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“My heart is in the work.”
Andrew Carnegie, Founder

November 15, 1900



Carnegie Mellon University

The Wilton E. Scott Institute for Energy Innovation works across the academic units
and colleges of Carnegie Mellon University to uncover solutions for the world’s
energy challenges through collaborative research, strategic partnerships, public

policy, outreach, and education.

Carnegie Mellon University
Scott Institute
for Energy Innovation




Carnegie Mellon University
Sherman & Joyce Bowie Scott Hall

« 107,000 sq ft building, opened on April 30, 2016

« Pursuing LEED Gold certification with one of the largest green roofs in
Pittsburgh (19,500 sq ft)

« 14,000 sq ft world class micro/nano fabrication facility

« 8,500 sq ft Eden Hall Foundation Cleanroom is 30-40% more energy
efficient than similar size Class 10/100 facilities

« EMI-shielded rooms allow the new Elionix electron beam lithography
system to push the fundamental limits of nanoscale lithography

« 19 state-of-the-art wet chemistry decks with vastly improved Nanofab
processing capability

«  Only university lab worldwide with both iLab and oLab GVD
Corporation chemical vapor deposition systems for polymers

Carnegie Mellon University
Scott Institute
for Energy Innovation



Strategic Priorities for the Institute

* New Materials

Smart Grid

Building Efficiency

Pathways to a Low-Carbon Future

« Benefit and cost analysis of southwestern
Pennsylvania region

« Carbon Intensity Index
Commercialization and start ups

e  Carnegie Mellon University

s O Nstitute
for Energy Innovation



CMU's core strengths

« Optimization as a core strength
« Systems approach to problem solving and design
« Interdisciplinary collaboration

 Innovative and entrepreneurial faculty, staff and
community

« Proximity to start-up epicenter

I Carnegie Mellon University
Scott Institute

L .
for Energy Innovation



Convergence of energy across the campus
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Universities play a growmg and central role . fE6
inthe smart cities innovation ecosystem, = =

w‘h driving regional and national economic growth. .




University profile

Students

Faculty

Research Centers
Schools & Colleges

13,285
1,391
126

7

Campuses:
Pittsburgh
Silicon Valley
Qatar

Degree-granting programs:
Africa, Asia, Australia, and
Europe

Alumni;
100,000+ in nearly 130
countries



University Profile

SCHOOLS AND COLLEGES

College of Engineering

College of Fine Arts

Dietrich College of Humanities

and Social Sciences

H. John Heinz Il College: Information
Systemns, Public Policy and Management

Mellon College of Science

School of Computer Science

Tepper S5chool of Business




il

]

#10

Universities schools.

SCHOOL OF
COMPUTER
SCIENCE

U.S. News & World Report, 2014

STARTUPS
PER RESEARCH
DOLLAR?

Association of University
Technology Managers, 2008-12

BEST FOR
NEW HIRES?

Wall Street Journal, 2010

1 CMU ranked first among the Association of American

#1 VISUAL

#2

COMMUNICATION
& MULTIMEDIA

U.S. News & World Report, 2012

SCHOOL OF
DRAMA

The Hollywood Reporter, 2015

#17 AMONG U.S.

UNIVERSITIES

Times Higher Education
of London, 2014-15

#1

#4

#10

INFORMATION &
TECHNOLOGY
MANAGEMENT

U.S. News & World Report, 2012

COLLEGE OF
ENGINEERING

U.S. News & World Report, 2016

FULL-TIME
MBA PROGRAM

Bloomberg Businessweek, 2014

2 The Wall Street Journal’s poll asked recruiters what schools are tops when looking for new hires.
CMU ranked in the following categories: Computer Science #1, Finance #4, Business #7 and #10 overall.



Innovation Ecosystem
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UNIVERSITIES

Carnegie
Mellon
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STARTUPS COMPANIES



38 STARTUPS >$500M

FROM CMU IN FOLLOW-UP
LAST YEAR FUNDING

LAST FIVE YEARS
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Areas of foiu! ;

Brain and Neuroscience

Cybersecurity and Privacy

Advanced Manufacturing
Autonomous Vehicles & Robotics
Smart Cities/Metro21
Data Science
Energy
Technology Enhanced Learning

Design, Arts & Technology



Industry Partnerships

More than 350 of the world’s most innovative companies have partnered with CMU.
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The Age of Urbanization

In 2008, for the first time in history, more human beings lived in cities than in rural areas. By
2050, nearly 2/3 of the world’s projected 9.7B population will live in urban areas.

Over the last decade, the global urban population has been rising by an average of 65M per
year, equivalent to adding seven Chicago every year.

In China alone, 300M people are expected to move to urban areas over the next 15 years.

Half of global GDP growth between 2010 and 2025 will come from 440 cities in emerging
market; 50% of urbanization involves cities with less than 500K population.

Cities tend to display greater network effects: with every doubling of a city’s population, each
inhabitant becomes 15% wealthier, more productive and more innovative.

Growth of innovation districts, mixed-use spaces, and urban talent pool




In this century; cities will account for

90% of population growth

80% of global CO2

75% of energy use

Environmental impact

Rising levels of pollution
Increased congestion
Sustainability of natural resources
Increased crime rates

Efficient delivery of city services

Massive infrastructure investment
requirements ($10Trillion by 2025)
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&¥ Smart City Challenge Finalists

HASILIY ICOLUMBUS

" SAN Y
FRANCISCO!




Rockefeller Foundation - 100 Resilient Cities

RESILIENT ABOUT US THE CHALLENGE BLOG CITIES CITY RESILIENCE Q

[ [ T —

PEFRS BURGH'S RESILIENGE G Adsi=E NGE

il This former manufacturing town is innovating to address its industrial legacy, meet air and water

quality needs, and spur green job creation.

AGING INFRASTRUCTURE INFRASTRUCTURE
FLOODING POLLUTION



Pittsburgh 2030 District - 482 bldgs, 76.4m sq ft

es.tabli.shed
districts
and growing

PITTSBURGH

VA unbuit Z 3 (10N B DISTRICT



Building Benchmarking Legislation

U.S. Building Benchmarking and Transparency Policies

17 cities and 1 county
have passed benchmarking
and transparency laws

7 cities
have passed
audit laws

Seattle

Portland

|’— Portland
Cambridge
— Boston
"‘"'
7
New York City
Berkeley () Philadelphia
Montgomery Co, MD
San Washington, DC

Francisco

@® Public, commercial, and multifamily building
benchmarking policy adopted

@ Public and commercial building benchmarking

A £ IMT .
Building Rating INSTITUTE policy adopted
ot e s o |1 fSRmamer B AR

© Copyright 2014 Institute for Market Transformation. Updated 11/2016






N CITY
ENERGY

A JOINT PROJECT of NRDC + IMT
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Pittsburgh'’s Ecolnnovation District
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Mayor’s Goal: 2nd Ave = Electric Avenue

Maximize parking facilities potential for energy efficiency, generation, storage and charging

*  LED Lighting retrofit with controls demonstrating
64% savings

*  Revolving Funding

100% Fossil Free Fleet by 2030

*  Permits, Licensing and Inspections fleet

*  Fleet of 50 vehicles, currently Ford Foci

*  Used for short trips

*  Non-emergency vehicles

* Leverage assets with Pittsburgh Parking Authority

100% Renewable Energy Purchase or Production
by 2030

* 50 electric vehicles (Nissan Leaves)

* 25 Level 2 chargers

*  Requires a 100kW system- solar, wind

*  Backup battery storage and grid connection
for redundancy

*  Public access to chargers - Energy 376 Corridor
with PRCC

Ecolnnovation District
¢ Envision Downtown
§ - Government Offices
I Project Proposal Areas
Major Roads
2 Bike Routes
% —— 1-376 Electric Vehicle Corridor
Light Rail
Proposed Autonomous Route

Smart Cities Application: City of Pittsburgh, 2016




Local gov supports innovation & partnership




Memorandum of Understanding
Between
Carnegie Mellon University
Metro21 Initiative

and
The Honorable Mayor of the City of Pittsburgh

\is Memorandum of Understanding (MOU) sets forth the terms and understandings between
> named parties 1o pursue their mutual interest to research, develop, deploy and evaluate
shnology and analytically based solutions to the problems facing the systems and infrastructure

1t serve the quality of life and economy of the City of Pittsburgh and other communities, cities,
nnties and metronalices aronnd the olohe




Pittsburgh Climate Action Plan 3.0

e Buildings
e Utilities & Systems

* Transportation &
Mobile Sources

* Consumption &
Resource Recovery

 Food & Agriculture

Urban Forest, Natural
Systems and Carbon
Sequestration

Local Government
Operations

Adaptation

Community Outreach &
Education



District Energy Infrastructure & Capacity

Pittsburgh Energy Districts

|| Uptown Energy District

| Downtown Energy District_PACT
I Aimono Energy District

- Brunot Island

- Larimer Energy District

I O-kiand Energy District

Bl Northside District Energy_NRG

Copyright 2015 Green Building Alliance




District Energy Planning

Pittsburgh North
Shore (NRG Energy)

50 year CW/steam/hot water
system

Regulated utility
35 customer buildings

Golden Triangle (PACT)

100 year steam system
City/County Co-op

NRG Advisory Services is
assisting owner on
modernizing system

55 customer buildings

Uptown (NRG Energy)

In service early 2018
(planned)

CW/steam/hot water system

SEA Lower Hill development
site

UPMC Mercy is anchor
customer



North Shore, Golden Triangle & Uptown

/A

2

gl Uptown Energy [

4 -

Googleearth
- C "




Uptown District Energy Center

»

Duquesne Univ
Campus

CityView
Apts

PPG
Paints
Arena

Tour Guide









Confluence of 3 Trends + Emergence of Cities as Living Laboratories

1. The age of urbanization and
emergence of cities as living
laboratories

2. Changing demographics —
graying human population and
shrinking labor force

3. The acceleration in the scope,
scale, ubiquity, and economic
Impact of technology



Campus as a living laboratory

n Arndamic /Adminictrativa Ruildinac

SCHENLEY PA

? Information Desk e Walky



Infrastructure
Institute

Campus as a living laboratory e
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©
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A Living Laboratory for Infrastructure Sensing Technologies Sharlng

802,154, 502,11,
BACnet, Modbus,

Sensors Over
XMPP (SOX)

i

Transducer
XMPP
Metworks (WIFI/3 Plot APl Data
G)

Registry Data

9 D00 e

A
Mobile User Sesslons SASL  ACKs Andrew

Meta Data
Security / Access
Control

Time Series
Database




Campus/Urban Scale Integration ’ o/—

Carnegie Mellon University

Building Data Analytics

TEmp: 87° F

HUMIDITY: 50%

Cal'llegie Mell()n lj]liVel‘Sity USER | Joe- HVAC-Fast Main ampus B

09/02/14 1:01 PM -)é:- CURRENT WEATHER CONDITIONS: CLEAR

DATA SOURCE MAP CALENDAR TRENDS RAW \ ¥ URGENT! (11)
RsEf:mgs UTILITIES TODAY'S TOTAL UNRESOLVED SERVICE REQUESTS & BAS ALARMS HDNI @ #irCompressor Leaking
CrRAIG ST. CORRIDOR Total Unresolved Service 9 Chilled Water Valve Leaking
==i0N URGENT Tasks Requests & BAS Alarms
i ” Repair Chilled Water Coil
==0N] Unresolved Service Requests
Shirley Apartments Service Request BAS Alarm Too Hot
==ON BAS Alarms Urgent Task A
Too Cold
[ Mechanical Systems v] ”
o Lab Air Alarm
10USINC
A No Air Flow
WEST MAIN CAmPUS
9 Water Leaking on Floor
o Freezing
o Strong Exhaust Smell
LocATION T
” Noisy Air Conditioning System
® Whole Campus
O zune v ALL OTHER (9%4)
Robotics
O Buiing -] » SERVICE REQUESTS (33)
O [ Building Type v » BAS ALARM (61)
Q Search Buildings w COMPLETED TODAY (5)
@ Chilled Water Valve Leaking
TiME PERIOD
Repair Chilled Water Coil
eyt
Air Compressor Leaking
PTC 6555 Penn Ave ALL CAMPUS g 62




City-County Building 5

Energy Intelligence Network

4,303 kWh

=" CMU and Metro21 Partnership
==
[ |

" Energy dashboard displays real
time energy use for the City
County Building
= Additional Pilot Projects o
BOSS Controls deployment Y
Hite Electric lighting x
retrofit Lk :
Smart street lighting WU arr )

Ay i ‘-‘-\z‘-‘v
.y null
; - / ﬁ i 6th Floor Total Electrical Demand
=

83 kW

$473

City-County Building

Explore the site to see th

e energy consumption
and |.E.Q, status of the facility.




Energy Use & Air Quality in City Buildings
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City-County Building

LE.Q
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74.04

72.58

71.12

69.66

68.2




Building Data Analytics - City Portfolio Go/

Carnegie \ll llon University

e
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Building Data Analytics o/

Carnegie Mellon University

tertainment / Public Assembly

Perform Worse than
ENERGY STAR nafional median S8
For Entertainment / PA

6

4

1

0 nu l.l.l.l.l n

20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340
EUI (kBtu/sf)

blic Services

Perform Worse than
PipL74 ENERGY STAR national median ey
For Office

Perform Worse than

YA/ ENERGY STAR nafional median [
For Public Services

9

8
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6

4

s ption Map (8760 hrs/I yr)
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20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380
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5

4

3

2 |II

100 120 140 160 180 200 220 240 260
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Number of Buildings

Number of Buildings

Number of Buildings
«

r~

Histogram of energy use intensity (EUI) for various building typologies



Building Data Analytics

Juiby

Jung

Hull

12am

]

Zam

35

dam

140 KWh

Bam

10am

| Cooling

Moon  2pm  4pm &pm Spm

Energy Consumption Map (8760 hrs/I yr)

10pm

12pm

Degree Days
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Carnegie Mellon University



System Level Sensors, Monitoring

Building Equipment
Interface with real-time and
trended data for Facility
Managers (per system)

["|Return Air Temp.
P

Oof-

Carnegie Mellon University

Return Air Flow (calc) | -0.07 | in
OA Air Flow 1.6 |cfm
Supply Air Flow 0 cfm

External Pressure

1.12 | in
113 i

57.9

__[Temperature Stpt
Avg. Supply Vel

5=t

63.0

| Mixed Air Temp.

67.0

Mixed Air Static Pres.

1.15

Mixed Air Temp.

Systems Flow &

Return Air COZ

After Filter St. Pres.

Temperature 1 676 F |

Mixed Air Humidity
Mixed Ai

Static Pressure -0.07 | in

After Heating Coil

Avg. Supply Temp.

Supply Air Temp.

Supply Air St. Pressure

Supply Air RH

55| F
756 | F
-0.07 | in
404 | %

Supply Air CO2
Supply Air

522

OA

Damper Position

Heating Coil / Bonler Evap. Coil & Cond. Umt Fan
|| Status HW Heat. Valve % Hot Gas Bypass Temp.| 74 | Supply Fan Status !
HW Temp. Supply 79 F Liquidline Temp. | 63 | Fan Speed %
Damper Position HW Temp. Return 77 F Fan Speed 0 rpm
Avg. Fresh Air Temp. HW Heating Energy 0 [Btun
Avg. Fresh Air Veloc. Status HW Heat. Valve| 81 %



Asset Monitoring o/

Carnegie Mellon University

Building controls for heating,
cooling, lighting and plug load
management via mobile devices
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Infrastructure
Institute

Energy Decision Support e

As-is modeling

Energy management

A15 A7 A19 A2

PEOPLE MOVER



Direct & Indirect Sensing Sﬁf:‘ﬁ;':mm
Pipeline S |
Sensing

Vehicles as sensors
for infrastructure
assessment

” ~ Stores often have omni-directional
-, -~ hanging speakers in place

Drone and vision based
bridge inspection

Sound Sphere Speaker

Speakers as sensors
for indoor localization
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surtr«~c

A Metro21 Project

= Advance detectors

‘i ¢ = % Improvement

= T, e i Travel # of
= \\ ’ ; = Time Stops Emissions

Phase 1 26% 31% 21%

r Phase 2 24% 40% 21%

Data zone



Integration with Connected Vehicle
Technology

« Greater Safety
« Enhanced Mobility

24 intersections are equipped
with DSRC Radio
Communications




Pittsburgh Smart City Vision
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Mobility & Sensing - Automation CERCA

Center for Engineering and
Resilience for Climate Adaptation




L L
Addressing GHG Emissions from Cities Requires &ERCmA
Addressing Transportation

Resilience for Climate Adaptation

Percent of Total GHG Emissions Across U.S. Cities

100%
90%
80%

2
70%

Lo

7]

D 60%

£

T}

- 50%

]

°

= 40%

—

(]

e 30%

o

™

3_’ 20%
10%
0%

Boston, 2011 Chicago, 2010  Miami-Dade, 2005 Pittsburgh, 2008 NYC, 2013
®Buildings " Transportation “ Other

Source: Markolf, 2015



Maximizing Benefits from the Automation-Smart %Eﬁa%j
Cities Nexus Requires Transdisciplinary Research

- e
ITS, Smarf
\.\_\_\\h II.«"r
Connected and Autonomous

\ehicles (CAVs) as
Infrastructure in Smart Cities

Safety, » Economics,
Regulatory, & Resiliency & Risk,
Interoperability Adaptation Uncertainty, &

'&'



CERCA

Automation Has Interdependent Effects on Energy Coner o Egnecingd

Resilience for Climate Adaptation

Infrastructure
Design,
Services,and
Management

Vehicle
Design and
Optimization

Carnegie Mellon University

Civil and Environmental Engineering @CostaSamane -3




000
Automation is Coming, How Do We Build Long-Lived gEREA
Infrastructure?

Resilience for Climate Adaptation

Proposed Proposed
Right of Way Right of Way
‘ 0 ‘ g ‘ "W ‘ 2 3 2 oo | W 4|
| | | | | |t - | - |||

Asphalt Landscaping |  Oversized Thru Lane Thrulane | RESERVED MEDIAN FOR | Thrulane Thru Lane Oversized Concrete
Trail Area Outside Lane to Qutside Lane to Sidewalk

Accommodate FUTURE PUBLICTRANSIT Accommodate |Landscaping

Bicycles Bicydles Area
» 39 -~ ~ 39 o
Roadway Roadway
148’
Right of Way

Image: FHWA



The Future is Here

e
005492 078.2 G

m/
1/100km
—>R 458 km / 10 2 & v
7y \\\ <

Self-parking




Enabler of New Applications, Products and Markets




Real-time parking for

ParkPGH

All

Pittsburgh garages.
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Carnegie Mellon University
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2:09 PM

Map view  Nearby Stops

IN: Forbes Ave opp Hamburg Hall

Forbes Ave at Hamburg Hall
Last updated
2:06 PM

61C 10 min ago real-time
Mckeesport Homestead Via Oakland-...

ouT

61D 10 min ago real-time

G *x

ouT Murray - Waterfront Via Oakland-Squ...
61B in0 min real-time STAND
ouT Braddock-Swissvale Via Oakland-Sq...
61C in3 min real-time STAND
ouT Mckeesport Homestead Via Oakland-...
61A in 8 min real-time STAND
ouT North Braddock Via Oakland-Squirrel...
69 in8 min schedule

ouT Trafford Via Oakland

61D in 10 min real-time  Few Seats
Murray - Waterfront Via Oakland-Squ...

ouT

61B in 17 min real-time STAND
Braddock-Swissvale Via Oakland-Sq...

ouTt

2117 PM

Map view Nearby Stops

o
D J 2
® P 9 ™
o (. ! i
\ S
Forbes Ave opp Hamburg Hall
ve ® ®

Lega

Carnegie Mellon University



ANl THE
W GLASSBLOCK ABOUT SUBMISSIONS ~ SUPPORT

If You Smell Something, Say Something: CMU
Launches Mobile App Smell PGH

Ross Township \ =

2_.3 4 5
A stview | smet DA AT
‘ M @O @@®
Wind \\—> o

Pittsburgh AQI: 58

«_ Green Tree ‘ =
ittsburgh ranks high on lifestyle and food magazine lists, but a recent report from the American Lung
P Association found the region is in an unenviable 8th place for annual particle pollution, the worst of any

metropolitan area outside of California. Pittsburgh’s air quality is not great. And, like residents reporting
noxious, throat-burning fumes from neighborhood industrial sites, you might even say it stinks.
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Emerging Frontiers

Smart Systems: Sensing, Reasoning and Data-driven
Decision Making

=

o Cyber-Physical Systems aim to deeply integrate
computation, communication and control into physical systems =

o Smart everything... buildings, infrastructure, transportation, %
cities, health care delivery, energy, environment

o Systems that adapt, learn and respond

=

Infrastructure

.

o Dependable operation with high assurance
of reliability, safety, security and usability

z

Automation



Are We at an Inflection Point?

In the last 10 years alone, we have seen
extraordinary advances ...

Self-serving cars THE SECOND
Complex communication MACHINE AGE

Natural language understanding

Face recognition

Language translation ERIKBRYNJOLFSSON '
ANDREW McAFEE -

?> o~

3D printing and additive manufacturing gi 000000

Advanced robotics

Watson and Jeopardy
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Imagine a Day...

By coupling roadway sensors, traffic
cameras and individuals’ GPS
devices, we can reduce traffic
congestion and generate significant
savings in time and fuel costs.




Imagine a Day...

By accurately predicting natural
disasters such as hurricanes and
tornadoes, we can employ life-saving
and preventative measures that
mitigate their potential impact.
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Imagine a Day...

By correlating disparate data streams
through text mining, image analysis
and face recognition, we can enhance
public safety.
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Imagine a Day...

Static infrastructures, such as buildings
and bridges, are transformed into smart,
safe and sustainable spaces that adapt
to consumption, growth and changing
environmental needs.
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