as Dean of Architecture and the Built Environment at the University of Westminster and Head of Architecture at the
University of Sheffield. He is co-recipient of the RIBA Sustainability Prize for 9 Stock Orchard Street and co-author of The
Everyday and Architecture (Academy Press, 1997), both with Sarah Wigglesworth. He is also author of numerous subsequent
books, including Flexible Housing(Architectural Press, 2007), co-authored with Tatjana Schneider, Architecture Depends (MIT
Press, 2009), and Spatial Agency (Routledge Press, 2011), co-authored with Nishat Awan and Tatjana Schneider. All three
of these books won the RIBA President’s Award for Outstanding Research. More recently, he worked on a major EU-funded
research project on scarcity and creativity, resulting in the book, The Design of Scarcity (Strelka Press, 2015), co-authored
with Jon Goodbun, Michael Klein and Andreas Rumpfhuber. He curated the British Pavilion at the 2006 Venice Architecture
Biennale, co-curated (with a team from CSM) the UK Pavilion at the 2013 Shenzhen Biennale and participated in the 2013
Lisbon Triennale. He also serves as a trustee of the New Economics Foundation, a leading think tank devoted to research
and promoting new forms of economics.
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> CLIMATE

Housing, Live/Work and Thermal Comfort Prediction

Existing Multifamily Building Stock Energy Use and Building Code Comparison p. 1-8
Between the United States and Finland
Ming Hu, University of Maryland

Towards Alternative Live-Work Development: An Integrated Design Approach p. 9-16
Christina Payenhofer, Southern lllinois University
Mehdi Ashayeri, Southern lllinois University

Machine Learning-Based Automated Thermal Comfort Prediction: Integration p. 17-24
of Low-Cost Thermal and Visual Cameras for Higher Accuracy

Roshanak Ashrafi, University of North Carolina at Charlotte

Mona Azarbayjani, University of North Carolina at Charlotte

Hamed Tabkhi, University of North Carolina at Charlotte

Heat Islands, Land-Based Infrastructures and Epidemiology

Urban Heat Island Phenomena in Dhaka, Bangladesh p. 25-32
Tasneem Tarig, Pennsylvania State University
Ute Poerschke, Pennsylvania State University
Lisa Domenica lulo, Pennsylvania State University

Water, Fire, Land, Air: Investigating Land-based Infrastructures p. 33-40
Jessica Rossi-Mastracci, University of Minnesota

Architectural Epidemiology: A Multidisciplinary Method for Turning Small p. 41-48
Scale Design Decisions into Large Scale Action on Climate & Chronic Disease

Adele Houghton, Harvard University

Carlos Castillo-Salgado, Johns Hopkins School of Public Health

Resilient Post-Disaster Housing and Health Outcomes

Advanced Modular Housing Design for Highly Efficient, Affordable, and p. 49-56
Resilient Post-Disaster Housing

Forough Foroutan Jahromi, University of Florida

Jeffrey Andrew Carney, University of Florida

A Proposed Evaluation Tool for the Resiliency of Post-disaster Housing: p. 57-62
A Case Study of a Post-Earthquake and Tsunami Social Housing Development
in the Coast of Southern Chile
Daniela Scheuermann, Universidad de Concepcion
Andrea Soledad Martinez Arias, Universidad de Concepcion
Maria Isabel Rivera, Researcher, Centre for Sustainable Urban
Development (CEDEUS)

Access To Green Space in Neighborhoods Influence Health Outcomes for p. 63-72
Different Racial and Income Groups: A Case Study of California

Jiaying Dong, Clemson University

Dina Battisto, Clemson University
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> CLIMATE (continued)
Schools, Hybrid Infrastructures and Social Scorecards

Observations of Thermal Comfort Conditions in Two Schools in Southern p. 73-80
California and Nairobi, Kenya
David Mwale Ogoli, California Baptist University

Nature-Based and Hybrid Infrastructures to Build Resilient Cities through p. 81-88
the Rivers: Two Case Studies in Addis Ababa (Ethiopia)

Ruben Garcia-Rubio, Tulane University

Ryan Green, Tulane University

Sonsoles Vela, Tulane University

Social Scorecard: A Comprehensive Social Health Analysis Tool p. 89-98
Edgar Stach, Institute for Smart and Healthy Cities, Thomas Jefferson University
Summer Koch, Institute for Smart and Healthy Cities, Thomas Jefferson University

Waterfront Resilience, Carbon Positive Scenarios and Third Spaces

Resilience at the Water’s Edge p. 99-104
Vera Parlac, New Jersey Institute of Technology

Climate Resilient Urban Nexus Choices for Carbon Positive and SynBio City p. 105-112
Scenarios from 2018 to 2100
Thomas Spiegelhalter, Florida International University

Spatial Appropriation During the Pandemic: Analysis of Two Parallel Cases p. 113-120
Carey Clouse, University of Massachusetts Amherst
Caryn Brause, University of Massachusetts Amherst

Green Space, Walkability and Agility in the Built Environment

Whose Heritage, Whose Investment, Whose Sustainability? Multi-actor Dynamics p. 121-128
Around Green Space in Late-Modernist Residential Developments
(Bordeaux, France)

J. Kent Fitzsimons, Laboratoire PAVE, Ecole Nationale Supérieure d’Architecture

et de Paysage de Bordeaux

Fanny Gerbeaud, Laboratoire PAVE, Ecole Nationale Supérieure d’Architecture

et de Paysage de Bordeaux

Walking Towards a Sustainable Future for Urban Design p. 129-136
Summer Stevens, University of Florida
Nawari Nawari, University of Florida
Michael Volk, University of Florida

Co-Design Strategies to Achieve Trust in Urban Living Lab: A Systematic p. 137-144
Literature Review

Carla Brisotto, Florida Institute for Built Environment Resilience

Jeffrey Andrew Carney, Florida Institute for Built Environment Resilience
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> CLIMATE (continued)
Modeling Methods of Facades and Rooftops

Building a Workflow to Model a Green Fagade in a Graphical User Interface
for EnergyPlus
Sydney Collin, Center for Building Energy Research, lowa State University
Ulrike Passe, Department of Architecture, lowa State University

An Interactive GIS-based Method to Map Feasible Roof Areas for PV Panels
Sedigheh Ghiasi, lowa State University
Ulrike Passe, lowa State University
Yuyu Zhou, lowa State University

Rooftop Additions: An Alternative Model of Urban Growth
Oliver Chamel, Florida A&M University
Bernd Dahlgruen, Hafen City Universitat Hamburg
Laurent Lescop, Ecole Nationale Superieure d’Architecture Nantes

Cartography, Climate and Cross-Cultural Considerations

Metropolitan Cartography: An Inventive Practice Tool for Caring Metropolitan
Landscapes
Antonella Contin, Politecnico di Milano
Valentina Galiulo, Politecnico di Milano and Universidad de Sevilla
Domingo Sanchez Fuentes, Universidad de Sevilla

Nature Based Solutions and Circular Economy: Structuring a Long-Term Project

for a Climate Resilient Design
Kevin Santus, Politecnico di Milano

Critical Explorations of Architecture Education in a Rapidly Changing World:
Cross-Cultural Considerations of the Double-Edged Sword of Professional
Competency and Global Citizenship

Brian R. Sinclair, University of Calgary

Raffaello Furlan, Qatar University

Cities and Resilience: Strategies and Evaluation

Water Resilience: Mapping and Active Borders as Instruments for
Climate-Resilient Waterfront Design Strategies
Elena Verzella, University of Ferrara

Understanding Efficient Mitigation Strategies for Los Angeles’ Heat Islands
Using OLS Regression Analysis

Olivia Vander Poel Lewis, Callison RTKL

Pablo La Roche, Callison RTKL

Joey-Michelle Hutchison, Callison RTKL

Arianne Ponce, Callison RTKL

Evaluating the Circadian-Effectiveness of Light through Personal Light
Exposure Measurement: An Initial Test Using a Low-Cost and Wearable
Spectrometer in Home-Office

Armin Amirazar, University of North Carolina at Charlotte

Mona Azarbayjani, University of North Carolina at Charlotte

Maziyar Molavi, University of North Carolina at Charlotte
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> CLIMATE (continued)

Urban Mapping: Frameworks and Tools

Mapping Blindspots in Urban Atmospheric Pollution Assessment in the
US-Mexico Borderland
Stephen Mueller, Texas Tech University

Connect or Adapt: Analytic Framework for the Planning and Design of
Resilient Spatial Networks
Daniel Kin Heng Wong, Singapore University of Technology and Design
Wei Chien Benny Chin, Singapore University of Technology and Design
Roland Bouffanais, University of Ottawa
Thomas Schroepfer, Singapore University of Technology and Design

MODE_Bios: A Bioclimatic, Adaptive, Urban Design Tool

Polyxeni Mantzou, Democritus University of Thrace
Anastasios Floros, Democritus University of Thrace

Emergent Processes, Complexity and Global Warming

Rebellion, Robotics, and a Radical Reboot: Emergent Processes in Turbulent Times

Dustin Couzens, Modern Office of Design + Architecture
Brian R. Sinclair, University of Calgary and sinclairstudio, inc.
Ben Klumper, Modern Office of Design + Architecture

Uncertainty, Complexity + Change: A Cohesive Frame to Advance Agility in the

Built Environment
Salah Imam, University of Calgary and Entuitive Corporation
Brian R. Sinclair, University of Calgary and sinclairstudio, inc.

From Cold War to Global Warming: Dilemma’s in Retrofitting the Modernist
University Campus in Latin America. Case study: Quito, Ecuador
Victor Hugo Molina, Technical University of Ambato

Circular Economy and Life Cycle Considerations

Mapping of Research Lines on Circular Economy Practices in Cities:
From Waste to Infrastructure

Patricia Njideka Kio, Texas A&M University

Ahmed Kamal Ali, Texas A&M University

Beyond Operational Energy Efficiency: A Balanced Sustainability Index from
a Life Cycle Consideration
Ming Hu, University of Maryland
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> TECHNOLOGY
Infrastructure, Smart City and Crossbred Urbanism

Strategies for Redesigning High Performance FRP Wind Blades as Future
Electrical Infrastructure
Tristan Farris Al-Haddad, Georgia Institute of Technology
Ammar Alshannaqg, Georgia Institute of Technology
Lawrence Bank, Georgia Institute of Technology
Mehmet Bermek, Georgia Institute of Technology
Russell Gentry, Georgia Institute of Technology
Yulizza Henao-Barragan, Georgia Institute of Technology
Sean Li, Georgia Institute of Technology
Alex Poff, Georgia Institute of Technology
John Respert, Georgia Institute of Technology
Colin Woodham, Georgia Institute of Technology

The Public and the Technocratic Smart City
Taraneh Meshkani, Kent State University

Precedent and Influence: An Urban Design Studio Project
Dwaine Carver, University of Idaho

Surface, Structure and Light: CNC Technologies and Karamba3d

Building Surface Thermal Modulation: Applying Biomimicry and CNC
Technologies for Creating Textured Building Fagades

Eiman Mohammad Graiz, University of Kansas

Keith Van De Riet, University of Kansas

Enabling Structural Resolution in Architectural Design Studio Using Karamba3D

Chengde Wu, lowa State University
David Thaddeus, University of North Carolina at Charlotte
Danielle Scaccia, University of North Carolina at Charlotte

Design Principles for Museum Daylight Systems Based on Nine Built Examples

from Renzo Piano Building Workshop
Edgar Stach, Thomas Jefferson University
Michael Esposito, Elementa Engineering

Preservation, Performance and Prototype

p. 281-288

p. 289-296

p. 297-302

p. 303-310

p. 311-318

p. 319-326

Configurable Resiliency: Generating Sustainable Designs in Historic Neighborhoods p. 327-334

Mahyar Hadighi, Texas Tech University

Evaluation of the Bioclimatic Building Performance in Hot Climate
Abdou Idris, Université de Djibouti, Faculté d'Ingénieurs, CEALT/LME

Abdoulkader Ibrahim, Université de Djibouti, Faculté d’Ingénieurs, CEALT/LME
Assabo Mohamed, Université de Djibouti, Faculté d’Ingénieurs, CEALT/LME

Informing Early-Stage Building Energy Retrofit for Prototypical
Public Schools in Chile
Andrea Soledad Martinez, Universidad de Concepcion
Maria Isabel Rivera, Universidad de Concepcion

p. 335-344

p. 345-352

Pablo Arriagada, Researcher, Centre for Sustainable Urban Development (CEDEUS)
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> TECHNOLOGY (continued)
VOC Reduction, Insulation Refreshed and Wallboard Modularity

An Air-Depolluting System for Indoor VOC Reduction
Ketki Bapat, University of North Carolina at Charlotte
Ok-Kyun Im, University of North Carolina at Charlotte
Chengde Wu, lowa State University
Kyoung-Hee Kim, University of North Carolina at Charlotte

Modular Makeup: Reconsidering Modularity of Gypsum Wallboard
Alyssa Kuhns, University of Arkansas
Jeff Kim, Auburn University

Matter, Topology and Fabrication

Topology + Timber
Tsz Yan Ng, University of Michigan
Wes McGee, University of Michigan

Fabric Formed Poured Earth: Using Urban Site Soils in Fabric to Eliminate

Portland Cement
Charlie O'Geen, Kendall College of Art and Design
Catherine Page Harris, University of New Mexico

Employing Topology Optimization for Establishing Design Variability in Precast

Facade Panels
Niloufar Emami, University of lllinois at Urbana-Champaign

Spatial Performance, Analysis and Modeling

Evaluation of Spatial Performance in Vertically Integrated Developments Using

a Network Science-Based Approach

Srilalitha Gopalakrishnan, Singapore University of Technology and Design

Chirag Hablani, Singapore University of Technology and Design
Daniel Wong, Singapore University of Technology and Design
Benny Chin, Singapore University of Technology and Design

Anjanaa Srikanth, Singapore University of Technology and Design

Ajaykumar Manivannan, University of Ottawa
Roland Bouffanais, University of Ottawa

Thomas Schroepfer, Singapore University of Technology and Design

Visual Data-Based Spatial Analysis of Built Environments
Chirag Hablani, Singapore University of Technology and Design
Daniel Wong, Singapore University of Technology and Design

Thomas Schroepfer, Singapore University of Technology and Design

Thermoelectric Facades: Modeling Procedure and Comparative Analysis of

Energy Performance in Various Climate Conditions
Ajla Aksamija, University of Utah
Mahsa Faird Mohajer, University of Massachusetts Amherst
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> TECHNOLOGY (continued)

Pedagogical Tools and Designing for Change

Building with Air: The Internet of Things (loT) as a Pedagogical Tool for p. 415-422
Design-Build Education
Nate Shigeo Imai, Texas Tech University

Exploring Low-cost Acoustic Panels with Origami Patterns for Classrooms p. 423-430
Julio C. Diarte, Pennsylvania State University, Universidad Nacional de Asuncion
Elena M. Vazquez, Pennsylvania State University

Design for Change: Climate Centered Pedagogy in the Architecture Studio p. 431-438
Gabriel Kaprielian, Temple University
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> EQUITY
Reimagined Growth and Informal Urbanisms

Reimagining Growth: Cross Analysis of Environmental and Social Data
Between Shifting Populations

Nicole Hall, School of the Art Institute of Chicago

Milad Hosseini-Mozari, University of Utah

The Unreachable Rivers and the Informalities of Medellin and Beirut
Taraneh Meshkani, Kent State University

Viral Resiliency: Reconstructing Extra-Legal Settlements Through
Dialogical Practices
Scott Gerald Shall, Lawrence Technological University

Mapping, Memory, and Space of the Body

Indeterminate Space
Peter Wong, University of North Carolina at Charlotte

Drawing Memories: Mapping as Part of Oral History
Gray Read, Florida International University

Spatializing the Body: Feminist Practice as Architectural Research
Elizabeth Marie Cronin, University of Florida

Pedagogy, Equity and Social Justice

Inclusive Pedagogies in Theory Sequence Courses
Larisa Sherbakova, Florida Agriculture and Mechanical University
Shalya Thomas, Florida Agriculture and Mechanical University
Amanda Grace, Florida Agriculture and Mechanical University
Basma Binmahfooz, Florida Agriculture and Mechanical University

Discrimination and Design: Equity, Justice, and Architectural Education
J. Philip Gruen, Washington State University

Critical Pedagogy and Public Interest Design: Transforming Architecture Design

Education for Social Justice
Erika Zekos, University of Massachusetts Amherst
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> EQUITY (continued)
Resilient Housing, Affordability and Housing Insecurity

Geohome: Affordable, Resilient Housing Prototype
George Elvin, North Carolina State University

Approaches to Affordable Housing Design Using VAE and Space Syntax:
Case Studies from Los Angeles

Junyoung Myung, University of lllinois at Urbana-Champaign

Jung Yun Choi, Seoul National University

Taegyu Lee, Seoul National University

Housing Insecurity and Latinx Community Resilience in Small Towns in
Mississippi

Silvinia Lopez Barrera, Mississippi State University

Diego Thompson, Mississippi State University

Resilience, Social Equity and Access

Neighborhood Design with Community Engagement
Julia Robinson, University of Minnesota (Architecture)
Brandon Champeau, United Properties
Jamil Ford, Mobilize Design & Architecture
Timothy Griffin, University of Minnesota (Minnesota Design Center)
Cathy Spann, Jordan Area Community Council

Designing for Wellbeing: The Role of Architecture in Addressing
Social Equity in Response to COVID-19
Ebtehal Bahnasy, University of Minnesota

Trends and Correlates of Neighborhood Park Access in Philadelphia
Tiara Halstead, Thomas Jefferson University
Russell Mcintire, Thomas Jefferson University

Immigrant Landscapes, Shifting Identities and Health Equity

Intercultural Suburbs: The Urban Design Alternatives of International Immigrants
in Toronto’s Modern Landscapes
Giacomo Valzania, McGill University

Creating the “Foreign” Place through “Windows”: Shifting Urban Forms in
Seattle’s Chinatown
Xiao Hu, University of Idaho

Exploring Health Equity and the Built Environment through the Social
Determinants of Health

Traci Rose Rider, North Carolina State University

Victoria A. Lanteigne, North Carolina State University

Aaron Hipp, North Carolina State University

Rosa McDonald, Baker Ingenuity Group

Kia Baker, North Carolina State University
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> PUBLIC HEALTH
Youth, Walkability, and Climate Resilience

Creating a Building for the Purpose of Helping Youths: An Instrumental
Qualitative Case Study
Nima Meghdari, University of Minnesota

Evaluation of Net Zero Energy Buildings for Climate Resilience in
Southeast U.S.

Manan Singh, University of Florida

Ryan Sharston, University of Florida

Natural Ventilation, External Shading and Human Health

The Impact of Efficient Natural Ventilation on the Indoor Environmental Air
Quality: The Case of a Social Housing in Turkey

Ezgi Bay, University of Utah

Antonio Martinez-Molina, University of Texas at San Antonio

Efficacy of External Shading Devices and Natural Ventilation during Extreme
Heat for a Seattle Multi-family Apartment Unit
Teresa Fotini Moroseos, Integrated Design Lab, University of Washington
Heather Burpee, Integrated Design Lab, University of Washington
Christopher Meek, Integrated Design Lab, University of Washington

Modernity and Human Health: The Connection to Outdoor Air
Elizabeth L. McCormick, University of North Carolina at Charlotte
Traci Rider, North Carolina State University

Walkability: Anchors, Assessment and Engagement

Built Environment and Walking Behavior: A Systematic Review on Campus
Walkability Assessments
Gisou Salkhi Khasraghi, Texas Tech University

Walking as Engagement
Sarah Gamble, University of Florida

Biophilic Performance, Healthcare and Health Resorts

Resilient Sites: Mapping K-12 Schools’ Context Biophilic and Energy Performance
Ihab Elzeyadi, University of Oregon

‘Configurational’ Accessibility of Healthcare Facilities in Dammam, Saudi Arabia:
A Space Syntax Study

Ahmed Abdulaziz Alrashed, Imam Abdulrahman Bin Faisal University

Saif Haq, Texas Tech University

Miami Solarium (1928) to the Sun Ray Health Resort: From a Hotel-Sanatorium
to Hotel-Health-Resort-Spa

Vandana Baweja, University of Florida

Sonny Russano, University of Florida
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> PUBLIC HEALTH (continued)
Community Knowledge, Equitable Design and Birth Spaces

Data Dissonance: An Exploration of Community Knowledge of Extreme
Temperature Vulnerabilities

Nina Spellman, Northeastern University

Michelle Laboy, Northeastern University

Impact of Climate Change in Houston TX: Resilient Residential Buildings
and Equitable Design

Raffaella Montelli, University of Houston

Mili Kyropoulou, University of Houston

The Multi-level impacts of the Physical Environment on Childbirth Experience:
A Critical Literature Review

Rafah Altaweli, University of Cincinnati

Pravin Bhiwapurkar, University of Cincinnati

Health, Lighting and Human Perception

Exploring the Impacts of Human-Centric Lighting Spatial Patterns on Elderly
Residents Mood and Preference — An Architectural Content Analysis

Nasrin Golshany, University of Oregon

Ihab Elzeyadi, University of Oregon

Exploring the Role of Human Perception: A Comparative Analysis of Human
Thermal Comfort and Urban Design Parameters

Naveed Mazhar, Northern Alberta Institute of Technology

Enrica Dall'Ara, University of Calgary

Brian R. Sinclair, University of Calgary

Exploring the Walkability in a Hospital-Anchored Neighborhood: A Case Study
of Emory University Hospital Midtown Campus

Xiaowei Li, Clemson University

Dina Battisto, Clemson University

Role of Housing in Community Resilience

Through the Eyes of The Public: The Promotion of Social Rental Housing (SRH)
as a Focal Point in Addressing Housing Resilience

Chika Chioma Daniels-Akunekwe, University of Calgary

Brian R. Sinclair, University of Calgary and sinclairstudio, inc.

The Public Restroom as a Site of Cultural Conflict
Edward Steinfeld, University at Buffalo, State University of New York
Adam Thibodeaux, University at Buffalo, State University of New York
Shira Gabriel Klaiman, University at Buffalo, State University of New York

Adaptive Streets: Increasing Social and Ecological Resilience Along a
Cross-city Bicycle Boulevard
Courtney Crosson, University of Arizona
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> PUBLIC HEALTH (continued)

Comfort and Health, Resilience and Assessment

Integrating Biophilic, Net-Positive, and Resilient Design: A Framework for p. 733-740
Architectural Education
Mary Margaret Guzowski, University of Minnesota

The Neighborhood Accessibility Framework: A Methodological Instrument to p. 741-748
Assess Neighborhood-Level Determinants That Affect the Health of Urban Residents
Hitakshi Sehgal, University of Minnesota

Dwellings in the COVID-2019 Pandemic Times: Perspective of Six Female p. 749-756
Architecture Students from the Midwest USA
Mania Tahsina Taher, University of Wisconsin-Milwaukee

> DOCTORAL EDUCATION

Doctoral Residency, Education and Design Dissertation

Minimal Residency Doctoral Education p. 757-762
Neil Leach, Florida International University

A New DDes Program in Architecture at Florida International University Focusing p. 763-768
on Technology and Sustainability

Gray Read, Florida International University

Biayna Bogosian, Florida International University

Shahin Vassigh, Florida International University

A Systematic Literature Review of Ph.D. in Design Dissertations: A Case Study at p. 769-776
North Carolina State University

Jinoh Park, North Carolina State University

Yeobeom Yoon, North Carolina State University

Byungsoo Kim, North Carolina State University
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> RESEARCH POSTER ABSTRACTS

The ACP Project: Focus Groups, Interviews + Ethnographic Research
Andrew Chin
Florida A&M University

Sensitivity Analysis and Multi-Objective Optimization of Skylight Design in the
Early Design Stage

Yuan Fang, Western Kentucky University

Le Fan, China Academy of Building Research Institute

Florida Domestic Architecture in the 1940’s: Economy House
Vandana Baweja and Sarah Gurevitch
University of Florida

Modeling Healthfulness
Ulysses Sean Vance
Temple University

Accessory Carbon Units
Robert Williams
University of Massachusetts Amherst

The Alternating Dock
Ana Tricarico Orosco
Louisiana State University

Bio-Cities: Synthetic Biology and Architecture in Coastal Communities
Alfredo Andia
Florida International University

Deployable Pod: A Case Study of Applied Transformable Design Research
Rachel Dickey and Noushin Radnia
University of North Carolina at Charlotte

Revisiting Modernist Mass-Housing: Residents as Active Agents of Change
Nadia Shah
lllinois Institute of Technology

Towards a Zero Waste University Campus
Julia Pokol
Budapest University of Technology and Economics

Personalizing Climate Change: Measuring and Adapting Sea Level Rise Perceptions
Leonard Yui
Roger Williams University

The Side-Yard House Model: Creating Green and Resilient Communities
Craig S. Griffen
Thomas Jefferson University

Bio-Materials: Explorations Around Bacterial Cellulose
Mercedes Garcia Holguera
University of Manitoba
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> RESEARCH POSTER ABSTRACTS (continued)

Rights, Sagacity + The Devil’s Crop: Provocations in an Ethos of Design,
Dissolution + Disarray

Brian R. Sinclair

University of Calgary

Striving for a Common Goal: Coastal Resilience through Interdisciplinary Design
Jori Ann Erdman, James Madison University
Tiffany Troxler, Florida International University

The Scalability of Urban Agriculture: Chicago Case Studies
Kristin Jones
lllinois Institute of Technology

Tensegrity Knit Helix Tower Light Weight Deployable Structure
Virginia Melnyk
University of Michigan, Tongji University

Experiencing the Vortex
Pari Riahi, Fey Thurber, Erica DeWitt, Cami Quinteros, Pieter Boersma,
Adrian Carleton, Ali Sarvghad, Yahya Modarres-Sadeghi
University of Massachusetts Amherst

Assessing Architectural Design Factors of Maternity Ward that Influence
Quality of Health Care and Patient Outcomes at Queen Elizabeth Central
Hospital in Blantyre, Malawi

Chris Harnish, Luis Gadama, Zayithwa Fabiano, Meghan Gannon, Kayla Holston,

Stephanie Catrambone
Thomas Jefferson University

The Renewal Design of Dong Timber Dwelling Based on Tas Software: The
Case Study of Gaobu

Xiaoyun Liu

Politecnico di Milano

Design for Youth: Research in the Design Studio School of Architecture
Julia W. Robinson
University of Minnesota

The Future of Food Production: Urban Farming Towards Food Self-Sufficiency
Camilo Cerro
American University of Sharjah

The Strange Sources of Brazil's Modern Architecture: The Neocolonial Style
in the Centennial Exposition (1922)

Camila Miranda Feltrin and Maria Teresa Dias da Fonseca

Faculdade de Arquitectura da Universidade do Porto

Urban Design Mitigations: Considering COVID-19’s Impact on Public Space
Deirdre Hennebury, Fernando Cirino
University of Michigan

Considering Health + Wellness Beyond Convention: Spirituality, Space and
the Critical Case of Sufism

Nooshin Esmaeili, Brian R. Sinclair

University of Calgary
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> RESEARCH POSTER ABSTRACTS (continued)

VR Gestural Modeling to Recapture the Human Body in Design
Sara Codarin, Karl Daubmann
Lawrence Technological University

Building in the Digital Transformation: Translations from Design to
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Existing Multifamily Building Stock Energy Use and
Building Code Comparison Between the United States
and Finland

Ming Hu'

"University of Maryland, College Park, MD

ABSTRACT: Due to the high heating demand, energy savings in residential buildings in cold climates has played an
important role in reducing carbon emissions. The study aims to investigate differences between the United States and
Finland regarding characteristics and energy retrofit practices of current multifamily buildings (MFBs). This paper first
presents an overview of the status of multifamily housing stocks in the two countries, followed by an explanation of
energy use patterns of residential buildings in both countries. Then, building codes related to energy efficiency in
Finland and the United States are examined as well as major differences among the codes. The preliminary results
indicate three differences: (1) For the existing MFB stock, the United States has a higher average energy use, at 266
kWh/m? (cold and very cold regions), compared to that of Finland, at 235 kWh/m?. (2) Finland has more stringent energy
code requirements that contribute to lower energy use in similar cold climate conditions. The discussion and conclusion
are drawn upon those findings.

KEYWORDS: carbon emission, multifamily buildings, United States, Finland

INTRODUCTION

Since 2002, EU member states have been following and implementing the EU’s Energy Performance of Buildings
Directive (Directive 2002/91) to achieve greater energy efficiency and reduced carbon emissions through nZEB for new
buildings beginning in 2020. nZEB retrofits are required by 2050 for all member states, and each EU member state
must establish its own long-term retrofit strategies to achieve the goal (European Union. (2018). In the European Union,
nZEBs are defined as “buildings with very high energy-efficiency, and the remaining energy demand for those highly
efficient buildings is largely met through renewable energy supply, including the energy generated on the building site
or nearby” (European Union 2010). In the United States, there is no country-wide mandate for ZEBs or nZEBs, although
some states are more advanced than others. For example, the state of California published the Energy Efficiency
Standards for Residential and Nonresidential Buildings (Title 24) with the requirements that all new residential
construction will be zero net energy by 2020, all new commercial construction will be zero net energy by 2030, 50% of
commercial buildings will be retrofit to ZEBs by 2030, and 50% of new major renovations of state buildings will be ZEBs
by 2025 (Hu & Qiu 2019). In the United States, ZEBs are described as buildings that combine energy efficiency and
renewable energy generation to consume only as much energy as can be produced onsite through renewable
resources over a certain period (DOE).

1.0 BACKGROUND

Finland was selected for a comparison with the United States for two reasons. First, in Finland, the energy consumption
per capita is the second highest among EU countries due to its cold climate and energy-intensive industries (Kangas
et al., 2018). Second, Finland is regarded as one of the top three most progressive countries in terms of energy
efficiency policies in the EU and has been leading efforts in energy use and carbon emission reductions (The European
Portal for energy efficiency in buildings). In Finland, buildings use around 38% of total energy and contribute to 32% of
the country’s total CO, emissions (Statistics Finland 2016). At the end of 2020, there were 1,319,000 residential
buildings—including attached houses, detached houses, and MFBs (apartments)—and 47% of them were MFBs
(Statistics Finland). By the end of 2015, the United States had 118,200,000 residential buildings, and 12% of them were
MFBs. By the end of 2020, residential buildings in the United States accounted for around 22% of total energy use
(EIA). The total number of residential buildings in cold and very cold climates in the United States is around 6,600,000,
which accounts for 36% of total multifamily housing (EIA). In the United States, cold and very cold climate regions are
defined using heating degree days (HDD), average temperature, and precipitation data (Office of Energy Efficiency &
Renewable Energy). This method was first defined in the Residential Energy Use Survey conducted in 2015, which is
administered by the U.S. Energy Information Administration (EIA).
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2.0 MATERIALS AND METHOD

Figure 1 illustrates the comparable cold (in blue) and very cold (in purple) regions in the U.S. that are of a similar climate
to Finland. The cold region includes climate zone 6 (6A and 6B) in the U.S and the very cold region includes climate
zone 7, based on International Energy Conservation Code (IECC) (Department of Energy). The climate zone outside
of the map included in this study is zone 8, that is explained in Figure 8. Climate 6 represents Dfa climate type in
K&ppen climate classification, and 7 represents Dfb climate type. Prior to 2004, there was no single, agreed-upon
climate zone map for the U.S for use with building energy codes. In the early 2000s, the U.S Department of Energy
developed a U.S climate zones map based on widely accepted classification of the world climate (Koppen climate
classification) and data analysis from weather stations of over 4,700 sites. Since then, 2004 IECC adopted this climate
map as the first model energy code, and this map was also adopted by ASHRAE 90.1 in its 2004 edition. Both the U.S.
and Finnish design requirement and building code is based on HDD, a measurement used to quantify the demand for
energy needed to heat buildings. The HDD is calculated by adding up the differences of the desired indoor and outdoor
average temperatures, typically over a one-year period, for the purpose of building energy planning. Mathematically it
is represented in Equation 1 (Day 2006).

HDD = 3% (Tyase — Ti) Equation 1

Where T; is the daily outdoor temperature, T4, is the base temperature, in U.S, itis 18.3°C (65°F) and 17°C in Finland
(62.6°F). In Finland, HDD excludes days when the average temperature is above 10°C (50°F) in the spring and above
12°C (53.6°F) in autumn (Finnish Meteorological Institute).

Figure 1: Climate regions in the United States and Finland

Base temperatures are typically defined for a particular building as a function of the temperature that the building is
heated to, and different base temperatures may reflect different typical levels of building insulation (U-values). For
example, a day with a mean temperature of 4°C (40°F) has 25 HDD in the U.S. (using an 18°C base temperature), but
if we use the Finnish base temperature of 17°C, then we should count fewer HDD, at 22.6. In Finland there are fewer
HDD (4,323) than in the U.S. (5,400 for a cold climate and 9000 for very cold climate).

In this study, due to the similarities in climate condition and commonalities of building characteristics, we compared
multifamily retrofitted buildings in Finland with those in cold and very cold climate regions in the U.S. The first
commonality is an aging infrastructure. As illustrated in Figure 2, 54% of Finnish buildings were built before 1980, many
built without specific energy performance criteria as there were no building energy regulations in Finland prior to 1976
(Hirvonen et al., 2019). Compared to Finland, the MFBs in the U.S. are even older: 61.5% of buildings nationwide were
built before 1980. The first U.S. building energy regulations (ASHRAE 90.1) were published in 1975 (ASHRAE).

Figure 2: Percentages of multifamily housing built each decade in Finland and the U.S.
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The second commonality between the two countries is the building construction type and buildings’ physical characters:
typical Finnish MFBs are low-rise to mid-rise buildings; 70% of the buildings are larger with three to nine stories, and
the remaining 29% of buildings are smaller with one to two stories. In the U.S., the ratio is similar; large MFBs account
for 68% (=5 units) and small MFBs make up the rest 32% (two to four units.) In addition, a large proportion (40%) of
U.S. MFBs are made of brick, while most Finnish apartment buildings are built using concrete elements (Lehtinen et
al.,, 2015).

Given that a large proportion of MFBs in the United States and in Finland are more than 30 years old, they require
renovation and upgrades soon. In addition, these older buildings were built prior to building energy efficiency regulations
being initiated. Therefore, these existing MFBs represent a great potential for energy savings and a carbon emissions
reduction. A better understanding of what renovation techniques are more effective can provide insights and direction
for future renovations.

U.S. MFB character data were downloaded from two resources: the Residential Energy Consumption Survey 2015
database managed by the EIA and the American Housing Survey 2019 database managed by the U.S. Census Bureau.
The energy use data were downloaded from RECS 2015, which includes around 10.6 million residential buildings in
the cold and very cold climate regions. The Finnish MFB character data and energy use data were downloaded from
the Statistics Finland database, which includes close to 1.4 million residential buildings.

3.0 FINDINGS

3.1 Existing MFB stock comparisons

In Finland, multifamily apartment buildings account for 21% of total floor area of all buildings (Statistics Finland) and
are responsible for 17% of the total heating energy use and 26% of carbon emissions (Energia 2019). In the U.S.,
multifamily apartment buildings count for 12% of the total floor area and are responsible for 10% of the energy use in
the residential sector (EIA. Table CE1.1). In Finland, the average size of a unit in a multifamily apartment building is
53.6 m? with an average 1.6 persons per household (Statistics Finland). The average energy use for space heating
alone is around 150-170 kWh/m? (Paiho et al. 2015), and heating accounts for nearly 68% of total energy use in
residential buildings (Statistics Finland 2018). Therefore, the total average energy consumption in Finnish residential
buildings is estimated at around 235 kWh/m?. In the U.S., the average size of a comparable unit is significantly larger,
at 78.87 m? and an average of 2.1 persons per household (EIA, Table HC10.15). The average residential building
energy consumption in cold and very cold climate regions in the U.S. is 266 kWh/m? (EIA 2015).

Overall, as illustrated in Figure 3, there are five major differences for energy use breakdowns between the two
countries. First, space heating is the dominant energy end use category (68%) in Finland, while space heating accounts
for less than 30% for U.S. residential buildings. The cooling load in Finland is negligible, while the cooling load in the
U.S. is 11.8%, even in cold and very cold climates. Second, lighting energy use in the U.S. is more than three times
higher than that in Finland (7.2% vs 2%). Third, some major appliances used in the two countries are different. For
example, dishwashers and tumble dryers are common appliances in the U.S.; together, with washing machines, they
account for 5% of the total energy use. However, the tumble dryer is not common in a typical Finnish household.
Instead, a sauna room in a single-family house and shared sauna facilities in apartment buildings are common
amenities in Finland. At the end of 2020, there were 1,319,000 residential buildings and around 1,720,000 saunas in
Finland (Statistic Finland). Sauna heating accounts for 5% of total energy use. The fourth major difference is other
appliance plug loads: in addition to computers and televisions, another 20.8% of energy use is unclassified (identified
as “other”) in American households, which includes the use of small devices and small kitchen appliances as well as
the energy consumption from end uses not captured in the RECS household survey (EIA), hence these are defined as
unclassified plug loads. In Finland, all other plug loads (i.e., other electrical equipment) account for 9% of energy use,
which is much lower than that in the U.S. The fifth major difference is related to energy provision sources in residential
buildings. In the U.S., natural gas and electricity are used equally, at 42%, as energy sources in residential buildings
[15]. In Finland, the energy sources are electricity (34.5%), district heating (28.5%), and wood (22.2%), while gas
accounts for less than 5% of the energy sources (Statistics Finland). Moreover, Finland has a much higher percentage
(43%) of energy generated from renewable sources [28], compared to just 11.4% in the U.S. (EIA). In summary, Finland
has more clean energy sources than the U.S.
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Figure 3 Energy end use breakdown (data based on Statistics Finland, EAl 2015, and the National Academies of Sciences,
Engineering, and Medicine)

3.2 Building energy code comparisons
This section focuses on building codes for comparable geographic regions based on climate zones.

3.2.1 Heating degree day difference

Error! Reference source not found.4 illustrates the comparable cold and very cold regions in the U.S. (in blue) that
are of a similar climate to Finland. The U.S. design requirement and building code is based on HDD, a measurement
used to quantify the demand for energy needed to heat buildings. The HDD is calculated by adding up the differences
of the desired indoor and outdoor average temperatures, typically over a one-year period, for the purpose of building
energy planning. There are different definitions and calculation methods of HDD that directly contribute to different
energy consumption in the two countries (Nord 2017). After close examination, two major differences were identified in
the building codes between Finland and the U.S.

Figure 4 Climate regions in the United States and Finland

The first difference is base temperature; in the U.S., HDD is calculated from TMY3 weather data with a base
temperature of 18.3°C (65°F) (Menyhart & Krarti 2017). In Finland, the base temperature is lower, at 17°C (62.6°F).
Base temperatures are typically defined for a particular building as a function of the temperature that the building is
heated to, and different base temperatures may reflect different typical levels of building insulation (U-values). For
example, a day with a mean temperature of 4°C (40°F) has 25 HDD in the U.S. (using an 18°C base temperature), but
if we use the Finnish base temperature of 17°C, then we should count fewer HDD, at 22.6. The second difference is
the days included; in Finland, HDD excludes days when the average temperature is above 10°C (50°F) in the spring
and above 12°C (53.6°F) in autumn (Finnish Meteorological Institute). These differences explain why in Finland there
are fewer HDD than in the U.S., even though both countries are in similar climate zones. More specifically, in the U.S.,
the HDD value is 5,400 for a cold climate and 9,000 for a very cold climate (DOE). However, the average HDD value
in Finland is 4,323, which is under half of that for the U.S.’s very cold climate average. A higher HDD value normally
indicates higher energy demand for heating. The large difference in HDD values does not represent a climatic
difference, but reflects the countries’ different typical mean building insulation standards (U-values).
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3.2.2 Building envelope code requirements

Building energy efficiency can be improved through passive design strategies that include the design of a high-
performance building envelope. In recent years, passive design strategies have seen renewed interest for their energy
saving potential. A building envelope is the thermal envelope that separates the indoor and outdoor environments of a
building, and it includes the exterior walls, roof, floor, and fenestration (window/door). In cold climates, the most used
passive building envelope design techniques are adding insulation and reducing glass heat loss. The two building
codes compared in this study are the U.S. ASHRAE 90.1 (2016) for climate zone 6 (very cold) and the National Building
Code of Finland (by the Finnish Ministry of the Environment). Table 1 lists the basic regulatory requirements for new
buildings. Finland has limited the maximum energy that can be consumed in nZEBs, while the U.S. does not have any
such limit. In the U.S., there is no separate code for building retrofits; however, if the renovation area is more than 50%
of the floor area, then the renovated part should meet the same standards of new construction. In Finland, there are
requirements for building energy retrofits (Ymparistdministerion). Compliance with the requirements can be verified by
(1) component-specific improvements, (2) a reduction in energy consumption, or (3) an improvement in the e-value
(Green Building Council). Improvements in the energy efficiency of buildings favor active means of targeting ventilation
and the heating system. Compliance is thus typically verified based on options 2 or 3.

Regarding option 1, component-specific improvements, Table 1 lists the specific requirements included in the building
standard or code in both countries. The allowable U-value (thermal transmittance, W/m?2K) of the thermal envelope is
more than twice as high in the U.S. than in Finland, except for the mass timber wall. Higher U-values mean the thermal
envelope has less resistance to heat loss. In other Nordic countries, similar thermal envelope standards have also been
implemented. For example, in Norway, the most recent national building code, TEK 17, defines the maximum energy
use in an MFB as 95 kWh/m?2, where the U-value is less than 0.18 W/m2K for the exterior wall, less than 0.13 W/m2K
for roofs, less than 0.1 W/m?K for floors, and less than 0.08 W/m?2K for windows (Norwegian Building Authority).

Table 1: Building envelope design requirements for new buildings, according to building codes (Ministry of the Environment)
Max. energy Min. energy efficiency criteria (W/m2 K)

use
(kWh/m2)
Wall Mass timber Roof Floor/ slab ~ Window/
wall door/ skylight
Finland 90 0.12-0.14 0.40 0.07 0.10 0.7
US. (for climate No 0.26 0.34 0.15 0.19 1.82
zone 6,) requirement

Note: Mass timber wall is not commonly used for MFBs in both countries.

4.0 Discussion and Conclusion

As illustrated in Figure 6, three categorical factors can impact energy use in buildings: physical factors, human factors,
and technical and regulatory factors. The physical factors refer to building physical characteristics, such as compact
ratio, building and unit size, and orientation. These physical factors are typically not modified in the energy retrofit
projects. Human factors are less predictable, which may also explain the actual energy use variance, though no such
data was available in this study. Technical factors refer to the technical variables that have an impact on building energy
efficiency. In this study, we have focused on the building service system and building envelope thermal properties. In
the building service system, we concentrate on the heating and ventilation system based on the unique cold climate
condition. In a cold climate, the space heating demand is typically high, accounting for between 40% and 60% of the
total energy use in buildings. Therefore, measures to reduce space heating demand and to deliver the remaining
required heating efficiently are typically established in Nordic countries, such as increased insulation, improved triple
glazed window performance (Ala-Kotila, 2020), efficient heat recovery ventilation systems (Ng & Payne 2016), and
district heating systems (Paiho & Reda 2016). In this study, we focused on combined technical and regulatory factors.
The reason we combined the factors is because the requirements of technical factors are often defined in building
standards, codes, and national requirements and policies—and changes in regulations can have an immediate impact
on building technical factors. For example, in Finland, there is a required maximum energy use intensity allowed;
therefore, there is a clear energy performance target and goal for the project, hence all technical variables must work
toward meeting the energy performance target. Meanwhile, a lack of requirements in the United States will put less
pressure on building teams to optimize the technical design to achieve a higher energy performance goal.

Existing Multifamily Building Stock Energy Use and Building Code Comparison Between the United States and Finland
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As illustrated in Figure 5, three categorical factors can impact energy use in buildings: physical factors, human factors,
and technical and regulatory factors. The physical factors refer to building physical characteristics, such as compact
ratio, building and unit size, and orientation. These physical factors are typically not modified in the energy retrofit
projects. Human factors are less predictable, which may also explain the actual energy use variance, though no such
data was available in this study. Technical factors refer to the technical variables that have an impact on building energy
efficiency. In this study, we have focused on the building service system and building envelope thermal properties. In
the building service system, we concentrate on the heating and ventilation system based on the unique cold climate
condition. In a cold climate, the space heating demand is typically high, accounting for between 40% and 60% of the
total energy use in buildings. Therefore, measures to reduce space heating demand and to deliver the remaining
required heating efficiently are typically established in Nordic countries, such as increased insulation, improved triple
glazed window performance (Ala-Kotila, 2020), efficient heat recovery ventilation systems (Ng & Payne 2016), and
district heating systems (Paiho & Reda 2016). In this study, we focused on combined technical and regulatory factors.
The reason we combined the factors is because the requirements of technical factors are often defined in building
standards, codes, and national requirements and policies—and changes in regulations can have an immediate impact
on building technical factors. For example, in Finland, there is a required maximum energy use intensity allowed;
therefore, there is a clear energy performance target and goal for the project, hence all technical variables must work
toward meeting the energy performance target. Meanwhile, a lack of requirements in the United States will put less
pressure on building teams to optimize the technical design to achieve a higher energy performance goal.

Figure 5: Influential factors that affect building energy use intensity

This paper reviewed different standards and practices in the U.S. and Finland for improving the energy performance of
existing residential buildings. The results found that few standards are obligatory in the U.S., while high building
standards apply in Finland. This in turn is reflected in the reported energy use of a sample of residential buildings in
the U.S. and Finland. The comparison of the Finnish and American buildings showed that good technical practices can
be learned from Finland to reduce the heating demand in cold and very cold climate regions of the United States. This
includes (1) increasing building envelope thermal properties by adopting higher building energy regulation standards;
(2) using a heat recovery ventilation system to recover heat from exhaust air; (3) installing a heat pump, with the main
benefits of heat pump systems realized when the heating demand is low in well-insulated buildings; and (4) installing
heat recovery ventilation systems.

Compared to Finland and other Nordic countries with more stringent energy consumption requirements, the United
States is far behind. To date, the biggest driver for zero energy building in the United States is market demand since
there are no nation-wide enforceable regulations or policies to renovate existing buildings to become net zero or nearly
zero energy (Hu 2019). Therefore, learning from good practices in Nordic countries can provide timely information for
policy makers and designers to make urgent and effective decisions that improve the existing building stock’s energy
efficiency in cold and very cold climate regions in the United States.
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Towards Alternative Live-work Development: An
Integrated Design Approach

Christina Payerhofer', Mehdi Ashayeri'

'Southern lllinois University, Carbondale, IL

ABSTRACT: The current COVID-19 pandemic has challenged human-city interaction from different lenses. People
preferred to spend most of their time indoors to protect themselves against diseases. On the other hand, the economic
life of cities shifted more toward teleworking to support the economy. Although people commuted less and urban
environments became cleaner, it is evident that social detachments and physical and mental health issues deepened
due to the stay-at-home action. This requires authorities to rethink live-work spaces and development for future resilient
cities. This article is an architectural research-design effort aimed at exploring and envisioning design ideas for a mixed-
use live-work structure in a large North American city: Chicago, IL, where a sharp action plan is set to contribute to the
sustainability goals by cutting off 80% of greenhouse gas emissions by 2050. This project strives to integrate all trio
aspects of sustainability, including environmental, social, and economic aspects, particularly bringing healthy (in terms
of biophilia and exposure to ambient air pollution), bioclimatic, socially interactive, and economically supportive
incentives into the architectural design workflow. In doing so, it applies a hybrid methodology (qualitative and
quantitative) that incorporates big data and data-driven methodologies into the design exploration for contextual
analysis and employs physics-based performance simulation methods (daylight, solar, and whole building energy
modeling) to optimize the initial design. The outcomes of this design-research work can aid architects, designers, and
planners in encapsulating trio-sustainability aspects for future live-work planning and design, reconnecting occupants
to the natural environment, fostering social interaction, boosting the local economy, lowering environmental impacts,
and supporting urban resiliency for post-pandemic cities.

KEYWORDS: Live-Work, Biophilic, Bioclimatic, Building Performance, Data-driven, Integrate, Post-pandemic.

INTRODUCTION

Current crises like climate change, social inequity, and human health issues force architects and urban planners to
rethink traditional design approaches and strive for more sustainable solutions in the built environment. Along with the
growth of the world's population and shrinking resources, cities in particular account for almost 80% of global energy
consumption (UN Habitat 2021), contributing to the environmental pollution that affects living conditions in urban
environments. Given that the building industry was responsible for 39% of the global energy-related CO2 emissions in
2018 and building construction and operations accounted for 36% of the global final energy use (Global Alliance for
Buildings and Construction, 2019), it is essential to rethink planning and construction strategies to reduce related carbon
emissions and support the environment, humans, and the ecology as a whole. Due to the current coronavirus pandemic,
new challenges arise as studies show how stay-at-home affected human health as current urban and building designs
do not provide such qualities to maintain occupant health and well-being above existing standards. Diseases can
spread quickly, especially in populated cities and dense urban areas, making it even more critical to consider resilient
and adaptable design approaches at early stages to enable built environments properly functioning while protecting
human health.

Human activities, like commuting, are another factor increasing greenhouse gas (GHG) emissions (Almusaed 2011). It
is well proven that teleworking can help reduce commuting forces for sustainable goals. Over the last decade, the
access to remote work increased by 26%, from 28% to 54% by 2020 (World Economic Forum 2020). In combination
with the increasing demand for remote workers and the economic changes caused by the COVID pandemic,
teleworking and e-commerce have been becoming increasingly popular (World Economic Forum 2020). The concept
of live-work residency supports this trend and offers an architectural solution for new challenges in urban environments
(Holliss 2015). Furthermore, live-work spaces significantly impact urban areas by reuniting essential parts of human
life and creating a more livable environment by introducing mixed-use neighborhoods and zero-commute living (Dolan
2012). The most significant benefit of the live-work program is saving the cost and time associated with commuting to
the workplace. According to the US Census Bureau, Americans spent on average 27 minutes one way commuting to
and from work in 2019 (US Census Bureau, 2019). Based on 54 minutes per day, this adds up to 25 workdays (8 hours
per day) per year that the average American commutes to reach their work destination. The concept of live-work
eliminates this time-waste and saves costs related to public transportation tickets and fuel, which leaves more time and
money for free-time activities, promoting a happier and healthier lifestyle (Clark et al. 2020).
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Research indicates that people in developed countries spend 90% of their time indoors and have become an indoor
generation (European Commission 2003). Daily life, including work, school, and free time, is predominately organized
inside a single building or complex. Lack of biophilic sense of place, poor air quality, and limited access to natural light
are among factors that risk human health. Particularly, in cities with limited access to safe and green outdoor spaces,
this leads to a human disconnection from the natural environment (European Commission 2003). This absence of
nature in the human environment can lead to various health issues such as depression (Cervinka, Réderer, and Hefler
2011) and reduce work productivity in workplaces (Largo-Wight et al. 2011). In addition, poor indoor air quality
conditions are shown to increase the likelihood of different allergies, and asthma and people exposed to high CO2
levels develop headaches, insomnia, and fatigue (Rasmussen et al. 2017). For example, the excessive time spent
inside buildings with poor indoor air quality leads to a health risk called: "sick building syndrome" (SBS). This disease
describes the experience of health and comfort problems related to spending time in an indoor environment when no
other illness can be identified (OAR United States Environmental Protection Agency 2014). Previously, the World Health
Organization (WHO) stated that around 30% of new and remodeled buildings are subject to this issue, suggesting that
poor building design heavily influences human health (OAR United States Environmental Protection Agency 2014).

These challenges, affecting the natural and built environments and negatively impacting human health, demand
architects and designers to contribute to sustainable goals of cities by collectively addressing social, economic, and
environmental needs in the early stage of the design. Sustainability as an overall concept is defined as meeting the
needs of the present generation without compromising future generations' abilities to meet their needs (US EPA 2017).
The live-work architecture itself can contribute to the goals on how to develop a more sustainable future (Holliss 2015)
by unifying these trio components to benefit an individual building program development, offering an architectural
solution on these challenges for the current and future built environments.

For environmental sustainability, bioclimatic and biophilic design approaches provide opportunities to develop a
healthier and greener building design (Almusaed 2011). Bioclimatic architecture is defined as a design solution that
combines sustainability, environmental consciousness, and natural approaches with the characteristics of the site, the
local microclimate, and the topography (Almusaed 2011). This approach also considers climate and environmental
conditions to achieve thermal comfort inside buildings without relying on mechanical systems (Almusaed, 2011).
Biophilic design, on the other hand, addresses human health and wellbeing in the built environment and aims to
reconnect occupants to nature. As studies show that merely looking at a picture of nature can restore concentration
and enhance mood (Gamble et al., 2014), incorporating biophilic design strategies provide the opportunity to ensure
the health and wellbeing of occupants. By integrating these two environmental design approaches along with
incorporating social and economical solutions in the design workflow, this study aims to propose a design that
reconnects its occupants to nature and reduces the environmental impacts.

1.0 METHODOLOGY

The primary focus of this research-design study is to achieve a framework for a more sustainable built environment by
incorporating the trio aspects of sustainability in a design project through the development of urban architecture with a
live-work program. In order to establish a successful design based on the quantitative and qualitative approaches, data-
driven design methods were applied to the design workflow, aided by an array of performance analysis tools. In doing
so, physics-based simulations depicting sun movement, shadow studies, solar radiation incident, and operational
energy use intensity (EUI) were used to aid the decision-making process in early design phases. For bioclimatic design
decisions, we used the design criteria by Gutiérrez and Hidalgo (Gutiérrez and Hidalgo 2019), and for biophilic design
approaches, the 14 Patterns of Biophilic Design (Browning, Ryan, and Clancy 2014) were applied. Finally, the Living
Building Challenge 4.0 (International Living Future Institute 2019) and ASHRAE 90.1 (American Society of Heating,
Refrigerating and Air-Conditioning Engineers n.d.) guidelines were used to verify the building performance.

1.1 Research Methodology

For research of existing sustainable design projects, two precedent studies, Bosco Verticale (Stefano Boeri Architetti
n.d.) and Genzyme Center (Behnisch Architekten n.d.) were analyzed, and significant findings were implemented into
the design of this thesis project. In order to gain a better insight into validating the design of the project, the Living
Building Challenge 4.0 (International Living Future Institute 2019) criteria were investigated, and goals for the design's
intended LBC certification were defined. Furthermore, the ASHRAE Standard 90.1 (American Society of Heating,
Refrigerating and Air-Conditioning Engineers n.d.) was analyzed to investigate established benchmarks for sustainable
building design.

1.2. Design Methodology

For the design part of this study, we utilized urban big-data analysis via Tableau, Microsoft Excel, and Mapbox, and
building performance analysis (BPA) through Rhino Grasshopper and Autodesk Revit to aid the decision-making
process and comply with sustainability goals. For BPA solar radiation indecent (SRI) analysis (Rhino Grasshopper),
daylight access analysis (Rhino Grasshopper), and whole-building energy use intensity (EUI) modeling (Autodesk
Revit) was performed. Solar radiation is described as "a general term for the electromagnetic radiation emitted by the
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sun" (Office of Energy Efficiency & Renewable Energy n.d.). In this project, SRl is used to determine the most optimum
building orientation in the site and building form. The kWh/m? is used as a metric to express the amount of solar radiation
that reaches the exterior surface of the proposed building and compare different design iterations. Daylight can be
described as natural light which enters a building and helps to save energy for lighting or heating. Overall, up to 1/3 of
the total energy cost of a building can be saved if proper daylight access is considered in the design (Ander 2016). In
this work, the daylight access is analyzed by running a sunlight hour analysis, which shows how many hours of direct
sunlight the facade of the building structure receives. These analyses were performed on six volume iterations emerging
from an initial form in the early design exploration process. For whole building energy simulation, the Energy Use
Intensity (EUI) is a value for the energy efficiency of a building, considering its design and operation. It is used to set
building performance targets, benchmark buildings, and evaluate energy code requirements (American Institute of
Architects California 2020). We implemented energy modeling during the design development process (detailing
phase). The metric was used to compare the proposed design to an established benchmark and validate the
performance compared to the Architecture 2030 challenge target.

Using big data, we further measured natural ventilation (NV) potentials for the project based on its geolocation in
Chicago, lllinois. The time series hourly data for Air Quality Index (AQI) was captured from Purple Air (PurpleAir n.d.)
smart cities’ platform and by excluding the hours in which AQI thresholds (“good” air quality = Air Quality Index (AQI) <
50 (AirNow 2021)) could not be met, the number of hours within a year in which NV would occur could be determined.
In addition, the hourly data from April to September are analyzed separately to measure how healthy NV would be in
the thermally suitable months in Chicago.

2.0 RESULTS AND DISCUSSIONS

2.1. Contextual Studies

In order to propose an energy-efficient, health-promoting design that relies on its context and location, it was essential
to choose a city with a wide range of data available. For this reason, the city of Chicago, lllinois, has been selected for
the site of this thesis project. In order to get a better insight from the context, the city population characteristics and
neighborhood dynamics were analyzed. By choosing to design a live-work building, the main factors considered in
selecting a site were public transportation access and the proximity to everyday destinations. Located in Near West
Side, in an area called West Loop Gate, the proposed land site is centrally situated within the neighborhoods of Greek
Town, Fulton Market, and the Chicago Loop. The surrounding area's land use is an even distribution of residential,
commercial, and office buildings. In general, the site is located within a transition zone of low- to mid-rise buildings to
the West and the high-rise structures towards the East and downtown area.

Figure 1: Site Location in West Loop Gate (1), Public Transportation related to Site (2), Surrounding Land Use (3),
Traffic Count (4), Site in Surrounding Context (5), Age Groups and Demographics in West Loop Gate (6). Mapbox and
Tableau software was used to visualize the data.

2.2, Program
The Chicago Building Code defines live-work units as “A dwelling unit in which a significant portion of the space includes
a nonresidential use that is operated by a resident.” (American Legal Publishing Corporation 2021). Whether those
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units are lofts, including workspaces or workspaces with an additional living area, this program concept is based on the
union of two significant aspects of human life (Dolan 2012). Current technology allows people to work as effectively
from home as from an office space, and sustainable considerations like less car traffic since people do not have to
commute to work are pushing concepts for this building type (Dolan 2012). Especially since the COVID pandemic,
more people work from their homes, and live-work units offer great possibilities for employers and employees to plan
for upcoming challenges (World Economic Forum 2020).

The program of the project proposes live-work units within a building that offers leisure time activities and everyday
destinations to minimize commuting and create a lively neighborhood fostering a sense of community. The proposed
building program is divided into 40% live-work units, 37% amenity spaces, 18% public spaces, and around 5% Back of
House area (Table 1). In order to accommodate different user groups, the live-work units consist of four different types:
studio/lofts, one-bedroom units, two-bedroom units, and co-living/co-working units as an alternative live-work concept.
Biophilic design strategies and high exposure to the outdoor environment are incorporated into the design of all units
to improve life quality and work productivity and ensure occupants' health and wellbeing. In order to promote interaction
and a sense of community, the program includes an abundance of amenity areas like co-working and maker spaces.
Furthermore, the program includes recreation areas like a fithess center, an indoor pool area, and SPA treatment
facilities. By incorporating public spaces like a food market, a hairdresser, a coffee shop, and a restaurant into the
building program, daily uses are provided within proximity.

Table 1: Building Program and size of all spaces in square foot.

Spaces With *Net Gross Spaces With Quantity Net Gross
Dedicated Areas Area Area Dedicated Areas Area Area
PUBLIC AREAS BACK OF HOUSE
Lobby (incl. Mail area) 7846 9230 Administration/Staff 4240 5300
Food and Beverage Outlet 4076 4795 Food Preparation / Storage 2800 3500
Retail 11148 13115 Receiving and storage 1480 1850
Hairdresser 1326 1560 Janitor 240 300
Rentable multi-purpose 11734 13805 Laundry and housekeeping 1120 1400
Spaces
Public Restrooms 3655 4300 Trash/Recycling area 1496 1870
Bike Workshop 497 585 Mechanical 2960 3700
Vehicular Parking 12997 15290 Tot. net BOH area 14336
Tot. net public area 53278 Total gross area (+20%) 17920
Tot. gross area (+15%) 62680
LIVE - WORK UNITS
AMENITY AREAS Studio / Loft 30 715 25740
Coworking / Maker Spaces 35301 41530 One-Bedroom 40 770 36960
Community Lobbies 67065 78900 Two-Bedroom 50 970 58200
Fitness Center 1785 2100 Co-living / Coworking 10 1600 19200
Indoor Pool Area 5317 6255 Number of Units 130
Spa Treatment 680 800 Net area 116750
Tot. net amenity area 110147 Gross area (+20%) 140100
Total gross area (+25%) 129585
TOTAL GROSS AREA 350285
VERTICAL CIRCULATION %10 35029
TOTAL 385314

*All areas are in square foot unite

2.3. Design exploration process

The initial design idea for this study was to create a building structure that promotes health and wellbeing for occupants
while transforming its surroundings into a more live-able, community-oriented, and greener urban environment near
downtown Chicago. Situated next to an existing park, the design goal was to transition this green space into the new
building and create an abundance of nature-like outdoor spaces on various levels. The master plan concept merges
two high-rise towers with a broad base covering the entire site. Placing slender towers upon a wide multifunctional base
creates a clear horizontal layering of different privacy degrees and user-group typologies (Sim 2019). This concept of
layering is also applied to the organization of the towers, offering changing characters between private and semi-private
floors as occupants move up and down in the building. Skybridges connecting both towers should promote interactive
building use and encourage encounters between neighbors (“Linked Hybrid / Steven Holl Architects” 2009).

After the initial form-finding process (Figure 2), a set of iterations was performed. Six iterations performed after the
base model were analyzed through SRI on building external surfaces and sunlight access analyses to determine which
iteration allows maximum solar exposure, positively influencing the building’s solar and lighting performance. Although
the iterations of volume 01 result in a higher SRI value than volume 02, the decision was made to work further on
volume 02 and to develop the final form by implementing shifting edges and cut-outs into the volume to achieve a
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higher SRI value. This final decision illustrates that those different parameters (site context, shadow studies,
architectural value) aside from solar radiation must be considered for a comprehensive design approach. By integrating
the results of the solar analysis with these parameters, the final form was developed and used as a base for further
building planning.

For understanding indoor health based on ambient IAQ assessment, we used data-driven and big data approaches.

Through filtering and screening obtained data, we found that only 9.3% of the hours per year (in 2019) meet AQI
necessary for acceptable ambient air quality, indicating that NV potential for the site is not significant.

Figure 2: Initial Form-Finding Process.

Table 2: Morphological Optimization through comparison of obtained SRis.

Iteration 01 01.1 01.2 01.3 02 FINAL
Action Western tower Roofs Edges Cut-outs Heightened Combined 02,
heightened sloped shifted implemented eastern tower 01.2,and 01.3
(f\ﬁ:) 1.5016 e+7 14878 e+7 1.5362e+7 1.5398e+7 1.4509e+7 1.4782e+7

2.4, Design development

The masterplan concept integrates various programs in one building structure, allowing for a mixed-use concept and
different user typologies. Furthermore, a comprehensive approach unifies the ability to solve the challenges of the live-
work program while addressing social, economic, and environmental sustainability. One of the main design goals was
to redevelop the existing park adjacent to the building site and transmit the green space into the building design by
offering outdoor green spaces on various levels for different user groups. In order to make the high-rise towers more
walkable and promote interaction between building occupants, community and coworking spaces are located on every
fourth floor, creating a layering of privacy degrees throughout the building. The surrounding infrastructure makes the
site equally accessible by walking, biking, and car. Due to the goal of providing safe and walkable spaces for
pedestrians, the site itself is solely for walking with bike parking facilities for bikers and a pick-up/drop-off area as well
as underground parking access for vehicle users. Additional service roads at the back of the building allow for functional
loading and unloading procedures. Figure 6 illustrates a number of final renderings for the design.
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2.5. Incorporated bioclimatic and biophilic concepts

The bioclimatic design focuses on reducing or avoiding these harmful effects caused by the built environment's
construction and operation. Gutiérrez and Hidalgo (Gutiérrez and Hidalgo 2019) established a guideline on using
natural elements for a more sustainable design and pointed out that architects and planners must understand that
buildings always stand in a relationship with the natural environment and interact with it. Therefore, it is fundamental to
take advantage of the benefits of the following five natural elements when designing a more sustainable built
environment: Earth, Living Elements, Air, Sunlight, and Water. Biophilic design approaches provide a second objective
when aiming for an overall sustainable design concept. Promoting positive interaction between people and nature in
the built environment is necessary to achieve a restorative environmental design that goes beyond reducing harmful
effects on the environment and takes the dependence of human contact to nature into consideration. Browning, Ryan,
and Clancy established the 14 Patterns of Biophilic Design and classified the patterns into three categories. These
categories are Nature in the space, Nature of the Space, and Natural Analogues. Their approach describes the
relationships between nature, human biology, and the built environment design and helps to understand how biophilic
design can be incorporated into a building's design (Browning, Ryan, and Clancy 2014).

Figure 3: Masterplan Development Diagrams.

Figure 4: Integrated Bioclimatic (left) and Biophilic (right) Concepts.

Figure 5: EUI Calculations and Established Benchmark Using Autodesk Insight and Zerotool
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2.5. Final Building Performance Analysis

For EUI analysis, the program Autodesk Revit and Autodesk Insight was used to calculate an EUI of 82.5 kBtu/ft?/yr for
the base model. After adjusting the building’s parameters according to suggestions by the program, this value could be
decreased to 35.3 kBtu/ft?/yr. Since there is no established baseline EUI for an equivalent building, the website
zerotool.org was used to calculate such and compare the model to a benchmark. The target for Architecture 2030 with
a 70% EUI reduction was set as 20 kBtu/ft?/yr by the tool (Figure 5). Table 3 lists parameters that we changed from
base to their optimum values in order to reduce the EUI of the design.

Table 3: EUI Optimization Parameters Captured from the Autodesk Insight Software.

Parameters Base EUI Optimized EUI Parameters Base EUI Optimized EUI
Daylight / Occupancy cntl none added Window Glass default Trp LoE

HVAC default high efficiency heat Window Shades default 2/3 window height
Infiltration default 0.17 ACH WWR* East 41% 40%

Lighting Efficiency default basic WWR West 56% 50%

Plug Load Efficiency default 0.6 W/sf WWR North 77% 65%

Roof Construction default 10.25-inch SIP WWR South 60% 40%

Wall Construction default R13 + R10 metal

*Window to wall ratio

CONCLUSION

The main objective of this research design project was to develop an alternative approach for live-work architecture,
addressing the trio aspects of sustainability: society, economy, and environment. Another goal for the framework was
to establish a design proposal that meets the criteria of the Living Building Challenge 4.0 by incorporating bioclimatic
and biophilic design considerations to reduce the adverse effects of buildings on the natural environment and promote
health and wellbeing in the built environment. The results illustrate the design process and proposal influenced by a
combination of comprehensive research regarding the characteristics of the live-work program and sustainable design
approaches and the outcomes of computer-aided analysis and traditional architectural practices. The design proposal
addresses all three aspects of sustainability in reference to the six main dimensions established for the three categories
by the US EPA (US EPA 2015). For social sustainability, the design creates a living environment that promotes the
health and wellbeing of occupants. Furthermore, community and coworking spaces distributed through the high-rise
towers promote human interaction and neighborhood while helping to make the building more walkable. For economic
sustainability, the program includes new businesses like restaurants, a food market, and a hairdresser to strengthen
the local economy and create job opportunities in the neighborhood. Regarding environmental sustainability, bioclimatic
design considerations and designing with the five elements of sustainable architecture aim to protect the health of the
natural ecosystem in an urban environment. Furthermore, by incorporating renewable energy sources, pollution and
GHG emissions can be reduced, leading to achieve better air quality in urban environments.

Addressing current challenges like urbanization and climate change, it is crucial to positively impact future cities and
create healthy urban environments for people. This paper illustrates an architectural design solution that develops a
hypothetical vertical urban architecture in Chicago, IL. By applying a hybrid methodology (qualitative and quantitative)
and using big data, and data-driven methods, energy-efficient and performance-driven design were integrated with the
architectural design workflow. The current work examined an alternative idea for developing live-work spaces capable
of reconnecting occupants to the natural environment, fostering social interaction, supporting the local economy, and
lowering environmental impacts for the future urban environment. Future studies and design proposals in the area of
live-work could extend the study into a larger urban scale and further investigate how the benefits of the program can
transform conventional city planning and support more sustainable urban environments.

Figure 6: Aerial and Perspective Renderings.
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ABSTRACT: Recent research is trying to leverage occupants' demand in the building's control loop to consider
individuals' well-being and the buildings' energy savings. To that end, a real-time feedback system is needed to provide
data about occupants' comfort conditions that can be used to control the building's heating, cooling, and air conditioning
(HVAC) system. The emergence of thermal imaging techniques provides an excellent opportunity for contactless data
gathering with no interruption in occupant conditions and activities. There is increasing attention to infrared thermal
camera usage in public buildings because of their non-invasive quality in reading the human skin temperature.
However, the state-of-the-art methods need additional modifications to become more reliable. To capitalize potentials
and address some existing limitations, new solutions are required to bring a more holistic view toward non-intrusive
thermal scanning by leveraging the benefit of machine learning and image processing. This research implements an
automated approach to collect and register simultaneous thermal and visual images and read the facial temperature in
different regions. This paper also presents two additional investigations. First, through utilizing IButton wearable thermal
sensors on the forehead area, we investigate the reliability of an in-expensive thermal camera (FLIR Lepton) in reading
the skin temperature. Second, by studying the false-color version of thermal images, we look into the possibility of non-
radiometric thermal images for predicting personalized thermal comfort. The results shows the strong performance of
Random Forest and K-Nearest Neighbor prediction algorithms in predicting personalized thermal comfort. In addition,
we have found that non-radiometric images can also indicate thermal comfort when the algorithm is trained with larger
amounts of data.

KEYWORDS: Thermal comfort, Thermal preference prediction, Machine learning, Infrared Thermal Images

INTRODUCTION

Most people spend over 90% of their time indoors in modern society, causing indoor environmental qualities to
significantly influence our health conditions. In this regard, The World Health Organization (WHO) had emphasized the
importance of our living place as one of the Social determinants of Health (SDOH), which is defined as "The conditions
in which people are born, grow, live, work and age" (“WHO | Social Determinants of Health” 2015). The building sector
alone consumes about 40% of global produced energy. Of this amount, the majority is used to provide comfortable
interior conditions for building occupants. However, people are still largely dissatisfied with their environmental comfort
(Administration and Analysis 2014). Despite several energy-based and hi-tech building systems that are used in recent
buildings specially shared open spaces, occupants' comfort level has not been satisfactory (Ashrafi et al. 2019;
Mostafavi et al. 2018). This becomes of more importance when we are considering long-term occupancy levels such
as office environments (Zarrabi et al. 2018; Armin Amirazar et al. 2018). The recent research regarding the Sick Building
Syndrome (SBS) has increased attention to the effect of the built environment on the occupant's health condition,
especially at long-term occupancy. It has been proven that temperature and humidity conditions are great contributors
to SBS, including fatigue, headache, and susceptibility to cold and flu (Ghaffarianhoseini et al. 2018). Concerning office
buildings, lost productivity, decreased performance, and sick absences are causing the most significant losses among
environment-related symptoms, which cost businesses around $20 to $70 billion annually. The financial
reimbursements of workplace environment improvement were estimated at around $5 to $75 billion annually, resulting
in health benefits for more than 15 million workers(Mendell et al. 2002). The Indoor Environmental Quality (IEQ) factors
are significant contributors to an office building’s comfort and productivity, a combination of thermal, visual (A. Amirazar
et al. 2018), acoustics, space layout, and air quality. By understanding the contributing IEQ factors on occupants'
comfort, we will improve human well-being and productivity. In this regard, the thermal condition is one of the main
contributing factors to SBS, which needs to be studied and improved.

One of the main problems of the buildings' controlling systems is generalized thermal comfort models that have caused
discomfort, dissatisfaction, and health-related issues for many building occupants in the indoor space (Shahzad et al.
2017). Most of the current building controlling systems that rely on these explicit pre-defined models of occupant
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behavior do not correspond to different occupants' actual comfort in the environment. Predicted Mean Vote (PMV) and
Adaptive Comfort are the two most common models for controlling indoor thermal conditions. These two models are defined
to predict the average thermal comfort of a large population, which has resulted in the uncertainty of these models. As building
control systems are currently using these general standards to predict the average thermal comfort of a large population, they
are expected to provide comfort for approximately 80% of the building occupants. However, a 10-year- long study of 52,980
occupants in 351 predominantly North American office buildings has shown that only 2% of these buildings provide thermal
comfort for 80% of their occupants (Karmann et al., 2018). The large numbers of unhealthy buildings and unsatisfied occupants
have made researchers study the validity of the currently used general standards such as PMV. Human attributions such as
age, gender, and metabolic rate may affect these preferences. In addition, because the room may be used for different
purposes or tasks, occupants and their choices regarding thermal comfort may alter. Along with the physiological
characteristics, psychological aspects play a crucial role in a human's mood. Tiredness or emotional status (being happy or
angry) and stress level can also influence people's subjective thermal sensation (Hong et al., 2017). This makes it impossible
to consider people's differences in thermal preference and the importance of each contributing factor for the individuals by
simply relying on general standards(Ruoxi Jia et al. 2018).

Recent research is developing the notion of personalized comfort by attempting to leverage occupants' demand in the control
loop of buildings to consider the well-being of each individual based on their personal physiological properties. Therefore, a
real-time feedback system is needed to provide data about occupants' physiological conditions that can control the building's
heating, cooling, and air conditioning (HVAC) system. Personalized comfort is a recent concept in the building design area
that provides comfortable conditions for each occupant based on their preferences. The innovations in environmental data
gathering have provided an excellent opportunity to collect large amounts of information from the buildings' occupants, which
can be studied to improve a building's control conditions. In this regard, the emergence of thermal imaging techniques makes
contactless data gathering possible without any interruption in occupant conditions and activities.

In this research, we are looking into the possibility of using low-cost thermal cameras as a cost-effective vision-based method
for automated data gathering of occupants' thermal conditions. In addition, this research creates a fully automated platform
for a more precise reading from larger distances, which makes it an excellent fit for real-time applications in the actual world.
This is completed by leveraging simple visual (RGB) and thermal cameras to create a multimodal sensing platform. Through
this integrated system, we will use visual cameras to localize facial areas (e.g., forehead, cheeks, nose) while using thermal
cameras to measure the thermal values of those areas, thus enhancing the accuracy and robustness of sensing and
measurement. These features would make this approach optimal to be used in multi-occupancy spaces such as office
environments. The study has two main contributions: First, an automated personalized thermal comfort prediction model is
developed by integrating low-cost thermal and visual cameras. Second, the prediction accuracy of different variables, including
thermal infrared skin temperature, thermal image pixel intensity, and wearable sensors, are compared with each other.

The rest of this paper has three main sections in section 1. Literature Review looks into the conventional comfort models and
the current state-of-the-art research on personalized thermal comfort. Section 2 explains our data collection and analysis
methodology, and the results are presented and analyzed in Section3.

1.0 Literature Review

This section will summarize current thermal comfort models and alternative approaches to taking into account the preferences
of building occupants. Finally, we will discuss infrared imaging as a non-contact method for collecting human-centric data and
successful research.

The Predicted Mean Vote (PMV) is a widely used model for assessing thermal comfort that Fanger developed in 1960 to
represent the average thermal sensation vote of a large group of people(Cheng, Niu, and Gao 2012). This model was created
based on the difference between generated heat and released heat from the human body and its correlation with the subjective
perception of comfort. Since the PMV model was developed in a chamber setting within an air-conditioned space, the results
are expected to differ in natural settings and naturally ventilated buildings. Previous research backs up this model for higher
quality performance results in natural ventilation buildings(Rupp, Vasquez, and Lamberts 2015)(Humphreys and Fergus Nicol
2002). A PMV model was initially developed to predict the thermal sensation of groups of people. However, the prediction
accuracy for groups of people was not acceptable in several studies(Cheung et al. 2019). The PMV model's only acceptable
prediction was in neutral conditions within the range of 0.25, as bias was shown in both sides of the cool and hot sensations,
with poorer performance on the cool side (Humphreys and Fergus Nicol 2002; Cheung et al. 2019). In several studies, the
PMV factor performed poorly in both individual and group level predictions of thermal sensation compared to observed thermal
sensation. The leading cause of this inaccuracy is a variety of individual differences resulting in different thermal preferences
that were not considered in the PMV calculation. The PMV model's low accuracy raises concerns about using it to control our
buildings.

The Human-in-the-loop (HITL) concept has redefined the relationship between humans and their surrounding environments
controlling systems. To achieve a high-performance building throughout the operation phase, embracing subjective human
aspects in the control loop is necessary. Providing the desired temperature set point to minimize discomfort among all
occupants is an important yet challenging problem. HITL methods enhance building management performance to take
advantage of users' feedback and receive an adaptive model at each iteration. The Internet of Things (IoT) is a recent
technology that facilitates communication between gadgets and building inhabitants. Buildings with IoT technology employ a
real-time monitoring system to make this task viable. loT-based systems and HITL techniques enable device-to-device
connectivity and data exchange for sensing, actuation, and control (Ray 2018) An efficient loT system requires data-
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gathering devices that offer real-time feedback to the controlling loop. Sensors can collect data on both the environment and
the occupants' physiological state. These data collection devices can either be intrusive or non-intrusive to building inhabitants.
The rapid advancements in environmental data collection have created an invaluable opportunity for amassing large amounts
of data that may be evaluated to improve the quality of our interior environment. The majority of current HITL research uses
occupancy-based models that rely entirely on occupancy detection techniques such as motion, visual representation, location,
and the usage of devices to create schedules and regulate thermal conditions. Other research uses direct feedback from
occupants to control conditions using the voting and physiological sensing systems(Jung and Jazizadeh 2018). In participatory
sensing systems, thermal scale preferences quantify comfort(Jazizadeh, Marin, and Becerik-Gerber 2013; Erickson and Cerpa
n.d.). These intrusive voting systems require constant feedback from the occupants. Use wristbands to collect physiological
and environmental data to predict each occupant's comfort(Dai et al. 2017; Choi and Yeom 2017), including skin temperature
(Dai et al. 2017), heart rate (Choi and Yeom 2017), or both (Liu et al. 2019). These data collection methods are also considered
intrusive because the sensor devices must contact the human skin all day. This data-gathering obstacle shows the extent to
which considering contactless, non-intrusive approaches can be beneficial for obtaining personal physiological data for each
occupant.

The emergence of thermal imaging techniques provides an excellent opportunity for contactless data gathering with no
interruption in occupant conditions and activities. In this research, we are looking into the possibility of a non-contact vision-
based method from a distance for gathering data on occupants' thermal conditions. In an attempt to create a non-invasive
data gathering approach, infrared sensors were installed on eyeglasses to gather the temperature of the front face, cheeks,
nose, and ears, which increased accuracy to % 82.8 for the prediction of uncomfortable conditions(Ghahramani et al. 2018).
Although this device is not in direct contact with the skin, it cannot be considered a non-intrusive approach as this is still a
wearable device. Infrared thermal cameras can replace these infrared sensors because they provide more non-intrusiveness
through thermal imaging techniques. The infrared cameras can be installed far from the occupant and capture the skin
temperature by reading the pixel values of the desired regions. By proving the feasibility of this technique with the accuracy of
94% -95 % when using FLIR A655sc (Ranjan and Scott 2016), infrared thermography has been verified as an accurate non-
intrusive approach. A real-time feedback system using FlirA35 thermal camera was developed in 2018 and analyzed face
temperature and occupants' position(Metzmacher et al. 2018). Researchers could replace the previously mentioned cameras
with a lower-cost and smaller infrared camera with an acceptable accuracy of 85% for predicting the skin temperature
compared to the expensive high-resolution cameras(Li, Menassa, and Kamat 2018). Researchers have also compared
different facial feature detection algorithms to check the accuracy of each approach in detecting the regions of interest (ROls)
(Aryal and Becerik-Gerber 2019). One of the recent studies in this area has compared the accuracy of using three different
sensor types, including air temperature sensors, skin temperature with a wristband, and face temperature through thermal
imaging. This study highlights the slight improvement in accuracy by adding physiological sensors to the environmental
sensors while questioning the efficiency of using physiological sensors due to this small accuracy increase (%3-%4)(Aryal and
Becerik-Gerber 2019) In another recent study in this area, Li et al. successfully monitored and recorded two occupants' skin
temperature simultaneously with two thermal camera nodes. In contrast, each camera captured some parts of the faces (Li,
Menassa, and Kamat 2018)

2.0 METHODOLOGY
This section explains the primary data analysis platform setup through the dual-camera system followed by the data collection
method explanation.

Infrared skin temperature is measured through our combined dual-camera system, including a
FLIR Lepton 3.5 thermal infrared camera and a Logitech C922 RGB camera (Figure1). The
resolution of the thermal camera is 160*120 pixels with the radiometric accuracy of +5°C and a
measurement resolution of 0.1 °C, and the resolution of the Logitech camera is 1,280*960
pixels. Initially, a checkerboard registration approach was conducted to calibrate the cameras'
intrinsic factors together, as explained by Li 2019 (Li, Menassa, and Kamat 2019a). As shown
in Figure 1, a checkerboard was constructed using an aluminum sheet and vinyl polymer
material with different heating values, which were heated to be detectable by the thermal
camera with the checker pattern. To generate an intrinsic registration matrix between the two
cameras, the checkerboard pattern must simultaneously be caught by both cameras in various
angles and orientations.

After calibrating the two cameras together, thermal and RGB images captured simultaneously
can read the desired facial Regions of Interest (ROI). This step is a very important and sensitive
task, since wrong calibrated images will result in assigning the wrong temperature to the ROI,
especially in the facial area that include adjacent areas with high temperature difference. The
thermal reading method is shown in Figure 2. And explained in detail as follows:

(a) The facial area is detected by the RGB camera and cropped in both images. After
working with different face detection algorithms, we used a Dlib-based face recognition model
to crop the facial area. This model is based on a 29 convolutional layer in Residual Networks
ResNet (He et al. 2016).

Figure 1. Camera Calibration (a) . . .
constructed  checkerboard,  (b) (b) Two masked images are created from thermal and RGB frames to precisely calibrate

Dual Camera system, (c,d)sample  the two images together.
detected checkerboard corners by
both cameras
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(c) The Homography matrix is defined by using the oriented fast and rotated BRIEF (ORB) characteristics between the two
masked images as previously performed by Negishi et al. (Negishi et al. 2020) for detecting the respiratory rate in medical
applications.

(d) Facial landmarks are defined from the RGB images, and desired ROIs are calculated based on them. Sixty-eight facial
landmark coordinates are detected in each RGB image and are transferred to the thermal image by utilizing the developed
homography matrix in the previous step.

(e) Based on the defined ROIs, we can read either the skin temperature or the pixel intensity value based on thermal image
type, 16bit radiometric images, or 8-bit non-radiometric and false-colored images accordingly.

2.1. Data Collection

The experiment is designed in two separate
settings to ensure a comprehensive
understanding of different aspects and
contributing  variables in  prediction
accuracy. Under IRB183845, the Office of
Research Protections and Integrity has
provided its clearance to this study. The
data collection process began in January of
2021 and continued until April of 2021. The
subjects are five healthy

Figure 2. Image Registration and Thermal Reading

individuals aged 33-43 years old and all students. Before the testing, we ensured that the subjects were not suffering
from any thermoregulatory disorders such as heat intolerance, colds, flu, or infections. In addition, the participants were
instructed not to wear any makeup or facial moisturizer and to remove their glasses for the recording sessions. All the
participants were dressed in a dark-colored long-sleeved shirt and pants.

2.1.1 Experiment 1

The preliminary experiment is designed to investigate the thermal preference prediction accuracy when utilizing two variables:
1) facial skin temperature readings by a radiometric enabled thermal camera and 2) pixel intensity data of converted non-
radiometric thermal images. Personal comfort models are developed based on each individual's physiological or behavioral
data through time in diverse thermal conditions for each occupant. While we do not need many subjects, each subject must
be studied under several thermal conditions to provide as much data as possible for training the algorithms.

The experiment chamber is a temperature-controlled

room, as is shown in Figure 3. After taking the informed

consent, the participant's age, gender, height, and

weight were recorded. The participants had entered the

test room and stayed in a seated position for 30 minutes

before the test, so their metabolic rate reached a stable

state, and any influence of the prior outdoor temperature

was eliminated. The test sessions began at 22°C

(71.6°F) and lasted 60 minutes, consisting of six

. sessions of 10 minutes static and transient conditions.

Figure 3. Study Chamber (1)Dual Camera (2)Air Conditioning (4) The temperature was kept constant for 10 minutes and

Data Logger (4)Environmental Sensors then was raised to 2°C (~5°F) higher for the next 10

minutes. This pattern was repeated three times to reach the final temperature of 28°C(~82°F). This technique generated both

transient and static thermal conditions. The environmental sensors are HOBOProv2 temperature/relative humidity data logger

sensors, mounted on a pole beside the subject's station at a 0.5-meter distance and at three different heights (0.1, 1.1, and
1.7 meters) to record the temperature and relative humidity.

The dual-camera system is installed on the monitor in front of the user with a 1-meter (3.2ft)
distance from the subject. Every five seconds, synchronized images were captured by both
thermal and RGB cameras, and the skin temperature data was recorded using a thermal
camera and an IButton DS1923 sensor attached to the highest point of the forehead (Figure
4). The users' subjective thermal sensation and preference were also recorded every two
minutes based on their answer to the questions of "What is your current thermal sensation?
(Cold, cool, slightly cool, neutral, slightly warm, warm, and hot) and "How do you prefer your
thermal environment to change?" (Warmer, slightly warmer, no change, slightly cooler,

. colder)
Figure 4 ROI Extraction from

landmars and IButton placement

2.1.2 Experiment 2

The second set of experiments are designed to investigate the prediction accuracy of non-radiometric false-color thermal
images. The experiments were conducted in the same room setting, with three subjects participating individually. The main
objective of this phase was to look into the correlation of different facial areas' thermal intensity with the air temperature. The
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thermostat temperature was increased from 21°C (~70°F) to 28°C(~83°F) in 90 minutes with a fixed rate. The thermostat
setpoint was increased by 1°C every six minutes; however, the air temperature sensors show variation, some at an increasing
rate. The thermal sensors are placed as the previous session to record the temperature and relative humidity. In this session,
the camera system was mounted on the wall in front of the subject with a 3 Meter (9.8ft) distance from the camera, as is shown
in Figure 4. To increase the number of data points, the capturing intervals were decreased to one frame per second. The
subjective thermal sensation and preference of the users are indicated as in the previous experiment, every three minutes.

3. RESULTS AND DISCUSSION

3.1. Experiment 1

The main objective of this experiment is to compare the prediction accuracy of skin temperature from higher accuracy

radiometric images with the thermal intensity from 8bit false-color thermal images. As mentioned in the literature review

section, recent previous research has shown that facial skin temperature extracted from radiometric images can predict the

subjective thermal preference of the user through the creation of personal thermal comfort models (Li, Menassa, and Kamat

2018; 2019b; Aryal and Becerik-Gerber 2019; Cosma and Simha 2019). However, many of the currently available thermal
cameras do not include the radiometric option,
and therefore, the skin temperature data for
each pixel would not be available. A total of 720
data frames were captured for each subject,
with intervals of 5 seconds in a 60-minute
experiment.

Initially we looked into the accuracy of the
thermal camera readings by comparing it to a
more accurate wearable sensor. We have
compared the IButton DS1923 sensor's
temperature readings and extracted skin
thermal camera in the forehead area to validate
our thermal camera setting and accuracy.
Figure 5. Forehead temperature difference between IButton &Thermal Camera  |Button sensors have an accuracy range of
+0.5°Ca and were previously shown to have
acceptable performance and accuracy for reading the skin temperature (Liu et al. 2019). The results are presented in Figure
5, which shows both temperature readings and the difference between these two readings. As the error percentage is less
than 2% for both subjects, we can conclude the reliability of our skin temperature extraction method and the thermal camera's
accuracy.

Furthermore, we look into the changes in room temperature, skin temperature, and lower quality images' thermal intensity in
one graph for both subjects. In this regard, the initially captured 16bit and radiometric frames were converted to 8bit grayscale
RGB888 images to study both sets of data frames. The extracted data first needed to be cleaned and filtered. As shown in
Figure 6. although both skin temperature and pixel intensity increase as we increase the room temperature with a reliable
pattern, there are some inconsistencies in the thermal camera readings. This change in thermal measurements is due to the
camera's Fast Field Correction (FFC) action, which is executed every 3 minutes to recalibrate the camera. We have removed
the outliers and eliminated this effect by removing the outliers and adding a moving average filter with a 5 data points period.
The results of filtered data are also presented in Figure 5. The correlation between room temperature and skin temperature
values and thermal intensity is calculated based on Pearson Correlation Coefficient to better understand the changing pattern
in the heating transient condition.

The Pearson correlation coefficient indicates the strength and direction of a linear relationship between variables and is
relevant for our calculations. As presented in Table 1., the nose area has the highest correlation with the room temperature
for both subjects, which is 0.97 for subject1 and 0.96 for subject 2. The next highest correlation coefficient for both subjects
are the cheeks areas, which are
interestingly the same number for both
sides. We need to mention that the
cheeks do not show the same
temperature patterns under  all
circumstances. This homogeneous
temperature may result from running the
tests in a fully controlled test chamber.
The forehead and eye area have the
lowest correlation with the environmental
temperature, which proves the
applicability of this facial area as an
indicator of core body temperature, as
the environmental properties have less
influence on this area. This result is in

Figure 6. Raw and processed (a)skin temperature and (b)pixel intensity line with the previous area
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This result is in line with the previous findings from (Silawan et al. 2018) on the correlation of different facial regions
with the environmental temperature. The same table also presents the calculated correlation from the second set of
image frames with false color and lower quality 8bit format. The correlation numbers with the room temperature in the
lower quality images' pixel intensity are lower. They do not follow the same pattern of skin temperature, which might be
expected. However, the nose area still has the highest correlation with the room temperature among other facial
regions.

Nose Forehead Right Cheek Left Cheek Right Eye Left Eye

S1 Skin Temperature 0.97  0.94 0.95 0.95 0.92 0.91
Pixel Intensity  0.90  0.91 0.83 0.85 0.89 0.82
S2 Skin Temperature 0.96  0.92 0.94 0.94 0.89 0.91
Pixel Intensity  0.89  0.88 0.83 0.89 0.87 0.76

Table 1. Correlation of different facial regions with the room temperature in both image types

Furthermore, the thermal preference prediction accuracy of three machine learning algorithms is calculated and compared.
For each participant, 30 subjective thermal sensation and thermal preference data were recorded. As previously studied by
researchers, thermal preference is a better indicator of thermal comfort, so in this paper, we are not working with subjective
thermal preference data. The responses were divided into three categories, with "Slightly Warmer" and "Warmer" assigned to
a "Warmer" category and "Slightly Cooler" and "Colder" assigned to a "Cooler" category. Since 720 thermal frames and 30
subjective votes were recorded, each subjective vote was assigned to the thermal frames between two voting sessions (Every
2 Minutes). To assess the efficacy of machine learning algorithms for predicting thermal comfort, we trained three previously
shown successful algorithms in predicting personalized thermal comfort from the literature. Random Forest, Support Vector
Machine (SVM), and K-Nearest Neighbor (KNN) were trained and tested with each subject's personalized physiological and
subjective data. Table2 shows the average accuracy of these three algorithms for all three subjects. In addition, the precision
for each class category is presented. The Random Forest produces the highest prediction results for both subjects in both
radiometric and non-radiometric images, which are (0.93, 0.79) for subject1 and (0.90, 0.81) for subject 2. The SVM algorithm
had predicted better than KNN (n=6) for the first subject but worse for the second one. Therefore we cannot conclude which
algorithm would be a better choice from these two. We can also see that all algorithms have better performance for both
subjects when working with radiometric images and skin temperature. However, the performance of pixel intensity is still
acceptable, primarily when it was used to train the Random Forest algorithm (0.79 and 0,81). For the next experiment, we will
study the performance of these three algorithms with lower quality non-radiometric images from a larger distance.

ID Random Forest KNN SVM
Accuracy Precision Accuracy Precision Accuracy Precision
Cooler No Warmer Cooler No Warmer Coole No Warme
Change Change r Change r

S1 |Skin Temp., 0.93 0.89 0.89 1.00 0.87 0.81 0.84 1.0 0.82 086 0.70 0.90

Intensity 0.79 0.97 0.62 0.71 0.73 0.93 0.57 0.70 0.60 096 0.56 0.00

S2 |Skin Temp.| 0.90 0.87 0.85 1.00 0.78 0.774 0.68 0.89 | 086 0.88 0.78 0.95

Intensity 0.81 0.85 0.68 0.89 0.78 0.80 0.64 0.89 | 0.78 0.68 1.0 0.67
Table 2. Prediction accuracy of three selected prediction algorithms in both image types

3.1. Experiment 2

In the second set of experiments, we have recorded the frames without the radiometric option to have a detailed look at the
prediction accuracy of lower quality and false-colored 8bit thermal images from a 3-meter distance. We increased the number
of data frames to compensate for the accuracy decrease due to this conversion and increased camera distance. The data
reading interval was decreased to 1 second, which has provided us with approximately 5000 data points for each subject. The
intervals of recording the thermal preference were increased to three minutes due to the previous subjects' feedback. For each
participant, 30 subjective thermal votes were recorded. In addition, we have changed the thermal preference categorizing
patterns to 4 levels and divided the "cooler" preference into two categories of "slightly cooler" and "colder." The lowest starting
temperature was around 21°C (70°F) to ensure the subjects were not exposed to extreme cold conditions for health
considerations; the cold temperature duration is less than the hot segment and does not need to be divided into categories.
Since the distance to the camera has increased and we are using lower quality images, we have excluded the eye are from
the calculations to avoid accuracy due to the low number of pixels in those areas.

Figure.7 presents the change in the room temperature and pixel intensity of the selected areas with a polynomial regression
of 6th degrees applied to them, along with the subjective thermal vote of the participants. As shown in Figure.7, the subjective
thermal preference of the participants starts with "slightly warmer" as they were subjected to an approximate temperature of
21°C (70°F) for 20 minutes before the start of data recording. The figure shows that all three subjects have experienced the
four thermal preferences, while "No Change" is the majority of votes for all. It is also demonstrated that the changing pattern
in the skin temperature is different for each subject. The facial areas in subject 3 have a closer temperature together. On the
other hand, subject 5 has a similar temperature in the cheeks area, while the forehead and nose area's temperature is more
similar and different from the cheeks. Another interesting point about cheeks' temperature in subject5 is their considerable
correlation with the subject's thermal preference. The subject's thermal preference was "No change” at the beginning of the
experiment, but after 10 minutes, as the cheeks temperature decreases due to the cold weather, the subject would prefer a
slightly warmer environment.
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Figure 7. Changes in room temperature, pixel intensity, and thermal preference (C: colder, SC: slightly colder, NC: no change, SW: slightly warmer)

Table 2. shows the Average Accuracy for all three subjects by the selected algorithms. In addition, the precision for each class
category is presented. The SVM algorithm shows the lowest prediction results for all three subjects, similar to the previous
results (0.82,0.85, 0.86). On the other hand, the Random forest and KNN algorithms show approximately close results in both
the Average Accuracy and Precision in the prediction of each class. The precision results for both of these algorithm are better
in predicting cold preference than warmer preference. However, the SVM algorithm had performed better in the warm
preference class.

D Random Forest KNN SVM
‘Accurac Precision ‘Accuracy Precision ‘Accurac Precision
y Colder [SlightlyCoole|No Change | Warme Colder| Slightly Cooler|No Change|Warmer Colder Slightly  [No Change| Warmer
r r Cooler
S3 0.95 0.98 0.92 0.95 0.96 0.95 0.98 0.92 0.95 0.94 0.85 0.94 0.73 0.81 0.92
S4 0.95 0.97 0.89 0.98 0.97 0.96 0.96 0.93 0.98 0.97 0.82 0.83 0.61 0.90 0.92
S5 0.9 0.99 1.00 0.98 0.94 0.95 0.99 0.99 0.98 0.86 0.86 0.92 0.61 0.67 1.00

Table 3. Prediction accuracy of three selected prediction algorithms for all three subjects

The confusion matrices for all three subjects are presented in Figure.8 to comprehensively analyze the three algorithms'
performance in predicting different thermal preference classes. This figure shows that the SVM classifier has the lowest
number of True predictions and the highest amounts of False ones in all class categories. The performance of this algorithm
is deficient, especially in predicting warmer preferences. In addition, the number of false predictions is much higher than the
other two algorithms in several classes. The performance of Random Forest and KNN algorithms are primarily close together,
with some slight differences. The only notable difference is predicting colder preference in Subject 4, 0.89% for Random Forest
and 96% for the KNN algorithm.

CONCLUSION

An automated infrared thermal reading platform was studied to predict the personalized thermal preference in heating transient
conditions. The highlight of this approach is the automatic
calibration of thermal and RGB images without manual
registration or knowing the subjects' distance from the camera.
The tests were conducted in two sessions to compare the
feasibility of utilizing non-radiometric images instead of higher-
quality radiometric images. It was found that although the
prediction performance of radiometric enabled images was
superior to non-radiometric ones, by increasing the number of
data frames, we can obtain very high accuracy predictions from
lower quality images. Another finding of this study is the better
performance of Random Forest and KNN to SVM prediction
algorithm, which is also in line with the prior research in this
area. Therefore we do not recommend utilizing SVM algorithms
for personalized thermal comfort prediction.

This study also has some limitations that need to be addressed
in our current and future tests on personalized thermal comfort
prediction. Although the number of subjects does not need to
be many in a personalized prediction algorithm, we still need to
perform this research with more subjects to study the prediction
performance in more diverse physiological properties. In this set
of experiments, we had not recorded the air velocity.

Figure 8. Confusion matrices for three prediction algorithms We will also add air velocity to the calculations and study its
influence on thermal sensation and preference for the next

experiments. Furthermore, the subject's distance to the camera was not changing at the time of the experiment. Also, the

subject's head positions were mainly the same during the experiment: full frontal face with minor amounts of yaw or pitching
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at times. Research has shown that the distance to the camera and angle with the thermal sensor influences the infrared
thermal readings. It is important to perform the experiment at several other distances from the camera and at different head
positions. We are currently conducting another set of experiments, which will be presented in our future publications. Finally,
although research in test chambers and transient conditions is an excellent approach for gathering large amounts of data in
less time, it may not be as realistic as the data collected through time in a natural office setting. We are also working on
performing these tests in an actual office building set for our future research.
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Urban Heat Island Phenomena in Dhaka, Bangladesh
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ABSTRACT: With rapid urbanization, Dhaka, the capital of Bangladesh, is progressively falling short of sustaining
outdoor life due to the Urban Heat Island (UHI) effects, which is one of the most documented phenomena of urban
climate change. The UHI intensity inside and around Dhaka varies from 2.5°C to 7.5°C, which leads to additional
demand on the urban energy resources for cooling. It is reported that 75% power consumption of the city is occurring
to achieve comfortable thermal conditions. While currently, 34.3% of Bangladesh’s population lives in urban areas, it is
projected to increase to 56% by 2050, which will eventually worsen the UHI phenomenon. Dhaka possesses only 0.12
acres of greenery and open areas per one thousand people, while according to a recommendation from the National
Recreation and Park Association between 6.25 and 10.5 acres of total open space per thousand is needed. Since the
consequences of UHI are significant, the severity of the problem should be carefully examined and reported. Therefore,
this study emphasizes a critical investigation of the features and factors of UHI affecting the outdoor thermal comfort of
Dhaka city. Published scientific papers, governmental reports, and other national publications have been explored to
conduct a systematic review to identify the major contributing factors of the UHI in the context of Dhaka. This paper
identifies that rapid population migration to Dhaka, reduction of percentages of vegetation and green spaces in the land
cover, and the unplanned dense urban development by altering the natural surfaces to impervious surfaces are some
of the major contributing factors to the formation of the UHI phenomenon in Dhaka.

KEYWORDS: UHI effects, Dhaka, factors, mitigation

1.0 INTRODUCTION

Favorable microclimate in cities has a significant impact on the urban life of the people (Nikolopoulou and Steemers
2003) (Gaitani, Mihalakakou, and Santamouris 2007). Outdoor spaces in a city which are thermally comfortable have
an increasing social and economic benefit as they attract more local residents, vendors, office workers, students etc.
and increase the social interaction (Nikolopoulou, Baker, and Steemers 2001). Thermally comfortable outdoor spaces
in different parts of the city often turn into public gathering places thereby fostering a high-quality urban life. Rapid urban
population growth due to the high flow of migrated population towards the cities is one of the main reasons for
unplanned urban expansion in developing countries (Sidiqui et al. 2014). Cities, which are covered with large heat-
holding capacity surfaces and structures, such as, concrete and asphalt, stay warmer and release more heat than
suburbs and surrounding country. According to Intergovernmental Panel on Climate Change (IPCC 2007), global
surface temperature has increased 0.74 + 0.18 degree Celsius during the period from 1905 to 2005. This phenomenon
is also observed strongly in Dhaka city, the capital of Bangladesh. Studies found that, in the last 100 years, the average
temperature in Dhaka has increased by 0.5 degree Celsius, and in the next 50 years it is expected to increase by
another 1.5-2 degrees (Draft Dhaka Structure Plan 2015). Unfortunately, due to rapid urbanization trend, the outdoor
urban public spaces in Dhaka are declining every day and the outdoor thermal comfort in Dhaka City is an under
addressed issue. This is of concern because outdoor spaces have always played a very important role in tropical
countries like Bangladesh (Ahmed 2003). Traditionally, several social and economic activities, like crops processing,
cooking, eating, sewing, gossiping and even schooling, have taken place in the outdoor spaces in Bangladesh. There
are many reasons to revive urban spaces and secure their future considering the socio-cultural domain of Bangladesh.
A comfortable outdoor microclimate even seems to be a prerequisite for Dhaka city to ensure social integration.
Ensuring an acceptable urban microclimate is vital for architects, urban designers, planners and policy makers (Ahmed
2003). A thermally comfortable outdoor environment can also have a positive impact on indoor conditions, which will
lead to lower energy demand for space conditioning (Johansson and Emmanuel 2006). Therefore, creating a thermally
comfortable outdoor microclimate in an urban environment by mitigating the UHI effects is of utmost importance.

2.0 RESEARCH METHODOLOGY AND RESEARCH QUESTIONS

This study emphasizes a critical investigation of the features and factors of UHI affecting the outdoor thermal comfort
of Dhaka city, Bangladesh as it is tremendously affected by the global phenomena of Urban Heat Island effects. There
is a lack of knowledge regarding the UHI effects and spatiotemporal variation of day and night surface urban heat island
intensity (SUHII) in the major cities of Bangladesh. However, very limited scientific data and analysis are found on this
topic. In this paper, firstly, the climate and urbanization in Dhaka Bangladesh has been analyzed through literature
review. Then the current trend of UHI effects in Dhaka and other major cities in Bangladesh have been analyzed.
Finally, to identify the major contributing factors of the UHI in the context of Dhaka, a systematic review has been done,
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in which several published scientific papers, governmental reports, and other national publications have been explored.
The major research questions for this paper are:

1. What are the current conditions of UHI effects in Dhaka, Bangladesh?

2. What are the major contributing factors of the UHI effects in the context of Dhaka?

3.0 CLIMATE AND THERMAL COMFORT IN DHAKA, BANGLADESH

Bangladesh, one of the fastest-growing developing countries in South Asia, is bordered by India, Myanmar and the Bay
of Bengal (Figure 1). Bangladesh lies in the tropics, more precisely between latitude 20°34’ and 26°33’ North and
between longitude 88°01’ to 92°41’ East, in the Indo-Malayan realm, as described by UNESCO (Lean 1990).
Bangladesh has a small area of land (147,570km?) but a large number of people (169 million), making it the eighth-
most populous country on earth, with one of the highest population densities (1142.29/km?) (UN, 2015). Due to rapid
urbanisation at an annual rate of 2.4 percent (UN 2015), by 2050, nearly 56% of the country’s total population will be
living in urban areas, compared with 34.3 percent in 2015 (UN 2015). Bangladesh is frequently cited as one of the most
vulnerable countries to climate change (Hug 2001), because of its disadvantageous geographic location, high
population density, reliance of many livelihoods on climate sensitive sectors etc. The most anticipated adverse effects
of climate change are sea level rise, higher temperatures, and an increase in cyclone intensity, which will eventually
impede the development in Bangladesh. According to Atkinson’s classification of tropical climates, Bangladesh is a
tropical country on the edge of the Tropic of Cancer, having a composite monsoon climate, with a rather long warm
humid season (Ahmed 1994). Figure 2 shows seven climatic sub zones of Bangladesh, with Dhaka being situated in
the south-central (G) zone of Bangladesh. Generally, the climate has short and dry winters while the summer is long
and wet. Meteorologically the climate of Bangladesh can be categorized into four distinct seasons.

Figure 1: Location of Dhaka and Bangladesh in the world map. Figure 2: The climatic sub zones of Bangladesh.
Source: (World Atlas Travel 1994) Source: (Rashid 1991)

A study shows that, in tropical climates like Dhaka under still air conditions for people wearing typical summer clothes
(0.4 to 0.5 Clo) and being involved in sedentary activities, the comfortable temperature ranges from 28.5°C to 32°C at
an average relative humidity of 70% (Mallick 1994). The comfort range provides an indication of tolerance to higher
temperature and relative humidity than the international standards. Therefore, thermal comfort scales developed in the
colder regions of the western world is not completely applicable for Dhaka (Mallick 1994). Figure 3 shows the comfort
conditions of people living in residential housing in Dhaka, identified based on the analysis of air temperature, radiant
temperature, air velocity and relative humidity values by Mallick (Mallick 1994) using the Bedford scale (Bedford 1936)
and ASHRAE scale, which depicts comfort in higher temperatures than the international standards.

Figure 3: Summer comfort zone for urban housing of Dhaka, Bangladesh. Source: (Mallick 1994)

4.0 URBANIZATION, CLIMATE CHANGE AND URBAN HEAT ISLAND IN DHAKA, BANGLADESH
Elevated air temperature is observed in high density urban areas as compared to the nearby area (Caprio et al. 1997).
The temperature of an urban area can be even 11°C higher than the surrounding countryside (ASHRAE 1974).
According to the Long-Term Climate Risk Index (CRI) 2021, Bangladesh is the 7" most affected country (Figure 4)
from 2000 to 2019 (Eckstein et al. 2021), though its contribution to the climate change is insignificant. In naturally
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ventilated buildings, which is very common in Dhaka city, a comfortable outdoor urban environment can play an
extremely favorable role in creating comfortable indoor environments (Mallick 1994). In the outdoor spaces of Dhaka,
a preference for shaded spaces and exposure to air flow have been observed (Mohamed and Srinavin 2002).

Figure 4: World Map of the Global Climate Risk Index 2000-2019, where Bangladesh (marked) is among 1-10. Source: (Climate
Risk Index 2021)

Dhaka is experiencing a very high expansion and urbanization growth rate, far greater than the other cities of
Bangladesh (BBS 2013; Corner and Dewan 2013), as it attracts over 300,000 to 400,000 new migrants each year (BBS
2013). UHI effect is a common phenomenon in tropical cities like Dhaka because of the rapid migration to cities and
the increasing number of buildings. Though people in these regions tend to tolerate both higher temperatures with
higher levels of relative humidity (Mallick 1994), the UHI effects have a considerable effect on the occupant’s thermal
comfort perception and performance and well-being. According to the World Bank (2000), the risk associated to human
health in tropical developing countries is one of the salient risks of climate change. Therefore, it is vital to observe the
climate and UHI effects in Dhaka City.

Intergovernmental Panel on Climate Change (IPCC) has reported in their fourth assessment report that global surface
temperature increased 0.74 + 0.18 °C during the 100 years ending in 2005 and noted that the rise of mean annual
temperature is predicted to be 3.3 °C per century (IPCC 2007). Again, in the sixth assessment report IPCC has reported
that the average global temperatures will continue to rise and could increase by 5.7°C by the end of this century as
compared to 1850-1900 (IPCC 2021), which is a much higher value than the previous prediction. Consequently, the
land surface will continue to warm more than the ocean surface. The Arctic will continue to warm more than global
surface temperature. Every additional 0.5°C rise in temperature amplifies the intensity and frequency of heatwaves,
heavy precipitation, and droughts. Several studies have been carried out on the trend of climate change in climatic
parameters over Bangladesh. Chowdhury and Debsharma (1992) and Mia (2003) pointed out that temperature has
risen by using historical data of some selected meteorological station (Figure 5). Parathasarathy, et al. (1987) and
Divya and Mehritra (1995) reported mean annual temperature of Bangladesh has increased during the period of 1895-
1980 by 0.31°C over the past two decades. Karmakar and Shrestha (2000) using the 1961-1990 data for Bangladesh
projected an annual mean maximum temperature rise of 0.4 °C and 0.73 °C, by the year of 2050 and 2100 respectively.
Nigar et al, (2017) have showed that the ground-based data obtained from Agargaon meteorological monitoring station
in Dhaka indicate the rising trend of average yearly temperature in Dhaka City (Figure 6).

Figure 5: Trend in surface air temperatures for Bangladesh. Figure 6: Average yearly temperature of Dhaka City.
Source: (Bangladesh Met Department, 2010) Source: (Nigar et al, 2017)

Studies of Mridha (2002) and Hossain and Nooruddin (1993) have showed the difference between the temperature of
Dhaka City and the rural area were around 0.4-0.5 °C during 1961-1990, which is much higher in recent times. Thus,
the UHI effect is getting worse in Dhaka with time (Mridha 2002, Hossain and Nooruddin 1993). The rising temperatures
is currently a growing environmental concern for Dhaka. Figure 7 shows the temperature trends during the last 60 years
(1950-2010), based on observed data of BMD (2011), where both the maximum and minimum temperatures follow
upward trends, making the average day temperature rising.
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Figure 7: Temporal variation of annual maximum temperature (Left) and Minimum (Right) of Bangladesh during 1950-2010.
Source: (Bangladesh Meteorological Department, 2011)

Figure 8 shows the monthly mean maximum and minimum temperature profile, for four-time spans; 1950-1980, 1981-
1990, 1991-2000, and 2001-2011. It is evident that the annual average temperature of Dhaka is increasing with time,
which is consistent with the regional data of Bangladesh. According to the investigation done by Hossain and Nooruddin
(1993), the relative humidity in adjacent rural areas of Dhaka city is higher and it generally decreases towards city
center (Mridha 2002). In addition to this, relative humidity has been found to be inversely related with the prevailing
temperature, thus increase of temperature reduces the level relative humidity in a given situation, if all other conditions
remain same (Mridha 2002). Figure 9 shows a decreasing trend in relative humidity in Dhaka city than the previous
decades, which is again an environmental concern. The projected magnitudes of these impacts appear to be substantial
in the case of Bangladesh and have the potential to threaten the very existence of a large percentage of population,
either by causing death and damage or by affecting livelihoods (Huqg 2001).

Figure 8: Monthly Mean Maximum and Minimum Air Figure 9: Monthly Relative Humidity and annual variation
temperature profile for the year 1950-1980, 1981-1990, 1991-  during 1950-2011. Source: (Bangladesh Meteorological
2000, and 2001-2011. Source: (Bangladesh Meteorological Department, Dhaka, 2012)

Department, Dhaka, 2012)

5.0 FACTORS CAUSING THE URBAN HEAT ISLAND EFFECTS IN BANGLADESH

The world’s total urban area has expanded by 168% between 2001 and 2018, with the highest growth rates in Asia and
Africa (Huang, Huang, Wen, & Li, 2021). Cities and their inhabitants have become key drivers of global environmental
change (Grimmond, 2007) due to a significant increase in human-created impervious areas around the globe (Gong et
al., 2020). Urban expansion substantially alters natural surfaces, resulting in a range of environmental effects (Girardet,
2020). The difference in temperature between the urban and surrounding rural areas is possibly the most visible effect
associated with the urbanisation process and is mainly due to increased human activities (Heisler & Brazel, 2010).
Similar results have been found in the context of Bangladesh (Eckstein, Kuinzel, Sch afer, & Winges, 2019). Kotharkar,
Ramesh, and Bagade (2018), in a critical review of existing research, demonstrated that baseline data about UHIs of
Bangladesh cities is clearly lacking. However, recently the urban warming has been recognised as an important issue
affecting these large urban areas. Due to an ever- increasing population, Bangladesh has experienced a substantial
reduction of existing natural surface (such as forest and agricultural lands), and an associated expansion in urban land
(Rai, Zhang, Paudel, Li, & Khanal, 2017). The urban population of the country grew from 22.5M in 1990 to 60M in 2019
(World Bank 2000; BBS, 2012), with resultant environmental issues in the major cities, including a sharp increase in
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observed temperatures (Kant, Azim, & Mitra, 2018). The trend of increasingly elevated temperatures in Dhaka city is
projected to increase, and continuous hot spell periods may become more common (Mourshed, 2011).

There are two major types of UHI effects: a) the atmospheric urban heat island (AUHI), and b) the surface urban heat
island (SUHI). The type of UHI is based on the height above the ground at which the phenomenon is observed and
measured (Oke, 1982). To produce the baseline information about urban heat island intensity (SUHII) in the major cities
of Bangladesh, drivers and temporal trends in five major cities, time series diurnal (day/night) MODIS land surface
temperature (LST) data for the period 2000-2019 was used (Dewan et al 2021). Results indicated that annual average
daytime SUHII is greatest in Dhaka, (2.74°C), followed by Chittagong (1.92°C), Khulna (1.27°C), Sylhet (1.10°C) and
Rajshahi (0.74°C) (Figure 10). SUHII observed during the day was also greater than at night.

Figure 10: Average land surface temperature (LST) of 2019 in Dhaka Megacity and difference of urban and rural boundaries; a.
Day, b, Night. Black solid polygon is Dhaka Metropolitan Development Plan (DMDP) boundary and dashed line is the rural location.
Source: (Dewan et al. 2021)

According to Dewan et al (2021), the SUHII is mainly concentrated in the urban core, both during the day and at night
(Figure 11). The main urban core of Dhaka experiences values as high as 5°C, the SUHII values for the next largest
city, Chittagong, ranges from 2 to 3°C during the daytime. Therefore, Dhaka experiences the highest temperature rise.

Figure 11: Spatial pattern of surface urban heat island intensity (SUHII) in five cities of Bangladesh, averaged over 2000-2019.
Source: (Dewan et al. 2021)

The monthly surface urban heat island intensity (SUHII) of Dhaka is highest than all other cities of Bangladesh during
the summer season. Specially, it is extremely high in March and April, which is the most critical time of the year due to
the highest air temperature (Figure 12). Again, the Inter-annual day, night and day-night SUHII variability are shown in
Figure 13. The Dhaka daytime SUHII exhibits a notable increase in mean temperature from 2.20°C in 2000 to 3.18°C
in 2019. In contrast, the difference in SUHII during the day for other cities like, Khulna, Rajshahi and Sylhet is 0.57,
0.04 and 0.38°C, respectively, for that period. This suggests that Dhaka has experienced the greatest increase in
daytime SUHII (0.98°C). It is been identified that population (in terms of city size and surface cover), lack of greenness
and anthropogenic forcing were major factors affecting SUHII (Dewan et al. 2021).
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Figure 12: Monthly surface urban heat island Figure 13: Variability of surface urban heat island
intensity (SUHII) in five major cities of Bangladesh, intensity (SUHII) in five major cities of Bangladesh,
2010-2019. Source: (Dewan et al. 2021) 2010-2019. Source: (Dewan et al. 2021)

Another study assessed the effects of urban heat island in Dhaka city, Bangladesh from 2002 to 2014 using remote
sensing techniques (Parvin and Abudu 2017). Land cover changes were characterized over the study period and the
resulting impacts created by these changes on the land surface temperatures were investigated. The land surface
temperature (LST), the radiative temperature of the land surface as measured in the direction of the remote sensor,
were evaluated and quantified based on different land cover types of Dhaka City (Parvin and Abudu 2017). Remarkable
change in land cover was observed in built-up areas, which increased by 21 percent of the total land area from 74.12
to 135.36 square kilometers in 2002 and 2014 respectively (Figure 14). The study also identified that land surface
temperature (Figure 15) increased throughout the study area.

Figure14: Land cover change map for Dhaka from 2002 Figure 15: Land Surface Temperature changes in Dhaka City
(A) to 2014 (B). Source: (Parvin and Abudu 2017). from 2014 (A) to 2002 (B). Source: (Parvin and Abudu 2017).

By investigating the temperature variation with land cover in Dhaka, Parvin and Abudu have identified a temperature
increase across all land cover types within 2002-2014, indicating significant UHI effects in the Dhaka city (Parvin and
Abudu 2017). It has been identified that the percentage of built-up area, bare-ground and water area have increased
from 2002 to 2014, however, only the percentage of land cover by vegetation is significantly decreased from about 48
to 14 percent (Figure 16), consequently, the temperature has also risen in the vegetated surface (Figure 17). Therefore,
the reduction of green and vegetated surface is one of the major reasons of the UHI effects in the Dhaka City. This
study has observed that the total area covered by built-up area increased by 61.24 square kilometers over a twelve-
year period from the 74.12 square kilometers observed in 2002. This increment is expected to continue over the next
decade with an increase in vegetation loss. Therefore, effective strategies such for urban greening is highly
recommended to curb the heating effects.

Figure 16: Percentage of land cover in Dhaka City in Figure 17: Temperature variation for land cover in Dhaka
2002 and 2014. Source: (Parvin et al, 2017) City in 2002 and 2014. Source: (Parvin et al, 2017)

By the systematic review of this paper, it can be stated that the followings are some of the major contributing factors of
UHI effects in Dhaka City.
- Rapid urban migration to Dhaka City (in terms of city size and surface cover).
- Substantial reduction of existing natural vegetated surfaces, green area, vegetation is one of the major
reasons for the UHI effects in Dhaka.
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- Remarkable increase of built-up area in the land cover of the city by the dense urban expansion, significantly
altering the natural surfaces to impervious areas, which is causing amplified land surface temperature. A
significant rise in the percentage of built-up area and the bare-ground area has been observed, whereas only
the percentage of land cover by vegetation has been dramatically decreased.

An urban microclimate is the consequence of several parameters, such as the size of the city, orientation and width of
streets, density of the built-up area and the presence of parks, other green areas and water bodies. It can be controlled
through a careful arrangement of green parks, vegetations, waterbodies and urban blocks with mutual shading. Dhaka
is one of the fastest growing mega cities in the world that have been oversaturated with population and thriving further
for large scale developments to accommodate the huge influx of migrants. As a result, the overall city environment is
being worsened. Very little research has been conducted in this field based on Dhaka since this is still a quite new
concept among the local urban planners and climatologists. Ahmed (1995) has worked on approaches to bioclimatic
urban design with special reference to Dhaka where he studied influence of greenery on urban microclimate in the
context of Dhaka. His findings revealed that trees are quite effective for creating cooling effect through shading,
particularly east-west elongated canyons. In another study conducted on the urban canyon geometry of the Dhaka city
center area with respect to sky view factor, a positive relation between sky view factor and solar radiation was identified
irrespective of seasonal variation (Kakon and Nobuo, 2009). Parks and green spaces of Dhaka City are now converted
into urban habitats. Today, very few green areas exist within the city boundary as the reminiscence of past green glory
(Islam, 2002). Dhaka possesses only 0.12 acres of vegetated and open areas per thousand people. According to the
National Recreation and Park Association (NRPA) recommendations, a range between 6.25 and 10.5 acres of total
open space per thousand members of the population is needed. Planting of vegetation in urban areas is one of the
main strategies to mitigate the UHI effect since vegetation plays a significant role in regulating urban climate. Plants
can create an ‘oasis effect’ and mitigate the urban warming at both macro and micro-level through evapo-transpiration
(Wong, 2004). However, the Urban Heat Island effect is embedded in a complex climatic system influenced by several
factors such as population density, land use, land cover, altitude, proximity to sea and sea breezes (Lin 2008).
Therefore, it is challenging to isolate the contributions of various factoring agents. Multiple approaches and data such
as the use of GIS and Remote Sensing techniques, ground-based temperature measurements and geostatistical
analysis, etc. should be incorporated for further studies.

6.0 CONCLUSION

It is highly recommended to increase the percentage of the green spaces and vegetated surfaces to mitigate the UHI
effects of Dhaka. Bangladesh has a rich variety of flora that needs to be explored and a green database needs to be
formed by Government initiative that can act as a guideline for planners. In conclusion, this paper indicates that there
is urgent need for the city authority to implement measures to monitor and mitigate the UHI effects in Dhaka city. As a
next step of this research, several strategies for mitigating UHI will be simulated for new development in Dhaka city
and recommendations will be made for future expansion.
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ABSTRACT: Land-based infrastructures (LBI) operate broadly in a wide range of climates, environments, and cultures,
both throughout history, as at Chaco Canyon in the 9th-13" Centuries (Bryan 1954) and the acequia system in New
Mexico in use continuously since the 16" Century (Fleming 2014), and today by land-managers, ecologists, and
hydrologists (Leopold 1994; Zeedyk 2009; Lancaster 2013; Margolis 2015). LBI utilize simple construction techniques,
such as digging, stacking, and piling, and are deployed across an underlying framework or organization to leverage
biophysical and natural systems, providing both human well-being and biodiversity benefits. Using Taxonomy and
Typology as working methods, this research project investigates land-based water, fire, land, and air infrastructures
from design, engineering, hydrology, history, and anthropology through drawing, 3d modeling, and diagramming.
Typology creates a classification scheme (Rossi-Mastracci 2020; Deming and Swaffield 2011) and Taxonomy
organizes, establishes relationships, and analyzes impacts (Deming and Swaffield 2011). This combination can be
used as a new methodology for designers to engage in research as part of the design process, enhancing our
understanding of “design as research.” Findings from this research reveal that: subtle manipulations in landform and
use of organic materials can create complex conditions that emerge over time; a range of new actions, such as weaving,
layering, and cultivating can inspire new material assemblies and typologies; infrastructures can be climate-adaptable
and formally flexible, responding to resource availability and adapting quickly to environmental changes; and designing
built infrastructures and material assemblies based on the critical relationship between weather, climate, vegetation,
and time can lead to new performative actions. Future work by the author will investigate how the embedded knowledge
in LBI typologies can inform material assemblies, form, and performance of urban infrastructures to position cities,
landscapes, and the built environment to be adaptable in the face of uncertain futures.

KEYWORDS: Infrastructure, Climate Change, Design Research, Built Environment, Landscape Architecture

INTRODUCTION

Land-based infrastructures (LBI) are used in a wide range of climates, environments, and cultures by ecologists,
landscape architects, designers, land managers, and hydrologists to modify and intervene at a range of landscape
scales (Leopold 1994; Zeedyk 2009; Lancaster 2013; Margolis 2015; WOCAT online; [IUCN online; Bridges 2018; World
Bank 2021). These design interventions utilize simple construction techniques, such as digging, stacking, and piling,
while simultaneously leveraging scarce resources, such as water to establish vegetation, create animal habitat, and
filter pollutants to support human programming and engagement opportunities (Doolittle 2000). Examples throughout
history and present day support the importance of LBI and their role in large-scale landscape transformation, enabling
human settlements in extreme environments and restoring vulnerable ecosystems (Bryan 1954; Doolittle 2000).

This paper explores a case study of four drawings that investigate land, water, fire, and air LBI. These drawings utilize
a combination of Taxonomy and Typology to compare sets of infrastructures, unpacking multiple overlapping benefits,
site suitability, landscape performance, and formal and material characteristics. They aim to describe a set of
infrastructural typologies generally unknown to the broader Landscape Architectural and Architectural communities.
Findings reveal new ideas about landscape performance, material assemblies, and infrastructural systems. The
embedded knowledge within LBI generated through thousands of years of continuous use has the potential to be an
inspiration to develop new infrastructural typologies and material assemblies that could reduce our dependence on
single-function infrastructures and carbon-intensive materials, positioning urban landscapes as adaptable in the face
of uncertain futures.

1.0 DEFINING “LAND-BASED INFRASTRUCTURES”

1.1 Why “land-based” and not another term?

Some refer to land-based design interventions as simply “low-tech,” or primitive, unsophisticated techniques developed
before the Industrial Revolution, often places in opposition with “high-tech” interventions or those that rely on advanced
technologies, materials, and systems (Watson 2019). This refers to the assumption that low-tech and land-based
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interventions are unsophisticated, using natural or found material such as rock, compacted soil, and landforming, rather
than innovative material assemblies, such as permeable concrete and engineered structural soil. However, high-tech
interventions may require frequent repair, specialized skills to install, are carbon-intensive at every step, and are
expensive where low-tech interventions are adaptable, use on-site materials, and are often net-positive or regenerative
(Hawken 2017) (Figure 1).

Figure 1: ‘High-tech’ interventions vs. ‘Low-tech’ land-based interventions. Source: (Author 2019)

Low-tech interventions have had outsized impacts throughout history. A notable historic example is Chaco Canyon, a
civilization located in the arid and water-scarce Colorado Plateau and active from the 9th-13th centuries until
abandoned due to extended drought (Bryan 1954). Using simple landforming moves like terracing, leveling, and
excavating, the Chacoans created a complex regional network with over 200 small villages and large urban centers,
water infrastructure that captured and diverted runoff water from adjacent arroyos (dry stream beds) for domestic use
and irrigation, and a circulation infrastructure navigating rocky and steep terrain (Bryan 1954). These complex urban,
ecological, transportation, and economic armatures used simple construction techniques and locally available
materials, and many are still visible in the landscape and continue to perform as designed.

As well, many of these infrastructures are currently in use today by ecologists, landscape architects, hydrologists, and
land managers to modify and intervene at a variety of landscape scales (Leopold 1994; Zeedyk 2009; Lancaster 2013;
Margolis 2015; WOCAT online; IUCN online; Bridges 2018; Fleming 2014). These soft landscape systems manage
and slow stormwater in urban environments, re-meander incised channels, restore habitat areas as well as establish
novel ones in urban and rural environments, protect shorelines from storm surges and introduce biodiversity, and
capture scarce runoff water for agricultural irrigation. They are known under many different frameworks, such as
“Nature-based Solutions” (NbS), “Engineering with Nature” (EWN), and “Sustainable Land Management Technologies”
(SLM Technologies). Each refers to the specific interventions differently, such as “actions” (NbS; World Bank 2021),
“technologies” (SLM; WOCAT online), “projects” or “strategies” (EWN; Bridges 2018), but all encompass interventions
that primarily use landforming and on-site materials in their construction.

To describe these interventions similarly, a term is needed that is more expansive than “low-tech,” more specific than
“approaches” or “projects,” suggests scalability, and can encompass complexity.

1.2 Defining “Land-based Infrastructures” (LBI)

Referring to these interventions as “land-based” gives us that additional specificity. The phrase describes interventions
as ways to manipulate land, and form is highly important, including the shape, slope, scale, and materiality, as well as
how they interact with landscape systems above and below ground (Doolittle 2000). By utilizing simple landforming
techniques, they are easily repaired, flexible enough to work in a range of conditions, including from inundation to
drought, and can be adjusted, adapted, or relocated depending on conditions (WOCAT online; Watson 2019; Zeedyk
2009; Lancaster 2013; IUCN online).
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These land-based interventions operate at multiple scales and by linking them together as a series or system they can
operate at a larger, urban and landscape infrastructural scale, as NbS suggests (IUCN online; World Bank 2021). Thus,
adding the word “infrastructure” shifts the conversation from a singular element to this larger scale, as infrastructure
becomes the frame, skeleton, or framework of interventions operating as a system (Belanger 2016; Hung and SWA
Group 2013). As well, thinking about infrastructure as “soft” and “resilient,” rather than “hard” and “fixed,” expands our
definition to encompass the inherent adaptation capabilities within land-based interventions. A “soft” framework allows
for diversity of forms and programs, emergence, and informal collection within an organizational structure (Bhatia 2012).
This establishes that these land-based interventions operate complexly and impact landscapes at multiple scales,
becoming a form of infrastructure that can change or evolve over time dynamically and organize multiple large-scale
systems, such as ecology, hydrology, transportation, and urbanism.

The term “land-based infrastructures” (LBI) gives us new potential, encompassing the way in which these interventions
are implemented (manipulating land through simple construction techniques such as digging, berming, and compacting)
and the scale at which these interventions can have impact (deployed across an underlying framework or organization
to leverage biophysical and natural systems and provide both human well-being and biodiversity benefits).

2.0 METHODOLOGY

2.1. Research Methodology + Sources

The author, a licensed Landscape Architect and Assistant Professor in Landscape Architecture, came across a series
of interventions previously unknown in their professional and academic experience. Through research, they discovered
the larger potential for these land-based infrastructures to help reduce dependence on carbon-intensive materials in
design and be another tool in climate-adaptive design.

The author wanted to describe LBI to the larger landscape architectural and design community, highlighting alternative
infrastructures, construction techniques, and material assemblies that manipulate land, direct air, utilize fire, and
leverage site water. A new method of research and representation was needed to describe the inherent complexity of
LBI within one drawing, rather than across multiple types, and synthesize performative and formal characteristics. To
do this, the author combined aspects of Taxonomy and Typology, using Typology to establish a classification scheme
and a consistent mode of representation (Condon 1994; Moneo 1978; Masoud 2017; Deming and Swaffield 2011;
Rossi-Mastracci 2020) and Taxonomy to organize, establish relationships, and analyse impacts (Mayr 1969; Deming
and Swaffield 2011).

2.2 Developing the Drawings // Taxonomy and Typology

Taxonomy has its roots in Systematic Biology (“Systematics”), which is the branch of biology that deals with
classification. The three parts of Systematics, “Taxonomy,” “Classification,” and “Phylogeny,” classify, organize,
describe, and name living beings, as well as establish relationships between living and ancient organisms (Mayr 1969).
Most relevant to this research is “Phylogeny,” which classifies organisms based on common characteristics, using a
branching “tree-like” diagram, or a cladogram, that “depicts species divergence from hypothetical common ancestors”
and shared characteristics (Mayr 1969). Taxonomy can be used to organize information hierarchically, beginning with
broad categories and ending with the most specialized in a series of “divisible” and “superimposed or ‘nested’ scales”
(Deming and Swaffield 2011).

In Foreign Office Architect’'s Phylogenetic Tree, the firm used taxonomy to categorize and analyze their own
architectural work (Foreign Office Architects 2004; Figure 2). They used this drawing to describe architectural form and
identify self-determined “gaps” in their practice that could be fulfiled by expanding their range of formal design
responses. As well, the firm aimed to use this drawing to build an identity of their practice, using icons, axons, and
diagrams to draw consistency and allow for comparison across typologies.

Figure 2: Taxonomy, Foreign Office Architect’s “Phylogenetic Tree.” Source: (FOA, 2004).
Typology can be used as a classification scheme to simplify and organize information based on patterns, form,
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materials, and general site conditions. These broad characteristics allow for comparison between infrastructure types,
rather than specific design interventions (Rossi-Mastracci 2020; Deming and Swaffield 2011). This lens can be utilized
to describe typical design conditions that may occur in many locations or instances (Rossi-Mastracci 2020; Condon
1994; Moneo 1978; Masoud 2017), simplifying multiple complexities into common conditions or common
characteristics.

Using Typology gives us a framework both for which interventions are included and how they are represented. This
can be used to describe basic or broad characteristics, in this case physical form, to allow for comparison across a
wide range of interventions. For example, using simple line drawings to describe an iterative series of plans in a simple
and consistent way, creates a “frame within which change operates” (Figure 3, Moneo 1978). Drawing in axonometric
gives more information about each typology where we can see the three-dimensional form, change across space, and
materials and scale (Wallis and Rahmann 2016; Pleijster and van der Veeke 2015).
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Figure 3: “On Typology.” Source: (Moneo, R., 1978).
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3.0 FINDINGS

These findings are described in a series of four drawings, exploring the use of Taxonomy and Typology as a research
and representation framework. Typology establishes a classification scheme and consistent representation mode for
the set of information, allowing for easy comparison between infrastructures. This creates a methodology to evaluate
which infrastructures are included, focusing generic or site-less rather than highly site-specific infrastructures. For
example, both “furrow micro-catchments” used in Kenya and “Nardi/Vallerani trenches” used in Niger, utilize a series
of small trenches dug along hillside contours to collect water (WOCAT, online). Understanding this, we can simplify to
“small contour trenches” without losing fundamental formal and performative aspects of either.

Taxonomy organizes and classifies the sets of interventions into smaller inclusive groups to visualize diversity,
similarities, and relationships. Categories are organized hierarchically, beginning with the most general characteristics
then become more specific, such as beginning with “slope” and ending with “primary purpose.” Each taxonomy drawing
is composed of infrastructures with similar or shared properties, structured around specific themes, and that can be
organized into “nested” scales with related characteristics and classified.

The four drawings reference multidisciplinary sources from architecture, landscape architecture, engineering,
hydrology, land management, history, and anthropology, highlighting the larger applicability and reach of LBI.

3.1 Water

The “Taxonomy of Water Infrastructures” (Figure 4) includes LBI that manipulate land to capture, direct, slow, and filter
rain, wastewater, river, runoff, and groundwater. Each infrastructure utilizes landform and/or on-site materials such as
stone, vegetation, and organic material. Sources include Rainwater Harvesting for Drylands and Beyond (2013), a
manual that details land-based interventions for collecting and slowing rainwater, Cultivated Landscapes of Native
North America (2000), an anthropological source that analyses and documents a range of interventions used by
indigenous populations throughout history, Out of water: Design Solutions for Arid Regions (2015), which includes
architectural and landscape architectural innovations, and A View of the River (2004), a source detailing riverine
restoration at scale. The taxonomy focuses on interventions used in arid environments which all leverage scarce
resources at multiple scales. These typologies are climate adaptable and formally flexible, have a range of performative
qualities depending on resource availability, and can adapt quickly to environmental changes.
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Figure 4: Taxonomy of Water Infrastructures. Source: (Author 2018-2021)

3.2 Fire

The “Taxonomy of Fire Infrastructures” (Figure 5) includes LBI and systems that manage fire in a range of landscape
types, such as bare soil, prairie, brush and forest to sequester carbon, produce biochar and soil, manage species,
reduce fuel, and establish settlement. Rather than viewing fire as destructive, as the case with the ongoing wildfires in
Western American states, this work unpacks methods used by indigenous communities and forest managers that use
fire as productive and generative. Sources Lo-TEK: Design by Radical Indigenism (2019), which details the influence
of fire and culture on landscape maintenance, Cultivated Landscapes of Native North America (2000), an
anthropological source on indigenous land management techniques, “Fire Management Study Unit,” a report on fire
characteristics by the USDA Forest Service, and Indigenous Land Management in Australia (2013), detailing fire
management practices utilized in Australia. The axons describe the cyclical nature of many of the infrastructures, which
depend on rotating agricultural practices with burning techniques to build soil and organic matter. These highlight the
relationship between weather, climate, vegetation, and time on landscape interventions.

Figure 5: Taxonomy of Fire Infrastructures. Source: (Author 2020-2021)

3.3 Land

The “Taxonomy of Land Infrastructures” (Figure 6) includes LBI that manipulate land specifically for agricultural
production, restoring degraded land, filtering pollutants, establishing vegetation, and moving people and animals on
flat, sloped, or water sites. While many interventions seem similar, this research highlights the role of site conditions
and topography on landscape performance. Sources include indigenous landscapes from Lo-TEK: Design by Radical
Indigenism (2019) and global typologies from WOCAT’s “Global Database on Sustainable Land Management.” These
infrastructures reveal how through subtle manipulations in landform and use of organic materials can create complex
conditions that emerge over time. The work reveals a range of new actions, such as weaving, layering, and cultivating,
that could inspire new material assemblies and surface performance.
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Figure 6: Taxonomy of Land Infrastructures. Source: (Author 2020-2021)

3.4 Air

The “Taxonomy of Air Infrastructures” (Figure 7) includes infrastructures that slow wind, collect dust, buffer sound, and
harness solar energy through landform, planting, and simple fencing strategies. Many utilize a combination of elements,
such as orientation along a slope and vegetation, highlighting the importance of environment and infrastructure.
Sources are drawn from WOCAT's “Global Database on Sustainable Land Management,” USDA National Agroforestry
Center, and Natural Resources Conservation Service online databases. These infrastructures demonstrate the
complex and invisible relationship between air movement and vegetation, soil, slope, and natural phenomena.

Figure 7: Taxonomy of Air Infrastructures. Source: (Author 2021)

4.0 SIGNIFICANCE

This research work on land-based infrastructures is significant for designers to integrate new materials, technologies,
construction methods and systems into our urban landscape, thus expanding design vocabulary and developing a
framework for design iteration and development. Unpacking these infrastructures, the drawings visualize impacts of
existing site conditions such as rate of permeability, soil type, adjacencies, and locally available materials on intended
benefits. Incorporating this knowledge into design creates opportunities for designers to respond to site more critically
through design, develop new material assemblies that utilize on-site and regenerative materials, and expand landscape
and urban performance beyond known strategies.

LBI support and create ecological benefits in service of ecological functions by controlling water, supporting biodiversity,
and stabilizing vulnerable land. Through working with natural systems, such as soil conditions, weather patterns,
climate, and existing or local materials, these interventions respond to resource availability and can adapt to changes
in water flow, soil type, and vegetation. Designers can take inspiration from this to develop innovative urban and
landscape typologies that do not rely on typical hard engineering responses, such as culverts, dams, and concrete
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channels. These have the potential to be climate-adaptive, innovative, and resilient, addressing critical challenges of
worsening air pollution, mitigating human health impacts due to the urban heat island effect, increasing biodiversity,
and innovatively managing urban stormwater.

Utilizing Taxonomy and Typology as working methods aims to develop a framework to combine research and design
work, synthesize findings, and visualize connections and relationships. It could be a new methodology for designers to
engage in research as part of the design process, enhancing our understanding of “design as research.”

CONCLUSION

The larger research project investigates how the embedded knowledge in LBI can inform material assemblies, form,
and function of innovative urban and landscape infrastructures that can be adaptable in the face of an uncertain future
due to climate change. This work is organized into three phases: Phase 1, which this article describes, collects,
organizes, and diagrams land-based infrastructural typologies to visualize and describe formal characteristics,
materials, and performance. Phase 2, currently underway, analyses and dissects these typologies into the simplest
form(s) or components and diagram how functions stack, complexities build, and how they perform based on
geographic location, over time in response to different climate issues (water scarcity, flooding, water quality), and use
this to iterate on new material assemblies, landscape typologies, and urban infrastructures. Phase 3 takes these
components and iterates in response to site-specific scenarios, one in the arid Southwest and one in the Midwest. This
work will take the typologies developed in Phase 2 and adapt, modify, and thicken to respond to site, climate, and scale.
By investigating two sites with widely different constraints and characteristics, this work aims to explore the range and
adaptability of a specific design approach.

By unpacking LBI, many that have been in use for thousands of years, we can generate new typologies that position
urbanism as impermanent and flexible, reimagining the form and function of landscape and urban infrastructures. New
“soft,” adaptable, and flexible infrastructures have the potential to become a counterpoint to permanent, inflexible, and
static systems of contemporary urbanism. These could utilize novel materials, participate in the water cycle
productively, and provide opportunities for both human and non-human engagement, moving away from single-use
infrastructures to thicker infrastructures that stack multiple functions and benefits.
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ABSTRACT: Problem Definition: The explosion of green and healthy building construction — 15 billion square feet since
2000 - stands in stark contrast with the lackluster performance of climate change and chronic disease metrics like
building-related climate emissions, heart disease, and obesity. Seen through the lens of the social ecological model,
this performance gap reflects a misalignment between real estate development teams (who work at the organizational
level and focus on the needs of the site and its occupants), urban planners (who focus on the neighborhood and
community levels), and local policy makers (who work at the public policy level and may not distinguish between the
unique environmental health needs of each neighborhood in their jurisdiction). Method of Investigation: Architectural
epidemiology is proposed as a transdisciplinary field of study and practice straddling the fields of architecture and public
health. A subset of environmental and social epidemiology, it studies and applies real estate interventions as a pathway
for environmental exposure and behavior change. Research Findings: Architectural epidemiology shows promise as
an approach to design and operations that could contribute to reducing the risk of poor health outcomes and promoting
positive health outcomes across multiple geographic scales (from the micro-environment surrounding the building site
to the community level and beyond) and over different time scales (from tracking LEED credits during the design
process to long term efforts to integrate health into all policies). Conclusion: We propose a new field called architectural
epidemiology that will apply site-specific, scalable metrics to conversations around building design, renovation, and
operations. It helps bring the organizational, community, and public policy levels of built environment interventions into
alignment, so that a small number of coordinated design and operations interventions can catalyze neighborhood and
community health action on climate change and chronic disease.

KEYWORDS: Architecture, Epidemiology, Climate Change, Chronic Disease, Social Determinants of Health

INTRODUCTION

A growing body of research shows the myriad ways that building design and operations influence the health of
occupants and the surrounding community (Dannenberg, Frumkin, and Jackson 2011). Every time a new building is
constructed or an existing building is renovated, it changes its surroundings in ways that can benefit or harm human
health. Building projects increase or decrease impervious surface, changing population risk of injury or death from
exposure to extreme heat and/or flooding. They draw new traffic or lead to reduced traffic congestion, changing
population risk of respiratory and cardiovascular disease caused by exposure to ambient air pollution. They increase
or decrease safe access to active infrastructure like sidewalks, protected bike lanes, and parks, changing the ability of
building occupants and community members to be physically active, a risk factor for obesity, diabetes, and
hypertension. Materials selection and mechanical system design increase or decrease occupant exposure to airborne
contaminants — including environmental toxins that increase the risk of cancer and biological pathogens that can cause
communicable diseases like COVID-19 and influenza.

Viewed in isolation, every building contributes to some portion of the environmental health status of its occupants and
the surrounding neighborhood. But, when those individual building effects are aggregated to the scale of the built
environment writ large, their influence on population health is massive — particularly in relation to the two most
consequential public health challenges of the 215t century: climate change and chronic disease. The World Health
Organization estimates that climate change will lead to 250,000 increased deaths annually from 2030 on from its
contribution to malnutrition, malaria, diarrheal diseases, and heat stress alone (World Health Organization 2021). But,
this number is a small proportion of the true health impact of climate change. A large and growing body of research has
found strong direct and indirect health effects associated with a range of climate change-related exposures, including
extreme heat, flooding, hurricanes/cyclones, air pollution, and vector-borne disease (Smith and Woodward 2014; Ebi
et al. 2018). Chronic diseases both increase the risk of negative health outcomes related to climate change (Smith and
Woodward 2014; Ebi et al. 2018) and represent the leading cause of death worldwide, accounting for close to 70% of
total mortality — more than all other causes combined (World Health Organization 2014).
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The built environment is a key factor in both of these public health challenges. According to the Global Alliance for
Buildings and Construction, buildings are responsible for 40% of global greenhouse gas (GHG) emissions (Global
Alliance for Buildings and Construction 2020). And, the World Health Organization estimates that the proportion of
chronic disease attributable to environmental factors such as the built environment, exposure to pollution, physical
exposure, and workplace exposure increased from 17% in 2002 to 22% in 2012 (Priiss-Ustiin et al. 2017).

Over the past twenty years, the green and healthy building industry has galvanized the real estate sector to transform
design, construction, and operations in the interest of reducing the industry’s environmental footprint and promoting
health and wellness. The prevailing approach taken by both best practice toolkits and regulatory bodies around the
world has been to streamline and quantify generic environmental and health metrics. Checklists demonstrate levels of
compliance in a format that can be compared across individual buildings regardless of location or building type.
Considering only process measures, this approach appears to have been a resounding success. Since 2000, 15.5
billion square feet of green and healthy buildings (U.S. Green Building Council 2019a; WELL Certified 2020) have been
constructed globally (Figure 1). A glance at trends in desirable outcomes, on the other hand, tells a different story
(Figure 1). Since 2010, global building-related emissions have increased 10% (Global Alliance for Buildings and
Construction 2020), U.S. heart disease among adults has hovered between 10.5% and 11% (U.S. Centers for Disease
Control and Prevention National Center for Health Statistics 2018), and the U.S. obesity rate among adults has risen
from 27% to 31% (U.S. Centers for Disease Control and Prevention n.d.). Some green building best practice tools grant
bonus points, such as LEED Regional Priority Credits (U.S. Green Building Council 2019b), to projects that achieve
credits in their rating system that address high priority, local environmental issues. But, our research shows that these
measures have not resulted in non-residential green building designs in the U.S. that are responsive to neighborhood
environmental health needs. In fact, we found the opposite. A spatial analysis we performed on LEED for New
Construction projects certified from 2001-2012 in Austin, TX and Chicago, IL found that, rather than clustering in high
vulnerability neighborhoods, low vulnerability neighborhoods were more likely to see a concentration of LEED certified
buildings with strategies protective in the face of extreme heat and flooding. In fact, LEED certified buildings were often
absent altogether from high vulnerability areas (Houghton and Castillo-Salgado 2020). LEED in its current form has
similarly fallen short in incentivizing active living measures that might result in lower risk of obesity, diabetes, and
hypertension. For example, a case analysis comparing two LEED Certified affordable housing developments in New
York City found that physical activity and obesity rates among occupants did not change in participants living in a LEED
certified building. It required living in a building that achieved both LEED certification and a specific innovation credit
(Design for Health through Increased Physical Activity) in order for researchers to see improvements in rates of physical
activity and obesity metrics (Garland et al. 2018).

This paper proposes launching a new, transdisciplinary field called “architectural epidemiology” as one step towards
redirecting built environment trend lines in the direction of human and planetary health. The theory underpinning
architectural epidemiology is built on the hypothesis that reorienting design and operations to consider the building in
its context will facilitate the coordination necessary for individual building projects to catalyze tangible action on
community health priorities like climate change and chronic disease.
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Figure 1: Green Building Trends and Related Emission and Health Trends, 2010-2020
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1.0 PROBLEM DEFINITION

To understand how architectural design and operations can mediate environmental exposure on the one hand, and
amplify public health interventions on the other, it can be helpful to consider how theories and frameworks used in
social epidemiology help explain the ways in which human behavior influences population health outcomes.
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1.1.Health Impact Pyramid

The health impact pyramid (Frieden 2010) was proposed in 2010 by Dr. Thomas Frieden, a former director of the U.S.
Centers for Disease Control and Prevention (CDC), as an organizational structure for public health interventions (Figure
2). Frieden argues that the interventions with the largest societal impacts reside at the bottom of the pyramid (green in
the figure), and the interventions requiring the most individual effort (depicted in red) sit at the top. Changes to the built
environment fall in the second tier from the bottom. Design’s position near the base of the pyramid signals that all new
buildings, renovations, and decisions around facility operations have an effect on population health, whether the
designer intends them to or not. The bottom tier of the pyramid describes socioeconomic and demographic factors,
which place some groups within society at an advantage and others at a disadvantage in terms of accessing social
services, safe living and working conditions, and a health-promoting environment that can reduce their risk profile for
certain diseases. Policies governing land use and development that have exacerbated historical disparities in
socioeconomic and health status include redlining (the historical practice of designating majority African American
neighborhoods as ineligible to receive home mortgages) (Schuetz 2020), disinvestment in low income and minority
neighborhoods (Brinkman and Lin 2019), and using the interstate highway construction process to fragment African
American neighborhoods (Brinkman and Lin 2019).

Figure 2: Health Impact Pyramid with Building-specific Examples
Adapted from: Frieden TR. A framework for public health action: the health impact pyramid. Am J Public Health. 2010;100(4):590-5.

1.2. Social Ecological Model

If the health impact pyramid illustrates “what” aspects of public health are influenced by building design, the social
ecological model (Figure 3) explains “why” the current system governing real estate development falls short of
benefiting population health to the degree that would be expected from its position near the bottom of the pyramid. The
social ecological model is based on the assumption that the way individuals and populations interact with their social
and environmental context changes depending on the scale (or, “level”) of the interaction (Sallis and Owen 2015).
Stakeholder engagement in the real estate development process changes from one level to the next — with very little
communication across levels. Community members (whose activities start at the individual level) experience material
changes to their neighborhood when a building is built or renovated. Real estate development teams (who work at the
organizational level) approach development projects as interchangeable across their business portfolio. The local
planning/zoning department (which operates at the community level) evaluates development proposals within the
context of how a project will contribute to improving the economic prospects and quality of life of community residents.
And, local policymakers (who work at the public policy level) view the development industry from the perspective of
how it contributes to campaign pledges, such as creating jobs and meeting the Paris Climate Agreement. Architectural
epidemiology uses scalable metrics to reorient stakeholders at all levels of the social ecological model towards creating
shared value. By using common metrics to coordinate design and operations priorities across levels, approaching a
project from the perspective of architectural epidemiology helps each stakeholder see how their goals align with
stakeholders working at different levels in the social ecological model.
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Figure 3: Social Ecological Model with Real Estate Examples
Adapted from: U.S. ATSDR Principles of Community Engagement. 2nd Ed. 2011. Available at: https://www.atsdr.cdc.gov

1.3. Relationship with Environmental and Social Epidemiology

Epidemiology is a field of study and practice that seeks to understand and shift the distribution of health-related
conditions within a population (Porta 2014, 95). Its goal is to reduce the risk of poor health outcomes and promote
positive health and wellbeing across a designated population. Architectural epidemiology draws from two subfields
within epidemiology — environmental epidemiology and social epidemiology — to explain the relationship between
environmental hazards, environmental exposures, health outcomes, and mediating factors like the social determinants
of health and built environment interventions. Table 1 displays definitions of the key epidemiological terms that form its
building blocks. It is important to note that, like the overall field of epidemiology, architectural epidemiology addresses
population health risk, not the health outcome of any single individual.

Architectural epidemiology intersects with environmental epidemiology, in that it identifies and quantifies environmental
exposures that could be mediated through design. It also uses path analysis, which is commonly deployed in
environmental epidemiological studies. While its target of interest is environmental, it uses architecture and allied
disciplines in the real estate industry as the mechanism for epidemiological interventions. As a result, it relies on social
epidemiological theories like social determinants of health (Schulz and Northridge 2004; World Health Organization
2007), political ecology of health (Birn, Pillay, and Holtz 2017), and ecosocial theory (Krieger 1994) to propose changing
behavior patterns in the real estate development process.

Table 1: Architectural Epidemiology in Context, Definitions

Term Definition

Epidemiology “[tlhe study of the occurrence and distribution of health-related events, states, and processes in specified
populations, including the study of the determinants influencing such processes, and the application of this
knowledge to control relevant health problems.” (Porta 2014, 95)

Environmental “A branch or subspecialty of epidemiology that uses epidemiological principles, reasoning, and methods to study

Epidemiology and control the health effects on populations of physical, chemical, and biological processes and agents external to
the human body (e.g., climate change, air pollution, dietary pollutants, urbanization, energy production and
combustion). Recognition of health hazards posed by large-scale environmental and ecological changes added
extra dimension to the field.” (Porta 2014, 93)

Social “A branch or subspecialty of epidemiology that studies the role of social structures, processes, and factors in the

Epidemiology production of health and disease in populations. It uses epidemiological knowledge, reasoning, and methods to
study why and how the distribution of health states is influenced by factors as ethnicity, socioeconomic status and
position, social class, or environmental and housing conditions.” (Porta 2014, 264)

Social “The social determinants of health (SDH) are the non-medical factors that influence health outcomes. They are the

Determinants of  conditions in which people are born, grow, work, live, and age, and the wider set of forces and systems shaping the

Health conditions of daily life. These forces and systems include economic policies and systems, development agendas,
social norms, social policies and political systems.” (World Health Organization n.d.)

Path Analysis “A method of analysis that emphasizes the sequencing and directionality of the associations between variables, or

steps in a sequenced procedure. These are displayed in flow charts or path diagrams. When several alternatives

are compared, a critical path analysis (review) can determine which is most credible and efficient.” (Last 2007, 280)
Behavior “A coordinated set of activities designed to modify a behavior to produce a desired outcome.” (Porta 2014, 19)
Change

2.0 METHODS - ARCHITECTURAL EPIDEMIOLOGY IN PRACTICE

2.1. Architectural Epidemiology Conceptual Diagram

The architectural epidemiology conceptual diagram in Figure 4 demonstrates how real estate development and facility
operations can mediate the relationship between environmental exposures and population health outcomes. It follows
the social determinants of health approach (Schulz and Northridge 2004; World Health Organization 2007) to
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defining environmental hazards and exposures specific to the building site in question. Those exposures manifest
through built environment determinants of health. For example, people on and around a building site may experience
a number of environmental exposures related to climate change, including: air pollution, utility outages, urban heat
island, and sea level rise. Depending on the existing built environment on and around the site, those exposures manifest
in different ways. For example, the land use design might not include sidewalks or parks. Or, the site might be located
in a flood plain. All of these considerations reflect environmental epidemiological questions of what environmental
hazards are relevant to the site, what people on and around the site are exposed to, and how the baseline built
environment contributes to exposure or protects the population from exposure. The social epidemiological lens
considers the socioeconomic and political forces that have led to an inequitable distribution of environmental hazards
throughout the community. It identifies and considers the historical reasons why some neighborhoods experience
higher levels of harmful exposures and lower levels of health-promoting exposures (clean air, clean water, healthy food,
and infrastructure promoting an active lifestyle). And, it includes an assessment of disparities in the spatial distribution
of socioeconomic and demographic status in the neighborhood and community where the project is located. Those
spatial disparities feed into the assessment of what health issues should be considered in the design, given the
relationship between the built environmental determinants of health and the socioeconomic and physiological
vulnerability on and around the site. Finally, for architectural epidemiology, the design and development mediating
factors are the pathway for interventions that attempt to reduce negative environmental exposures and increase positive
exposures, particularly among high risks populations. The ultimate goal is for design and development interventions to
help shift the distribution of health outcomes towards increased equity and a reduction in overall relevant negative
health outcomes. The scope of health outcomes influenced by real estate development could range from small scale
(such as benefiting the micro-environment surrounding the building site) to community scale (such as contributing to
achievement of the local climate action plan or obesity reduction plan) to national scale (such as contributing to the
Neighborhood and Built Environment objectives in the U.S. Department of Health and Human Services Healthy People
2030 Framework (U.S. Department of Health and Human Services n.d.)). While many applications of architectural
epidemiology will prioritize metrics that can be tracked immediately during the design process, it could also contribute
to long term policy goals, such as the effort to integrate population health considerations into all policy decisions (the
so-called Health in All Policies initiative (World Health Organization and Ministry of Social Affairs and Health Finland
2014)).
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Figure 4: Architectural Epidemiology Conceptual Diagram
Adapted from (Birn, Pillay, and Holtz 2017; Krieger 2008; Schulz and Northridge 2004; World Health Organization 2007)

2.2 Twin Cities Case Study

Like other epidemiological fields of study, architectural epidemiology is designed to be applied on real projects, as
illustrated in the following case study of three housing developments along a 4-mile light rail corridor linking Saint Paul
and Minneapolis, MN. It is important to note that architectural epidemiology can be applied to any building type. In fact,
our ecological study in Austin, TX, and Chicago, IL, described above considered a wide array of commercial and
institutional buildings (Houghton and Castillo-Salgado 2020). We use the Twin Cities case study to illustrate how
architectural epidemiology can reveal important variation among environmental health concerns and related design
and operations recommendations across small geographic areas in response to changes in environmental exposures
and population health needs. Table 2 shares summary information about the project type, location, and project phase
of the three real estate developments included in the case study. Table 3 shows the similarities and differences in
demographic, socioeconomic, and environmental health risk factors which resulted in different priority health outcomes
and different design and operations recommendations for each development along the light rail corridor. Additional
information about the case study is available in the project report (Houghton 2014).
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Table 2: Twin Cities Case Study, Summary Information of Three Real Estate Developments

Project Type

Mixed Income, Mixed-Use Development — with a low-income, single

mother housing component
Single Family Retrofit

Affordable Housing Mixed-Use Development — incorporating
community development services targeted to neighborhood residents

Location Project Phase
Southwestern quadrant of the Visioning
Hamline-Midway neighborhood

Center of the Frogtown neighborhood Construction
Northeastern quadrant of the Summit- Late Design

University neighborhood

Development

Source: Houghton, Adele. Central Corridor Workshop: Using Health Data as a Design Tool. 2014. (Houghton 2014)

Table 3: Environmental Public Health Indicators, Twin Cities Case Study

Demographic and Socioeconomic Risk Factors

Categories

Priority Health Outcomes
(Relevant Neighborhoods)

Metric Definition

Low Socioeconomic Status
Race/Ethnicity

Age

Injury (F, SU),

Heat (F, SU)

Cancer (F, SU), Heart
Disease/Stroke (F, SU)

Injury (HM), CLRD (F), Heat (F,

SU), Vector-borne (F)

Population living in poverty
Percent non-White population

Percent population by age category

Environmental Health Risk Factors

Nursing home population
Traffic-related air pollution

Access to fresh, healthy food

Poorly maintained housing

Exposure to environmental toxins in

nearby industrial area

Impervious surface/ Urban heat island

Lack of access to a private car

Unsafe sidewalks and intersections

CLRD (SU), Heat (SU)
Cancer (HM, SU), CLRD (HM,
SU)

Cancer (HM), Heart
Disease/Stroke (HM)

CLRD (F), Heat (F),
Vector-borne (F)

Cancer (HM)

Heat (HM, F, SU)
Injury (F, SU)
Injury (HM, F, SU)

Number of nursing home beds
Residential population within 300m of busy roadway

Percent population living within walking distance (1
mile) of a grocery store
Number of “blighted” housing units by location

Number of contaminated sites by location

Percent impervious surface

Percent of population with zero vehicles

Number of vehicle/pedestrian and vehicle/bicycle
crashes annually by location

Annotations: HM: Hamline-Midway; F: Frogtown; SU: Summit-University
Source: Houghton, Adele. Central Corridor Workshop: Using Health Data as a Design Tool. 2014. (Houghton 2014)

Table 4: Top Five Design and Operations Recommendations, Twin Cities Case Study

Hamline-Midway

Frogtown

Summit-University

1. Provide safe and accessible pathways
onto and through the property for
alternative forms of transportation (e.g.,

pedestrians, cyclists, etc.).

2. Provide bicycle storage and showers
and host a Nice Ride station (the local

bike share program).

3. Right size parking to encourage

alternative transportation.

4. Include a pocket park as part of the
development design to mitigate the

urban heat island effect.

5. Host recreation programs for all ages
(including mother/baby programs) that
provide an opportunity for physical

activity and social cohesion.

1. Design the kitchen/dining space to encourage

preparation of fresh foods.

2. Install landscaping that prioritizes shading the
house, deterring mosquitoes, and cultivating

edible plants.

3. Remove asthma triggers from the interior, such
as: carpet, off gassing materials, deteriorated

building envelope, etc.

4. Make sure all sources of mold have been
removed from existing building materials and are
not reintroduced by new assemblies such as

fiberglass batt insulation.

5. Focus energy efficiency measures on the roof

1. Discourage jaywalking by
funneling site access for
pedestrians and cyclists to street
intersections.

2. Designate the property as
smoke-free or provide a dedicated
outdoor space for smoking.

3. Locate doors, windows, and
outdoor air intakes away from
pollution sources.

4. Plant vegetation to screen the
development from pollution
sources, such as major roads.

and attic to reduce solar heat gain during summer 5. Host on-site farmers markets,

months. (Example strategies: light colored or
vegetative roof, increased attic insulation, etc.)

a community garden, and/or a
CSA drop-off site.

Source: Houghton, Adele. Central Corridor Workshop: Using Health Data as a Design Tool. 2014. (Houghton 2014)

3.0 DISCUSSION

The Twin Cities case study exemplifies several contributions the proposed new field of architectural epidemiology could
offer to both the research and practice of real estate development and facilities operations.

First and foremost, it proposes rooting the question of “what defines a healthy building” in that building’s social and
environmental context. Neither building codes nor green/healthy building rating systems are currently equipped to guide
project teams towards prioritizing the strategies that will be most effective at improving environmental health conditions
on and around the project site. The goal of architectural epidemiology is to make visible the environmental
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health needs on and around building sites, so that project teams are equipped to make strategic design and operations
decisions. The variety in both priority health outcomes and recommended strategies over such a small geographic area
exemplifies the gap in research and practice that architectural epidemiology is attempting to fill.

Second, architectural epidemiology offers an approach to translating public health methods to the design field. This
contribution has the potential to open up new areas of research and fill longstanding gaps in understanding about the
relationship between individual design/operations strategies, pathways to environmental exposure, and associated
health outcomes. It builds on a rich history in epidemiological research that estimates outcomes based on observational
data. Key to this approach are the assumptions that all epidemiological estimates assess population risk (not the risk
to an individual) and that any attempt to estimate the relationship between an environmental exposure and a specific
health outcome will only describe a piece of a larger picture. This is because it is not possible to randomly place study
participants across a landscape (i.e., approximate a randomized control trial). And, it is also difficult or impossible to
isolate a single causal pathway between an environmental exposure and a specific health outcome. The previous
assumption could also be seen as a limitation. One way to overcome concerns about causal relationships is to focus
on the relative magnitude of different pathways in the project’s conceptual model.

A more significant limitation to the current nascent field of architectural epidemiology is the small number of projects
where it has been performed (less than 10 as of this publication). The approach should be replicated, validated, and
refined across multiple geographies and building types, so that it can grow into a robust field of research and practice.
A final limitation is the dearth of primary research quantifying the relative health benefits of specific building design and
operations strategies to specific health outcomes. This research is fundamental to growing a body of evidence that can
they be used by project teams to translate their conceptual frameworks and metrics into design recommendations.

4.0 CONCLUSION

This paper proposes a new, transdisciplinary field of research and practice called architectural epidemiology, which
proposes using building design and operations as a mediating factor to alter the relationship between environmental
hazards and health outcomes. Specifically, it draws on theories of environmental and social epidemiology to prioritize
the environmental and population health needs on and around a proposed building project. And, it lays out an approach
to translating that analysis into evidence-based design and operations recommendations that can be tracked using
metrics tied to green and healthy building rating systems and/or community key performance indicators related to
climate change and chronic disease. The motivation for launching this new field is to address the research and market
failures that stand in the way of building design and operations’ contributing to local action on public health crises like
climate change and chronic disease.
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Advanced Modular Housing Design for Highly Efficient,
Affordable, and Resilient Post-Disaster Housing
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ABSTRACT: More frequent and intense hurricanes cause increased coastal erosion, more flood damage to housing,
and undermine community infrastructure. The combined environmental, urban, and individual toll of such risks has a
broad impact on the wellbeing of communities. This paper focuses on the architectural design contribution to a multi-
disciplinary research project funded by the Department of Housing and Urban Development (HUD) that investigates
the design of a new type of advanced modular housing to provide rapid recovery, reliable efficient energy, and long-
term adaptability to homes located in areas facing increased flooding risk. This study developed and tested a design
of modular homes that could supply and deliver shelters quickly after a disaster, that would contribute to the long-term
resilience of the community, and could become a community asset over time. The study resulted in the development
of a design concept that our team titled “Core+”. It is a combination of three distinct modular units that leads to a wide
variety of design configurations based on the user’s requirements up to full deployment as a 1,200sf 3-bedroom/2-bath
home. The Core+ is deployed in the immediate aftermath of a disaster to provide minimal shelter immediately and, as
components are added, to remain on-site as an affordable and high-efficiency home. The research team included
individuals with expertise in Architectural design, Building Energy Design, Life Cycle Economics, and Affordability.
Three design charettes gathered input from local architects and manufacturers to inform the Core+ design. The design
was further refined through a community workshop in hurricane-damaged North Port St. Joe, FL which revealed design
challenges and opportunities for improvement through stakeholder feedback.

KEYWORDS: Modular housing, Manufactured housing, Post-disaster housing, Resilience, Affordability, Energy
efficiency

1.0.INTRODUCTION

Climate change consequences, and related disasters are increasing significantly, which are the most likely cause of
housing disruption and displacement for hundreds of thousands of people in the United States (Wamsler 2010). Many
communities are currently dealing with the arduous challenge of rebuilding after major storms have severely damaged
or destroyed them. Hurricanes are the most common natural disaster in the United States (Types of Disasters, 2021)
and are expected to become more powerful and frequent, particularly in coastal areas, making this risk more difficult to
resolve (Jagger et al. 2008). In the wake of many natural disasters such as tropical cyclones, and flooding that have
destroyed human habitats worldwide, post-disaster housing is critical.

A valuable option to the post-disaster housing challenge is manufactured modular housing that can be produced with
higher quality, precision, safety, speed (Gunawardena et al. 2014), affordability (Thompson 2019), sustainability, and
more inherent resilience than its site-built counterparts. Manufacturing modular housing in factories indicates a
significant move away from building housing on construction sites, and it presently houses more than 22 million low-
income Americans (Sullivan 2017; HUDUSER 2020).

Previous studies have suggested various advantages of modular housing manufacturing through the fabrication
process (Gibb and Pendlebury 2006) including a more consistent rate of production (Pan, Gibb, and Dainty 2012),
higher level of quality control (“Design in Modular Construction” 2021), improved safety performance (“HTA Design LLP
- Apex House” 2021), greater consistency and accuracy in production and, more opportunities for leveraging automation
technology (Gibb 1999). Kedir and Hall suggest that manufactured housing is a potential resource saver with innovative
construction techniques and products (Kedir and Hall 2021) and Obando mentioned that manufactured housing can be
considered as an important source of affordable housing, particularly for rural and low-income residents (Obando 2019).
Moreover, Housing issues in a post-disaster context are more than just a matter of expediency. It is critical to
comprehend the true complexities of community concerns. Post-disaster housing and reconstruction solutions should
address significant difficulties such as affordability through the development of efficient financial strategies,
sustainability through energy efficiency and material durability, and long-term commitment to communities through
design for resilience (Johnson and Lizarralde, 2012).
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Government agencies provide post-disaster shelters for affected individuals in post-disaster situations. The Federal
Emergency Management Agency (FEMA) assists individuals before, during, and after catastrophes. (FEMA, 2021). It
provides financial aid to homeowners for repairs or replacement of damaged residences by providing RVs or trailers
as temporary shelters, temporary housing units, hotel rooms, and short-term condo rentals. (El-Anwar, 2013; FEMA,
2021). Aside from FEMA, local government institutions such as the Florida State Government's Division of Emergency
Management and the Florida Building Code assist in disaster preparation and recovery before and after the disaster.
However, based on this research, the government primarily provides temporary housing and mobile units after
hurricanes. While long-term and long-distance displacement expose a gray area between immediate shelter and
permanent housing, along with concerns about vulnerability, housing availability, and land development (Levin et al.
1998) there was no significant evidence of successful government efforts for rapid provision of permanent housing (EI-
Anwar, 2013; Hamideh et al., 2021). Despite this, numerous private companies create hurricane-resistant homes in a
variety of sizes and price ranges to endure heavy winds and, in some cases, Category 5 disasters.

Due to the challenge of immediately supplying large quantities of post-disaster housing, the larger study examined how
the modular home manufacturing industry can contribute to finding solutions. The following are the two research
questions that the larger study and following that the architectural design section responded::

— How do we design and build modular housing that helps minimize the effects of climate change while also lowering
operational costs via various sustainability approaches?

—In the face of increasingly frequent and significant natural disasters, how can we provide people with affordable
housing and enable them to become more resilient to disturbances at the same time?

Research conducted for the study was aimed at collaborating with the modular housing manufacturing industry through
an active dialogue throughout the design process to create a roadmap to use cutting-edge technologies in the design
of post-disaster housing. This project employed three overlapping research methods using case study research, design
charrettes, and a multi-disciplinary research team. The Advanced Modular Housing Design (AMHD) as a method of
conducting this investigation, focused on the design and development of housing that can be quickly constructed in
factories to facilitate the transition from on-site fabrication to manufactured modular housing.

This paper reports on the architectural design process of the larger study to develop Core+. The paper proceeds as
follows. First, we outline the methodology used to explore the stated research questions. Next, we discuss the
underlying objectives AMHD is pursuing. The energy efficiency, affordability, and life cycle cost findings of the larger
project are then summarized. Following this, we draw on the understanding of the concept of the Core+ design as well
as the assembly process and options This paper will contribute to a greater understanding of the potential for permanent
post-disaster housing.

2.0 METHODOLOGY

The architecture section that led to this article was inspired by the wider study project, which used a mixed methodology
containing three overlapping, complementary, and consecutive research techniques. Firstly, a series of manufactured
modular housing projects were documented and assessed, with the responsiveness, sustainability, and equity of the
response being examined as well. The findings of case studies served as the foundation for a partnership of researchers
and manufacturing professionals in the field of manufactured modular housing. Secondly, to address all the project's
targeted aspects with competence, the research project defines research teams including expertise in Architecture,
Building Energy Design, Life Cycle Economics, and Affordability. Finally, Design Charrettes provided an opportunity to
gather individuals of diverse expertise and apply that expertise to the design. As part of the project, three charrettes
each with a thematic focus were held.

The first charrette focused on understanding the demographics and geographic conditions where the AMHD is designed
to function. Considering the fact that the user of the AMHD is more than simply the person or family who occupies the
structure, but can be influenced by the site, the conditions of occupation, and tenure duration, through the second
charrette, the AMHD was exposed to a variety of user needs, in a number of scenario exercises with the mortgage and
lending experts, architects, builders, and manufacturers. Each scenario contained a location, description of site and lot
condition, family status, land tenure, and demographic. Participants were asked to solve the problem based on various
scenarios, which led to a more accurate assessment of the efficacy of other options and refinement of the AMHD. The
third charrette brought technologists, energy efficiency experts, fabricators together to incorporate new technologies.
The participants raised critical points of consideration and specific questions that needed to be answered during the
charrette, such as material selection, installation techniques, and energy performance, which led to the AMHD's next
phase.

The final charrette was held as a workshop in North Port St. Joe (NPSJ), FL partnership with the University of Florida
Resilient Cities Program, the Florida A&M University Architecture School, and the North Port St. Joe Project Area
Coalition (PAC). The workshop, following a few years after Hurricane Michael, provided opportunities for the AMHD to
develop actionable ideas and inputs from a careful hearing and understanding of community members’ concerns. The
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direct feedback helped to identify the modular housing design options that meet community needs for housing that is
affordable, rapidly constructed, resilient and energy-efficient. In this workshop, the AMHD was able to use the Core+
model to design, specify, and price homes for six sites suggested by community members. It was also important to
work with NPSJ clients to fit the home to their space needs, site conditions, and budgets which results in refining the
design. It was also an important goal for the team to coordinate with the City to ensure that the homes meet all local
zoning and building codes and also working with external funders, including HUD, to determine a future for the Core+
model in North Port St. Joe or similar towns.

The design development in the workshop started with a conversation with community members as potential clients to
understand their needs. Six potential sites were suggested by the community members. The design team evaluated
the flood zone and other site conditions and then developed specific plans shaped by the Core+ for each of the six
sites. Each site had different orientations and specifications, and the owner’s requirements were modeled to estimate
cost and energy consumption.

3.0 DEVELOPING THE CONCEPT OF “CORE+”

3.1 AMHD Research

The AMHD focuses on providing housing in response to the situation in the southeast U.S. in climate zones 1 through
3 where the bulk of the impacts from hurricanes are being felt. The AMH Design process follows its goal by pursuing
three concurrent research goals: resource, efficiency, and resilience, which provide design objectives as well as a set
of evaluation metrics to assess the AMHD's performance in comparison to other designs. Each theme is reflective of
the expertise of the architecture team including housing design and construction, passive energy systems, and building
and community resilience. The AMHD project’s goals have been shaped through the process of material selection,
structural durability, passive energy design strategies, and resilience attitude. The result of the AMHD, which is a
modular affordable sustainable home, will be placed on new sites and will rapidly provide replacement housing
damaged or destroyed by any of the environmental risks

Figure 1: Three research aims with measurable objectives that are balanced through the AMHD design process. Source: (Author
2021)

The AMHD establishes a balance between the values of mass production and mass customization, decreasing unit
prices, improving quality, and shortening project duration (Larsen et al. 2019), while meeting the primary goal of
delivering resilient, efficient, and affordable post-disaster housing. Whenever large portions of existing housing stock
are damaged, labor shortages, permitting delays, and building material backlogs can significantly slow the process of
resettling displaced residents. (Yau, Tsai, and Nurma Yulita 2014). Disaster recovery can be lengthy, especially for
homeowners and renters with low incomes. (Hamideh, Peacock, and Zandt 2021). Debris removal, regulations,
permitting, government funds, loan disbursements, and labor shortages all contribute to this long process which can
cause tremendous stress, loss of jobs, bankruptcy, and homelessness, particularly for lower-income homeowners and
tenants (Paidakaki and Parra 2018).

Advanced Modular Housing Design for Highly Efficient, Affordable, and Resilient Post-Disaster Housing
51



RESILIENT CITY
Physical, Social, and Economic Perspectives

Mass-fabricated or modular housing, in which significant portions of the house are prefabricated in factories, reduces
labor costs and enables sufficient housing to be built in safer environments before being shipped to those suffering
damage (Gunawardena et al. 2014). By utilizing mass fabrication technologies, AMHD maximizes efficiency. There are
various drawbacks associated with mass fabrication, such as regional and microclimatic conditions, siting requirements,
coastal flood risks, client preferences, budget constraints, financing options, and local building regulations. Additionally,
the inevitable adaptations that change families and neighborhoods over time need to be considered. Individual
adjustments will allow the AMHD design to adapt to the specific requirements of the consumers, site, and budget. This
compromise, often known as mass customization, provides for both manufacturing benefits and individual preferences.

3.2. Inputs from other Research Teams

As indicated before, as a part of the methodology, four specialist teams have been selected and worked on various
aspects of AMHD. The design process and the output of the AMHD, the Core+, were inspired by the other teams, either
directly or indirectly. The building system energy team specified and analyzed three sets of building energy models for
evaluating the energy use of Core+, based on the assumption that proper building design could reduce the amount of
building energy use. The most energy-efficient model chosen was based on the International Energy Conservation
Code, or IECC-2018, and included solar water heating as well as a 15% reduction in equipment energy usage, resulting
in a 33.8 percent energy savings over the other models studied. As a result, the building envelope, which includes
walls, roofs, and windows, was effectively selected to reduce the overall energy use of Core+, and it positively
influenced the design.

Additionally, the affordability studies underlined the fact that the creation of a hyper-efficient house will address a major
issue that low-income homeowners are facing. Also, the team suggests that in comparison to the expensive single-
family houses, prefabricated housing is an inexpensive owning option which by using the AMHD approach could also
be considered as an investment to the individuals who have been severely affected economically by the disaster
(Shimberg Center for Housing Studies 2020).

Based on the scope of the project and designing for the southeast U.S. with climate zone 1,2 and, 3, which is mainly
affected by hurricane, the life cycle economics team chose two geographically different zones including Gainesville,
FL, and Charlestown, SC, respectively located in climate zones 2 and 3 to predict energy consumption. The energy
simulation model for each city was developed with the BEopt software tool with the addition of the initial construction
costs, the simple payback time, and the life cycle expenses over a 60-year period. As a result, the design process and
the Core+ model were improved making long-term decisions about material selection and design strategies.

3.3. Core+ and the Design Exploration

The end result is a modular home with a factory-based manufacturing procedures to form three housing units: CORE,
SPACE, and DWELL. These three modules may be integrated in a variety of ways to develop a range of home shapes,
and they can be assembled according to a buyer's specific location, budget, time schedule, and family requirements.
Each Core+ module plays a unique function in the supply of affordable long-term housing following a disaster.
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Figure 2: Distinct modules that accomplish three core functions of housing: CORE+SPACE+DWELL. Source: (Author 2021)

CORE would be supplied to the catastrophe location within days. If the property isn't ready yet, it might be temporarily
housed in a parking lot or another area. The unit, as shown in figure 2, is the whole structure's substantial, storm-
resistant "heart," offering key dwelling services such as a kitchen, bath, laundry, and sleeping loft. The Core's
construction is structurally robust, and it will give optimal protection to occupants during future storms. This would
enable deployment to high-risk locations like the Florida Keys. CORE is a rigid (self-supporting) and hardened structure
that provides storm resistance and foundation flexibility, even to the point where it may be temporarily constructed and
anchored. The CORE is a light gauge metal frame with sheathing and closed-cell foam insulation, built in a rigid
assembly and delivered volumetrically for rapid installation.

SPACE is the second additional module, which offers a versatile area that may be used as a den, sleeping porch, or
a complete bedroom. It's built to be adaptable, with homeowners encouraged to add on to and modify the structure to
meet their individual needs. This unit can be deployed with the CORE unit or added later to provide additional space.
It is semi-rigid, needing extra foundation support.

DWELL is the last of the three modular components. It maximizes the modular structure's size with the addition of
three bedrooms, and an additional bathroom. As a result of its traditional scaling for chasis transportation, it keeps the
costs of the unit down while allowing for a 1200 SF of living space. Because dwell is the most significant component of
the residence, it has a greater influence on the entire cost.

3.4. Core+ Assembly Process

The importance of disaster recovery has been discussed and led many authors to identify different stages for it
(Alexander 2018; Lindell 2013; M. Sullivan 2003). Lindell argues that it is more helpful to consider disaster recovery in
terms of four functions including disaster assessment, short-term recovery, long-term reconstruction, and recovery
management (Lindell 2013).

Housing recovery is a process with several phases rather than merely a single outcome (Sutley and Hamideh 2020).
The Core+ considers four integrated generalized stages that home occupants go through to rebuild in disaster recovery.
The first stage is the site assessment which includes the initial evaluation of the damages. Following a disaster, there
is a period of site evaluation done by FEMA, local emergency management, and insurance companies to determine
the extent of damage, the levels of compensation that insurance will provide, and the authority to rebuild and to what
extent. Many jurisdictions are implementing pre-disaster plans that are moving disaster-prone sites out of circulation
as they are increasingly vulnerable. The AMHD project does not deal specifically with this process, but this provides
the essential legal and financial groundwork for the next phases.
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The second stage would concentrate on rebuilding choices and financing possibilities by working with a manufacturer
or builder and a financial institution to select and fund a new house. This is where the AMHD process concentrates its
efforts. "Select, Site, and Balance" are the three primary processes that the team has added to this stage. (See Figure
3). Each one acts as an interface between the house buyer and the structure's construction. User-generated feedback
at each phase gives upfront, monthly, and lifespan cost alternatives, allowing the user to choose the Core+ assembly
that best suits their site, family, and finance needs.

The third stage is building or installation, which is designed through a number of distinct building phases to get residents
back into their homes as soon as feasible after a disaster. Starting with the post-disaster deployment of a CORE unit,
when a unit is installed on a preliminarily cleared location perhaps just weeks after a disaster. After this preliminary
phase, a more traditional site preparation phase with utilities and concrete/block foundations can commence. The
modular units are easy to install, however, because they can be delivered over time, simple techniques for unit mating
have been incorporated.

Building adaptation is the final stage, which implies that as families and communities expand and change, the home
adapts and allows for some flexibility. Resilience is also incorporated into this concept by the way the house is designed
to adjust over time. The adaptability of the design has been emphasized so that inhabitants may alter their homes
overtime to meet their unique demands. As part of the balancing process, adjustments are chosen that adapt the mass-
produced shell to meet the needs of a community, the environment, or the building owner. Trellis, decks, carports, and
window coverings are some of the elements that we can add. The assembly can be adapted to different locations and
demands, and the construction can also be changed. The project also forecasts how the community's strengths and
weaknesses will develop over time by assessing how communities responded to previous disasters in order to prepare
for future threats. The AMHD has taken into account the concept of time in this way, allowing purchasers to intervene
depending on future anticipated requests.

Figure 3: Assembly steps: Select, Site, Balance. Source: (Author 2021)

3.4.1. Rebuild Choice

Throughout the assembling procedure, the reconstruction choice stage consists of three steps that will assist the
customer in selecting the Core+ assembly that best suits their site, family, and financial needs. The first step, as shown
in Figure 3, is unit selection, which lets the customer choose the amount of units and delivery timeline that they want.
This step would determine the unit's base pricing. The selection of a location would be the next step. Because the
Core+ is designed for disaster recovery, the precise locations for which the home is being built are subject to a range
of hazards. Orientation, height above the ground, local solar exposure, and other aspects play a role in determining
where a structure should be placed. This step will change the unit's basic pricing and add a monthly utility cost estimate.
The third step is balancing, which allows owners to fine-tune the design of the unit by installing passive energy-saving
devices such as window shades and adding additional structure such as carports, decks, and trellises, which will further
adjust the Core+'s base and monthly costs and allow the model to work with a variety of financial frameworks.

4.0 LIMITATIONS

After the development of Core+ there are still substantial questions for further research, design, and public policy that
remain to be addressed before projects like this can be fully deployed. Based on the discussions with expertise in
manufacturing through charrette 2, the ability to manufacture Core+ at high speed is key to its success. Manufacturing
large quantities of post-disaster homes prior to an event has been difficult because of the uncertainty of the location of
the disaster, the severity of the event, and the availability of storage space. Additionally, once manufactured, modular
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home components must be maintained while in storage, creating additional costs. Another obstacle is the availability
of capital for manufacturing post-disaster homes and the speculative nature of such an investment. Furthermore,
transportation of the units to the crisis zone, particularly because of the pandemic's impact, is a factor to consider.

For Core+ the strategy is the appropriate government agencies to collaborate with the modular home manufacturing
industry on several fronts. First, the industry must modernize its factories and adopt automation and information
technologies that allow factories to be scalable from normal production rates up to the high production rates needed
for manufacturing Core+ which reduces the need for the storage space. This industry needs government investment to
modernize their factories both to produce affordable housing and to be prepared to ramp up manufacturing to produce
large quantities of post-disaster Core+ modules (Design Charrette 2020).

Second, the contractual instruments required for the factories to initiate and finance the manufacturing process must
be developed. This also presumes that technical information about Core+ must be disseminated to the industry so that
when a disaster occurs, the factories have the technical and financial ability to manufacture and deliver the modules.
Third, communities need a standard process to plan post-disaster communities to be executed after a natural disaster.
There remain many questions regarding how to proceed with the creation of post-disaster communities. For example,
the roles of the insurance companies, the local government, and U.S. government agencies must be clarified via a
consensus process. It is clearly very important that this occurs prior to the disasters occurring and it is likely that this
entire scheme should be tested in a region that has a high likelihood of experiencing powerful storms.

5.0 CONCLUSION

The solution that AMHD propose for addressing this challenge is advanced technologies and process improvements
that support the design and manufacturing of resilient, sustainable, and affordable post-disaster housing. The Core+
modules have been designed to create homes that are rapidly constructed after a disaster and provide substantial
efficiencies and greater levels of long-term resilience. The materials, structure, and foundations of Core+ are designed
to be storm and flood-resistant.

The resilience design of this project also considers that following a disaster, it will be critical for structures to be rebuilt
quickly so that families may return in a matter of weeks rather than years. It is also recognized that a house, whether
manufactured or not, is an investment that may have long-term worth and contribute to the long-term value of a
community with the ability to grow and adapt. The Core+ was designed not just to grow utilizing the components chosen,
but also to grow long after the initial purchase. As shown in Figure 4, it allows the user to stamp their own identity on
their dwellings while they are living in them. The Core+ improves results for low-income groups by including resident
input through an incremental housing approach.

Furthermore, rather than serving solely as temporary housing for a disaster-affected community, the idea is that these
homes would be used to replace severely damaged houses and serve as the foundation of a resilient community
following the disaster or any other housing disruption. This home will combine modular and manufactured housing
techniques as well as introduce new approaches in order to provide rapidly installed, adaptable yet permanent homes.

Figure 4: Core+ view adding a breezeway inbetween the units with other design modifications after years of unit installation and
adapting by means of AMHD design capacity resulted from the community workshop. Source: (Author 2021)
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ABSTRACT: Chile is constantly affected by various natural disasters of great magnitude and intensity, mainly affecting
the country's coastal areas through successive earthquakes and tsunamis recorded throughout history. Chile still holds
the record for the strongest and most devastating earthquake of the 20th-century, instrumentally documented having
a magnitude of 9.5 in Valdivia in 1960. That is why different government initiatives have been developed to reconstruct
and protect the coastline, promoting a resilient and sustainable reconstruction in the future. Regarding government
initiatives, resiliency is a concept that has recently started to be included at a policy level. In this way, tools for evaluating
resiliency are mainly observed at a macro leBvel, from an urban perspective of the territory and urban planning, but
little focus has been put into a more micro-scale towards basic post-disaster facilities, such as housing. This research
proposes a tool for assessing the level of resilience of post-disaster homes located in Chile's coastal areas. A matrix
with the first set of indicators was developed to evaluate a diagnosis around the concept of resilience. The proposed
matrix is inspired and conceived from one of the existing comprehensive models of urban resiliency as the City
Resilience Framework from the Rockefeller Foundation (2015). The study explores suitable criteria and measurable
indicators for assessing resilience capacities at a building scale. However, the case study shows that post-disaster
buildings that have been implemented still need to consider multiple risks with a more holistic approach. This area of
research will continue to be fundamental due to constant hazards as a result of Chile's geographical condition.

KEYWORDS: Resilient Housing, Disaster Risk, Tsunami, Global Sustainability: Mitigation and Adaptation, Coastal
Cities: Design Frameworks for Interconnectivity.

INTRODUCTION

As our century runs, the concept of resiliency is more common when referring to risks in increasingly populated cities.
In particular, many risks driven by climate change have focused on populations in coastal areas. Coastal cities have a
reservoir of historical stresses or sudden shocks that often result in physical collapse, economic deprivation, or social
stress, nowadays exacerbated by a global pandemic. Furedi (2007) states that disasters have had various explanations
for much of human history based on the causes of these phenomena, such as acts of God or nature (Furedi, 2007);
while Wisner (2004) stresses that it is fundamental to understand that exposure and vulnerability reveal that disasters
are built (Wisner, 2004). Those stressors related to post-disaster recovery capacity or resistance to natural hazard
events stand out among them.

The concept of resilience is by no means a new concept, which sees a resurgence in reducing vulnerability, and its
evocation is generally negative. As a term, resilience emerged from the field of ecology in the 1970s to describe the
capacity of a system to maintain or recover functionality in the event of disruption or disturbance. For Jabareen (2013),
resilience is the capacity by an urban/social system as a neighborhood or city to efficiently and quickly recover to resist,
absorb, adapt or recover from the effects of threats, which includes recovering their basic structures and functions
(Jabareen, 2013, 221). For some authors, resilience finds its origins in engineering fields and has moved to the social
sciences, adding to the list of adjectives describing today's cities. Henderson and Milstein (2003) refer to resilience as
overcoming stress, trauma, and risk. From the perspective of systems, it mainly refers to enhancing performance in
the face of multiple hazards rather than preventing or mitigating the loss of assets due to specific events (The
Rockefeller Foundation and ARUP 2015, 3). Despite its complexity and versatility, resilience is seen as a positive
aspect and a capacity that should be developed (Henderson and Milstein, 2003).

Currently, various international initiatives make it possible to measure and evaluate the existing resilience in cities. The
United Nations for Disaster Risk Reduction (UNDRR) campaign "Making Cities Resilience" (UNDRR, 2010) is a simple
tool that seeks to promote the creation of resilience in cities by raising awareness among local governments. On the
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other hand, the Rockefeller Foundation's "Resilient Cities Framework" campaign (2015) aims to establish basic
guidelines on the qualities of resilient systems. Currently, the UNDRR (2017) has developed a resilience measurement
plan called "Self-assessment tool for resilience against disasters at the local level," allowing two types of evaluation,
one preliminary and the other in-depth, of the resilience present in the cities.

For coastal countries like Chile, the uniqueness of its geographical position requires an integration of resilience, which
has recently been embraced. Extreme natural events are part of the country's history due mainly to physical-natural
characteristics. These risks affect the territory in different intensities and magnitude (Brignardello, 2007). The Chilean
Government, announced the approval of a national policy for 2030 for disaster risk reduction (in Spanish, Politica
Nacional para la Reduccién del Riesgo de Desastres - PNRRDD). The latter follows the international commitments
acquired by the Chilean Government towards establishing a guiding framework that strengthens disaster risk
management in the country by 2030 (PNRRD, 2021). In this direction, resilience is considered a capacity to integrate
an interactive process between communities and their vital or social environment (Politica Nacional para la Reduccion
del Riesgo de Desastres, 2021, p.6). Where to live is a complex existential phenomenon, and in our national territory,
it is usually linked to multiple threats (Saldarriaga, 2002, 30).

For countries where resiliency is starting to be considered in building and rebuilding cities, existing capabilities to
respond to risk must be reinforced, or, instead, they must be created. From the international initiatives, we observe the
existence of mechanisms for evaluation of resilience approached from an urban scale (macro-scale); however, there
have been fewer initiatives that address this measurement from a building scale (micro_scale). Those capabilities are
to be distributed between Government agencies and private organizations, which together would effectively reduce the
impacts from threats. To comply with the above initiatives, it is appropriate for Governments and responsible agencies
to integrate the resilience capacity into urban planning processes and instruments, from the macro to the micro-scale
in architectural design. This is particularly important, to evaluate and inform about the resilience of housing
developments in risk areas, which is unfortunately common in Chile.

1.0 METHODOLOGY

1.1 Objectives

This study's main objective is to propose a resilience measurement tool oriented to assess the level of resiliency in
post-disaster housing. Building this resilience evaluation matrix entailed two specific objectives: 1) Proposing a
resilience evaluation matrix including the main qualities of a resilient house, also incorporating the instances that would
characterize the different qualities previously established. 2) Testing the proposed matrix on a case study. The matrix
was built following the steps shown in Figure 1.

For the development and planning of the proposed tool, a theoretical-practical strategy was used, structured in two
phases that respond to the specific objectives, aiming to design a resilience measurement model focused on post-
disaster housing. The methodological approach was developed through the literature review obtained from the
referential framework and the subsequent construction of a resilience measurement instrument. The analysis of the
existing models for measuring resilience was crucial for identifying a suitable reference model that allows developing
the general frame of the evaluation matrix— the indicators derived from this review, mainly in the form of existing building
codes.

STEP 1 STEP 2 STEP 3
A\ g >
Describe the main qualities of a Relate the qualities of a Link the qualities to objective
resilient system resilient system with resilient housing indicators
qualities for a resilient and score
housing

Figure 1: Steps in creating indicators for resilient housing. Source: Authors

1.2. Case Study

The proposed framework was tested on a post-disaster housing development on the coastal town of Dichato, in the
southern Biobio region in Chile, built after the magnitude 8.8 earthquake on February 27, 2010, (27F from here on) and
following a tsunami, illustrated in Figure 2. Dichato accounts for 4,850 people and 49.5 km?, with a fluctuating
population, especially during the summer tourism season. Geographically, it is a closed bay with a U shape and calm
and cold waters. It is mainly characterized by water sports, its gastronomic and fishing trade, where a large part of the
population works in the fishing, algae harvesting, gastronomy, and hotel sectors.

Dichato was among the most affected towns, evidencing around 80% destruction of buildings, particularly homes
located along the ocean's coastline, due to waves reaching about 6.5 meters high that entered up to 1,200 meters from
the coast (PRBC, 2010, 12). Villa Horizonte was initially a temporary camp for post-disaster relief built by the
government and local agencies. This site was the largest village affected in Chile post 27F, with around 210 displaced
families. Each of these post-disaster houses has an area of 51 m? (550 sqft) (Radio Biobio, 2013).
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Figure 2: Location map of Dichato, Region del Biobio (left). Aerial view of Dichato (right-top) =nd area of study (right-bottom) built
after earthquake and tsunami of 2010 in Dichato Bay. Credits: Dichatochile, Geogle Earth 12021).

2.0 A PROPOSED RESILIENCE EVALUATION MATRIX FOR ARCHITECTURE SCALE

The proposed evaluation tool recognizes features existing on resilient systems in the existing literature. A review of
the leading models for measuring resilience was done to identify characteristics of resilient systems. Understood as a
complex system, resilience must fulfill and sustain core functions in the built environment. A city's functions rely on a
combination of assets, systems, practices, and actions undertaken by multiple actors. A performance-based approach
presents a more holistic and significant potential to address interdependency, power dynamics, and scale questions.

1.1 First Stage: Analyzing current models for measuring resilience

The formulation to determine the main features of a resilient system in a micro-scale was built based on the identified
frameworks for a macro-scale, as three main milestones. First, the "Developing Resilient Cities" campaign by UNDRR
in 2010 aimed to support sustainable urban development, promote resilience activities, and increase the understanding
of risk at the local level. The model for assessing resilience revolved around three central themes: increasing
knowledge, suitable investments, and safer constructions. Local governments that adhered to the campaign committed
to direct the development of risk reduction activities through ten essential aspects established by the organization
(UNDRR, 2010). Second, the "Resilient Cities Framework and Index" developed by the Rockefeller Foundation aimed
to establish a baseline on seven critical functions of cities more resilient where the main Qualities of Resilient Systems
are established: Flexible, Redundant, Robust, Resolutive, Reflective, Inclusive and Comprehensive (The Rockefeller
Foundation, 2015, p.9). As a third milestone, a plan called "Self-assessment tool for disaster resilience at the local
level" was developed in 2017. This tool offers the possibility of evaluating resilience at two levels, one preliminary and
the other at a detailed level. The first level establishes targets and indicators with some critical 47 questions. The
second level includes 117 indicator criteria, each with a score of 0 to 5 (UNDRR, 2021).

1.2. Second Stage: Indicators for the Resilience evaluation matrix

The Rockefeller Foundation framework was used as the main framework for the proposed matrix, which interprets each
of the features of resilient urban systems to a more micro-scale as a housing unit. This framework synthesizes seven
qualities, translated to a set of indicators (Error! Reference source not found.2) that would allow analyzing, e
valuating, and diagnosing those qualities in the proposed minor scale. For simplicity, one indicator has been identified
for the post-disaster house under relevant risk of earthquake—tsunami. An evaluative table based on a 1 to 5 Lickert
Scale was established (Table 1), in which 1 = Not observed, 2 = Does not meet the established indicator, 3 = Attempts
to meet the established indicator, 4 = Meets the established indicator , and 5 = Outstanding at meeting the established
indicator. A diagnosis was developed based on the score ranges. A low score (ranging between 1 to 14 points) would
correspond to a not-resilient house. A high score (between 28 to 35 points) would indicate a house development and
solution with the highest performance regarding post-disaster resilience.

Table 1: Scoring levels of resilience. Based on single categories defined by potential scores in the Likert scale
Points Diagnosis

1-14 Housing is substandard around Post-Disaster Resilience. *No learning is observed in the reconstruction process about
the existing threats.

15-21 Housing generates some attempts for resilient measures but not enough. *Housing tries to generate some measures to
mitigate risk resiliently.

22-27 The house partially complies with the indicators. *“The home complies with 50% of the components of a resilient home.

28-31 The home complies with being a Post-Disaster Resilient home. *The house manages to be called Resilient.

32-35 Housing is outstanding in Post-Disaster Resilience. *Housing is an example to follow around Resilient strategies for DRR.
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Table 2: Interpretation of the main qualities by The Rockefeller Foundation and the proposed indicators and proposed methods and
scoring suited for each indicator. Source: the authors based on City Resilience Framework (Rockefeller Foundation and ARUP, 2015)

Qualit Description Interpretation Indicator Method 1 2 3 4 5
ies
1. Ability to continually A reflective home 1. Map of No data House is House House House is
Reflec  evolve and modify generates post- Location of  flooding to within the isa is outside the
tive standards around disaster analysis and the home (SHOA) evaluate identified tempor outside risk area by
risk. This would be learning. (For around the risk area ary the risk a distance
reflected in post- example, being relevant solution  area higher than
disaster learning for ~ outside a risk zone.) Risk Map. in the 500 m.
reconstruction. risk
area
2. Resistant A robust home offers 1. Review of No data Built out of Built with a
Robu construction. It resistance against an Materiality plans and to wood, with high-
st refers to the eventual threat. For of the construction  evaluate  values resistance
capacity that can this, materiality is house. *1 specs between 16- material
withstand the crucial at the moment 23 N/mm? at (concrete)
impacts of risks. of impact. Site visit compression value of 20-
30 N/mm?
3. Capacity to reserve A redundant home can 1. Review of No data Inexistence One Water More than
Redu resources to generate reserves of Reserve plans and to of a backup backup and two backup
ndant prevent disaster, basic services by equipment construction  evaluate  energy source electrici systems
which allows the capturing rainwater or for specs source (electric  ty
functionality of its solar energy. rainwater, ity or collectio
essential services. electricity, Site visit water) n
solar system
energy,
etc.
4. Capacity associated A flexible home can 1. Floor Review of No data House does House House has
Flexib  with generating offer versatility in its plan of the plans and to not have a does more than
le versatile spaces architecture program, dwelling construction  evaluate  flexible have a one flexibility
implies that transforming everyday  and its specs ground level flexible strategy
systems can spaces into protected relationshi ground
change, evolve, and  areas and family and p with the Site visit level
adapt to changing neighborhood immediate
circumstances. organization. Observe surroundin
for open groundfloor gs.
level that allows
flexibility of use or
reorganization
5. The ingenuity of the A decisive home offers 1. Review of No data House does House House House has
Decisi  home around solutions around Observatio  plans and to not allow has a has a more than
ve eventual threats, eventual threats. n and construction evaluate  vertical solution resoluti one
such as different respective specs evacuation , but it on that resolution
ways of meeting its planimetry is does that does
needs during a of Site visit difficult allow allow vertical
disaster event. dwellings. to use vertical evacuation
Evaluate if evacuat
their home ion
has been
designed
for
something
like vertical
evacuation
6. Ability to An inclusive home 1. Code Review of House does House House House does
Inclus  accommodate the understands the complianc plans and not have would does have as
ive various needs for needs of all its e for construction universal allow have many
universal members. universal specs accessibility minimu univers features for
accessibility in the access m al universal
home. and people  Site visit univers accessi accessibility
participatio al bility
n. *2 Norm DS N° accessi
50 OGUC. bility
7. Ability to connect An integral home is 1. Local Local The houseis  The The The house is
Integr  with the immediate close to facilities, ordinance Municipal far from house house close (less
al environment and presenting proximity to  and Code and essential is close is close than 300 m)
proximity to its emergency facilities Communal urban services (less (less
various emergency such as hospitals, Regulatory  regulations (more than than than
services. firefighters, police, etc. ~ Plan or for essential 1000 m) 800 m) 500 m)
Site in services
Google
Earth.

*1 The house complies with a resistant construction system associated with the forces created by the threat. (*based on Technological Center of Spain, 2011)
*2 The design allows universal accessibility. Observes compliance with Supreme Decree (DS) N°50 of the national ordinance (OGUC for its Spanish acronym)
*3 Aerial images from Google Earth or the Communal Regulatory Plan will be consulted for proximity to essential services.
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3.0 RESULTS

The Villa Horizonte case study was evaluated around the qualities previously established in Table 1 and 2 and the
scoring process detailed in Error! Reference source not found.3. According to the proposed evaluation matrix, Villa H
orizonte resulted in 17 points out of the total 35 points, corresponding to a category that "partially complies with the
indicators" associated with a post-disaster resilient home.

Table 3: Villa Horizonte's results are represented as star graphs and scores applying a 5-point Likert scale according to the matrix.

Qualities Interpretation 112 |3 |4 |5
1. Learning is observed in the location of 5
Reflective the post-disaster housing.
2. The house offers a physical resistance 2
Robust to risk.
3. The house offers spaces to reserve 2
Redundant resources.
4. The house exposes a versatility of use 3
Flexible in a disaster scenario.
5. Housing provides solutions when facing | 1
Decisive a risk.
6. The house meets the needs of each 1
Inclusive resident.
7. The house offers an integration with the 3
Integral immediate environment.
Total 17/35 points

4.0 DISCUSSION

Our cities are a great living laboratory for learning. The reinforcement of resilience from a holistic perspective will allow
us as a community to work with local and national governments to lead better solutions. The proposed matrix in this
study is founded on the existing framework for resilience and advances towards providing a tool for resilience. It works
toward better estimating the level of resilience embedded in designed solutions, or as a basic set of measurable
indicators. Suppose the whole community of stakeholders, such as government officials, investors, policy-makers, and
the community, better understand the resilience qualities and how much of those are in their buildings. In that case, we
all would collectively foster more resilient cities. The proposed tool is a first step providing a structure with more
measurable indicators. It lists a primary set of indicators, with the need to be complemented, reviewed, and refined
over future research to assess if these housing developments are best placed to ensure people's safety, particularly
the poor and vulnerable, to survive and thrive no matter what disaster or stress they encounter.

Regarding the case study, we can reaffirm what was stated by Brignardello (1997) that Chile is a country constantly
affected by natural risks both in intensity and magnitude. Villa Horizonte was affected by the disaster of 27F and by
mass removal and flooding presented after the reconstruction. The Villa Horizonte Case Study represents an extreme
reconstruction case, as it was considered the largest relief camp village in all of Chile post 27F for 210 families affected
by the disaster. In that sense, being such an iconic case of post-disaster reconstruction, it must stand as an example
of the right solution in response to multiple risks (earthquake and tsunami). However, it failed to consider other latent
risks such as flooding and mudslides in the new location (Figure 3). It highlights the relevance of integrating the concept
of resilient housing into the reconstruction process. In this sense, integration of capabilities of stakeholders and
understanding of resilience is fundamental since they would reduce the existing vulnerability and manage to internalize
the risk in the design on a permanent location for the rebuilt efforts to be worth it.

Figure 3: Images of Villa Horizonte under floods and landslides in 2013 because of lack of retaining walls and rainwater collection.
Credits: Soychile.cl, Tomé al dia, (2015).

The final result shown by the evaluation matrix indicates a "partial" performance around the established qualities of
resilience. If we highlight positive aspects of it, we can see that there was learning behind this reconstruction process,
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where the relocation of the population was carried out outside the area of inundation by a tsunami, along with
considering an area of future housing growth. On the other hand, within the negative aspects of the evaluation, we can
declare that there is no inclusion of the community opinion of the sector in the housing design process, excluding an
architectural resolution for people with reduced accessibility and other types of disabilities. Finally, although more than
210 families were given homes, the future threats that could be found in the sector, such as floods and landslides that
occurred in 2015, were not foreseen.

The evaluation matrix developed in this research can be viewed as a draft or a first methodological basis, since we
consider that for its entire operation, it is necessary to collect the public opinion of its inhabitants, an element that we
could not collect during fieldwork due to the lengthy quarantines and restrictions throughout the country from the Covid-
19 pandemic. This element would reveal the human and community factor present in post-disaster architecture about
how communities face and gather skills such as resilience, and how to incorporate them into housing design. The
proposed evaluation matrix can be applied from isolated elements (a single dwelling) to more complex elements such
as condominiums or high-rise dwellings, like the ones analyzed in this case study. Let us not forget that this method
aims to introduce and encourage the concept of resilience on a material scale (such as housing). Still, it would not
work on its own since the human and community element must develop this capacity to apply it in the immediate
environment and resist future changes and adversities (Walsh, 1998).

CONCLUSION

The study proposes an evaluation tool founded around the city-resiliency qualities from the Rockefeller Foundation.
The established macro-scale parameters are fully applicable to a smaller scale approach such as a building scale. A
proposed evaluation matrix compiles definitions for each quality and translates them into indicators, which were
contextualized to methods and instances to assign scores and define resiliency levels. With multi-hazard scenarios,
proposals have to consider all those risks. In this sense, it was considered pertinent to measure, evaluate, and integrate
resilience in the post-disaster reconstruction process applied to a case study in Chile. For the Villa Horizonte, a housing
development built after an 8.8 earthquake and tsunami, multi-hazards were not considered. As applied, the case study
did not score as a resilient solution according to the proposed indicators. As many designs developed from a reaction
perspective, this solution did not consider future risk based on location or other potential natural or man-made hazards.

The instrument developed in this research may be helpful as a first step to develop resilience measurement models for
post-disaster housing. This way, it could meet the objectives established in the various initiatives around Disaster Risk
Reduction, such as the Coastal Edge Reconstruction Plan (2010), the National Policy for Disaster Risk Reduction
(2021), and future ones. We acknowledge that this is the first set of indicators included in the development of this tool
and still needs further research and fine-tuning along with including other indicators through future studies. However,
we see the importance of applying this methodology to other case studies to make the matrix more robust and
applicable to other rebuilt sites in Chile. Finally, a call is made for more research on the concept of Resilient Housing,
and it is expected that through this instrument, a simple methodological contribution will be generated, which will allow
further investigation in the field.
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Disparities in Green Space Accessibility and Health
Outcomes in Urban Areas for Different Racial and
Income Groups: A Case Study of California
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ABSTRACT: Mounting evidence has confirmed the positive effects of green space on health outcomes. Green space
has long been recognized as an essential natural resource that has the power to restore ailing health, promote public
health and preserve planetary health. Green space, however, is not equally distributed across the United States. In
addition, studies show that disadvantaged people (those with low incomes or racial minorities) tend to have less access
to green space. Thus, access to green space may be an overlooked factor in determining public health disparities. In
response, this research conducted a state-wide assessment to measure the correlations between green space and
health outcomes across different racial and income groups. A case study research strategy was used to explore if SES
factors and health within different census tracts were related to access to green space such as public parks in
California’s urban areas. California was selected due to its diverse population background. Secondary datasets were
utilized to obtain data for all 4,242 census tracts across 121 cities in California urban areas. The research constructs
and corresponding datasets are as follows: race and income levels (US Census Bureau’s American Community
Survey); green space measures (Open Street Map); and health outcomes (the Centers for Disease Control and
Prevention’s 500 Cities Project). A spatial lag model was built to test the effect of socioeconomic factors on access to
green space. Kruskal-Wallis tests showed that green space distribution varied by racial groups. Palma ratios displayed
inequalities between space and health outcomes. Better green space was associated with fewer inequalities for obesity
and physical health. This study suggests that policymakers and city planners should consider green space as a
fundamental planning strategy to promote public health.

KEYWORDS: Green space, Health outcomes, Socioeconomic status, Inequality.

1.0 INTRODUCTION

With the rapid development of urbanization, cities have become centers for population, jobs opportunities, social
services, and entertainment events. Cities provide great convenience for accessing various goods, public
transportation, work and leisure activities. However, cities also suffer from escalating real estate prices, overcrowding,
and congestion. They often lack natural resources. With the broadening awareness of environmental justice concerns
due to exposure to environmental hazards on marginalized population groups, numerous studies have shown that
access to green space contributes to improvements in community welfare and population health (Browning & Rigolon
2018). Generally, communities with higher quality natural resources tend to have premium purchase prices and are
more accessible and occupied by privileged people who can afford it. Consequently, this finding suggests that green
space might be unequally distributed in urban areas. The main objectives of this study are two-fold: 1). To study if
relationships exist between socioeconomic groups and green space accessibility and, 2). To understand if inequities of
green space across different racial groups relate to health outcomes.

1.1. Green space helps promote health outcomes

Public green space serves as an essential element to achieving a high quality of our life as nature has been shown to
have positive health benefits (James et al. 2015). Green space like parks and trees has also been shown to help filter
air pollution, cool temperature, decrease noise, and even aid in urban water regulation. Parks and community gardens
provide public open space, where people can gather together for outdoor recreational and social opportunities. Green
space can offer positive health impacts physiologically, psychologically, and even through indirect health-related human
behaviors. Physiologically, green space has been shown to reduce cortisol levels, mitigate cardiovascular and
respiratory diseases mortality, and even decelerate skin conductance and heart rate (Yamaguchi, Deguchi and
Miyazaki 2006; Van Den Berg AE and Custers MH 2011). Studies show that when people engage in park-based leisure
exercise, their self-esteem and mood increase, and anxiety and stress decrease (Orsega-Smith et al. 2004; Van den
Berg et al. 2016). More substantial evidence, shown through longitudinal studies, suggests that being exposed to
natural environments provides benefits for psychological health (Alcock et al. 2014; Astell-Burt, Mitchell and Hartig
2014). The mechanism that underpins the relationship between green space and health-related behaviors is attributed
to more frequent outdoor physical activities, greater social cohesion, and a stronger sense of community belongings
(Shanahan et al. 2016).

Disparities in Green Space Accessibility and Health Outcomes in Urban Areas for
Different Racial and Income Groups: A Case Study of California

63



RESILIENT CITY
Physical, Social, and Economic Perspectives

Considerable research has focused on mental health, physical activities, and obesity; however, conflicting results still
exist. Some studies conclude weak association or even no association between green space and health outcomes
(Nutsford, Pearson and Kingham 2013; Richardson et al. 2010). These contradictions imply the complexity of the
mechanism between green space and human health effects, particularly when considering the local social context and
specific measurements.

1.2. Socioeconomic status (SES) acts as a mediator between green space and health

How green space influences human well-being differs based on its type, amount and quality. There are ongoing debates
on the inequitable distribution of green space across population groups. Results from many studies exhibit the
disproportionate distributions of green space across the U.S., which are often attributed to socioeconomic factors. Since
nature has health benefits, it may be inferred that the unequal distribution of green space might yield different health
effects across population groups. Landry and Chakraborty (2009) found that higher median household income was the
indicator most related to tree cover, while race and ethnicity were the weaker indicators studied. Sun et al. (2021) found
that the amount of green space viewed from the street in Los Angeles County was inequitable across neighborhoods
with different SES populations. People with low incomes and from minority groups had substantively less street green
space availability. Apart from the types and amount of green space, associations between park quality and
disadvantaged neighborhoods were found to vary by minority composition (Hughey et al 2016).

As indicated from the existing studies, the distribution of green space varies greatly. Ethnic and socioeconomic factors
are contributing factors. Based on the poor health outcomes of disadvantaged groups, green space has been shown
to influence health disparities. Browning and Rigolon (2018) found that cities in the US with most non-Hispanic Whites
had stronger associations between higher tree cover than minority groups. They found cities with most non-Hispanic
Whites had stronger associations between higher tree cover and low obesity, while the relationship between higher
greenness and low obesity was marginal. A scoping review by Rigolon et al. (2021) concluded that people with low-
SES showed more benefits from public green space than affluent people. In this regard, more knowledge is needed to
uncover the complex interrelationships among race, ethnic and socioeconomic context, green space, and health
outcomes.

1.3. Equity index

To help understand the complex constructs of this study, key terms will be defined. There are some different definitions
regarding “equity”. Equity in this study means equal access by different population groups. The Gini Index, which
explains the degrees of inequality across different income levels, is by far the most widely used index in environmental
research (Xiao, Wang and Fang 2019; Wen, Albert and Von Haaren 2020). The Gini Index ranges from 0 to 1, with a
higher value representing greater inequality. Although widely used, the Gini Index does have some flaws that cannot
be ignored. It measures the inequity by focusing on the whole population, resulting in the inadequate reflection of
inequity by those on the top and bottom of the distribution curve. Generally, the middle part of the curve might mitigate
the possible severity caused by those at the two sides of the curve. Due to the shortcomings of the Gini Index, this
study utilized a relatively new index, the Palma ratio. The Palma ratio measures equity due to changes from the richest
10% and poorest 40% of the population. Liu, Kwan and Kan (2021) have proven that this index effectively reveals the
inequity gap between the richest and poorest groups.

1.4. The current study

Despite all the related studies, there are research gaps in the literature. While some studies show that green space is
associated with health outcomes, few research studies investigate whether access to green space could reduce health
disparities among different population groups. The Gini index commonly used in studies fails to capture the differences
in population health from marginalized groups. The Palma ratio, as another equity index, has rarely been utilized in the
planning field. This research addresses these gaps by focusing on the State of California as a case study.

This research study aims to answer four research questions:

1. Are there differences in green space accessibility across the 4,242 census tracts in California?

2. Are socioeconomic factors associated with green space accessibility?

3. Does green space accessibility differ across racial groups?

4. Do inequalities between green space accessibility and health outcomes exist using the Palma ratio?

2.0 METHODOLOGY

2.1. Study area: urban areas in the State of California

Given the diversity of races in large populations, the urban areas in California were selected as the study area for this
research. California is a state located in the western part of the United States with approximately 403.5 billion square
meters of land area. According to the US census, it has around 39.5 million population. The Median household income
is $75,235, with roughly 11.8% of the population living below the poverty line. A total of 4,242 census tracts with
available data were used in the analysis. A census tract is the unit of analysis in this study. The definition of urban
areas is derived from US Census Bureau’s urban-rural classification. Urban areas are delineated as those densely
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developed territories which encompass at least 2,500 people. There are two types of defined urban areas: (1) urbanized
areas (U.A.s) of 50,000 or more people (2) Urban Clusters (U.C.s) of at least 2,500 and less than 50,000 people. For
this study, the 2010 classification of the urban area was utilized.

2.2. Research Design, data source and measurements
This study employed a case study research strategy to explore the interrelationship between socioeconomic status
(SES), green space accessibility, and health outcomes. Cross-sectional data were collected for study analysis.

Socioeconomic data

Race and income are the two primary socioeconomic factors included in this study. They were obtained from the US
Census Bureau 2012-2016 American Community Survey (ACS) 5-year Estimates. In this dataset, race was classified
into five categories with the following percentages: White (55.57%), Black or African American (7.27%), American
Indian or Alaska Native (0.66%), Asian (16.01%) and other races (16.01%) (including Native Hawaiian, other Pacific
Islander, or racial groups excluding the White, African American, American Indian or Alaska). For the analysis, we only
included data in which people self-identified as only one race. Percentages of each race were calculated as
measurements.

As noted above, the Palma ratio was used to measure inequities between green space and three health outcomes:
obesity, mental health and physical health. To determine the income level and define the cut-offs for separating the
richest 10% and poorest 40% of all US census tracts, median household income for each census tract from 2012-2016
ACS 5-Year Estimates was used as the benchmark. It includes the income of the householder and all other individuals
15 years old and over in the household in the past 12 months. As a result, census tracts with less than $46,853.00
median household income were identified as the poorest 40% and those with more than $97,743.50 were the richest
10%. To study the relationship between socioeconomic factors and green space, the potential effects caused by
extraneous variables except for race and median household income were also considered in the regression model.
Table 1 shows the list of potential independent variables and extraneous variables from 2012-2016 ACS. All variables
were calculated at the level of census tract.

Table 1: Socioeconomic Variables

Variables Abbr. in the Regression Model
Percentage of White Alone White (%)

Percentage of African American Alone African American (%)

Percentage of American Indian and Alaska Native Alone American Indian & Alaska Native (%)
Percentage of Asian Alone Asian (%)

Population with Highest Education Attainment: Less than High School  Less than High School
Population with Highest Education Attainment: High School Graduate =~ High School Graduate

Population with Highest Education Attainment: Doctorate Degree Doctorate Degree

Civilian Population in Labor Force 16 Years and Over: Unemployed Pop: Unemployed

Median Household Income (In 2016 Inflation Adjusted Dollars) Median Household Income
Gini Index of Income Inequality Gini Index

No. Families: Income Below Poverty Level Families Below poverty
Population driving to work Pop: Drive

Population taking public transportation (includes Taxicab) to work Pop: Public Transportation
Population taking motorcycle to work Pop: Motorcycle
Population taking bicycle to work Pop: Bicycle

Population walking to work Pop: Walk

Population taking other means to work Pop: Other means
Population with Health Insurance Coverage Pop with Health Insurance
Households with Housing Costs more than 30% of Income Households with Housing Cost > 30%

Notes: Data source: US Census Bureau 2012-2016 American Community Survey (ACS) Estimates

Green space accessibility data

Green space in this study was defined as open public space or parks within urban areas providing recreational areas
for people. It involved gardens, dog parks, community parks, state parks, national parks, playgrounds, and other
vegetated open space. Private gardens or golf courses that are not open to the public were excluded. Green space
data were collected from OpenStreetMap (OSM), which is an online open dataset under the Open Data Commons

Open Database License (ODbL) by the OpenStreetMap Foundation (OSMF). With overpass turbo, we ran Overpass
API queries to screen out green space data with geographical information. To build the queries, a list of tags, which
takes the form of key=value, was used for matching eligible green space. The tags being used were: “leisure=park”,
“leisure=garden”, “leisure=playground”, “park:type=*", “leisure=dog_park”. Census tract-level Population-Weighted
Distance (PWD) was used to measure green space accessibility. PWD is a new measurement of spatial access to
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parks developed by Zhang, Lu and Holt (2011). This new measurement assumes that the probability of the population
in a neighborhood that visits a park is proportional to its accessibility to the park. The steps for calculating PWD are
defined as follows.

Step 1: For each census tract, spatial accessibility from a census tract (i) to a destination park (j) is denoted as A;. Itis
calculated by dividing the size of a destination park j in square meters (S;) by the Euclidean distance between the
centroid of the census tract i and the centroid of the nearest park j in meters (d;). a is the parameter that reflects the
size effects of the nearest park j on its accessibility. B is the parameter that characterizes distance decay effects of
access to nearby park j.

Ay = s]a/dl(”j = 5085 /gLot 0

Step 2: The total potential spatial accessibility from one census tract (i) to nearby seven parks is denoted by A.. It is the
sum of the spatial accessibility from each census tract (i) to each nearest seven parks. Seven is the number that one
could do pair-wise comparison among all alternatives with reliable validity based on previous research on psychological
limits of cognition of individuals (Miller 1956).

A=Y, Ay (2)
Step 3: Pjjrepresents the probability that a resident at a census tract (i) will choose to visit a park (j).

5985 /191
s e = Aij /A )

Step 4: Census tract-level PWD (T;) to the nearest seven parks for the population in that census block is defined as:
Ti. Popi is the total population of census tract i.

_ Zj=1~7 Popi*Pij*dij

T;
Pop;

=Xj=1~7 Pij * djj (4)
In summary, a census tract with a smaller PWD value shows a shorter distance to the nearest parks and thus better
green space accessibility. A greater PWD value represents a census tract with a longer distance to the nearest parks.
Thus, a smaller PWD means better accessibility for the census tract. These preliminary PWD calculations were
performed with the “Generate near table” tool in ArcGIS 10.4.1 and then processed in RStudio.

Health data

Three health outcomes were measured: obesity, mental health, and physical health. PLACES Project, a collaboration
dataset by the Centers for Disease Control and Prevention (CDC), the Robert Wood Johnson Foundation (RWJF) and
CDC Foundation, provided the health data for this study. PLACES is an expansion of the original 500 Cities Project,
which reports a select number of chronic disease measures for the 500 largest American cities. PLACES Project
contains health model-based population-level analysis and community estimates to all data at four geographical
coverage: county, place, census tract, and Zip Code Tabulation Areas. To keep consistency in data unit, the census
tract-level health data 2016 release were gathered for data analysis. Health variables were specifically measured as
the prevalence of obesity, the prevalence of mental health not good for >=14 days among adults aged >=18 years, and
the prevalence of physical health not good for >=14 days among adults aged >=18 years.

Palma ratio

Palma ratio (P) is a new equity index that has been introduced to describe inequality based on the richest 10% and
poorest 40% groups. Using this index, census tracts with median household income above 90% and below 40% were
classified separately into rich and poor groups. A census tract with a higher Palma ratio indicates greater inequality. X
is the mean of a specific indicator to be measured with the Palma ratio.

P — Xtoplo% (5)

Xbottom 40%

2.3. Data analysis

Three different types of data analysis were performed: Spatial lag model, Kruskal-Wallis rank sum test, and Palma
ratio. First, the Moran’s | value was calculated to discover if spatial autocorrelation exists in the SES data. Findings
revealed that there was a spatial autocorrelation given the Moran’s | value of 0.41, indicating census tracts with similar
SES factors tended to cluster together. Based on these findings, the spatial lag model was selected for being a better
fit than multiple regression to study the relationship between socioeconomic factors and green space accessibility. For
this study, the SES factors for each census tract were the independent variables. The independent variables with
Variance Inflation Factor (VIF) higher than five were excluded to deal with multicollinearity. The dependent variable
was green space accessibility measured by Population-Weighted Distance (PWD) for each census tract. Second, a
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Kruskal-Wallis test was performed for race and health outcomes. This test is a nonparametric test for determining
whether the medians from two or more groups are significantly different or not. Each census tract was classified as a
specific race according to the highest percentage of the population living in the census tract. A Kruskal-Wallis rank sum
test was performed to compare the PWD for all census tracts by different racial groups. A second test was conducted
to compare health data across the PWD groups at the census tract level. If there were any significant differences, a
post hoc Dunn’s test was then performed to pinpoint which significant medians were different from the others. Third,
Palma ratios were calculated for the PWD among different racial groups to study which racial group had the greatest
PWD disparity. Palma ratios were also performed to study obesity, mental health, and physical health across different
PWD groups. All the statistical analyses were performed in RStudio.

3.0 RESULTS

3.1. Descriptive statistics

In total, 4,242 census tracts were located within the urban areas in the State of California with available health data.
Table 2 summarizes descriptive statistics of green space accessibility and three health outcomes for all sampled census
tracts (N=4242). The average distance to green space within these census tracts was 1317.05 meters, with 20.21
meters being the shortest distance and 4956.78 meters being the longest. Concerning the health outcomes, the
average rate of obesity was 25.18%, with a standard deviation of 5.98. Poor mental health rates across all the census
tracts ranged from 4.40% to 24.20%. The average rate of poor physical health was 13.25%, and the minimum and
maximum rate were 3.00% and 29.10%, respectively.

Table 2: Descriptive Statistics of Green Space Accessibility and Health Outcomes

Variables Categories N Min Mean Max SD
Green Space  Population-weighted distance (PWD) in meters 4,242 2021 1,317.05 4,956.78 637.35
Accessibility

Health Crude prevalence of obesity among adults 4,242 870 25.18 4410 5.98
Outcomes aged >=18 years (%)

Crude prevalence of mental health not good for >= 4,242 440 12.69 24.20 3.40
14 days among adults aged >=18 years (%)

Crude prevalence of physical health not good 4,242 3.00 13.25 29.10 4.16
for >= 14 days among adults aged >=18 years (%)

3.2. The relationship between SES and green space accessibility

The spatial lag model showed the relationship between the 16 SES factors and green space accessibility measured by
Population-Weighted Distance (PWD). Table 3 represents a summary of the key findings. First, the census tracts with
the following SES variables were negatively associated with PWD: a higher percentage of Asians, a higher number of
people commuting by public transportation, motorcycle, bicycle, on walk and other means; and higher number of health
insurance, and higher number of household costs > 30%. Thus, as the values of the SES factors here increases, the
PWD value would decrease, indicating better green space accessibility. Second, the census tracts with the following
SES variables were positively associated with PWD: higher number of high school graduates and higher median
household income. This means that as the values of the SES factors here increased, the PWD value would decrease,
indicating worse green space accessibility. This result is interesting because, as a rule of thumb, green space is more

accessible by rich people.

Table 3: Regression Results for SES Variables and Green Space Accessibility.

SES Variables Estimate Std. Error  t value Pr (>]t])
(Intercept) 1361.650 95.637 14.238 0.000***
White (%) 37.836 85.514 0.442 0.658
African American (%) 151.950 121.504 1.251 0.211
American Indian & Alaska Native (%) -1384.390 860.867 -1.608 0.108
Asian (%) -543.563 98.937 -5.494 0.000***
High School Graduate 0.376 0.046 8.158 0.000***
Pop: Unemployed 0.033 0.109 0.300 0.764
Median Household Income 0.001 0.001 1.651 0.099*
Gini Index 58.966 153.654 0.384 0.701
Families Below poverty 0.115 0.117 0.984 0.325
Pop: Public Transportation -0.344 0.054 -6.418 0.000***
Pop: Motorcycle -1.207 0.664 -1.819 0.069*
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Pop: Bicycle -0.987 0.234 -4.226 0.000***
Pop: Walk -0.284 0.098 -2.913 0.004***
Pop: Other means -0.401 0.238 -1.685 0.092*
Pop with Health Insurance -0.039 0.013 -3.047 0.002***
Households with Housing Cost > 30% -0.085 0.052 -1.646 0.100*

Note: *P < 0.1. **P < 0.05. ***P < 0.01. R-squared = 0.117, adjusted R-squared = 0.114. p-value: 0.000.

3.3. Green space accessibility by racial groups

As indicated in Table 4, census tracts comprised of a majority of African Americans have, on average, the furthest
distance to green space (highest PWD) than other racial groups. To evaluate the differences in green space
accessibility across racial groups, the Kruskal-Wallis test was utilized. The test revealed a significant difference (p-
value<0.05) on PWD value across racial groups. To study this further, a Dunn’s post hoc test was conducted to figure
out if any two groups are statistically significant. The comparison between the white population group and the “other
races” group (Native Hawaiian, other Pacific Islander, or racial groups excluding the White, African American, American
Indian or Alaska) showed a statistical significance at 0.1 level. All other pairs were statistically significant at the 0.01
level. This finding suggests that African Americans tended to live farthest from green space with 1481.2 meters among
all races, while Asian populations lived the closest to green space with 1112.35 meters. White population ranked second
after Asians with an average PWD of 1317.05 meters.

Table 4: Kruskal-Wallis Test on Population Weighted Distance (PWD) across Racial Group

Racial Groups N Min Mean Max SD Test Statistics
Chi-squared df P

All Census Tracts (CTs) 4242 20.21 1317.05 4956.78 637.35
CTs with White Majority 1260 20.21 1329.08 4956.78 651.62
CTs with African 122 21420 1481.20 2596.10 567.31
American Majority

CTs with Asian Majority 411  48.06 1112.35 3550.92 511.59
CTs with other races 401 90.25 1377.72 3958.29 612.10
Maijority

*P<0.1. **P <0.05. ***P < 0.01.

61.60 3 2.68e-13***

3.4. Health outcomes by different levels of green space accessibility

To understand whether green space accessibility is associated with obesity, mental health and physical health, green
space accessibility was grouped into five categories with five quintiles. A smaller PWD value means a shorter distance
to the nearest seven parks, hence better green space accessibility. Kruskal-Wallis tests with those three health
outcomes were conducted respectively. The results report significant differences for all three health outcomes at the
0.01 level. For obesity prevalence, there was a steadily growing trend, showing that people who lived farther away from
green space were more likely to be overweight. In contrast, the prevalence of mental health and physical health
represent a more modest increased with more distance to green space.

Table 5: Kruskal-Wallis Test on Health Outcomes Across Different Levels of Green Space Accessibility

Health Green Space Population-Weighted N Mean Rank Test Statistics
Outcomes Accessibility Distance (PWD) in five
quintiles Chi-squared df P
Obesity Best 18t quintile: £20.0% 848 23.47 145.35 4 <22e-16™*
Better 2" quintile: 20.1%-40.0% 849 24.57
Middle 3 quintile: 40.1%-60.0% 848 25.66
Worse 4% quintile: 60.1%-80.0% 849 25.71
Poorest 5% quintile: 280.1% 848 26.51
Mental Best 18t quintile: £20.0% 848 11.96 75.158 4  1.845e-15"**
Better 2" quintile: 20.1%-40.0% 849 12.53
Middle 3 quintile: 40.1%-60.0% 848 13.06
Worse 4% quintile: 60.1%-80.0% 849 12.82
Poorest 5% quintile: 280.1% 848 13.06
Physical Best 18t quintile: £20.0% 848 12.19 122.26 4 <22e-16™*
Better 2" quintile: 20.1%-40.0% 849 13.03
Middle 3 quintile: 40.1%-60.0% 848 13.66
Worse 4% quintile: 60.1%-80.0% 849 13.55
Poorest 5% quintile: 280.1% 848 12.85

Note: *P <0.1. **P < 0.05. ***P < 0.01. A smaller PWD value means better accessibility. A quintile is a 1/5th (20 percent)
portion of the whole. Five quintiles divide PWD into five equal groups.
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3.5. Palma ratio of green space accessibility and health outcomes

The comparison of the Palma ratios allows for the analysis between two marginalized groups: richest 10% and poorest
40%. A Higher Palma ratio indicates greater inequality. Table 6 shows that African American (Palma ratio = 1.714) was
the only group with a Palma ratio larger than 1. The “other races” group had the second-highest Palma ratio: 1.028.
White and Asian populations had similar Palma ratios. To be precise, Asian had the least Palma ratio, suggesting Asian
populations tended to have the most equal access to green space between the richest 10% group and the poorest 40%

group.

Table 6: Palma Ratio of Green Space Accessibility Across Races

Races Palma Ratio of PWD N for all CTs N for richest 10% N for poorest
group 40% group

All census tract 0.867 2005 625 1380

White 0.879 1428 524 904

African American 1.714 72 1 71

Asian 0.841 191 99 92

Other Races 1.028 314 1 313

Next, the analysis of Palma ratios in Table 7 shows if disparities of three health outcomes exist across green space
accessibility. The inequalities of obesity and physical health at the census tract level increase dwith less access to
green space. Health inequality was most severe for populations that lived the furthest distance to green space. Mental
health stayed relatively stable across the PWD in the five quintiles.

Table 7: Palma Ratios of Health Outcomes Across Levels of Green Space Accessibility

Green Space Population-Weighted Distance (PWD) in five Palma Ratio
Accessibility quintiles Obesity Mental Physical
Health Health

Best 13t quintile: £20.0% 0.614 0.535 0.482
Better 2" quintile: 20.1%-40.0% 0.599 0.529 0.490
Middle 3 quintile: 40.1%-60.0% 0.618 0.535 0.496
Worse 4% quintile: 60.1%-80.0% 0.625 0.540 0.512
Poorest 5% quintile: 280.1% 0.635 0.530 0.518

Note: Smaller PWD value means better accessibility. A quintile is a 1/5th (20 percent) portion of the whole. Five quintiles
divide PWD into five equal groups.

4.0 DISCUSSIONS

In this study, urban areas in California illustrated the complex interrelationship among socioeconomic status, green
space accessibility and health outcomes. By taking advantage of the Palma ratio, we can better understand the concept
of inequality. This case study of California triggers some critical thoughts regarding the interrelationships between SES
factors, green space, and health outcomes.

4.1. The impact of socioeconomic status (SES) on green space accessibility

Among all the SES variables, a total of 10 variables showed significant associations with green space accessibility.
Among all the races, the Asian populations was the only racial group significantly related to green space accessibility.
Asians tended to live in areas with a shorter distance to green space. This was also supported by the following Kruskal-
Wallis test, which suggested that the majority-Asian census tracts had the shortest average distance to green space.
What is surprising is the significant positive coefficient of high school graduates and positive coefficient of median
household income with green space, although the slope coefficient was as small as 0.01 for median household income.
In short, these two associations indicated that lower-income people and people without high school diploma were more
likely to live closer to green space. This outcome is contrary to that of Astell-Burt et al. (2014), who found green space
availability was lower for a higher percentage of low-income residents. One possible reason for our finding refers to the
“White Flight” (Woldoff 2011), which describes the migration of high-income people from inner cities to the suburbs in
the post World War |l era. Suburbs tend to have a more scattered distribution of green space; thus, high-income people
possibly live farther away from green space than low-income people. Plus, the discrepancy in cases (e.g. Australia
versus United States) and green space measurements might also account for it. In addition, five groups of commuter
modes were negatively associated with PWD. Those who take public transportation, motorcycle, bicycle, walk and
other means to work had better green space accessibility. Given that this is only a reflection of commuter mode choice,
further study is required to address modes of transportation that might relate to green space disparity. Although we
cannot directly infer that green space could increase house value, we did find a trend that households with housing
cost more than 30% of their income tended to have better access to green space.
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It is possible to hypothesize that the cost of living near green space is relatively higher as compared to living further to
it. This study also found that green space accessibility did differ across different racial groups. Census tracts
represented by an African American majority had the furthest distance to nearest parks (larger PWD) than other racial
groups. Asians had the best access to green space, followed by the white population. Our finding broadly supports the
work of other studies in this area linking races to green space access.

4.2. The association between green space accessibility and health outcomes

Prior studies have validated the link between green space exposure and human health (James et al. 2015). This is also
confirmed in our Kruskal-Wallis analysis, revealing that better access to green space was associated with fewer obesity
rates, mental health problems and physical health problems. It is noteworthy that the fluctuation in mental and physical
health was minor. Studies at a finer scale can help to figure out the underlying complex mechanisms for these findings.
It is possible that Population-Weighted Distance cannot capture all aspects of green space accessibility. Green space
quality might be another influential element to be considered in future studies. Taking these features into account might
display more remarkable results. Besides, this study only looked at the general aspect of health conditions: obesity,
mental health and physical health. More health outcomes like cardiovascular disease and chronic disease are
worthwhile exploring in relation to green space.

4.3. Palma ratio

Similar to other studies on green space disparities, African Americans had the greatest inequality in green space
accessibility (Table 6). However, the data are not as reliable as expected due to the small sample size (n=72 with only
one census tract in the richest 10%) of the census tract with the African American majority. Additional studies on other
areas are crucial to establish the validity of this result. The Asian group had the best green space accessibility and the
least green space inequality (0.026 less than average). Likewise, Palma ratios on health outcomes across levels of
green space accessibility generated impressive findings (Table 7). As the distance to green space became longer, the
obesity rates and physical health rates gradually became more unequal, represented as higher Palma ratios. The
change in mental health was not so noticeable. These findings seem to be in line with earlier studies which found parks
were important to the development of obesity and physical health (Leal & Chaix, 2011). According to the data, the
change of green space accessibility did not greatly alter mental health equity. It is possible to hypothesize a weaker or
less noticeable link between green space and mental health.

4.4. Limitations and future research

The limitations of this study have to be recognized. First, population-weighted distance as the measurement of green
space accessibility assumes that the closer the park is, the higher the possibility of visiting it. However, this is not always
the case in real life. Whether people will visit a park is subject to a variety of other factors. Perhaps more studies at a
smaller scale with subjective surveys would be helpful. Secondly, health data were extracted from adults older than 18
years old. Results might be somewhat different if children are considered. Thirdly, the number of African American-
maijority census tracts was small (122 of the 4,242 census tracts). Therefore, there was a lower representation of African
Americans in the census tracts in the richest 10% and poorest 40%. Finally, though OpenStreetMap has been
successfully applied worldwide, and a subsequent examination of data layers was taken, the accuracy of park
information is substantially important. This can only be achieved by cooperating contributors. Future work on dataset
improvement or modification might produce more infallible results.

CONCLUSION

Overall, this study found that green space distribution varies by different race and income groups. More importantly,
this study advances previous research by introducing Palma ratio to measure inequalities of green space and health
outcomes. Better access to green space is associated with fewer inequalities of obesity and physical health. This
information can be used for policymakers and city planners to develop targetted interventions aimed at achieving green
space equity and public health for all populations
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Observations of Thermal Comfort Conditions in Two
Schools in Southern California and Nairobi, Kenya

David Mwale Ogoli'

California Baptist University, Riverside, CA

ABSTRACT: The ANSI/ASHRAE Standard 55-2020 described a new adaptive comfort standard for thermal
environmental conditions for human occupancy. These conditions allow warmer indoor temperatures for naturally
ventilated buildings in warm climatic zones. This is a field study in two naturally ventilated educational buildings located
on two continents in similar climatic zones, namely, southern California and the equatorial highland regions of Nairobi,
Kenya. The environmental factors that were collected were temperature, thermal radiation, humidity, air speed and
personal factors of clothing and activity. Other related non-thermal factors of indoor air quality, architectural acoustics,
lighting, biologics and chemical factors that could affect comfort and health were not collected. Two sample schools
were modelled using building information modelling (BIM). Simulations were done using Computational Fluid Dynamics
(CFD) to study air flow and thermal comfort. Measured data were gathered in the school building in California for
comparison and validation. The paper summarizes some measured observations made using 100 college students
working in their regular settings using existing adaptive comfort research. Some of the findings are that for naturally
ventilated buildings, the process of getting the adaptive comfort needs careful interpretation in order to avoid energy-
consuming mechanical HVAC systems based on the comfort settings of Standard 55-2020. The study confirms that
when humans are considered as laboratory subjects, they tend to have a universally agreeable thermal comfort range
about 65°F — 78°F (18.3°C-25.6°C) but when they are given more control of their living or workspace, the comfort range
widens. The cost benefit of energy-savings potential and improved indoor air quality are real for developing regions for
the peoples living in socially, economically, culturally and technologically divergent regions. Finally, the paper discusses
possible new directions for building science researchers, architects and engineers for the improvement of building
environmental control systems.

KEYWORDS: Comfort, temperature, humidity, ventilation and energy-efficiency.

1.0 INTRODUCTION

Since the late 1960’s, thermal comfort models have been guided by the predictive mean vote (PMV) and predicted
percent of dissatisfaction, (PPD) developed by P.O. Fanger in Denmark. In the mid 1970’s, researchers around the
world began to develop the Adaptive Model which has rapidly grown in widespread application globally. Many studies
done on thermal comfort are well documented from the works of Olgyay, Givoni, Fanger, Humphreys, deDear, Nicol,
Nishi, Rohles, and Szokolay, among others (Fanger, 1970: Givoni, 1976). Results of these studies have been
incorporated in various publications by the American Society of Heating, Refrigerating and Air-conditioning Engineers
(ASHRAE).

Thermal Comfort is defined by ASHRAE Standard-55 as “That condition of mind that expresses satisfaction with the
thermal environment and is assessed by subjective evaluation.” Thermal comfort is affected by physical, psychological,
physiological, and behaviorial factors. Architects have been working towards achieving thermal comfort since time
immemorial. Victor Olgyay (1963) wrote Design with Climate, as a means of relating factors that connect people, climate
and environment. Human need for shelter has always been towards comfort and protection from harmful environmental
conditions (Pollio, 2018). As thermal comfort conditions improve, human performance and productivity increases also
in buildings for work, education, and shelter (Mohamed & Korb, 2005). A study (Van Hoof & Janesen, 2007) noted and
quantified the relevance of adaptive thermal comfort models in moderate thermal climate zones. Thermal comfort has
a direct link to energy efficiency in buildings since it is tied to the local climate.

However, most recent studies were done in countries that tend to have similar climatic, socio-economic and cultural
conditions that may or may not be extrapolated to other parts of the world. It is well known that people in less developed
countries tend to adapt to a wider range of thermal comfort conditions that may be explained by the adaptive model.
Researchers need to carefully examine ways to improve energy efficiency in an educational building on sites that have
wide climatic conditions.

There is, therefore, a growing need to evaluate the use, applicability and performance of these models in terms of
thermal comfort and energy efficiency for educational buildings in, for example, the highly populated climate of southern
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California. The California Energy Code is designed to reduce wasteful and unnecessary energy consumption in new
and existing buildings. California Energy Commission published in December 2018 the “Building Energy Efficiency
Standards that focuses on several key areas to improve the energy efficiency of newly constructed buildings and
additions and alterations to existing buildings. The most significant efficiency improvements to the residential Standards
include the introduction of photovoltaic into the prescriptive package, improvements for attics, walls, water heating, and
lighting. The most significant efficiency improvements to the nonresidential Standards include alignment with the
ASHRAE 90.1 2017 national standards.” (California Energy Commission, 2019:6). The paper suggests that there is a
distinction between thermal comfort responses in air-conditioned vs. naturally ventilated buildings. It suggests that an
emerging need of adaptive factors for thermal comfort may influence results of one’s thermal experiences and
expectations.

1.1 Climate of Riverside, CA

The City of Riverside California is located on latitude 33.95°N and longitude 117.44°W at an elevation of 804 feet (245
m) above sea level. On average it receives about 11 inches (280 mm) of rain annually. The US average rainfall is 38
inches (965 mm) per annum. The City of Riverside gets 0 inches (0 mm) of snow per year with the US average being
28 inches (711 mm) of snow per year. On average Riverside gets about 277 sunny days per year where the US average
is 205 sunny days.

The climate of Riverside, California is generally hot and dry. The summer (July) high dry-bulb temperature is about
94°F (34.4°C) while the winter (January) low is 42°F (5.6°C). Average relative humidity ranges between 10% in winter
(January) and 75% in summer (July). It is a hot dry climate. This climate can be summarized as about 1357 heating
degree days (base 65°F) and 1823 cooling degree days (base 65°F), a ratio of about 1:1.34. This is about even.
Annually, the city is about 11.8% of the time within the ASHRAE Comfort zone (Figure 1).

Figure 1: ASHRAE Comfort Zone (Source: ASHRAE Handbook of Fundamentals 2021)

Compared to the climate of Riverside, CA, Nairobi (Kenya) is moderate and can be summarized by the temperature
and degree-days shown in Tables 1, 2 and 3. Nairobi is a highland equatorial region while Riverside is a low-lying
outside the tropics. The ratio of heating days to cooling degree-days for Riverside is about 1:1.34 while that
corresponding ratio for Nairobi is about 1:9. Nairobi barely requires any heating at all while cooling requirements are
moderate.
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Table 1: Heating and Cooling degree days

RIVERSIDE, CA  NAIROBI, KENYA
LATITUDE 33.95°N 1.32°S
LONGITUDE 117.44°W 36.93°E
ELEVATION 804 feet (245m) 5327 feet (1624m)
HEATING DEGREE DAYS (BASE 65) | 1357 126
COOLING DEGREE DAYS (BASE 65) | 1823 1151

Table 2: Riverside, CA Latitude 33.95°N and longitude 117.44°W

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
HIGH 68 68 71 76 80 87 94 95 91 83 74 67
(°F)
Low 43 44 46 49 54 57 62 62 59 53 46 42
(°F)

Table 3: Nairobi Kenya is on latitude 1.32°S and 36.93°E.

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
HIGH | 79 81 80 77 75 73 72 73 77 79 76 76
(°F)
LOW | 59 59 61 61 59 56 54 55 56 59 60 59
(°F)

Figure 2 shows some of design strategies recommended for non-domestic buildings in Riverside that can attain 21.3%
in sun-shading of windows, 18.9% high thermal mass with nighttime flushing (1660 hours of the total annual 8760
hours), 13.9% adaptive comfort ventilation (1216 hours), 17.4% passive solar direct gain high mass (1524 hours), and,
20.9% direct heating with additional humidification as needed for about 1827 hours annually. Buildings can achieve
comfort for about 11.8% (1037 hours annually) under California Energy Code Model.

Figure 2: Psychrometric Chart for Riverside, CA (generated by Climate Consultant version 6.0)
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The California Energy Code (Title 24) can be seen on the psychrometric chart with two parallel sides defined by the
comfort low and comfort high dry bulb temperatures at 68°F (20°C) for heating to 75°F (23.9°C) for cooling. The Code
does not define comfort limits for humidity. In Climate Consultant the sloped top of the comfort zone is “defined by the
highest relative humidity at the comfort low temperature, and follows the wet bulb temperature line. Using 80% relative
humidity at the comfort low temperature of 68°F (20°C) corresponds to 66°F (18.9°C) wet bulb which is reasonable.
The lowest comfortable humidity is shown as the flat bottom of this zone as defined by the minimum dew point
temperature which is set at 27°F (-2.8°C)” (Climate Consultant version 6.0, 2018).

1.2 Experimental Setup

CBU Architecture Building has two levels comprising of about 36,000 SF (3345m?) academic space (Figure 3). It has
central VAV, HW Heat, Chiller 5.96 COP and boilers at 84.5% efficiency. The building has classrooms, offices and
other support spaces. The main occupants of the building are students. Measured and simulated data were gathered
to assess thermal comfort.

Figure 3: Architecture Building Level 1

The personal factors of occupants included activity (metabolic rates) and clothing (thermal insulation values). Research
subjects were classified by gender, age, education, personal health condition. Alongside these factors, the
psychological expectations (knowledge, experience, psychological effect of visual warmth by, say, direct sunlight) were
observed. There is mounting evidence (Humphreys, 1996; Karyono, 2000) that suggests that thermal perceptions are
affected by factors that are not recognized by current ASHRAE comfort standards in naturally ventilated spaces. Hence,
this stuudy is one in a series aimed to try to answer and explain some of the factors.

2.0 OBSERVATIONS
Measured and simulated data were observed. Thermal sensation questionnaire consisting of the ASHRAE seven-point
comfort scale was conducted with 35 student subjects in CAVAD Architecture Building starting at 1:00 PM during their
normal studio sessions on October 28, 2019. Figure 4 shows the energy analytical model and Figure 5 the lighting
conditions in the building that were adequate supporting learning activities in all studio areas except the interior services
spaces (restrooms, etc.).
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Figure 4: Energy Analytical Model (generated by Autodesk Insight 360)

Observation of the measured and simulated data showed that students were within the Psychrometric Chart comfort
zone as defined by dry bulb temperature and humidity. The primary difference between the three comfort models,
namely Califrnia Energy Code, ASHRAE Standard-55 PMV/PPD, and Adaptive model was the length of comfort hours.
The adaptive model was the longest. Duration of the test period was three of hours of studio work when the students
in the occupied spaces were assessed for thermal comfort conditions. Different comfort models have a different effect
on the number of hours that fall within the comfort zone.

Figure 5: Architecture Building Level 2 Lighting Conditions

Observations of Thermal Comfort Conditions in Two Schools in Southern California and Nairobi, Kenya

77



RESILIENT CITY

Physical, Social, and Economic Perspectives

Figure 6 shows some of the building design strategies undertaken to ensure energy-efficiency include proper insulation,

window-wall-ratio on south-facing fagades, lighting efficiency of 0.3 W/ft2 LDP (lighting power density), provision of

daylighting & occupancy controls and high-efficiency HVAC system. The building performance met industry
requirements set in ASHRAE Standard 90 and almost achieved the Architecture 2030 Standards.

Figure 6: Building Performance Analysis (generated by Autodesk Insight 360)

Comparing the measured data gathered by instruments and questionnaire with simulated data gathered by software
and formulae shows that predicting thermal comfort sensation of occupants in the academic building may not always
be accurate. Measured data provided a better more complete perception of responses than those simulated. The two
sets of methodologies can be refined to bridge the gap.

3.0 ANALYSIS AND DISCUSSION

ASHRAE Handbook of Fundamentals (2021) noted that “the conscious mind appears to reach conclusions about
thermal comfort and discomfort from direct temperature and moisture sensations from the skin, deep body
temperatures, and the efforts necessary to regulate body temperatures). In general, comfort occurs when body
temperatures are held within narrow ranges, skin moisture is low, and the physiological effort of regulation is minimized.
Comfort also depends on behaviors that are initiated consciously or unconsciously and guided by thermal and moisture
sensations to reduce discomfort. Some examples are altering clothing, altering activity, changing posture or location,
changing the thermostat setting, opening a window, complaining, or leaving the space.”

A research question arising from the observations regards the role of architecture in attainment of thermal comfort
within the built environment. Buildings have their own internal environment but they also are part of the large external
environment. Achieving thermal comfort should include the following climatic factors (Szokolay, 2008:29):

1) Temperature

2) Humidity

3) Air Movement

4) Precipitation

5) Cloud Cover

6) Sunshine Duration
7) Solar Radiation

People are comfortable in a wide range of conditions found globally. They are probably affected by socio-economic
and cultural expectations.
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Previous studies on college-age students noted in ASHRAE 2021 Handbook of Fundaments that Rohles (1973) and
Rohles and Nevins (1971) showed correlations between comfort, temperature, humidity, gender, and length of
exposure. Those studies led to the development of the ASHRAE thermal sensation scale:

+3 hot

+2 warm

+1 slightly warm
0 neutral

-1 slightly cool
-2 cool

-3 cold

Based on the ASHRAE Standard 55 PMV/PPD model, the percentage of occupants thermally dissatisfied with the
indoor environment in the CAVAD Architecture building is 42%. This is a large number of test subjects voting that the
environment was not comfortable. Discomfort in the environment may have been due to the cooler than normal
temperature in the environment. Using PMV = -1.35, the PPD graph is shown below (Figure 7):

Figure 7: PMV/PPD in Architecture Building (Riverside, CA)

Adaptive thermal comfort models are an observation of constantly changing conditions under which people live and
work in buildings. When people are able to adjust their surroundings for adaption, they tend to be comfortable at wider
ranges. It was observed that the adaptive activities can increase the perception of comfort to a range of air temperatures
from about 63°F (20°C) to 88°F (31.1°C) (Humphreys and Nicol 1998). They showed that the adaptive model when
applied to a wide range of buildings, climates, and cultures is given by:

(tm“—71.6)
t. =75.6 +0.43(t,u — 71.6)exp —\" 611
Where:

tc = comfort temperature, and

tout = monthly mean outdoor temperature

Adaptive models can help to make architectural design and energy-efficiency decisions. Such decisions must integrate
thermal comfort, lighting and energy efficiency. According to a recent study (Sandeep, Haberl, Clayton, & Yan, 2014)
“Building performance analyses are important aspects of designing sustainable buildings. One of the performance

Observations of Thermal Comfort Conditions in Two Schools in Southern California and Nairobi, Kenya
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analyses done by architects is to predict how buildings are performing in terms of their luminous environment as a
result of daylighting”.

Another study (Chen & Yang, 2015) observed that “Indoor thermal comfort and daylight access are two major concerns
of building occupants, as they spend about 80% to 90% of the time on indoor activities”. Added to this study is the fact
that natural ventilation is an effective sustainable design strategy that can promote indoor air quality, thermal comfort,
lighting comfort and energy efficiency as observed by many researchers.

The paper suggests that there is a distinction between thermal comfort responses in air-conditioned vs. naturally
ventilated buildings. It suggests that an emerging need of adaptive factors for thermal comfort may influence results of
one’s thermal experiences and expectations. Observation of the measured and simulated data showed that students
were within the Psychrometric Chart comfort zone as defined by dry bulb temperature and humidity. The primary
difference between the three comfort models, namely Califrnia Energy Code, ASHRAE Standard-55 PMV/PPD, and
Adaptive model was the length of comfort hours. The adaptive model was the longest. Different comfort models have
a different effect on the number of hours that fall within the comfort zone.

4.0 CONCLUSIONS AND LESSONS LEARNT

Adaptive models can help to make architectural design and energy-efficiency decisions. Such decisions must integrate
thermal comfort, lighting and energy efficiency. When people are able to adjust their surroundings for adaption, they
tend to be comfortable at wider ranges. There is mounting evidence (Humphreys, 1996; Karyono, 2000) that suggests
that thermal perceptions are affected by factors that are not recognized by current ASHRAE comfort standards in
naturally ventilated spaces. Hence, this study is one in a series aimed to try to answer and explain some of the factors.
Comparing the measured data gathered by instruments and questionnaire with simulated data gathered by software
and formulae shows that predicting thermal comfort sensation of occupants in the academic building may not always
be accurate. Measured data provided a better more complete perception of responses than those simulated.
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Nature-Based and Hybrid Infrastructures to Build
Resilient Cities through the Rivers: Two Case Studies
in Addis Ababa (Ethiopia)

Ruben Garcia Rubio', Ryan J. Green', Sonsoles Vela Navarro'

"Tulane University, New Orleans, LA

ABSTRACT: The city of Addis Ababa has experienced rapid urbanization over the past half-century. Its population has
boomed to over four million residents. In contrast, its supporting systems have not caught pace with its rapid growth,
and in many places is completely lacking the infrastructure to support its residents. This situation has led to rapid
pollution of the city's network of rivers and deteriorated its ecologies. In working to address the needs of its growing
population, the city must focus its resources on rehabilitating its natural systems and using the occasion to create hybrid
infrastructures as an opportunity to resolve multiple urban issues related to its growth. This paper analyzes two
sustainable infrastructures that use the rivers and their associated ecologies as their primary design component. The
recently opened Zoma Museum assists in educating the population on the importance of valuing the environment and
traditional techniques that are beneficial to their ecosystems. Similarly, the theoretical proposal for a Neighborhood
Resiliency Center provides a potential model for a scaled intervention of the city waste management issues that are
simultaneously extended into multiple socio-cultural functions for the citizens. Both serve as examples of how new
nature-based and hybrid infrastructures can help build more resilient cities.

KEYWORDS: Addis Ababa, Climate Change, Resilient Urbanism, Sustainable Infrastructure, River Management

INTRODUCTION

Rivers have played a crucial role in human settlements since immemorial time. From the Tigris and Euphrates to the
Nile, the Tiber, the Pearl, or the Mississippi River allowed being founded and growing some of the most significant
human settlements (Kummu et al. 2011). These river networks have been used for basic needs such as water supply
or sanitation but also to stimulate transportation, commerce, industry, or, more recently, recreation (Adeloye 2009;
Jordaan 2009; Fang et al. 2018).

However, when the initial human settlements become significant entities, and their urbanization process accelerates,
the relationship with the water bodies changes (United Nations 2008; Grimm et al. 2008). The rapid growth of many
cities has not kept pace with the development of their infrastructures. In these cities, a common consequence is the
pollution of their water bodies. Over time, contamination of many rivers rises to undesirable conditions and the quality
of the water in the cities becomes a significant issue for public health (Parker 1936, Ren 2014). Ethiopia’s capital, Addis
Ababa, is currently experimenting with a comparable situation.

Addis Ababa has almost doubled its built area and population in the last five decades -and counting (United Nations
2019, UN-Habitat 2017). However, the city's rapid growth has not been accompanied by developing the infrastructures
needed to accommodate the population's basic needs. Nowadays, the tangle of water bodies, once the proud frontline
of the city and reason for its settlement, has been relegated to a mere open sewer where the city throws its waste and,
consequently, fosters a vicious circle (Garcia Rubio and Scott 2020b).

This paper unfolds two examples to show how to convert Addis Ababa into a more adaptive city through urban and
architectural design which is based on its ecologies. The first section analyzes the current relationship between the city
and its rivers and highlights the leading causes of pollution of the water bodies. Next, two specific interventions will be
described in detail: the recently inaugurated Zoma Museum and a theoretical proposal for a Neighborhood Resilience
Center. Together, they will show how designing hybrid nature-based infrastructures for the rivers can improve not only
a city's ecologies but also its resilience.

Nature-Based and Hybrid Infrastructures to Build Resilient Cities through the Rivers:
Two Case Studies in Addis Ababa (Ethiopia)
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1.0 ADDIS ABABA AND RIVER POLLUTION

Addis Ababa does not have one large river but a tangle of many small rivers and streams. In fact, its foundation was
intimately related to water bodies. The existence of some hot springs on the slope of the Entoto Mountains, and the
fertile soil produced by the number of rivers, encouraged Emperor Menelik Il and Empress Tauti to move the military
camp from the inhospitable and hardly accessible peak to a warmer and more productive location in the late 19th
Century (Sellassie 1931, Pankhurst 1961). Nonetheless, the city has turned its back on the water bodies over time,
despite its historical and physical relationship.

Currently, Addis Ababa is experimenting with unprecedented levels of river pollution (Centre for Environmental Science,
Addis Ababa University 2017). An incomplete and obsolete sewage network, an inadequate solid waste management
system, domestic organic matter discharge, industrial leakage wastes, agricultural and washing outflow are among the
most common waste sources in the city (Figure 1 & 2).

The sewerage system for the city is extremely undersized or non-existent in certain areas. Currently, the city operates
two central wastewater treatment plants, the Kality and Kotebe. Kality treats the piped sewer lines for the city and the
Kotebe facility is responsible for sludge collection from the city's open pit latrines (Teklu 2012). As reported by Addis
Ababa University for the city's government: 64.8% of the population are using pit latrines, 13.1% have no sanitation
facilities at all, and 22.1% have flushable toilets. Average annual wastewater production is 851 tones while only 12%
of this is collected and treated by the city's system (Centre for Environmental Science, Addis Ababa University 2017).
Most of the system is open air trenches and the vast majority of both trenched and piped sewerage empties directly
into the river network, effectively turning it from a water source into a sewer line.

The solid waste management system experiences a similar situation of undersized infrastructure. As reported by the
city's Water and Sewerage Authority (SWA) in 2010, 76% of solid waste within the city comes from households with
each of the over 3 million residents estimated at creating 0.4 kilograms per day with over 200,000 tons being collected
each year (UN-Habitat 2017). The remainder of waste comes 18% from institutions such as commercial facilities and
hotels and the remaining 6% collected by the city is from street sweeping. Of all being collected, it has been reported
that 60% is organic in nature and 15% is recyclable (UN-Habitat 2017). It has been estimated that 65% of the solid
waste generated within the city is collected by the SWA, 5% is recycled, and 5% is composted. The remaining 25% is
dumped onto unoccupied urban lots, drainage channels, streets, and directly into the city’s rivers (Community
Development Research 2011). In addition, more than 12% of households have been reported to dump their waste on
the streets or vacant plots (UN-Habitat 2003).

Figure 1 & 2: Urban and river pollution in Addis Ababa. Source: (Author 2019)

Fertilizer and livestock runoff from urban farming operations is also being continuously discharged into the city’s
waterbodies (Centre for Environmental Science, Addis Ababa University 2017). Major crops that support the population
of Addis Ababa are irrigated with polluted water from the river network as they are located downriver from the city (Teklu
2012). Agricultural runoff from the excessive use of nitrogen and phosphorous results in eutrophication, growth of algae
and weeds that deplete oxygen in the water that then affects aquatic flora and fauna (Centre for Environmental Science,
Addis Ababa University 2017). Moreover, Addis Ababa contains more than 2500 industries and more than 90% are
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noted to illegally dump their wastewater into the river network, further contributing to the existing sewerage problems
the system is experiencing (Centre for Environmental Science, Addis Ababa University 2017). Runoff from the urban
environment flowing into rivers is carrying construction debris, sediments, plastics, and other domestic wastes (Edessa
2017).

The city requires infrastructural improvements that will not only meet the needs of the growing population, but that can
also mitigate the pollution currently seen throughout the city. Systems which focus on natural processes will be
beneficial in attracting the population to embrace new infrastructure and to play a part in the remediation of the city’s
polluted land and waters.

2.0 ZOMA MUSEUM, A SOCIOCULTURAL ECO-INFRASTRUCTURE

Zoma Museum was founded by anthropologist and art curator Meskerem Assegued and artist Elias Sime in Addis
Ababa. The museum officially opened in 2019, but its history began in 2002 as a collaboration to form a contemporary
art center (Zoma Museum. n.d.). Over the next decade, the institution began purchasing land in Mekanisa, with the
acquired lot being described as a "very dirty and fetid farmland" area (Assegued, Email to authors, October 2021). It is
adjacent to the Akaki River located in the south-west part of the capital and sits on two acres of land (GFHS 2020). The
complex contains several constructions flanked around a central gallery, including a school, library, restaurant,
amphitheater, and botanical and urban garden. Place and program encouraged the founders to envision an eco-
sensitive art institution involving art production, architecture, and landscaping, with specific research being on timeless
vernacular forms which are traditional to the region and its climate (Berlanda 2020). This statement is clearly exposed
in both the landscape spaces and the buildings.

Figure 3: Canals and planting of the Zoma Musuem. Source: (Author 2019)
Figure 4: The chikka architecture and wall designs of the Zoma Museum. Source: (Author 2019)

The location played a crucial role in the confirmation of the institution's statement. The proximity to the river and the
sloped topography made the final plot prone to receive polluted water outpouring from the upper part of the
neighborhood. As "we [Zoma Museum] are located on the lower side of the city, all kinds of water come through our
compound, including sewage," state the founders (Assegued, Email to authors, October 2021). That is why the central
concept behind the development of the exterior spaces was the conjunction of a significant green area with channels
to collect, clean, and reuse the water.

Nature-Based and Hybrid Infrastructures to Build Resilient Cities through the Rivers:
Two Case Studies in Addis Ababa (Ethiopia)
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Remediation of the site was the first step. Existing weed and grass vegetation was removed from the fetid land, and
careful consideration was taken to keep existing indigenous and endemic plants and trees. In this process of cleaning
the earth, the team discovered buried solid waste on the site, which was removed. All unused vegetation was burned,
and the ashes were used as fertilizer for the new growth planned for the site, including herb, vegetable, and flower
gardens (Assegued, Email to authors, October 2021).

Once the land was clean and ready to plant again, the founders developed the new landscape. The exterior spaces
are designed with the site's natural slope in mind, across several levels terraced with dry stone walls with cobblestone
walkways and utilize a gravity-fed irrigation system through a series of meandering canals (Figure 3). In the collection
process through the channels, the polluted water is naturally cleaned through vegetation (reeds), sand sediment filters,
and exposition to the sun before it enters the cultivated gardens. Rainwater is also collected in the buildings and the
exterior spaces through this canal system to reuse it or channel back into the river for ease of drainage (GFHS 2020).
This triple-action (collection, cleaning, and reusing) gives the channels a key role in the sustainable design of the
compound by rooting it in both the context and the tradition.

Similarly, the symbiosis between art, architecture, and nature, is exposed in the construction of the main buildings
(Figure 4). As Assegued and Sime sought to focus the design on vernacular techniques traditional to Ethiopia, they
decided on construction technique for the buildings was a form of waddle and daube called chikka (Mattioli 2019). This
traditional technique is an ancient -and nearly universal- construction form which consists of a wooden frame with stick
latticework between the vertical frame members, which is then covered in a mud and fiber mixture. Chikka specifically
utilizes a bamboo frame that is held together with strings with an on-site sourced mud and straw mixture. This
construction form has the benefit of being environmentally sound, with all resources used in producing the structure
able to be taken from the immediate site, and the construction helping to naturally regulate the internal temperature.

Also, the setting process required by the mud used in the construction had the additional benefit of being a canvas
used for artistic expression. Sime was able to form diverse designs into the facades of the various structures with
different meanings within each design, such as the winding line and fingerprint pattern of the main gallery that expresses
the experienced difficulties of the project's builders (Berlanda 2020). The Zoma Museum confirms the abilities of
traditional practices of construction and landscape design as resilient and environmentally friendly, plus it actively works
to better the ground it sits on and the community that uses it. In addition, its various components come together to
inform of Ethiopia's culture and promote the ability of its citizens to create a better future for their city and country.

3.0 A NEIGHBORHOOD RESILIENCE CENTER

The Neighborhood Resilience Center is a theoretical proposal for Addis Ababa. This design is part of the academic
research project "Addis Ababa River City," whose main aim is to design a holistic urban resilience strategy for Ethiopia's
capital by using the river network as a catalyst for urban regeneration.i.To do that, the proposal is based on the multi-
level analysis of the current city-state developed by the research project and is inscribed in the sustainable infrastructure
proposed for the Upper Kebena river area (Garcia Rubio and Scott 2020a). This infrastructure is designed under three
main perspectives: ecology, the recovery of river and riverbanks; connectivity, the creation of longitudinal and
transversal mobility networks; and, opportunity, the promotion of points of interest to activate different zones. The
Neighborhood Resilience Center intertwines the three perspectives above mentioned as part of its design (Figure 5).

Through an analysis of the city's existing conditions, an initial catalyst was identified as the lackluster performance of
the waste management system. As partially outlined previously in this paper, the system operates extremely inefficiently
with its gaps leading to a buildup and backlog of solid waste throughout the city. Resulting from this backlog, the
population has resorted to open burning of trash and creating informal landfills at unoccupied land. This condition of
unoccupied land exists most prominently along the river network.

Currently, the city waste management system is organized as a centralized tiered system with primary and secondary
components. Primary collection occurs at the neighborhood level by a series of micro enterprises that hold contracts
with the government. Each contractor is assigned a zone of 800 to 1000 households. In total, there are over 500
recognized contractor enterprises representing over 5800 individuals employed in the field. These neighborhood
contractors bring waste to designated collection points where the 10 sub-city governments collect the waste for
relocation to the central Koshe landfill and Repi waste to energy facility. The Koshe / Repi facility is a 25-hectare plot
and is the only central collection point for the city (UN-Habitat 2017). Repi opened in 2018 with the potential to supply
30% of the city's households with power (Scott 2018). However, it has not operated properly since its inception due to
the high volume of organic waste collected which is not suitable for the incineration process required in traditional waste
to energy facilities. The facility, while being the central plant for the city, was only designed to meet 50% of the daily
waste collection which will only serve less and less with the amount of population growth the area is experiencing
(Alemu 2019).
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Figure 5: Proposed Neighborhood Resiliency Center Plan. Source: (Author 2021)

From this understanding of the current inadequacies of the system, a replicable intervention is required to create a
decentralized waste management system that can scaled with the growth of the city. It needs to address the issues of
waste and pollution close to citizens homes and to eliminate the practice of open dumping and burning to help protect
the health of citizens and the areas ecology.

Moving away from the city scale model of the centralized waste management system is a proposed solution to the
waste management issue within Addis Ababa. Having collection and processing at the neighborhood level provides
several benefits to both the city and its constituent neighborhoods. Localizing the system has the benefit of maintaining
the employment of the city’s micro enterprise solid waste collectors and removes the inefficiencies at the city level that
have resulted in buildup of waste and a lack of collection throughout. Citizens will be within walking distance of a
resiliency center that serves not only to stem the causes of pollution outlined before, but to create a site that embodies
the goals of ecology and connectivity. The site gives back to the community through both its inputs and outputs,
assisting in encouraging its use by and making it a central node of the neighborhood.

The design separates the forms of waste to best take advantage of their disposal process and create useful outputs
where available. As noted previously, the city’s solid waste is highly organic in composition. To take advantage of this,
each resiliency center will process organic waste through the primary program of a biogas waste to energy plant. Here,
organic waste collected from the neighborhood is allowed to decompose in tanks where the biproduct of methane is
collected for use in electrical production for all programs on site. The remains of the organic waste after methane
harvesting are then used on site or sold to local farmers as a natural fertilizer and soil. Agricultural beds on site directly
adjacent to the biogas structure allow for immediate use to produce crops for the community. At the entry court to the
biogas building, separate dumpsters are meant for the collection of inorganic waste, which will be collected by the city
and properly processed at the Repi Waste to Energy plant.

Nature-Based and Hybrid Infrastructures to Build Resilient Cities through the Rivers:
Two Case Studies in Addis Ababa (Ethiopia)
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Choosing a site along the Upper Kebana river creates an opportunity to provide water treatment to the currently polluted
river and to gain water for both the agricultural programs on site and the community that uses it. Directly at the river, a
separate filtration channel is created that moves water through rubble, sand, and aquatic plant sections to naturally
remove harmful elements from the water. From here water is pumped from the Upper Kebana river to the site above
where it is channeled to irrigation channels and a treated bottle filling station. Like the Zoma Museum, the irrigation
channels are further able to filter water before it is used on the agricultural beds. The water treatment building allows
for users of the site to fill bottles for individual and home use and provides a return service to those who bring their
waste to the site (Figure 6).

Figure 6: Neighborhood Resiliency Center System Diagram. Source: (Author 2020)
Figure 7: Neighborhood Resiliency Center Rendered View. Source: (Author 2020)

To further incentivize use by residents, secondary programs which also provide services to the community are
incorporated. Including a covered market that allows for the produce grown on site to be directly sold to users and
welcomes other neighborhood vendors to participate in a central market point. A riverfront trail provides recreational
and connective opportunities to residents and refocuses attention on the city’s river network. On site walking paths and
gathering spaces weave through the agricultural beds and encourage people to stay on the site and to explore the
natural reuse and water purification processes in action. Educational classrooms provide space for deeper
understanding in the topics of reuse and further service as community support spaces. Each of these programs both
provide necessary services to each resident of the zone the neighborhood resiliency center serves and encourages
them to be active participants in creating a cleaner urban environment. Waste produced by the community is reframed
from being a health hazard and pollution source into playing an integral role in the vitality of the area (Figure 7).

CONCLUSION

The Thames River was once used as an open sewer channel until the cholera epidemic in the 19th Century forced the
city of London to create a modern sewage system to avoid the spread of the iliness (Mann 2016). Nowadays, with
increasing rates of climate change impacting populations across the globe, it is important for designers to rethink our
cities infrastructures and the processes they utilize. Designers should also understand complex issues such as urban
pollution, population growth, and the state of systems to create new, more resilient urban infrastructures and should
act before being forced to do so by major cataclysmic events. Understanding the state of Addis Ababa, it is easy to see
that the city is near a breaking point with its current urban systems. Continued growth will only further overwhelm its
infrastructure and lead to greater pollution of its environment. There is, however, great potential to enact
environmentally sound, nature-based infrastructure techniques to remediate its environment and to encourage its
population to participate in creating a better, more resilient, urban condition.

As shown in the Zoma Museum, utilizing an intentionally designed landscape can revitalize polluted land and create a
productive landscape for their population. Natural filtration processes can be implemented with the benefit of minimizing
physical pollution into river networks and not requiring any human made high energy mechanical treatment processes.
Similarly, the Neighborhood Resiliency Center proposal examines the potential of decentralized infrastructure for the
benefit of rapidly growing populations and through an understanding of the existing makeup of the city’s waste uses
natural decomposition process of mainly organic nature of Addis Ababa’s waste to create positive outputs to the
community. It also utilizes natural water filtration techniques to supplement its agricultural program with other secondary
programs to incentivize the sites use by residents. Its highlighting of natural processes fosters community education
and participation in the solid waste regeneration and leads to an embracing of infrastructure as a node of community
engagement.
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Both cases studies show that there is a significant opportunity to utilize nature-based processes to minimize energy
requirements and pollution outputs into the environment. The use if hybridized nature-based infrastructures have the
potential to reframe the internal workings of cities all across the globe and make them more resilient and sustainably
adapted to their environments.
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ENDNOTES
i “The fruits trees include, pomegranate, fig, apple, orange, lemon, avocado, banana, papaya, zeytuna, etc. Vines
including: pepino, passion fruit, chawchaw, nasturtium etc. The vegetable include kale, spinach, green, salad, tomato,
potato, carrot, lick, onion, garlic, ginger etc. The herbs include: iritzia, rosemary, lemon, verbena, mint, paper-mint, rue,
thyme, damakese, basil, cardamom, lippia abyssinica (Koseret), bay leaves etc.” Meskerem Assegued, Email to the
authors in October 2021.

i The "Addis Ababa River City" research project is an independent, multidisciplinary, and long-term progra
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Social Scorecard: A Comprehensive Social Health
Analysis Tool

Edgar Stach', Summer Koch'

TInstitute for Smart and Healthy Cities, Thomas Jefferson University, Philadelphia, PA

ABSTRACT: Smart and Healthy Cities, an emerging focus within urban planning strategies, refers to a conceptual
framework of incorporating sensor-driven data collection technologies in the continual process to improve the health of
its citizens (Stach 2021). Derived from this conceptual framework and understanding that investments into the urban
environment, driven by economic constraints, are developed through targeted social health outcomes in isolated
sectors, Social Scorecard investigates the Social Determinants of Health (SDOH) within urban environments to
understand their impact on the human condition. Social Scorecard aims to create a parametric model capable of
communicating the holistic impact of proposed social health intervention strategies. Social Scorecard goals include: (1)
integrate various data streams providing social health data into a single analytic engine, (2) create of visual analytic
maps to understand social health risk zones, (3) encourage the development of holistic intervention strategies, (4)
predict the impact of social intervention and investment projects, and (5) utilize this tool as an effective teaching
resource for academic programs as well as a means to assess the impact of design and infrastructure changes before
implementation for community and city leaders. The research and project outcome is the creation of a comprehensive
scorecard framework to evaluate the health of urban social health conditions. This framework focuses on Philadelphia,
Pennsylvania and outlines possible pilot project solutions for conversion into a model Smart and Healthy City.

KEYWORDS: social health + urban environments; social determinants of health; equity + the built environment;
information + communications technology

Introduction

Urban land in the coterminous United States is projected to nearly triple from 3.1% in 2000 to 8.1% in 2050 with most
of the urban growth projected to occur around the more heavily urbanized areas (Nowak and Walton 2005). This rapid
urbanization, driven by economic growth and employment opportunities, aging infrastructure, and the effects of climate
change highlight how the evaluation of social health is crucial to public wellbeing. Through the development and
implementation of holistic urban investment strategies, cities could create more pleasant environments while also
reducing associated health risks for their residents. Smart growth, with a focus on clean and sustainable transport,
higher energy efficiency and social cohesion has the potential to contribute to healthier cities and create a smart,
sustainable, and inclusive economy, reducing differences in health outcomes and life expectancy by making positive
changes that affect the entire community (Sotres 2017). Combining the Smart City and Healthy Cities Approach urban
planning ideologies, Smart and Healthy Cities aims to standardize the integration of technological systems to promote
the health of its citizens; the Smart and Healthy Cities conceptual framework presents the opportunity for a holistic
evaluation of the social health for community members within a selected urban environment.

Smart City refers to a city with a focus to become self-aware through measurement and monitorization of data; often
achieved through the integration of sensor-driven data collection and powerful analytics are used to automate and
orchestrate a wide range of services in the interest of better performance, lower costs and lessen environmental impact
(American Society of Landscape Architects 2021). Smart cities utilize information and communications technology (ICT)
in three main capacities to enhance livability, workability, and sustainability directly for citizens throughout the region
and indirectly for the overall human population. The first use of ICT throughout a Smart City is to collect data about
itself by installing sensors or other devices or updating existing interconnected systems to detect information; this data
is then communicated through wired or wireless networks for analysis to document current conditions and predict future
outcomes. The incorporation of ICT into the fabric of a Smart City strengthens our ability to understand human impact
on our natural environment and how we may exploit technological advancements to be a Healthy City.

Healthy Cities are defined by the continual process and commitment to improve the health of its citizens; a healthy city
is one that continually creates and improves physical and social environments while expanding the community
resources which enable people to mutually support each other in performing all the functions of life and developing to
their maximum potential (WHO Regional Office for Europe). Remaining conscious of public health conditions and
striving to improve them, a Healthy City is required to demonstrate their commitment to health by implementing a
transparent process and structure to achieve their goals. The Healthy Cities Approach seeks to place public health high
on the political and social agenda of cities and build a strong movement for public health at the local level (WHO
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Regional Office for Europe). The Healthy Cities Approach recognizes the determinants of health and the need for
collaboration across all public, private, voluntary and community sector organizations strongly emphasizing equity,
participatory governance and solidarity, inter-sectoral collaboration, and action to address the determinants of public
health. This process entails explicit political commitment, dedicated leadership, institutional reform, and inter-sectoral
partnerships (WHO Regional Office for Europe). Successful implementation of the Healthy Cities Approach requires
innovative action addressing all aspects of public health and living conditions in tandem with extensive networking
between cities. This collaborative approach includes involvement by local people in decision-making, requires political
commitment, organizational and community development, and recognizes the process to be as significant as the
outcomes.

The Social Determinants of Health (SDOH) are defined as the conditions in the places where people live, learn, work
and play that affect a wide range of health risks and outcomes within the interrelated social structures and economic
systems that shape these conditions (Determinants of Health 2017). These indicators include aspects of the social,
economic, and physical environment, in addition to individual characteristics and behaviors, which are vital to an
accurate analysis of a community’s social health. These SDOH indicators serve as the data items within their respective
sectors to create a holistic evaluation of chosen urban environments. A holistic evaluation of social health, through the
development of this social scorecard rating system, is critical for the future development of equitable, healthy, and
social urban environments.

1. Social Scorecard Overview

Vision: Transform urban environments into healthy, social communities.

Mission: To create an accessible and equitable means of analyzing the social health of cities for targeted social
intervention strategy investments.

The following criteria act as a framework in determining whether a city can be classified as a Smart City, developed
based on previous research. Determinants for a Smart and Healthy City include:
1. Utilization of infrastructure to collect data and/or communicate information
2. Incorporation of collected data into city-, infrastructure-, and policy-planning
3. Increase human quality of life in aspects of ease/convenience, access to common resources, health,
personal security, and beauty of surroundings
4. Detection and communication of environmental and personal security risk factors
5. Elimination of pollutant emissions or reversal of pre-existing and future damage caused by pollution
6. Adaption and incorporation of natural processes to maximize city potential for prosperity as witnessed
through increased ease/convenience, health, beauty of surroundings, and personal security
7. Conservation and management of resources to eliminate or address environmental risk factors

What is this project trying to accomplish? The creation of a comprehensive scorecard to describe the social
health of a community within a selected urban environment. Using data relevant to the city of Philadelphia, Social
Scorecard aims to build a comprehensive and collaborative engine across disciplines to assess the social health status
across any city given the proper criteria. This engine would provide a holistic understanding of the interrelationship
between indicators of urban social determinants of health, presenting opportunities for social intervention strategies,
through the creation of layered heat maps highlighting social health risk zones throughout the chosen urban
environment.

Why are we trying to accomplish this? A comprehensive matrix scorecard could be leveraged to evaluate
opportunities for community and city officials by presenting a variety of solutions capable of providing a desired
outcome. Clear visuals overlaying social health indicator data provide clear zones of high social risk, possible plans for
action, a timeline and investment possibilities for confronting the various social determinants. Enabling community
members and city officials across all disciplines to comprehend social health data encourages local involvement within
policy- and investment-making decisions to maximize potential community benefits because of investment funds. These
comprehensive graphics would empower local governments and community leaders to develop holistic solutions to
social health risks as opposed to the traditional methodology of studying social health indicators within isolated sectors.

How does this project plan to do this? Connecting all SDOH indicators into a singular parametric model capable
of visualizing overlayed information, the integration of data sets across a variety of public, private, and academic
disciplines empowers users to indicate communities within an urban environment in need of social health intervention
and analyze the impact of investment strategies before implementation. The integration of these SDOH indicators as
data sets within a parametric matrix would generate graphics communicating existing social health conditions, which
could be further manipulated in response to proposed intervention solutions. This synthesis of knowledge of disciplines
currently studied in isolation allows for a cross-disciplinary approach towards city investment and development.
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Social Scorecard would include sectors of the following SDOH sectors,
further discussed within this proposal:

1. Housing

Transportation and Mobility
Economic Wellbeing

Crime and Violence

Social Support and Social Context
Food and Agriculture
Healthy Literacy
Environmental Health
Population Demographics
Energy Consumption

Retail and Restaurants

220N WN

- O

Case Studies

Healthy Streets Approach for London. The Healthy Streets Approach, adopted by the Mayor and Transportation
for London as a result of recognizing an inactivity crisis within the population of London, refers to the system of policies
and strategies to encourage London citizens to use cares less and walk, cycle and use public transport more. Having
identified active travel — walking, cycling, or using public transportation — as providing the easiest and most affordable
means of increasing the general public’s activity and health, key targets for implementation of the Healthy Streets
Approach include: (1) increase the number of trips made by “sustainable modes of transport” (walking, cycling, car
share, and public transportation) to 80% by 2041; (2) for all London citizens to undertake the 20 minutes of daily active
travel as recommended to stay healthy by 2041; (3) realization of Vision Zero (a plan for the elimination of all death
and serious injuries within London’s transport system) for road danger by 2041.

With a strong focus on investment strategies within the Transportation sector, Healthy Streets Approach also aims to
improve air quality, reduce congestion, and help make London’s diverse communities greener, healthier and more
attractive places to live, work, play and do business (Greater London Authority). As the Healthy Streets Approach
details a long-term plan for improving the experience of London citizens and visitors while on the streets, adoption
requires systemic change within three main levels of policy-making and delivery aimed towards improving the
experience of traveling through and spending time on London’s streets: direct interaction through the Street Level;
planning and managing London’s transport networks on the Network Level; and future policy and planning on a
Strategic Level. The Healthy Streets Approach uses the following 10 evidence-based indicators listed in Table 1 to
determine what makes streets attractive with a final goal to create a healthier city, in which all people are included and
can live well, and where inequalities are reduced (Greater London Authority).

Table 1: Healthy Streets Approach Social Health Indicators. Source: (Greater London Authority)

How It Is Measured
London'’s streets should be welcoming places for everyone to walk, spend time in and

Social Health Indicator
Population Diversity /

Pedestrians from all walks of
life

engage in community life.

Active Travel / People choose
to walk, cycle and use public
transport

Walking and cycling are the healthiest and most sustainable ways of travel, either for
whole trips or as part of longer journeys on public transport. A successful transport
system encourages and enables more people to walk and cycle more often.

Air Quality / Clean Air

Improving air quality delivers benefits for everyone and reduce unfair health inequalities.

Personal Security / People feel
safe

The whole community should always feel comfortable and safe on our streets. People
should not feel worried about road danger or experience threats to their personal safety.

Noise Pollution / Not too noisy

Reducing the noise impacts of motor traffic will directly benefit health, improve the
ambience of street environments, and encourage active travel and human interaction.

Access to Streets / Easy to
Cross

Making streets easier to cross is important to encourage more walking and to connect
communities. People prefer direct routes and being able to cross streets at their
conveniences. Physical barriers and fast moving or heavy traffic can make streets difficult
to cross.

Places to Stop and Rest

A lack of resting places can limit mobility for certain groups of people. Ensuring there are
places to stop and rest benefits everyone, including local businesses, as people will be
more willing to visit, spend time in, or meet other people on our streets.

Environmental Protection /
Shade and Shelter

Providing shade and shelter from high winds, heavy rain and direct sun enables
everybody to use our streets, regardless of weather.

Personal Comfort / People feel
relaxed

A wider range of people will choose to walk or cycle if our streets are not dominated by
motorized traffic, and if pavements and cycle paths are not overcrowded, dirty, cluttered
or in disrepair.

Social Attractions / Things to
see and do

People are more likely to use our streets when their journey is interesting and stimulating,
with attractive views, buildings, planting and street art and where other people are using
the street. They will be less dependent on cars if the shops and services they need are
within short distances, so they do not need to drive to get to them.
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SocialScape. Built upon extensive research compiled by the Socially Determined Foundation, SocialScape enables
stakeholders to easily digest complicated data signals that comprise social determinants of health and reveals the
patterns driving costs and utilization among communities and populations to deliver better outcomes. Addressing social
risk at scale requires visibility to the risk impact the entire population as opposed to isolated patient groups seen by
individual healthcare providers. “To act on social risk, organizations must be able to look across the populations and
communities they serve and quantify impacts so they can create sustainable strategies and programs ... We help
organizations understand the dynamics of social risk and create actionable programs to improve utilization patterns,
reduce costs, and improve health outcomes” (Beverina 2019). Social Scorecard aims to build a similar algorithmic
matrix to SocialScape capable of visualizing social risk zones within urban environments, fusing together all available
data sets, and creating analytic potential intervention strategies; these potential intervention strategies would be
presented through layered graphics as Social Scorecard quantifies the impact social risk has on predicted social
utilization, cost and outcomes for the selected population based on clinical, economic, demographic, social,
environmental, and location-based markers.

Table 2: Social Determinants of Health Indicators. Source: (Beverina 2019)

Social Health Indicator How It Is Measured

Economic Wellbeing Economics lies at the heart of many problems. We look at how factors like monthly
income, employment status, cost of living, access to benefits and financial security
affect health and wellbeing.

Food Insecurity Many people live in “food deserts.” For many Americans, the availability of unhealthy
food far outweighs healthy food options. We look at how being without reliable access
to enough affordable, nutritious food affects health and wellbeing.

Housing Insecurity We have seen direct casual links between housing conditions and certain disease
progressions. We look at how crowding and quality of dwellings within an area affect
the health and wellbeing of people living there. In addition, we look at how instability in
one’s housing affects health outcomes.

Transportation This is a hot topic today in healthcare with ride-share companies like Lyft and Uber
providing billions of dollars of non-emergency transport. We look at transportation
grids, general availability and accessibility, and safety of transportation in
neighborhoods in relation to health and wellbeing.

Crime and Violence A wealth of research shows that exposure to violence and crime is detrimental to
one’s health. We look at how the prevalence of violent and property crime in
neighborhood affects health and well-being.

Health Literacy We are looking at how the ability to obtain, read, understand, and use healthcare
information to make decisions and comply with treatment affects health and wellbeing.

Social Support This is one of the most important, complex and nuanced social determinant indicators.
We look at how the availability of assistance from other people and the feeling that
one is part of a supportive social network affect health and wellbeing. We also
examine triggers that can often occur in a person’s life that takes them from low to
high risk in an instant.

Social Determinants of Health Sectors

Understanding that investments into urban communities are typically tied to outcomes within traditional research
sectors, the following provides a brief description of each Social Determinant of Health sector that would be included
into the matrix of Social Scorecard. Each Social Determinant of Health sector also includes a list of impacted
stakeholders in conjunction with examples of direct and indirect indicators of social health to demonstrate their
interconnected relationships. As analyzing the implications regarding the social health of urban environments within
these sectors individually dominates current urban planning strategies, the creation of a comprehensive analytic tool
will empower urban planners and local community officials to fund social intervention strategies targeted for and
informed by their specific communities. Social Scorecard could be utilized in both the conceptual and analytic phase of
urban development strategies by presenting community-specific data outlining the location and severity of existing
social health risk zones, and to analyze the potential impact of chosen intervention strategies on their communities.

Housing. The role of housing as a social determinant of health is well-established, but the casual pathways are often
poorly understood beyond the direct effects of physical housing defects. For low-income, vulnerable households there
are challenges in creating a sense of home in a new tenancy which may have substantial effects on health and wellbeing
(Rolfe 2020). Poor quality housing and housing instability conditions have been associated with numerous physical
health conditions due primarily to poor indoor air quality, cognitive delays in children from exposure to neurotoxins, and
accidents and injures because of structural deficiencies.

Primary Stakeholders: Community Residents, Housing Authority, Education Boards, School Administrators/Teachers,
Parent-Teacher Associations (PTA), Homeless Populations, Law Enforcement, Criminal Justice System, Planning
Committees/Zoning Review Boards, Historical Society Members
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Direct Housing Indicators of Social Health

Indoor Air Quality; Allergens and Dust Mites;

Crowding Conditions; Rates of Homelessness;

Reuse of Obsolete Infrastructure; Quality of Infrastructure;
Home Accident Prevention; Fire Prevention;

Sustainable Building Materials; Asbestos and Lead;
Zoning and Building Typologies; Communicable Diseases;
Household Food Security; Sewage Management and
Treatment

Indirect Housing Indicators of Social Health

Mental Health; General Health;

Real Estate Property Values; Resident/Tenant Displacement;
Access to Safe and Affordable Housing,; Rates of Poverty;
Zones of High Risk; Psychosocial Disorders;

Air Pollution; Noise Pollution; Light Pollution; Water Pollution;
Heat Islands; Non-Communicable Diseases;

Access to Clean Water; Access to Safe and Affordable Food

Transportation and Mobility. An estimated 3.6 million people in the United States annually do not obtain medical
care due to transportation issues (Health Research & Educational Trust 2017); these transportation issues include
factors such as: a lack of vehicle access, inadequate infrastructure, long distances and lengthy times to reach needed
services, transportation costs and adverse policies that affect travel. As transportation touches many aspects of a
person’s life, adequate and reliable transportation services are fundamental to healthy communities and serve as a
vehicle for wellness.

Primary Stakeholders: Community Residents, Motorists, Pedestrians, Cyclists, Transportation Authority, Public
Transportation Operators, Car Share Drivers and Users, Law Enforcement, First Responders

Direct Transportation and Mobility Indicators of Social
Health

Indirect Transportation and Mobility Indicators of Social
Health

Separation of Pedestrians and Vehicular Transit; Speed Limits;
Pedestrian Access; Availability of Public Transit;

Controlled Parking Zones; Land Use Typologies;

Charging Infrastructure; Internet of Things (loT) and
Electronics;

Sewage Management and Treatment; Quality of Infrastructure;
Places to Stop/Rest; Fossil Fuels; Petroleum Products;
Merchandise Storage and Travel

Accidents Between Vehicles and Pedestrians; Road Trauma;
Psychosocial Disorders; Behavioral Health;

Recreational Use of Road/Paved Surfaces; Heat Islands;

Air Pollution; Noise Pollution; Water Pollution; Light Pollution;

Visual Impact of Community Infrastructure; Investment Funds;
Vector Borne Diseases; Response Time for First Responders;
Cold-Chain Reliability

Economic Wellbeing. Economic wellbeing factors are regularly measured as a mix of instruction, salary and
occupation at the point when seen through a social class lens, which often accentuates financial benefit, power, and
control. Economic factors are significant to all domains of behavior and sociology, including exploration, practice,
training, and promotion (Dolan 2008). A closer examination of economic well-being social health indicators as a
consistent variable emphasizes disparities in access to and the dissemination of assets throughout communities. The
incorporation of economic social health indicators to the matrix of Social Scorecard will become an additional layer of
data to produce location-specific graphics and analysis.

Primary Stakeholders: Community Residents, Small Business Owners, Corporations, Better Business Bureau,
Planning Committees/Zoning Review Boards, Financial Analysts
Direct Economic Wellbeing Indicators of Social Health | Indirect Economic Wellbeing Indicators of Social Health
Rates of Poverty; Rates of Unemployment; Vocational Raises in Rent; Real Estate Property Values;
Training;
Housing Tenure; Rent Subsidies; Insurance Rates;
Career Service Resources; Availability of Investment Funds;
Residential Income Revenue; Investment in Small Business

Rates of Incarceration; Rates of Homelessness;
Access to Safe and Affordable Housing;
Access to Safe and Affordable Food; Food Deserts

Crime and Safety. Crime and violence describe the exposure to violence in many ways, including being victimized
directly, as a witness to violence or property crimes in their community, or through hearing about crime and violence
from other residents (Hartinger-Saunders 2012). Violence and a reputation for violence is a leading cause of the
destruction of the health and well-being of a community; without the feeling of personal safety for residents within a
community, the potential for growth through social cohesion, economic investment opportunities, and population
demographics becomes stagnant. Moreover, the increasing number of individuals with diagnosed mental health and
substance use conditions in the criminal justice system has enormous discal, health, and human costs (Mental Health
America 2021). Incorporating crime and safety social health indicators into the matrix of Social Scorecard will allow for
investment strategies to preemptively understand their impact on the social cohesion of urban environments rather than
studying crime and safety statistics because of community investments.

Primary Stakeholders: Community Residents, Law Enforcement, Criminal Justice System, Firefighters, First
Responders, Emergency Medical Technicians (EMTs), Community Watch
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Indirect Crime and Safety Indicators of Social Health
Zones of High Risk; Zones of Preventable Health Risk;
Road Trauma; Response Time of First Responders;

Rates of Incarceration; Communicable Diseases;

Direct Crime and Safety Indicators of Social Health
Controlled Parking Zones; Lighting Along Walking Paths;
Speed Limits; Accidents Between Vehicles and Pedestrians
Home Accident Prevention; Rates of Conviction; Fire
Prevention;

Internet of Things (loT) and Electronics; Road Trauma;
Registered Sexual Predators; Pedestrian Access;

Drug Education Resources; Zones of High Crime

Feeling of Safety; Light Pollution; Vector Borne Diseases
Psychosocial Disorders

Social Support and Social Context. People’s relationships and interactions with family, friends, co-workers, and
community members can have a major impact on their health and well-being (Social and Community Context 2020).
Many people face challenges and dangers they can’t control which can have a negative impact on health and safety
throughout life; positive relationships at home, at work, and in the community can help reduce these negative impacts
by providing an outlet for us to connect and process our traumas or grief. As such, interventions to help people get
the social and community support they need are critical for improving the health and well-being of urban
environments.

Primary Stakeholders: Community Residents, Municipal Officials, Social Workers, Criminal Justice System, Small
Business Owners

Indirect Social Support and Context Indicators of Social
Health

Recreational Use of Road/Paved Surfaces; Mental Health;
Zones of High Crime; Non-Communicable Diseases;
Ecosystems; Rates of Homelessness; Psychosocial
Disorders;

Zones of Preventable Health Risk; Communicable Diseases;
Access to Safe and Affordable Housing and Food;
Resident/Tenant Displacement; Civic Participation; Visual
Impact of Community Infrastructure; Community Identification

Direct Social Support and Context Indicators of Social
Health

Behavioral Health; Psychosocial Disorders; Social Status;
Resident Age; Woman’s and LGBT Health Resources

Track and Prevent Disease via Social Risk; Food Banks;

Access to Community Resources; Community Maintenance;
Reuse of Obsolete Infrastructure; Community-Dedicated
Infrastructure/Space; Gender Identification; Community
Engagement; Availability of Green Space; Public Transit

Food and Agriculture. According to the U.S. Department of Agriculture, food insecurity is defined as a household-
level economic and social condition of limited or uncertain access to adequate food with either disrupted eating patterns
or reduced food intake (Coleman-Jensen 2021). Food insecurity, a determinant of health, affect more than 12.7 percent
of U.S. households — that is, an estimated 15.8 million households — in 2015 (Health Research & Educational Trust
2017). Adults who are food insecure are at an increased risk of developing chronic diseases, and children who are
subject to food insecurity are at increased risk for developmental issues, which can lead to an increase in hospital
readmissions and medical treatments.

Primary Stakeholders: Community Residents, Farmers, Agriculture Industry Workers, Food Providers, Convenience
Stores, Distribution Workers, National Oceanic and Atmospheric Administration, National Science Foundation,
Culinary Industry Workers

Direct Food and Agriculture Indicators of Social Health

Indirect Food and Agriculture Indicators of Social
Health

Soil Quality; Forestry Practices; Food Banks; Food Deserts;
Merchandise Preservation and Safety; Merchandise Storage
and

Travel; Outdoor Temperature; Waste and Landfills;
Livestock and Veterinary Drugs; Pesticides and Fetrtilizers;
Mechanization of Work; Land Use; Cold-Chain Reliability;

Household Food Security; Access to Clean Water;
Vector Borne Diseases; Air Pollution; Water Pollution;

Soil Pollution; Quality of Food; Merchandise Availability;
Biodiversity; Food Safety and Foodborne lliness Hazards;
Climate Change; Access to Safe and Affordable Food

Fisheries Practices; Reliance on Imported Merchandise/Goods

Health Literacy. The U.S. Department of Health and Human Services (HHS) defines health literacy as “the degree
to which individuals have the capacity to obtain, process, and understand basic health information needed to make
appropriate health decisions” (Baker 2006). As low health literacy is associated with poorer health outcomes and use
of healthcare services for community residents, understanding the cultural and linguistic barriers that often provide the
context for the exposure to health literacy skills is crucial for healthcare providers to provide proper care to their patients.
However, health literacy is not just the result of individual capacities to care for one’s health but also the health-literacy
related demands and complexities of the healthcare system (Rudd 2007). Analyzing population demographics,
especially in relation to linguistic, cultural and economic factors, provides a foundation for urban investment into
healthcare opportunities to become more accessible for our diverse communities, and provide equitable, targeted care
to their patients.

Primary Stakeholders: Community Residents, Healthcare Workers, Healthcare Researchers, Social Workers,
Emergency Medical Technicians (EMTs), Centers for Disease Control and Prevention (CDC)
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Direct Health Literacy Indicators of Social Health

Indirect Health Literacy Indicators of Social Health

Rates of Literacy; Gender Identification; Ethnicity; Age;
Communicable Diseases; Occupational Health Factors;
Biological Sex; Access to Safe Living Conditions; Genetics;
Intellectual Disabilities; Mental Health Conditions; Woman’s
and LGBT Health Resources; Response Time of First

Psychosocial Disorders; Zones of Preventable Health Risk;
Behavioral Health Patterns; Mental Health; Insurance Rates;
Track and Prevent Disease via Social Risk; Positive Patient

Health Outcomes; Non-Communicable Diseases;
Availability of Investment Funds

Responders; Access to Primary and Emergency Healthcare
Services

Environmental Health. The neighborhood people live in have a major impact, both direct and indirect, on their
health and well-being. Environmental factors — such as air and water quality, patterns of energy use, and patterns of
land use and urban design — globally affect an estimated 24% of the disease burden, resulting in the loss of healthy
years, and an estimated 23% of all premature deaths were attributable to environmental factors (Pruss-Ustun 2006).
Many people in the United States live in neighborhoods with high rates of violence, unsafe air or water quality, effects
of climate change, urban food deserts, and other health safety risks; while environmental factors are understood to be
linked to detrimental health outcomes, the relationship between environmental health and other social determinant of
health sectors — such as social contexts, transportation patterns, and economic wellbeing — has yet to be linked through

the lens of social urban contexts.

Primary Stakeholders: Community Residents, Forestry Industry Workers, Energy Sector Workers, Sustainable
Designers, National Oceanic and Atmospheric Administration, National Science Foundation, Department of Energy,

Agriculture Industry Workers
Direct Environmental Health Indicators of Social Health

Indirect Environmental Health Indicators of Social Health

Availability of Green Space; Land Use; Hydropower; Biodiversity;

Pesticides and Fertilizer; Soil Quality; Forestry Practices;
Sewage Management and Treatment; Stormwater Runoff
Management; Water Quality; Humidity, Solar Energy;
Ecosystems; Allergens and Dust Mites

Communicable Diseases; Heat Islands; Climate Change;

Places to Stop/Rest; Vector Borne Diseases; Outdoor Air
Quality; Air Pollution; Water Pollution; Soil Pollution; Light
Pollution; Non-Communicable Diseases; Visual Impact of
Community Infrastructure

Population Demographics. Many health experts believe that your ZIP code could be as crucial to your potential
health outcomes as your genetic code; according to the Institute for Medicaid Innovation, socioeconomic and physical
environmental factors that are directly linked to your local area account for up to 50 percent of overall health outcomes,
with another 30 percent tied to health behaviors which can affect Social Determinants of Health as well (Rumsey 2020).
As Social Determinants of Health challenges vary based on local conditions and can impact an individual's overall
health and quality of life, the act of analyzing a community’s demographic make-up must become fundamental when
determining social intervention strategies.

Primary Stakeholders: Community Residents, Census Bureau, Municipal Officials, Population Health Researchers
and Analysts, Community Watch, Law Enforcement, School Boards/Administrators

Direct Population Demographics Indicators of Social Indirect Population Demographics Indicators of Social

Health Health

Residential Income Revenue; Rates of Literacy; Age; Gender Non-Communicable Diseases; Rates of Homelessness; Rates
of

Identification; Marital Status; Ethnicity; Registered Felons; Poverty; Rates of Unemployment, Rates of Conviction; Rates
of

Registered Sexual Predators; Biological Sex; Social Status; Incarceration; Rates of Drug Use; Insurance Rates;
Community

Languages; Genetics; Intellectual Disabilities; Mental Health Identification

Energy Consumption. Within the technological age, energy has become an important resource for the economic
development of a nation and the social well-being of its citizens. While the discussion surrounding the sourcing and
use of energy has both positive and negative implications for international and domestic relations, the traditional
methods of fossil-fuel dependent energy sources through extraction, transportation and use has overwhelmingly
negative consequences to the health, environment, and economics of a society. Access to abundant, affordable,
secure, safe, and clean energy is beneficial for global society, as reliance for imported energy can create vulnerabilities
to a nation’s security (Climate Literacy & Energy Awareness Network 2020). Furthermore, insufficient energy supply is
detrimental to the economic growth of economies of both developed and developing countries, leading some energy
experts to indicate that in the fact of increases in energy consumptions, there is the need to conserve existing energy
use by using energy efficient means (Yeboah 2013). As nations continue to develop in the pursuit of a stable and
thriving economy, combined with predicted population growth trends, energy consumption will inevitably increase and,
as such, an understanding of the variables significant in influencing energy consumption patterns must be integrated
into urban planning strategies.
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Primary Stakeholders: Community Residents, Energy Sector Workers, Department of Energy, Municipal Officials,
National Oceanic and Atmospheric Administration, Agriculture Industry Workers

Direct Energy Consumption Indicators of Social Health

| Indirect Energy Consumption Indicators of Social Health

Internet of Things (loT) and Electronics; Petroleum Products;
Availability of Investment Funds; Fossil Fuels; Nuclear Power;
Solar Energy; Land Use; Mechanization of Work; Hydropower;
Charging Infrastructure; Biomass Fuel; Waste and Landfills;
Occupational Health Hazards

Water Pollution; Soil Pollution; Noise Pollution; Air Pollution;
Light Pollution; Visual Impact of Infrastructure;
Ecosystems; Biodiversity; Climate Change

Retail and Restaurants. A convergence of powerful external and internal forces — coverage expansion through
healthcare reform, technological advances, rising consumerism, retailers’ desire for increased foot traffic and cross-
selling opportunities, and more — are prompting may retailers to consider broadening their corporate growth strategy to
include health wellness services (Delegram 2015). Considering the COVID-19 pandemic and as the social and
environmental context surrounding retail and restaurants continues to evolve because of shutdowns and financial
restraints, capitalist societies have been forced to confront unprecedented challenges. One part of the evolution means
altering business operations to ensure the health and safety of retail customers and employees, but the implications
for social wellbeing of communities extends beyond the direct interactions experienced within retail settings. Lockdown
and social distancing measures to prevent the spread of COVID-19 have resulted in increasing levels of domestic
violence (Nicola 2020).

Primary Stakeholders: Community Customers/Consumers, Small Business Owners, Culinary Industry Workers,
Municipal Officials, Corporations, Better Business Bureau, Food Providers, Convenience Stores, Distribution Workers

Direct Retail and Restaurant Indicators of Social Health

Indirect Retail and Restaurant Indicators of Social
Health

Land Use; Cold-Chain Reliability; Merchandise and Brand
Availability; Quality of Infrastructure; Internet of Things (loT)
and

Electronics; Community Displacement; Building Materials;
Access to Clean Water; Indoor Air Quality; Pesticides and

Fertilizer; Allergens and Dust Mites; Merchandise Preservation
and Storage; Merchandise Storage and Travel;, Waste and
Landfills; Real Estate Property Values; Zoning and Building

Food Safety and Foodborne lliness Hazards, Community
Engagement; Access to Safe and Affordable Food; Rates of

Poverty; Rates of Unemployment,; Recreational Use of Road/
Paved Surfaces; Raises in Rent; Water Pollution; Soil
Pollution;

Air Pollution; Visual Impact of Infrastructure; Quality of Food;
Reliance of Imported Merchandise; Food Deserts; Fire
Prevention; Occupational Health Hazards

Typologies; Infrastructure Crime Prevention

NEXT STEPS

With an aim to serve as a foundation of research in the formation of a parametric matrix tool to assess the social health
of urban environments, Social Scorecard articulates indicators of social health and their interconnected relationships.
Programs that could provide valuable skills and knowledge in the creation of Social Scorecard as a functioning
evaluation matrix tool include:

Geospatial Technology for Geodesign. The primary goal for collaboration with the Geospatial Technology for
Geodesign program would be the creation of GIS-based maps depicted existing conditions relevant to social health;
these base maps will serve as the base to be analyzed to create a parametric modeling too to graphically depict an
urban environment’s social health via overlayed heat maps of each Social Determinant of Health sector. Secondary
goal for collaboration would be the exploration of the parametric modeling tool and its impact to social health
determinants to accordance with the outlined Social Scorecard conceptual model.

Relevant Skills and Experience: GIS-based tools, 3D parametric modeling, sustainable design

approaches, collaboration and innovation with an integrated process

Public Health. The intended goal for collaboration with the Public Health program would be to identify and integrate
health data and desired patient outcomes into the matrix of Social Scorecard. Equipped with the knowledge required
to interpret health data and its impact on public health, collaboration with the Public Health program would be able to
provide an avenue to develop policy and design techniques to reduce exposure to harmful environmental conditions
within urban contexts.

Relevant Skills and Experience: competencies in several key public health areas: health behavior and
social sciences, biostatics, environmental health, epidemiology, policy and advocacy, program planning,
implementation and evaluation of public health intervention strategies

Health Data Sciences. The intended goal of collaboration with the Health Data Science program, combined with
Public Health, would be to ensure proper integration and evaluation of health data sets into the matrix of Social
Scorecard. Incorporating their graphic representation skills with those within the College of Architecture and the Built
Environment programs will encourage an interdisciplinary graphic set in communicating varying layers of information.

Relevant Skills and Experience: statistical inference. algorithmic development, and technology to make
insights about technical health data
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Leveraging the collaboration opportunities listed above and this body of research, the final aim is to create a parametric
modeling script capable of integrating these indicators of social health and predicting possible outcomes. This would
allow us to create heat maps indicative of existing social health conditions within a chosen location; once a capitalist
investment strategy has been chosen to improve the desired determinant of social health, matrixed would be adjusted
and this tool would provide a layered heat map illustrating the potential impact.

As opposed to addressing determinants of social health within these traditionally isolated sectors, the comprehensive
nature of the proposed Social Scorecard parametric tool may encourage companies and/or government officials to
develop solutions with broader return on investment opportunities. As an example, investments in strategies focused
on the reduction of food deserts and promoting healthy food behaviors has broader potential impacts than the original
aim, such as: reduction of costs within healthcare, raise of real estate property values, and even encouragement of
social engagement within the community which could be evaluated through this tool.
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Resilience at the Water’s Edge

Vera Parlac’

"New Jersey Institute of Technology, Newark, NJ

ABSTRACT: This paper discusses projects that address resiliency at the water’s edge. It raises questions about the
nature of the negotiated territories that occupy this boundary. In nature, the capacity of organisms to adapt to changes
in their environment defines their resilience. In the built environment, resilience is traditionally seen as the capacity to
resist a potentially catastrophic event; this is often achieved with specific materials or engineered construction
techniques. But what might make architecture truly resilient is its ability to productively engage with its larger natural or
cultural ecology — to be able to ‘respond’ to challenges it is facing. To achieve this, architecture, and the built
environment in general, should be more tightly connected to the dynamics of those ecologies in order to facilitate an
active response to disruptions. How can we design for resilience without resorting to the highly engineered control of
unpredictable events? As the natural and constructed worlds meet, there is a need to control the interface between
them by preventing what we anticipate to be undesirable effects. That very space is what generates some of the most
interesting questions pertaining to the humanity’s relationship to technology. The impermeability of a boundary that
separates the constructed environments from the natural, and our perception of what is deemed undesirable, might
need a second look. This paper will discuss projects and issues raised by some of the recent projects by BIG (Bjarke
Ingels Group), a proposal for Tencent Net City by Jonathan Ward (Design Partner at NBBJ), and proposal to prevent
further erosion of Venice foundations by Rachel Armstrong (Professor of Experimental Architecture at the Department
of Architecture, Planning and Landscape, Newcastle University).

KEYWORDS: resiliency, water edge, flood, rising sea levels

RISING WATERS: INTRODUCTION

Millions of people around the world live in zones affected by the rising sea levels. Consequences are felt after each
heavy rain and storm event — or in some low laying regions of the world, even permanently. Existing infrastructure
designed to protect communities from water level oscillations is increasingly being challenged by compounded effect
of climatic fluctuations.

As urban settlements grew, their edges along the water transformed from green areas, estuaries, or wetlands into
industrial zones or transportation corridors. This loss of natural habitat, increase in impermeable surface area, and
inadequate infrastructure planning has made cities particularly vulnerable to seasonal or sudden water level surges,
tidal inundation, or groundwater table rise. Strategies to address these conditions are increasingly inspired and enriched
by reappropriation of techniques that acknowledge the need to co-exist with fluctuating waters as opposed to control
them. These techniques focus on negotiating natural variations of water levels and human occupancy. This approach
is more complex and involves many stakeholders, from governments, to engineers, designers, scientists, and public.
But it also reflects a cultural change in our relationship with the water and its flux. As public policies create space for
negotiating the shifting edge of the water, they are also moving away from hard engineering techniques that were so
prevalent in the past (Rossano 2021). In urban environments that rely on underground drainage and the containment
of water dynamics, a discourse about inundation brings up a new perspective that positions this edge as a living and
adaptive environment able to accommodate these changing rhythms and provide spaces for natural processes to
unfold. Negotiating this is challenging. It requires the reintegration of uncertainty into a designed environments that
include human activities, flood or storm events, as well as the incremental processes of sea level rise. It also requires
an awareness that contested edges are never fixed; they fluctuate over time, releasing and claiming territory. How can
design accommodate this continuous change?

1.0 SHIFTING GROUND: EXAMPLES

The shift from a vertical containment approach (levees, dams, pumps) to horizontal strategies (widening, temporary
storage) is associated with the renewed focus on ecology and an intensification of the natural edge. Softening of the
water's edge as a flood mitigation strategy brings together ecology and urbanity. This is reflected in many current
designs in urban centers. However, the space for the ebb and flow of the contested edge is a difficult design challenge;
it eludes the line of separation. If we accept the idea of a shifting ground, the question of permanency, as well as
ownership, is brought into question.
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We measure, survey, determine flood plains and then build structures in relation to determined metrics that disregard
the fluctuating nature of a dynamic force that makes many bodies of water incontrollable. Mathur and da Cunha
pointedly ask: What are the measures that can “still its dynamics to make it a subject of design? [...] are there other
measures more accommodating of its shifts?” (Mathur and da Cunha 2001, 38) Their question refers to the Mississippi
River and the heavily-engineered design of its containment, but could easily refer to any dynamic body of water. The
main question is where we start and stop measuring to design a control system, because designing a transitional
territory would have to allow for give and take and account for constant shifting.

In the fall of 2009, the Museum of Modern Art initiated the Rising Currents: Projects for New York’s Waterfront, selecting
five interdisciplinary teams to rethink urban infrastructure in the face of rising sea levels. This project was instrumental
in starting a conversation among many interested groups, from private citizens to scientists, city officials, state, and
federal government about how to address the complex issue of living with climate change. These projects formulated
innovative solutions that address dynamics of the water-land boundary, accommodating human activities and evolving
natural habitats. The solutions ranged from introduction of absorptive wetlands and parklands, and porous green streets
(Architecture Research Office (ARO), DLANDstudio); new natural and economic ecologies with recycling facilities and
energy producing elements (Matthew Baird Architects); protection and exploitation of low landfills that are subject to
the continual dynamics of water (Lewis Tsurumaki Lewis Architects); engaging the issue of contamination, water quality,
encroaching tides and natural oyster habitat (Scape); to novel urban paradigm that encourages silt accumulation
fostering natural resiliency (nArchitects) (Bergdoll 2011). These projects created soft infrastructure and explored the
edge between the water and land as a wide threshold that could accommodate water fluctuations in a different way,
beyond the usual engineered solutions.

Several years later the aftermath of the Hurricane Sandy led New York City to seriously think about its resiliency and
flood protection. The Lower Manhattan Climate Resiliency Study was developed in March 2019: This study considers
a wide range of climate hazards such as storm surge, excessive precipitation, or heat wave, but also conditions like
sea level rise, groundwater table rise, and tidal inundation that plagues coastal communities across scales.

Tidal inundation, groundwater table rise, and extreme precipitation, all present a constant risk for low-lying coastal
regions and cities built in these areas. These risks will only increase with the rise in frequency of these events. According
to the Lower Manhattan Climate Resilience Study, by the year 2100 all these factors will impact the city’s sewer system,
underground transportation system, underground utilities, and in some areas street transportation (Lower Manhattan
Climate Resilience Study 2019). This would impact not only the ability of businesses to operate but also potentially
structurally destabilize older buildings, generally disrupting daily life of the affected district.

The study provides a list of various adaptation strategies for flood protection, and they mainly revolve around three
approaches: (1) let the water in, (2) elevate properties or land edges, or (3) extend the water’s edge further by land
reclamation. Each one of these approaches has their challenges. If flood waters are allowed to flow in, various levels
of waterproofing and deployable flood gates, utility relocation, and structural stabilization are necessary. Elevating
properties, streets, and land edges requires a change in city planning strategies that, when applied piecemeal to
existing cities, require substantial engineering. Extending the water’s edge requires an engineered solution that further
encroaches on marine habitats. The study underlines that a strategic combination of these approaches, planned for
longer stretches of the coast, is required to address the challenges of rising waters.

Bjarke Ingels Group and One Architecture were among the main consultants for the Lower Manhattan Climate
Resiliency Study and their collaboration resulted in the Big “U” proposal developed to protect Lower Manhattan from
the impact of flooding and rising waters. The proposal was conceived as a 10-mile-long protection zone stretching from
East River Park to the Battery, broken into four physically separated flood protection areas: East River Park, Two
Bridges and Chinatown, Brooklyn Bridge, and the Battery. Even though these areas work together to protect the city,
they are designed to stand on their own during the flood and to address individual typology of each neighborhood. A
combination of bridging berms, deployable walls, and upland landscapes form the flood protection while at the same
time providing a public space for leisure and recreation. In this project the resiliency infrastructure, besides its protective
role, must address the needs of people, be integrated into spaces for various human activities, and address unique
community needs (The Big “U”, 2014). This approach is informed by BIG’s experience in Denmark and the Netherlands
and is focused on providing social and environmental benefits for all neighborhoods by making the infrastructure
multifunctional. However, a closer look at the proposal might raise the question that this new public space/realm is yet
another layer over an already engineered edge that for 150 years has served to extend boundaries of capital and profit
currently threatened by the rising sea levels: What has fundamentally changed? One cannot help but wonder whether
this proposal considers change of the edge over time. The Big “U” project deals with an already established edge that
doesn’t have much space to accommodate a transitional zone where natural accumulation of silt or sand would begin
to erase or displace human activity.
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In 2000 the City of Hamburg decided to transform part of the former Harbour into a new residential, office and retail
area, almost building a district from scratch (HafenCity). The area lies in front of the main dike-line of Hamburg adjacent
to the Elbe River. The flood management strategy was developed to avoid enormous investment of building another
dike around it — a move that would have most likely delayed building development. Instead, elevated plots were built to
facilitate incremental development of the site. Individual built-in flood resistance was introduced, shifting the part of
responsibility for flood-preparedness to property owners (Mees et al., 2013). But what is particularly interesting about
the HafenCity is that it gives the water space to flow instead of trying to stop it with dikes. Some public spaces are
designed to be flooded while some streets are raised to allow emergency vehicle movement; homes are not allowed
on ground levels, but offices and businesses are; buildings are equipped with flood doors. The strategy is shaped by
an understanding that, to be resilient, urban environments must co-exist with raising waters. Successful strategies will
limit exposure but also create spaces that water can temporarily occupy (Febris 2015). These expanded thresholds
allow water to occupy space and are designed to require minimal maintenance after the water recedes. However, the
space occupied by the river during the flood events is always returned to the city. It is cleaned and brought back into
its pre-flood state, negating a possibility that natural processes of flooding could claim new territory from the city. The
possibility of shifting the boundary between the city and river is always erased.

As the rapid urbanisation takes place so does a rapid takeover of the land and marine ecosystems that serve as a
natural barrier to the floods and excess precipitation. Tensent Net City in Shenzhen is a new city being built on the
reclaimed land jutting out into the Pearl River estuary. NBBJ, with Jonathan Ward as a lead oversees its masterplan.
The city is conceived as an integrated and decentralised network connecting multiple focal points and shoreline into a
new distributed grid. It is conceived to promote resilience and natural ecosystem making a waterfront its driver and
promoting not only people’s needs but also the requirements for a thriving environment. The ability of this new coastal
city to deal with the climate change and raising sea level follows a Sponge City model (Ward, 2021) that requires the
city edge to soak in the water. This is achieved by using a natural barrier to deal with a water rise and storage of the
excess rainwater. At the same time, this edge is a place for human activity, especially public activities of leisure and
recreation. Ward suggests that the future of the city will be to fuse more closely with. This is precisely an approach that
perpetuates the idea that nature can and should be held captive and confined to serve the human needs. Or is this
perhaps an attempt to explore a shifting boundary between designed and evolving?

The Sponge City initiative was started in China in 2014 as a strategy to decrease flood risk, increase water supply and
improve water quality. Even though it is similar to the sustainable drainage systems in the UK or low impact
development in the USA, it is different in that it is applied in a context of rapid urbanization and therefore a rapid
takeover of the land and marine ecosystems that serve as a natural barrier to the floods and excess precipitation. The
concept of Sponge City envisions drainage infrastructure designed to perform as a sponge to absorb as much water
as possible during rainstorms. This is done either through natural soils and geology or by building storage areas. Semi-
natural or purpose-built bioreactors can then filter the water before it reaches natural bodies of water. This urban
drainage system has a two-part role: to respond to the increasing threat of urban flooding and to upgrade failing urban
drainage system to also capture, purify and store rainwater. The Sponge City guidelines advocate for the use of natural
drainage whenever possible (soil infiltration) to improve surface water quality and to conserve water. The Chinese
government also called for adoption of these guidelines by all new city developments making its scale and ambition
greater than other international initiative such as LID in the USA or SUDS in the UK (Griffiths et al. 2020). This is
reflected in its short-term goals of integrating Sponge City as small-scale urban pilot projects, then increasing it to have
more than 20% of municipal areas able to recycle 70% of rainfall by 2020, to completing integration of the concept with
more than 80% of municipal areas able to recycle 70% of rainfall by 2030 (Griffiths et al. 2020). It remains to be seen
to what extend this new city will allow its boundaries to be affected by change in its natural component and to what
extend its designed edges will be affected by it.

2.0 QUESTIONS

Dealing with the water-land edge is a difficult design and infrastructure problem. As a counterpart to MOMA initiated
Rising Current project, we see government initiatives such as the Lower Manhattan Climate Resiliency Study and the
Sponge City model shaping the city/water edges. But the question of how to design this edge remains. Do we think of
it as a natural edge and complex ecosystem or as an urban edge porous enough to accommodate shifting boundaries
between the constructed and natural? Or is this another designed edge with the focus on Nature finding its way into
resilience design proposals? Is amplifying the natural — de-naturing or de-naturalizing as Kai-Uwe Bergman of BIG calls
it — yet another way of consuming nature with the goal of claiming even more space for human activities?

Most of these solutions are trying to define the water/land edges of the city as a buffer between the fluctuation and
unpredictability of rising water levels. We have all been to these spaces, we like them, they present us with pleasant
and safe frames of ‘nature’, they help us walk to the water's edge without getting our feet wet or getting mud on our
shoes. Is this a sterilized connection to the water, a manicured edge? Do these approaches allow natural forces to take
their course in these zones and to what extent? What happened in the HafenCity after the flood? Could those plazas
designed to get flooded be ‘redesigned’ by natural forces? Could the edge of a designed space be pushed a bit further,
and the flooded zones give rise to their own new ecologies and connections? What happens when nature gets into
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designed zones, when forces of nature work over the forces of designed confinements? How do we allow for the ebb
and flow of these forces and for transitions or to take over the natural systems? Or are we still entirely devoted to
preserving the spaces we claim as ours through design and building? The shifting of these territories is not taken into
consideration primarily because we build for permanence. The question is then how we should build for flux and
contested conditions?

| wonder what will happen over time to all those designed edges, boardwalks, artificial beaches, and other designed
features. Will they be taken over by the natural habitats sometimes incorporated into them? Would this new life be
allowed to take over these landscapes that are still seen as a private or public property that must be maintained for use
by people? How do we design to accommodate change over time? Designing for the whole of life, as Bruce Mau
suggests, would perhaps offer a framework to accommodate shifting boundaries of these contested territories. Placing
life (not human experiences) at the center of design would require a shift in thinking — a change in expectations that
everything needs to be available for human use. This attitude would bring a significant difference in how boundaries
and contested edges are designed.

3.0 PERMEABLE BOUNDARIES: DESIGNING THE AGENT THAT BUILDS THE GROUND

In the early 1960s, Wiliam Katavolos, an avant-garde architect and designer, suggested that we shouldn’t stop at
decoding natural to develop artificial but that the artificial should be decoded as well. He argued that building
architecture using natural materials and adjusting the way we build to a found resource and its properties is obsolete.
In his view co-creating with nature would offer materials that afford new possibilities. Since 1960, he has been arguing
for the power of chemistry to manipulate and design new materials (Katavolos 1994). Katavolos speculated about
growing buildings through pre-programmed combinations of atoms. This chemical model could be seen as a precursor
to nanotechnology, and was very much ahead of its time. Today we see the power of biotechnology in co-creating life
forms and the power of synthetic biology in co-creating ecologically responsive materials. Such work makes the
boundary between organic and artificial more porous; it blurs the line between design and modern biology, raising many
challenging social and environmental questions. It posits a very different framework within which designers create new
tools and techniques that in turn inform scientific discourse.

In an article published in 2010, Rachel Armstrong, Professor of Experimental Architecture at the Newcastle University,
discusses a new class of materials, developed with technologies derived from synthetic biology, which are capable of
“decision making” by relying on the chemical computational power of their molecules (Armstrong 2010). They are
“programed/designed” to make decisions about their environment and respond to it in complex ways that involve a
change in their form, function, or appearance. Responsiveness of these materials lies in their capacity for chemical
computation. Without the need to rely on traditional computing methods and actuation devices these materials offer a
very different way of imagining an operational capacity of matter. In 2014, Armstrong went on to explain how a synthetic
limestone-like structure could be built — or rather grown — underneath Venice to prevent the continuous erosion of the
city’s foundations. This artificial reef would be grown using protocell technology. Protocells have a very simple
metabolism, and they can perform in lifelike ways. Armstrong proposes that these protocells could be designed to be
photophobic, which would drive them towards dark foundations; they would also react with minerals to build or grow
the limestone-like material that would reinforce existing wooden piles.

This very different and perhaps unsettling approach to addressing the sinking of Venice proposes a different use of
technology. In the protocells, initially inert materials are imbued with some properties of living organisms. They can
grow and produce matter. The engineering here is not concerned with its might but it happens on a different scale and
works discreetly. Here scientific imagination meets architectonic one. Could they share the territory where form and
space have to be at the same time inhabited and appropriated? Could one perpetuate the notion of emergence (imbued
by the materially driven process and thinking) and allow it to inform and influence programmatic and urban participation
of the architectural intervention?

4.0 NEGOTIATED TERROTORIES: CONCLUSION

For more than a millennium, indigenous people built “sea gardens” along the Canada’s Pacific coast (Selkirk 2021).
These subtle structures relied on the daily and seasonal tidal rhythms to intercept migrating fish, effectively creating a
sustainable fishery. The traps are based on a deep knowledge of fish behaviour and the region's large tidal ranges,
revealing impressive engineering skills of indigenous people: While some nations used sticks and lattice fences to
manage fish runs, others built low walls parallel to the shore. These walls would capture silt over time and change the
slope of the beach to create large flat intertidal areas that were carefully tended to create habitat for marine life. At
times of low tide, these zones would trap the fish for selective harvesting (White 2003).

In India’s regions of water scarcity, bunds operated by sluices subtly formed changes in the ground level, capturing
water for centuries. The Thousand Tanks of Bangalore were skilfully constructed before the English arrived and
implemented their own system of public works. Even though seen by English as a system of flood control and water
use, the system of lakes operated as a vast field of interconnected basins where water moved as an overflow: The
bunds and sluices were built to manage and acknowledge complexities of interactions needed to negotiate the flux and
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not to control the floods (Mathur and da Cunha 2006). The insight guiding the design comes from a deep understanding
of the subtleties brought on by complex forces working in unison over the landscape: water, geography, human
settlement, and occupation.

There is a history of acknowledging transitional landscapes in many non-western cultures: indigenous people of the
pacific coast who, in the past, built and tended “sea gardens” for sustenance and stewardship of marine life; and
infrastructure of tanks in Bangalore, built in 1791 to harvest seasonal water flows. These and many more examples
express the design wisdom of non-designers who worked from the generational experience and respect for the land.
They understood the subtlety necessary to negotiate the contested territories where human occupation meets the water
edge. This is what makes current proposals that simulate the natural water edge and natural habitats in the highly urban
zones problematic. They seem to be what Rahul Mehrotra, an Indian architect and educator, calls, “architectures of
impatient capital settling too quickly.” Perhaps the most interesting aspect if these re-creations of natural edges is the
possibility of change that could take place over time. Depictions of the proposed projects and their design most often
don’t show or perhaps even don’t take into consideration transformation over time as water edges begin to live, as
constructed edges and walkways or breakwaters start to accumulate silt and change their topography. Presently, as
this slow change takes place, they will be cleaned after the flood and the change erased to return them to the originally
designed condition. We need to start to design edges by taking time and change into consideration, and with it, the
messy process of designing for all life and not just human occupation.

In their book Mississippi Floods, Anu Mathur and Dilip da Cunha trace the difficult, if not impossible efforts of U.S. Army
Corps of Engineers to confine the Mississippi River to its “firm ground” by “elaborate and calculated control system”
(2001, xii). The call for controlling a river or withdrawing settlements, sparked after every catastrophic event, underlines
the dichotomy with which it is approached; the clear distinction in the landscape between “river and settlement, nature
and culture, water and land” has always been reinforced even though in the aftermath of every flood we can see, in the
landscape of the flood, these distinctions erased (Mathur and da Cunha 2001). This attempt to tame the Mississippi
River perceives it as an object, as a thing that can be designed and therefore controlled, and not as a driving force of
nature. This attitude subjugates the river’s ecologically multidimensional environment to the socially and economically
contracted milieu of private property protection. This is reflected in the current attitudes of dealing with the edge between
the water and land. Even though the language has changed from the one that clearly delineates the two to the one that
acknowledges this edge as a zone, design practices still seem to presuppose that the job is done by designing this
edge as a zone that later can be cleaned and return into its previous state. The same attitude considers constantly
rising sea levels or flooding rivers as something that can be pushed back. Negotiating or acknowledging these new
territories as “shifting landscapes” requires a change in design thinking. Mathur and da Cunha suggest that viewing the
river as “a dynamic, living phenomenon that asserts its own dimensions” reveals its complex role in giving life to
intertwined natural and social ecologies that thrive when able to negotiate across territories as opposed to delineating
them by distinct boundaries.

How can we intersect generational wisdom that demonstrates a capacity to share the planet with other species and
technological prowess that deploys heavily engineered solutions or more subtle yet still unsettling tools of synthetic
biology? Who are the stakeholders in these negotiated territories? People that use the space, capital that constructs
the space, municipalities that maintain it, non-human life that inhabits it — some of them prefer the language of the
separation that clearly delineates boundaries of control and ownership while others operate in different dimensions that
favor flows and blurred boundaries. How do we bring these two distinct positions together?
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Climate Resilient Urban Nexus Choices for Carbon
Positive and SynBio City Scenarios from 2018 to 2100
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ABSTRACT: Climate change threatens South Florida communities primarily in heat waves, hurricanes, saltwater
intrusion, subsiding soils, rising groundwater tables due to rising sea levels (SLR). During recent years, SLR has
accelerated the corrosion of steel and weakened infrastructures and buildings, prone to collapse. Forensic
investigators, engineers, and scientists do their due diligence to analyze the causes of this destruction. They use
diagnostics tools and thousands of Al-assisted science data of sensor real-time support systems to mitigate further
destruction and create adaptive scenarios and relocation efforts. Government agencies at federal, state, and local
levels have taken actions to monitor, project, and plan for this change and urgent adaptation in the following decades.
As a result, the development of resilient communities against sea-level rise has become a priority at all levels of
planning. A three-year 1,9 Mio. funded EU 2020 Horizon, US National Science Foundation research with interactive
Carbon-Neutral-City Baseline Scenarios research tools from now to 2100 for Miami’'s Greater Islands has been
developed. It helps better address and disseminates science for fitness-tested scenarios for citizens and decision-
makers. It is currently in a public beta testing mode. The web tool allows users to select a geographic area within Miami
and the Greater Island's boundaries and slide through different scenarios and designs of SLR between 30 cm and 244
cm and hurricane category 1 to 5 storm surges. The application visualizes the extent of floodings in response to these
data-driven scenarios and returns associated statistics about their potential impact on residents, service infrastructures,
demography, properties, land use. The tool with the embedded design scenarios and animations will be used by
governments, planners, and the general public to identify areas of future vulnerability so that the cities may better plan
and invest for the development of resilient communities from now to 2100.

KEYWORDS: Climate Change, Resilience, Sea-level-rise, Carbon-Neutral, Adaptation, Al, Machine Learning,
Synthetic Biology, Robotics.

INTRODUCTION: The Design of the Crunch Integrated Decision Support System (IDSS)

PART 1: IDSS App Development

Part 1 includes the Climate Resilient Food-Water-Energy-Nexus parameters for CRUNCH Miami's primary goal of
building an Integrated Decision Support System (IDSS) application. It is an nd-digital platform based on digital
geographic information for carbon-neutral city scenarios that allows decision-makers and citizens of different levels of
knowledge to provide consistent and coordinated support to multiple users in making different decisions (Fig. 1).

1.1. Rapid Energy and Resource Modelling with Open-Source GIS

This first test workflow was developed to calculate the Energy-Water-Food Nexus and CO2 emissions at a municipal
level using originally the Autodesk Rapid Energy Modelling (R.E.M.) techniques to create a baseline calculation from
which to consider building optimizations, retrofitting, and renewable energy production in design studio experiments to
aid in reaching Carbon-neutral or net-positive energy outcomes on a baseline of iterated existing and newly designed
building and city scenarios from 2018 to 2100. The R.E.M. the method does not require lengthy in-depth onsite analysis
of individual buildings within a municipality; rather it uses verified international industry standards, meaning cloud-based
retrieved energy consumption for building typologies, zonings, schedules, materials and systems, and energy supply
mix of the municipalities (Fig. 2). The second testing workflow involves understanding the various parameters of the
CRUNCH Nexus for Food, Energy, and Water (FEW) such as the load and consumption quantities and profiles,
population, sea-level rise, storm surges, CO2, service infrastructures, etc. were estimated and compared with the local
Florida Power & Light Company (FPL) and Miami tax appraiser summaries. In addition, to assess the possibilities of
moving towards self-sufficient cities with zero carbon emissions the thermal and electrical potential of solar energy was
assessed, cross-examined, and compared to the first basic workflow from 2018. The focus was on two cities - the City
of South Miami and the City of South Miami Beach. Estimates and data processing for the online IDSS were done at
the census block level (Fig 3), and for transparency purposes were used only open data and free tools for analysis and
evaluation. The calculation was made using Python. Miami-Dade County has provided public access to 2D shape
information in addition to shape files and census population data. Information about buildings belonging to the County
has been imported into a platform called OpenStreetMap, which is a voluntary project similar to Wikipedia, but with
spatial data and maps.
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Figure 1. Right and left image; Workflow diagram of the general CRUNCH work deliverables (WP) with open source GIS into Autodesk Infraworks,
Civil, ESRI ArcGIS Pro, Revit-BIM, Green Building Studio, Insight360, Dynamo, Grasshopper, Python, GeoPanda, etc. for analyzing, coding, designing,
scripting, and optimizations of cities and buildings. This includes design studio scenarios from 2018 to 202