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Project Overview
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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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DES Synthetic Case: Comprehensive Urban DES

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



Synthetic Case 
Loads 

(normalized by total 
building square footage) 
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Synthetic Case 
Loads 

(normalized by building 
footprint) 
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GWU District Energy System 
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• 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 
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Building Types DES Synthetic Case GWU’s Energy System
Public 

Assembly
Park Lisner Auditorium, Smith Center, Gelman, Marvin

Food Service 10 Quick Service and 10 Full Service
Restaurants

The Basements of District and Shenkman 

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)

Urban Building Types in Both Cases



Mapping Tool for GWU DES Data 
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Energy Management System
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Energy Management System Architecture
• Designed for 

general DESs
• Utilizes AI & 

optimization 
techniques to 
allocate energy 
resources 
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Baseline & Emergency Scenarios
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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  
• Solar PV
• Battery, hot water storage, chilled 

water storage 
• Absorption chillers
• 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 
• Solar PV
• Battery, hot water storage, chilled 

water storage 
• Absorption chillers
• No grid
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Case 1 vs. Case 2
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Synthetic DES Case 1 vs. Case 2: Electricity  
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Synthetic DES Case 1 vs. Case 2: Heating  
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Synthetic DES Case 1 vs. Case 2: Cooling  
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GWU DES Case 1 vs. Case 2: Electricity  
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GWU DES Case 1 vs. Case 2: Heating  
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GWU DES Case 1 vs. Case 2: Cooling   



Reliability
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Resilience

Technoeconomic Framework

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

• Probability of Recovery: Percentage of time intervals in which the system, previously 
operating in deficit, is now meeting demand

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝐿𝐿𝑜𝑜 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐿𝐿𝐸𝐸 = ∑ 𝐷𝐷𝐸𝐸𝐸𝐸𝐿𝐿 𝑤𝑤𝑤𝐸𝐸𝐸𝐸𝐸𝐸 𝐸𝐸𝑤𝐸𝐸 𝑚𝑚𝐸𝐸𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚 𝑙𝑙𝐿𝐿𝐸𝐸𝑙𝑙 > 𝐺𝐺𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐿𝐿𝐸𝐸 𝐶𝐶𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

𝑃𝑃𝐸𝐸𝐿𝐿𝑃𝑃𝐸𝐸𝑃𝑃𝐸𝐸𝑙𝑙𝐸𝐸𝐸𝐸𝐸𝐸 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐿𝐿𝐿𝐿𝐸𝐸𝑙𝑙 𝐸𝐸𝐿𝐿 𝑚𝑚𝐸𝐸𝐸𝐸 =
∑𝑤𝐿𝐿𝑚𝑚𝐸𝐸𝐿𝐿 𝑤𝑤𝑤𝐸𝐸𝐸𝐸𝐸𝐸 𝑙𝑙𝐿𝐿𝐸𝐸𝑙𝑙 > 𝐺𝐺𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐿𝐿𝐸𝐸 𝐶𝐶𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

8760 (𝑤𝐿𝐿𝑚𝑚𝐸𝐸𝐿𝐿 𝐸𝐸𝐸𝐸 𝐸𝐸 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸)
× 100

𝑃𝑃𝐸𝐸𝐿𝐿𝑃𝑃𝐸𝐸𝑃𝑃𝐸𝐸𝑙𝑙𝐸𝐸𝐸𝐸𝐸𝐸 𝐿𝐿𝑜𝑜 𝑅𝑅𝐸𝐸𝐸𝐸𝐿𝐿𝑅𝑅𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑜𝑜𝐸𝐸𝐿𝐿𝑚𝑚 𝐹𝐹𝐸𝐸𝐸𝐸𝑙𝑙𝑚𝑚𝐸𝐸𝐸𝐸 =
∑𝑤𝐿𝐿𝑚𝑚𝐸𝐸𝐿𝐿 𝑜𝑜𝐿𝐿𝑙𝑙𝑙𝑙𝐿𝐿𝑤𝑤𝐸𝐸𝐸𝐸𝐸𝐸 𝑜𝑜𝐸𝐸𝐸𝐸𝑙𝑙𝑚𝑚𝐸𝐸𝐸𝐸 𝑤𝑤𝑤𝐸𝐸𝐸𝐸𝐸𝐸 𝑙𝑙𝐿𝐿𝐸𝐸𝑙𝑙 < 𝐺𝐺𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐿𝐿𝐸𝐸 𝐶𝐶𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

∑𝐻𝐻𝐿𝐿𝑚𝑚𝐸𝐸𝐿𝐿 𝑤𝑤𝑤𝐸𝐸𝐸𝐸𝐸𝐸 𝑙𝑙𝐿𝐿𝐸𝐸𝑙𝑙 > 𝐺𝐺𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐿𝐿𝐸𝐸 𝐶𝐶𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
× 100
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• Average Failure: Average failure load deficit divided by the average load during failure 

Vulnerability

Cost
• Cost per Significant Unit: Total cost of the system output divided by a relevant system unit

Technoeconomic Framework

Return on Investment (ROI)

𝑅𝑅𝑅𝑅𝑅𝑅 =
Σ 𝑅𝑅𝐸𝐸𝐿𝐿𝐸𝐸𝐸𝐸𝑙𝑙𝑙𝑙𝐸𝐸𝑙𝑙 𝐸𝐸𝐸𝐸𝐸𝐸𝑤𝐸𝐸𝐿𝐿𝑙𝑙𝐿𝐿𝐸𝐸𝐸𝐸𝐸𝐸𝐿𝐿 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐸𝐸𝐿𝐿𝐿𝐿𝐸𝐸𝐿𝐿 − Σ 𝐷𝐷𝐸𝐸𝐷𝐷 𝐸𝐸𝐸𝐸𝐸𝐸𝑤𝐸𝐸𝐿𝐿𝑙𝑙𝐿𝐿𝐸𝐸𝐸𝐸 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐸𝐸𝐿𝐿𝐿𝐿𝐸𝐸

𝐶𝐶𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑙𝑙 𝐸𝐸𝐿𝐿𝐿𝐿𝐸𝐸 𝐿𝐿𝑜𝑜 𝐷𝐷𝐸𝐸𝐷𝐷 𝐸𝐸𝐸𝐸𝐸𝐸𝑤𝐸𝐸𝐿𝐿𝑙𝑙𝐿𝐿𝐸𝐸𝐸𝐸𝐸𝐸𝐿𝐿

𝐷𝐷𝐸𝐸𝐿𝐿𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐶𝐶𝐿𝐿𝐿𝐿𝐸𝐸 =
𝐶𝐶𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑙𝑙 𝐶𝐶𝐿𝐿𝐿𝐿𝐸𝐸 𝐿𝐿𝑜𝑜 𝑇𝑇𝐸𝐸𝐸𝐸𝑤𝐸𝐸𝐿𝐿𝑙𝑙𝐿𝐿𝐸𝐸𝐸𝐸
𝐷𝐷𝐸𝐸𝐿𝐿𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐶𝐶𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 (𝑘𝑘𝑘𝑘𝑤) 𝐺𝐺𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐿𝐿𝐸𝐸 𝐶𝐶𝐿𝐿𝐿𝐿𝐸𝐸 =

𝐶𝐶𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑙𝑙 𝐶𝐶𝐿𝐿𝐿𝐿𝐸𝐸 𝐿𝐿𝑜𝑜 𝑇𝑇𝐸𝐸𝐸𝐸𝑤𝐸𝐸𝐿𝐿𝑙𝑙𝐿𝐿𝐸𝐸𝐸𝐸
𝐺𝐺𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐿𝐿𝐸𝐸 𝐶𝐶𝐸𝐸𝐸𝐸𝐸𝐸𝑃𝑃𝐸𝐸𝑙𝑙𝐸𝐸𝐸𝐸𝐸𝐸 (𝑘𝑘𝑘𝑘)

𝐴𝐴𝑅𝑅𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐹𝐹𝐸𝐸𝐸𝐸𝑙𝑙𝑚𝑚𝐸𝐸𝐸𝐸 =
Σ 𝐿𝐿𝐿𝐿𝐸𝐸𝑙𝑙 𝑙𝑙𝑚𝑚𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑜𝑜𝐸𝐸𝐸𝐸𝑙𝑙𝑚𝑚𝐸𝐸𝐸𝐸 𝑤𝐿𝐿𝑚𝑚𝐸𝐸𝐿𝐿 − Σ 𝐺𝐺𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐿𝐿𝐸𝐸 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑙𝑙𝑚𝑚𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑜𝑜𝐸𝐸𝐸𝐸𝑙𝑙𝑚𝑚𝐸𝐸𝐸𝐸 𝑤𝐿𝐿𝑚𝑚𝐸𝐸𝐿𝐿

Σ 𝑤𝐿𝐿𝑚𝑚𝐸𝐸𝐿𝐿 𝑤𝑤𝑤𝐸𝐸𝐸𝐸𝐸𝐸 𝑙𝑙𝐿𝐿𝐸𝐸𝑙𝑙 > 𝐺𝐺𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐿𝐿𝐸𝐸 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸



Synthetic DES Overview: Sample Output
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Synthetic DES: Electricity

Metric 
Scenario 

Status 
Quo Islanding Grid 

Buying 
Grid 

Selling 
w/ New 

Tech 

Reliability 
[%] 100 18.36 100 18.36 100 

Resiliency 
[%] 100 3.54 100 3.54 100 

Vulnerability 
[%] 0 58.15 0 58.15 0 

Average 
Operating 

Cost  
[$/day] 

47,899 44,894 44,231 48,602 66,923 

Capital Cost 
[$] 0 0 0 0 17,585,440 

Return on 
Investments N/A N/A N/A N/A 

-0.39 
(-2.6 

years) 
 

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

Metric 
Scenario 

Status 
Quo Islanding Grid 

Buying 
Grid 

Selling 
w/ New 

Tech 

Reliability 
[%] 100 97.37 100 97.37 100 

Resiliency 
[%] 100 47.39 100 47.39 100 

Vulnerability 
[%] 0 0.13 0 0.13 0 

Average 
Operating 

Cost  
[$/day] 

3,124 3,441 3,137 3,438 4,398 

Capital Cost 
[$] 0 0 0 0 1,285,864 

Return on 
Investments N/A N/A N/A N/A 

-0.36 
(-2.7 

years) 
 

Metric 
Scenario 

Status 
Quo Islanding Grid 

Buying 
Grid 

Selling 
w/ New 

Tech 

Reliability 
[%] 100 100 100 100 100 

Resiliency 
[%] 100 100 100 100 100 

Vulnerability 
[%] 0 0 0 0 0 

Average 
Operating 

Cost  
[$/day] 

2,160 2,160 2,160 2,160 1,491 

Capital Cost 
[$] 0 0 0 0 1,316,246 

Return on 
Investments N/A N/A N/A N/A 

0.19 
(5.3  

years) 
 



Hardware-in-the-Loop Testbed
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• Typhoon HIL hardware & software
• Battery emulator
• Grid, PV generation simulation
• Communication between all energy resources 



Next Steps
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• 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

• Include urban DES characteristics as constraints

• 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



Dissemination of Results to the Community  
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Presented to D.C.’s DOEE Battery Storage 
Working Group, April 7, 2021

Presented at IDEA CampusEnergy 2022

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

Panelist for webinar
Battery Storage: Where is the Technology Going 

and What are the Practical Applications?

Rachel Gray receives John Gray Professional Scholarship 
at IDEA 2022
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