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Project Summary

Timeline: Key Partners:

Start date: October 1, 2019 (FY20) ) /_\ﬁ
Planned end date: September 30, 2022 (FY22) Ca eCco b ee ASHRAE )

Key Milestones \—/
1. Developed a suite of occupant KPIs and release of an v
OpenStudio reporting measure (FY20 Q4) %IglA-VIAHE%E 74 E BC @

2. Developed a novel method to infer residential building using less. doing more. e e
thermal dynamics for informing power outage planning
(FY21 Q2) ]
3. Reviewed methods and metrics for energy flexibility Project Outcome:
characterization and quantification in residential buildings; The project focuses on development and applications of new
a journal article published. (FY21 Q3) methods to analyze sensor and meter data for improving

building performance modeling and evaluation:
* System level and occupant KPIs for deeper performance

Budget: analysis

Total Project $ to Date: * Inverse modeling for thermal resilience analysis

 DOE: $410k * An ontology to represent energy flexibility supporting GEB
e Cost Share: N/A modeling and evaluation

Total Project $:

» DOE: $750k

* Cost Share: N/A

U.S. DEPARTMENT OF ENERGY OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY




Team
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Xuan Luo
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bl

Tianzhen Hong, PhD a ﬁan Li Zhe Wang, PhD

Senior Scientist Project Engineer Project Scientist ~ EnergyPlus Developer
PI, LBNL LBNL LBNL LBNL
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Challenges

o Building operations are becoming much more complex to optimize performance for energy efficiency,
demand flexibility, and thermal resilience due to the increasing dynamic demand and supply

e Sensors and meters in buildings and loT devices are producing a large volume of data

e Unlocking values and extracting insights from data is a huge but challenging opportunity

Envelope &

Connected @- '
Lighting

Smart @ 4
Thermostat

I
- ¢
| Occupants Hot Water !

Tank !

Smart Heat Connected EV EV Energy
Pump Appliances Charger Storage
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Approaches

The project aims to develop novel methods and metrics to analyze sensor and meter data for improving building
energy modeling and performance evaluation of grid-interactive efficient buildings (GEBs):
* Energy efficiency and occupant comfort
o Develop system-level KPls, an OpenStudio reporting measure, and a database from prototype
building model simulations
o Develop occupant-centric KPls and an OpenStudio reporting measure
 Thermal resilience
o Integrate advanced analytics with inverse modeling to analyze the Ecobee dataset to inform
thermal resilience of buildings
« Energy flexibility
o Develop an ontology of energy flexibility of buildings

o Conduct a case study using data-driven methods to quantify energy flexibility of residential
buildings
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Impacts

« The system-level KPIs enable deeper building energy performance analysis, benchmarking, and
diagnostics.

* The occupant KPIs enable multi-domain analysis of building services (IEQ), human-building interactions,
and resources use and environmental impacts.

» The Ecobee dataset analysis demonstrated a use case of advanced analytics to inform thermal
resilience of buildings by estimating maximum safe duration of rotating power outages during heatwaves.

« The ontology for energy flexibility enables standard representation of flexible resources and loads in
buildings improving GEB technologies modeling and evaluation.

The BTO Sensors and Controls Sub-Program website acknowledges the role
of advanced analytics and interoperability for energy flexibility:

"To complement the portfolio of competitive and interdisciplinary, early-stage R&D projects, testing frameworks and procedures, along
with curated datasets are being developed by the sub-program to support the R&D community at-large through common baselines to
evaluate performance improvements and encourage additional innovation in advanced analytics and control strategies.
Advancements in interoperability are also being explored to complement stakeholder-led communication protocol, data tagging and
modeling developments underway. Finally, the technological advancements made by the sub-program are being leveraged to inform
BTO investments in transactive control methods for flexible building loads.”
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https://www.energy.gov/eere/buildings/about-sensors-and-controls

Progress: FY20 - System-level KPIs

Development of System-level KPlIs:

» The system-level KPIs aim to fill the gap of missing performance evaluation at system-level

» A suite of 43 KPlIs across four system categories and 12 sub-system categories were developed

« The KPIs cover more granular performance aspects than traditional whole-building performance metrics

Currently used in building energy codes and
o standards, energy benchmarking / rating ~~
Whole Building Level System Level Sub-system Level Component Level U se
Lighting Intensity
System Heating Chiller
System
HVAC | Cooling _ | Cooling |
System = System > Tower . ) Powe r
Dimension g
Whole ~ D e m a n
Building Distribution AHU
DHW System System (Cooling Coil)
Terminal Unit Chilled Water
Pump
Envelope / \
Response Response
to to
Demand Controls
\s Here is the gap 4/
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Progress: FY20 - System-level KPIs

Applications of system-level KPIs

1. Enables building performance evaluations from
different perspectives of interest

Annual Cooling EUI [KWh/ft2]
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1 e Iin |

0 o i
Miami ( Houston (2A)  San Franmsoo Chicago (5A)  Burlington (6A)

Annual Cooling EUl by CDD [kWh/(ft2 *CDD)]*
0.0300
0.0250

0.0200
0.0150
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0.0050 I I
Miami (1A) Houston (2A)  San Francisco  Chicago (5A)  Burlington (6A)
(3C)

= ASHRAE 90.1-2004 ASHRAE 90.1-2010  mASHRAE 90.1-2013
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2. Provides a potential new system performance compliance
path in building codes and standards (e.g., 90.1, 189.1)

AMSVASHRAEICC/USGECIES Adenda br ta
AMSIASHRAEICCUSGBCIES Standard 189.1-2000

AMSUASHRAETES Standasd 19,1:3010
(parntes RNTHASSEALSA Yedird 35 1-5007)

Energy Standard

for Buildings

Except Low-Rise
Residential Buildings

I-P Edition

o gt e st e o ASAAL s e, o 435S B 6 G, 9 €t
D o A i Yot

iyt

“O % Hyminating @ ‘“@ E @ ?’A‘

3. Supports building performance tracklng and benchmarking
(e.g., ASHRAE bEQ tools, BAS)

Bu1|d|ng
e POWERED BY
ASHRAE

ASHRAE’s Building EQ  /Zg5

O.,
o -
Be an Energy Genius ;::(




Progress: FY20 - Occupant-centric KPls

Review and Synthesis of Occupant-centric KPIs
» Investigated building performance evaluation leveraging increasingly available occupant-related data
» Developed a building performance evaluation framework from occupant-centric perspective
« Summarized key considerations for occupant-centric KPls

» Developed an OpenStudio reporting measure

Resources & Environmental
impact

. Energy consumption

. Peak power demand

« Water usage

- GHG emissions

i v

IEQ + Other Services

O 8
Y

Visual Air Quality Thermal

T

Other

Acoustic Needs

=

Human-Building Interactions

. Controllability
« Feedback

—)
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Performance Goals

Applicable Scenarios

Quantifiability

Value Types

Energy-related

| Improve Efficiency |

| Reduce Peak Demand |

| Improve Flexibility |

Design Phase

| Performance Path |

Indoor Environment-related

| Promote Wellbeing |

| Maintain Comfort l

| Avoid Hazard |

Operation Phase

| Meonitor

Control

|
| Benchmark
|

Alarm

Via Measurements

| Sensor(s)/Meter(s)

| Audits

|
| Surveys |
|
|

|Cost of Data Collection

Single Values

l Peak

I Mean

| Total

| Score

Via Simulations

| Model Paramter(s) |

| Output Variable(s) |

Serial Values

| Time-series

l Cumulative-series

Occupant Factors

Normalization Factors

Spatial Factors

Temporal Factors

Resolution

| Presence l

| Count |

| Activity Type |

Object

| Individual Person |

| Qccupant Group I

Spatial Resolution
Floor Area | [ Whole Building |
| Number of Rooms | | Floor |
Occupant
| Number of Occupants l | Zone/Room |
| Equivalent Hours | | Workstation |
Weather | Work Plane |
Degree Hours |
| Degree Days | | Single Point |

Resolution

Annual

Monthly

Weekly

Hourly

|
l
|
| Daily
|
l

Sub-hourly
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Progress: FY20 - Occupant-centric KPls

Applications of occupant-centric KPls — compare different design alternatives

Select KPIs Individual KPIs Usage Overall Performance Single-value KPIs
Fanger Comfort Model
:- ----------------------------- ' T ] Zone Area  Average Average Annual Annual Exceedance Annual Annual
KP'S Table : KP' SUbset for use case 1 Aggregated KP'S by Category : (m*2) Negative Positive Average hours (when Overcooling  Overheating
------------------------------------ : PMV (when PMV (when PPD (when occupied and Degree- Degree-
- - : occupied) occupied)  occupied) PPD>20%) (hours) hours* hours*
KP! x for design alternative 1 Normalization | : ) (Chou)  (*C*hour)
i CORNER_CLASS_2_POD_3_ZN_1_FLR_1 990 -0.58 045 113 1413 00 152
v Individual KPls weighting | N
1. Identify the use case KPI x for design alternative 2 ! LIBRARY_MEDIA_CENTER_ZN_1_FLR 1 399.0 052 043 103 580 0.0 453
Multicriteria selection | w
- Design ' GYM_ZN_1_FLR_12ZN 3570 -052 056 117 355 00 4722
- Code compliance KPI x for design alternative n MULT_CLASS_1_POD_3 ZN_1 FLR 1 4770  -042 047 102 515 00 4836
«Operaton | ) .. ™
KITCHEN_ZN_1_FLR_1 ZN 1680  -024 067 135 7003 00 31402
¢ """"""""""""""" CORNER_CLASS_1_POD_2 ZN_1_FLR_1  99.0 -0.54 05 115 1205 00 2120
2. Set constraints & filters KPI subset for use case 2 ™
MULT_CLASS_1_POD_1.ZN_1_FLR_1 4770  -042 048 104 86.8 00 5103
+ Performance goal . ) ™
- Data availability KPI'y for operation period 1 MULT_CLASS 2 POD_2 ZN_1_FLR 1  477.0 047 041 97 51.0 0.0 524
* Labor & cost -
. i . . Unsatisfied Occupant-hours by Month
IVJI[odellng effort KP! y for operation period 2 P Y
* elc.

35k

30k

2

0
=~

2

o
=

Image shows an KPI
report automatically
generated with an
OpenStudio measure

1

Occupant * Hour
I
=

10k

March April May June July August September  October  November December

5k

January February
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Progress: FY20 - Occupant-centric KPls

Applications of occupant-centric KPIs - performance tracking from occupant-centric perspectives

Example shows the use of a KPI to evaluate the influence of power outage considering the
number of occupants and the rise of CO, concentration due to lack of ventilation.

CO, measurements do not quantify the impacts KPIs evaluate the degree of impacts
Carbon Dioxide Concentration Trends in Period 1 Carbon Dioxide Concentration Trends in Period 2 Weighted Relative CO2 Exceedance Occupant Hour Comparison
Scenario = Normal Scenario = Normal Climate = 1A Climate = 3C Climate = 5A
80 ] ]
2000 — 2000
g‘muo- g‘muo- %1 | | i
N N S N e~~~ g 2 2 Scenario
0 . , | . . . 0 240 =l 3 m Power Outage (3-day)
. . g g g [0 Power Outage (1-day)
Scenario = Power QOutage (3-day) Scenario = Power Outage (3-day)
) . 204 ]
2000 - 2000 - Climate
£ £ — 1A
a a 0 1 1
21000 - 21000 A -= 3C January July January July January July
< BA Period Period Period
0= T T T T T 0 T T T T T T
Scenario = Power Outage (1-day) Scenario = Power Outage (1-day)
. COZ,i - COZ,refernce

£ 2000 ¢ 2000 Weighted Total(CO, Exceedance) = -n0Occ; - W;
a Sem a T COZ,refernce
< 1000 < 1000

0-— 0-—

02 I o3 I o4 I 6 I o6 I o 41 I A8 I 49 I 20 I 2 I 7 O' COZi < COZ refernce
ATV T OV 1O o 10T 1 0V 10 LY L LY S P A Ry L ’ ’
Date Date i— ’ ,refernce g = ,threshold_
w; =11 €O, < C0y; < €Oy threshotd_1
5» COZ,i > COZ,threshold_l

Outdoor COZ2 concentration = 400 ppm
Unhealthy COZ2 concentration range = [1100ppm, 5000ppm)
Dangerous CO2 concentration limit = 5000ppm
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Progress: FY21 - A Review on Building Energy Flexibility
Characterization and Quantification Methods and Metrics

» Investigated energy flexibility quantification method and metrics using sensor/meter data and building energy modeling.
» Focused on how residential energy flexibility is achieved in different applications, and how it is described and quantified.

» 85 papers were selected from over 300 papers for in-depth review.

e ——
Web of Science
Databases

A J
Articles identified with Web of
Science (n=302) Country (unique=24)

[ Denmark

Y
Articles selected for in-depth review

(n=85) J
* Germany

United States <

l [ Screening l ‘ Literature Search l

Singapore
~ Iran
Pakistan
Slovenia

Greece

Malaysia

Overview

1. Research trends
2. Applications at system, building, China
district, and sector scopes

v

Energy Flexibility Characterization
1. Resources and technologies
2. Impacted building services
3. Model characteristics Canada
4. Flexibility modes

Australia

~ Austria

Belgium Sweden

Portugal

Review

Norway
France

= United Kingdom
] Italy Netherlands

+ Spain Switzefinand

Energy Flexibility Quantification
1. Flexibility metrics
2. Calculation methods
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Progress: FY21 - A Review on Building Energy Flexibility Characterization
and Quantification Methods and Metrics

Multi-scale Applications

Energy Flexibility
Applications

Scope e = [ ]
i i
Phase = =1 =1 B
— L [
Potential Energy potEntiall
o ey 1 1 1 5
!
e [
Method Eov
Optimal

Model
Predictive Optimal Optimal
Control |

(a) hierarchy of the applications

II. T

£
parametric g
control strategy, 3 modeling, 2 2

= building ® district = sector

energy

system
(b) tree map of the applications

C

|dentified gaps in representing
energy flexibility resources and
haracterizing flexible load profiles.

N

/

Research Gaps Identified:
Lack of commonly agreed metrics to

evaluate energy flexibility

Lack of standardized representation of

energy flexibility resources

Lack of mechanism to define requirements,
credit and incentivize energy flexibility

Energy Flexibility Resources

End-users (unique=43)
heat pump

VAR
eléctric Undertioor heater
hair aryer
Tan
ers pool pump.
ot fefrigerator
toaster
electric water heater
unknown
distrct heating plant
air conditioner electric vehicle

clothes dryer
clothes washer

dishwasher

Associated Facility (unique=13)

thermal mass

cooling storage tank

Others

ccHp

battery
hot water tank

Number of end-users per study

Number of associated facilities per study

Energy Flexibility Modeling Techniques

50

40
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Progress: FY21 - Infer building thermal properties

Step 1: Infer thermal dynamics of residential
building stock using smart thermostat data

 Propose a nhew approach to infer

Indoor temperature —

residential building thermal properties Y __ _,
- e mbient temperature ._= Parameter Distribution of thermal
using a connected smart thermostat | ovo. || IO stmaton /T arametrs
~— A
d ataset HVAC status [
. '|
* Inverse Modeling | Romes
— Same structure, different parameters
- Pa rameterS tO be Inferred — : : I Heatte'.:_le;\;;umr:ient I Eié&ggjﬁi%
° R, C, Teq; TTC = R*C FNO_M | : NOAA API Y
| L Load coordination
_ Flnd a perlod Of tlme When ~— — Ambient temperature —» bemiz:r:g%t;ple
* HVAC is off (free floating) S92 S e s o e
* Indoor-outdoor heat transfer dominates Temperature Solar and internal
: h heat gai
» T, is constant or close to 0 change eat gams
C dTi . (Tout B Tin) n Teq +0
dt R R HVAC
* TTC: Thermal Time Constant Heat transfer between Heat from HVAC

indoor and outdoor
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Progress: FY21 - Infer building thermal properties

Thermal Time Constant

 |Inferred thermal time

03
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Progress: FY21 - Safe hours of no power during heatwaves

* Rotating power outages may occur
. a
during heatwaves Bay Ares Bayirea

o
)

* Plan power outage for resident’s . 3>
health and safety g g ot s &

— What is the maximum power NG S |
outage duration that minimizes f |
overheating risks of residents?

 Simulate the house thermal A e MRS Tmg
dynamics using inferred properties E A B

N w
Recommended Power Outage Duration [H]

LA Met. LA Met.

T
—_

o

w
o wu o

Without Notification b With Notification

Q
w
3

I w/o Notice
B with Notice

NN W W

w

o
(=
o v o u <

Recommended Power €

Outage Duration [h]
o

N
93

»—.ﬁ - - - - ——-H T

Los Angeles
Indoor Temperature
[°C]

N
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Stakeholder Engagement

®

Building *

- -
€Q: Building EQ

AS H RAE Be an Energy Genius (-)

We’ve been engaging with ASHRAE 90.1, 189.1, and ASHRAE
Building Energy Quotient (BEQ), and Alliance to Save Energy (ASE)
about the system-level KPlIs.

&)

Annex 81

We are leading a book
ﬁ chapter on occupant KPls
under the IEA EBC Annex 79:

Annex 79  occupant-centric building
design and operation.

« Engaged the EnergyPlus development team on
implementing the inverse modeling feature
* Engaged the OpenStudio team on development

ALLIANCE

TO SAVE ENERGY

using less. doing more.

We are collaborating with IEA
EBC Annex 81 on data-driven
methods to quantify building

energy flexibility.

K ecobee

of system and occupant KPIs reporting measures % ®
o/
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Publications:
1. Z. Wang, T. Hong, H. Li. Informing the

planning of rotating power outages on heat
waves through data analytics of connected
smart thermostats. Environmental Research
Letters, 2021.

. H. Li, Z. Wang, T. Hong. Energy flexibility

characterization and quantification for
residential buildings: A systematic review.
Advances in Applied Energy, 2021.

. H. Li, Z. Wang, T. Hong. Occupant-Centric

Key Performance Indicators to Inform
Building Design and Operations. Building
Performance Simulation, 2021.

4. H. Li, T. Hong, S.H. Lee, M. Sofos.

System-level Key Performance Indicators
for Building Performance Evaluation,
Energy and Buildings, 2020.

. T. Hong, S.H. Lee. Integrating physics-

based models with sensor data: An inverse
modeling approach, Building and
Environment, 2019.
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Remaining Project Work (FY22)

Goal:

U.S. DEPARTMENT OF ENERGY

Develop an ontology to represent flexibility resources and
flexible loads in buildings

Explore novel data-driven methods to quantify the flexibility
potential of buildings

Support GEB technologies modeling and evaluation through
standardization and interoperability

Continue engaging stakeholders

Main activities:

1.

Conduct a systematic review on existing data ontologies and
schemas ecosystem to identify gaps in representing building
energy flexibility

Propose an ontology for energy flexibility to fill the gaps

Conduct a case study using the developed ontology and data-

driven methods to quantify building energy flexibility
Publish results in a journal article
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End-use System
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e
i | EnergyPlus OpenStudio
IDD Class Hierarchy

__________________________________

I E Occupancy & Behavior

=

Brick

obXML

ThinkHome

i | Control & Energy Management

ThinkHome I:l:'j
SAREF4 Brick
i | Project®) Haystack

__________________________________

i | Energy/Demand Flexibility

Gap: EF Ontology



Thank You

Tianzhen Hong, PhD
thong@Ibl.gov
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Project Budget

Project Budget: $750k
Variances: N/A

Cost to Date: $410k
Additional Funding: N/A

Budget Histor

FY 2020 FY 2021 FY 2022
(past) (current) (planned)
DOE Cost-share DOE Cost-share DOE Cost-share
$220k N/A $280k N/A $250k N/A
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U.S. DEPARTMENT OF ENERGY



Project Plan and Schedule

Project Schedule
Project Start: October 1, 2019

Completed Work
Active Task (in progress work)

Project End: September 30, 2022

’ Milestone/Deliverable (Originally Planned)
’ MilestonefDeliverable{Actual}| |
Y2020 FY2021 FY2022
518! &| 3|88 |d|3|s|8]|3
Past Work
FY20 Q3 Milestone: Occupant-centric KPls review and synthesis --
FY21 Q1 Milestone: Occupant-centric KPl OpenStudio reporting measure
FY21 Q2 Milestone: Inverse method to infer building thermodynamics with smart thermostat data

FY21 Q2 Milestone: Power outage planning using the infered building thermodynamics
FY21 Q3 Milestone: Review of residential building energy flexibility characterization and quantification
Current/Future Work

FY22 Q1 Milestone: Energy flexibility ontology
FY22 Q4 Milestone: Data-driven moethod to quantify energy flexibility

U.S. DEPARTMENT OF ENERGY OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY
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