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Project Overview

Project Goal: Determine how to effectively integrate and enhance electricity generation and energy
storage components of an urban district energy system (DES) to impact resilience, reliability,
vulnerability, and return on investment - using the GWU DES as a case study.
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Project
Participants

Research Team

Ekundayo Shittu Saniya LeBlanc: Project Lead & Manager Payman Dehghanian
(Systems Engineering) (Mechanical Engineering) (Electrical Engineering)
* Microgrid systems design & analysis * Energy systems design & analysis * Power systems
* Energy system techno-economic * Power generation technology * Grid reliability &
models * Waste heat recovery technology resilience
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Research Assistant Research Assistant
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Research Assistant

Ben Vergara
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Amanda Long
Research Assistant
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Advisory Board
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* GWU-wide sustainability
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(Senior Advisor for Energy Law Programs, GWU)

Kate Johnson & Edward Yim
(DC Dep. of Energy and Environment, ACEE)

Derek Supple
(Johnson Controls Inc.)

Mikel Solupe
(Energy Manager)

(CHP plant

Pete Carrino

manager)
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Research Team
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I:l 7 Large, 5 Medium, and 4 Small Office Buildings

- 10 Quick Service and 10 Full-Service Restaurants
Primary
School

- Combined
Hospital: Heat and )
Inpatient eatan = One City
Retail and Medium Power Plant Block (100,000
Stores Outpatient Offices and ?V square feet)
Charging
Care .
Station
Small Offices
Hotels I:l 1 Primary and 1 Secondary School
I:l 20 Midrise Apartments

I:ll Combined Heat and Power Plant, and 1 EV Charging Station

- 1 Hospital with Inpatient and Outpatient Care

I:l 12 Retail Stores

Quick and

Secondary Midrise Full-Service
School Apartments Restaurants

*Load data collected from U.S. DOE Commercial Reference Building Models



building square footage)

Heating (kW/hr*sqgft)

Synthetic Case

10 Full Service Restaurants
2 Supermarkets

12 Stand Alone Retail Stores
1 Secondary School

10 Quick Service Restaurants
1 Primary School

1 Qutpatient Care Facility
20 Mid Rise Apartments

2 Large Hotels

1 Hospital

4 Small Offices

5 Medium Offices

7 Large Offices

Loads
(normalized by total

Total DES Heating Load Normalized by Total Building Square Footage

Jan Feb  Mar April May June July Aug Sept Oct Nov Dec
Months

Cooling (kW/hr*sqft)

Electricity (kW/hr*sqft)
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Total DES Cooling Load Normalized by Total Building Square Footage

Jan Feb  Mar April May June July Aug Oct  Nov Dec

Months

Sept

Total DES Electricty Load Normalized by Total Building Square Footage

Jan Feb  Mar April May June July Aug Sept Oct Nov Dec
Months 7




Heating (kW/hr*sqgft)

Total DES Cooling Loads Normalized by City Block Square Footage Occupied by the Building
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GWU District Energy System

7.4 MW Combined Heat and Power Plant

» Supports 2 academic and 3 residential buildings

52 MW solar farm (Capital Partners Solar Project)
* 50% of GW'’s Electricity

2 electric vehicle charging stations

4 solar water heating systems

« 2/3 of hot water used by 4 residential buildings

497 kW campus rooftop solar

tgs | EV Charging |

Solar Water Heating




Urban Building Types in Both Cases

Building Types

DES Synthetic Case

GWU’s Energy System

Public Park Lisner Auditorium, Smith Center, Gelman, Marvin

Assembly

Food Service 10 Quick Service and 10 Full Service The Basements of District and Shenkman
Restaurants

Food Sales 2 Supermarkets

Public Safety
Lodging 2 Large Hotels
Residential 20 Midrise Apartments JBKO, Munson, Shenkman, Lafayette, District

Transportation

Electric Vehicle Charging Station

Office 7 Large, 5 Medium, and 4 Small Offices University Honor’s Building, Department of Psychology,
SEH, Ross
Mercantile 12 Stand-Alone Retail Stores
Services The Support Building
Education Primary and Secondary School Hall of Government, Milken, Monroe, Tompkins, Funger,
Duques
Health Care Hospital with Inpatient and Outpatient Care GWU Hospital, Marvin (Colonial Health Center)
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Mapping Tool for GWU DES Data

%
District Hall I

it
20th St. Nor

Description: Ground floor and above is 2nd and 3rd
1 year dorm and affinity style housing. Food court is
i located in the basement

| Gas: 3,230 CCF
Electricity. 287,683 kWh
Water: 1,010,031.88 gallons
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Energy Management System

Gectrical LoaD

Ghermal LOD

g Power Output Max In/Out Capacity Heat Output Capacity Heat Output Heat Output Output Max Output Max Capacity
§ [kw] [kw] (kWh] [kw] (kWh] [kw] [kw] (gpm] [gpm] [gal]
& 5491 5000 24071 1538 19569 23503 0 26024 2246 1754995
- Area Min In/Out Critical Load Support Heat Load Percentile Critical Load Support % Peak Heat Area % Peak Cooling % CHP Peak Heat Critical Load Support
5[ [mn2] (kW] [days] [%] [days] [%] [mA2] (%] [%) [days]
@ 49139 0 0.50 75 0.50 125 0 125 100 0.50
g Solar Grid Battery CHP Thermal Storage Boiler Solar Heater | Towers & Chiller | Absorption Chiller Ice Storage
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Energy Management System Architecture
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Baseline & Emergency Scenarios

EMS Baseline Operation Objective Function:
®* Minimizes energy resource operational cost

e Heavy penalty ( ) on any load shed, both critical and non-critical load
Grid CHP Boilers Battery Thermal Storage
minZ [C(}R(Pt(mb’ PERS) + Z CHP (P&P’ Hftpy Xio Vior 7)) + Z (B0 (cht)’ ) + Z CBS (PBSC, pBS?Y 4 Z CTS (HI$e, HTSd
teT i€l keK e€E SES
+ Z CIS (Cé,sccr C{{?{d) + Z CCT (CET’ la) + z CSC ()'b) + CIS (Ptis’ Hés, Ctis) + Cisc (Ptisc’ Htisc’ctisc)‘
ceC acA beB
Towers & Steam
Grid Chillers Chiller Load Shed Critical Load Shed

EMS Emergency Operation Objective Function:
* Minimizes energy resource operational cost

® Heavy penalty ( ) for critical load shed
* Mild penalty ( ) for not having stored energy
Grid CHP Boilers Battery Thermal Storage
min Z lCGR(PtGRb,PtGRS) + Z CHP (P HEE %6 yie 2ie) + Z CPO(HR? upe) + Z CBS(PREC, PEY) + Z C™S (HJ:¢, H]Z®
teT i€l keK e€E SES
n Z CIS(C(.;”StC’ Cg,std) 4 Z CCT(CET, 1) + Z CS€(j,) + Cise (Ptlsc, Htlsc’ Ctlsc) 4 Z (CBSe (Eff ) i Z (CTSG (EsTf ) 4 Z (C!Se (Eést))]
ceC aeA beB eEE SES ceC
Towers & Steam Electrical Thermal Cold Storage
Grid Chillers Chiller Critical Load Shed Storage Penalty Storage Penalty Penalty
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Example Cases

Case 1

Case 2

Synthetic
DES

CHP, Boiler, Electric chillers/Cooling
Towers

Utilities (electricity, natural gas,
water)

76 buildings, previously defined
loads

Evaluated for 8760 hours

No grid

Case 1

No grid

GW DES

CHP, Boiler, Electric chillers/Cooling
Towers

Utilities (electricity, natural gas,
water)

5 buildings (supported by CHP)
Evaluated for 24 hours

No grid

Case 1

No grid




Case 1 vs. Case 2

Electrical Load

16



Synthetic DES Case 1 vs. Case 2: Electricity

Power [MW]

Power [MW]

Synthetic Case 1l ~ Jan 1, 1 AM
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Synthetic DES Case 1 vs. Case 2: Heating

SyntheticCase 1l ~Jan 1, 1 AM
Heating

— Load
—— Critical Load

=== Predicted Load
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Synthetic DES Case 1 vs. Case 2: Cooling

Water [kTons]

Water [kTons]
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GWU DES Case 1 vs. Case 2: Electricity

Power [MW]

Power [MW]

GW Casel~jull, 1AM
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6.00 {— Load e e
—— Critical Load " N L L Pl b
4.001=—" Predicted Load
— -~ Predicted Critical Load
2.00 4 CI—!P Power
Grid ]
00 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
-24-23-22-21-20-19-18-17-16-15-14-13-12-11-10 @ 8 -7 6 5 4 -3 2 -1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time [Hours]
GWCase2 ~jull, 1 AM
Electrical
7.50 1 Load
—— Critical Load _,___,/\ o I, e ———————— e
>.001___ predicted Load .  ITTTomommmsTees
— -~ Predicted Critical Load
2.50 CHP Power
I [ T 1
0.00 -1
Il Batteries v ‘

-2 Solar

15-14-13-12-11-10 9 8 7 6 5 -4 -3 2 -1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Time

[Hours]

20



GWU DES Case 1 vs. Case

2: Heating

GWCasel ~jull, 1AM
Heating
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GWU DES Case 1 vs. Case 2: Cooling

Water [kTons]

Water [kTons]
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Technoeconomic Framework

Reliability

* Loss of Energy Expectation: Expected number of days in which the daily peak load exceeds
the available generating capacity

Loss of Energy Expectation = ), Days where the maximum load > Generation Capacity

* Probability that Energy Needs are Met: Percentage of simulations where the demands of the
system are adequately met and do not fail the system

Y. hours where load > Generation Capacity

x 100
8760 (hours in a year)

Probability Energy Load is met =

Resilience

* Probability of Recovery: Percentage of time intervals in which the system, previously
operating in deficit, is now meeting demand
Y. hours following failure where load < Generation Capacity

Y. Hours where load > Generation Capacity

X 100

Probability of Recovering from Failure =

23



Technoeconomic Framework

Vulnerability

* Average Failure: Average failure load deficit divided by the average load during failure

Y Load during failure hours — X Generation capacity during failure hours

Average Failure =
g X hours where load > Generation capacity

Return on Investment (ROI)

_ X Installed technologies energy costs — X DES technology enery cost

ROI =
Capital cost of DES technologies
Cost
* Cost per Significant Unit: Total cost of the system output divided by a relevant system unit
Capital Cost of Technolo Capital Cost of Technolo
Storage Cost = 0 ! 97 Generation Cost = —— f 9y

Storage Capacity (kWh) Generation Capability (kW)

24



Synthetic DES Overview: Sample Output

Monthly Reliability (Loss of Energy Expectation)
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Synthetic DES: Electricity

Scenario
Metric | stas | . | Grid | Grid | w/ New
Quo slanding Buying | Selling Tech
Rellf:blhty 100 18.36 100 18.36 100
[Yo]
Res1:1ency 100 3.54 100 3.54 100
[Yo]
Vulnerability
%] 0 58.15 0 58.15 0
Average
Op(ej‘;)ztt‘“g 47,899 | 44,894 |44,231(48,602| 66,923
[$/day]
Capn{;} Cost | 0 0 0 |17,585,440
Return on 0
N/A N/A N/A | N/A (-2.6
Investments years)

Cost to operate DES with PV & battery storage
technologies is more expensive because current
model uses flat rate electricity pricing.



Synthetic DES: Heating & Cooling

Scenario Scenario
Metric Status | g0, Grid | Grid w/ New Metric Status | o Grid | Grid w/ New
Quo me Buying | Selling Tech Quo slanding Buying | Selling Tech
Reliability | 160 | 9737 | 100 | 97.37 | 100 ReadIY 1 100 | 100 | 100 | 100 | 100
%] [%]
Restliency -\ 150 | 4739 | 100 | 4739 | 100 Resiliency | 100 | 100 | 100 | 100 100
[%] [Yo]
Vulnerability Vulnerability
(%] 0 0.13 0 0.13 0 %] 0 0 0 0 0
Average Average
Operating | 5 154 | 3441 | 3137 | 3438 | 4398 Operating | » 160 | 2,160 | 2,160 | 2,160 | 1491
Cost Cost
[$/day] [$/day]
Ceptel Coets |- g 0 0 0 | 1,285,864 | | CEPIALCOSE) 0 0 0 | 1,316,246
[$] [$]
Return on L2 Return on 0.19
N/A | NA | NJA | NVA | (2.7 N/A | N/A | NJA | N/A (5.3
Investments i) Investments years)




Hardware-in-the-Loop Testbed

« Typhoon HIL hardware & software
« Battery emulator

« Grid, PV generation simulation
« Communication between all energy resources

Inverter Inverter-Grid
Control Panel Interconnection
Model

HIL 604
(Grid Simulator)

HIL Connect EPC
(Inverter Controllers)

L om -

e

9 T

Inverter Data
Output
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Next Steps

Integrate physics-based modeling of energy resources into Energy Management System
Incorporate dynamic pricing into EMS and techno-economic framework
Evaluate EMS output with sensitivities and uncertainties

Apply EMS and framework to multiple scenarios/cases

Decision Variables

Include urban DES characteristics as constraints

% 5% Baseline +5% +10% +20%
Percent Change(!)

Suggest ways to improve resilience, reliability, ROI
Perform laboratory demonstration of DES operation with distributed generation and storage

Implement sensors/meters in GW DES to collect and verify data

Grid Price Sensitivity by Decision Variable

10000
- 7500
- 5000

-2500

--2500
--5000
- -7500

-10000
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Dissemination of Results to the Community

SSSSSSSSSSSSSSSSSSSSSSSSSSSS

s OF ENERGY & CampusEnergy2022

Lab’ Provides Ideal C:

_ ENVIRONMENT Feb.15-18 Westin Boston Seaport District Hotel Boston, MA Foggy Bottom L|V|ng Lab'

GOVERNMENT OF THE DISTRICT OF COLUMBIA Presented at IDEA CampusEnergy 2022 Provides Ideal Case StUdy for
Presented to D.C.’s DOEE Battery Storage Energy System Management
WOrking Group, Aprll 7, 2021 A SEAS research team uses GW's campus to 'explore how

complex urban energy systems can gain resilience as

technology evolves.

Rachel Gray receives John Gray Professional Scholarship
at IDEA 2022
CampusEnergy2021 (3

BRIDGE TO THE FUTURE NTERNATIONAL, g ipgg _onrecting: Adva
Feb.16-18 | CONNECTING VIRTUALLY  pochel Gray ASHHAE HVAC&R INDUSTRY NEWS @1

\ WORKSHOPS | Thermal Distribution: March 2 | Microgrid: March 16 Mes.
ke e This Week in District Energy
Meet the Spea kers George Washington )

With more than 80 sessions and over 100 presenters, CampusEnergy2021 is guarnteed to deliver a diverse and comprehensive program. Unive rsnty

Presented at IDEA CampusEnergy 2021 Project covered in GWTODAY & featured
in ASHRAE and IDEA newsletters

@ INTERNATIONAL Panelist for webinar
7 s DISTRICT ENERGY . . )
ASSOCIATION Battery Storage: Where is the Technology Going .

and What are the Practical Applications?
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