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Grid-Interactive Efficient 
Building Definition
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Interactive 
Buildings

Source:
Fallahi, Z., & Henze, G. P. (2019). Interactive 
Buildings: A Review. Sustainability, 11(14), 3988.
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Opportunities

Interactions with counterparts (urban district, infrastructure, and 
environment) provide opportunities for: 
• Improvements of building performance such as net energy use, 

emissions, occupant comfort, and operational cost. 
• Support infrastructure planning such as transportation system, 

water systems and the electric power grid
• Shaping the future structure of smart cities

– Buildings more than shelters – connected and adaptable
– District level resource sharing to reduce waste
– Facilitate multi-modal and autonomous transportation
– Real-time tracking of energy use, water use, and emissions
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Challenges

• Validation of degree and characteristics of load flexibility 
given participating technologies

• Assessing monetary value of load flexibility and reward 
mechanism by building type

• Control and characterization of aggregated flexibility
• Evaluation of interaction between building energy use and 

occupant comfort along different time scales



NREL    |    7

Demand Flexibility Building Load Curves
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Grid Interactive Efficient Building Load Curves

Source:
https://www.energy.gov/sites/prod/files/2019/04/f61/bto-geb_overview-4.15.19.pdf
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RMI: Residential Demand Flexibility
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RMI: Aggregate Flexibility Impact

Net load and changes from demand 
flexibility for an average day
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HVAC

Commercial 
HVAC



Commercial Building 
Participation in Energy 
and FR Markets

Greg Pavlak (CU) & Gregor Henze (CU/NREL) 



NREL    |    12

Frequency Regulation Estimation

An illustrative example: How much FR at 13:00? 
• Baseline setpoint of 23°C
• Fans 50%, DX Coil: 

On-On-Cyc-Off, 
85% Occupied 
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FR Estimation: Repeat from 9:00-16:00
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Multi-Market Optimization Overview

Perturbations limited to 
those that do not 
increase demand penalty. 
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Medium Office Results: Impact of Target Limit

Low Target Limit:
Available 5/9 hours
±8 kW to ±60 kW 
$12 reg. revenue 
38% → 39.5%

High Target Limit:
Available 8/9 hours
277 kWh > OPT
$23 > energy expense 
±85 kW on average 
$56 reg. revenue 
2.3% → 15.7% So
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Portfolio Multi-Market Optimization

Source: 
Pavlak, G. S., Henze, G. P., & Cushing, V. J. 
(2015). Evaluating synergistic effect of 
optimally controlling commercial building 
thermal mass portfolios. Energy, 84, 161-176. 



Residential Directed 
Thermal Mass 
Optimization

Charles Corbin (CU) & Gregor Henze 
(CU/NREL)
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Grid Model Description

• Distribution system modeled at feeder level with GridLAB-D
– Models all components of system from transformers to 

lines to lights.
– Solves unbalanced power flow for three-phase 

distribution system.
• Provided with 24 feeder models typical of U.S. systems.



NREL    |    19

Building Model Description

• Residential building envelope model based on RC network
• HVAC models from ASHRAE Toolkit 2 and EnergyPlus
• Complete ROM model sample output including HVAC cycling, 

thermostat hysteresis, staging and minimum run time

Source: Corbin, C. D., & Henze, G. P. 
(2017). Predictive control of residential
HVAC and its impact on the grid. Part I: 
simulation framework and
models. Journal of Building Performance 
Simulation, 10(3), 294-312.
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Directed Optimization: Load Shaping

• Approach: Use distributed but directed optimization using a 
signal that considers desired feeder demand
1. Generate a reference demand curve that represents 

desired aggregate feeder demand.
2. Transform feeder reference demand curve into a 

reference demand curve for each house.
3. Minimize difference between house demand curve and 

house reference demand curve.
• Tell homes when to increase or decrease demand
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Houston 70% High Solar Penetration
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Houston 70% High Solar Penetration July 1

Source: 
Corbin, C. D., & Henze, G. P. (2017). Predictive control of
residential HVAC and its impact on the grid. Part II: simulation
studies of residential HVAC as a supply following resource. Journal 
of Building Performance Simulation, 10(4), 365-377.
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Directed MPC Summary

• Models fast and light weight to allow for PCT deployment
• Residential HVAC Directed MPC

– Most effective at short term variations in demand
– Methodology can be extended to other loads
– Distributed but directed MPC can be implemented
– More controlled and predicable than price-based optimization
– Improvements in all metrics except consumption

• Limited by
– Flexible cooling demand
– Storage efficiency
– Model accuracy



Valuation of Demand 
Flexibility

Robert Cruickshank (CU/NREL), Anthony 
Florita (NREL), Gregor Henze (CU/NREL)
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Does Residential Load Shaping Provide $ Savings?

↑ Low-cost RES penetration and
↓ RES curtailment by

– Shaping load ↑ or ↓ to follow supply
↓ Generation contingency reserve 
requirements with

– Interruptible loads
– Distributed thermo-electric storage

↑ Thermal plant efficiency by
– ↓Partial-load operation
– ↑Full-load operation

Source: USC - John Bryan Energy Storage v2
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Value of Demand Flexibility
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Houston 50% PV: ARLS A/C, Battery, DHW Heater

Source: R.F. Cruickshank  Estimating the Value of 
Jointly Optimized Electric Power Generation and 
Residential Electrical Use (2019), Ph.D. Dissertation, 
University of Colorado.



Relationship b/w Energy 
Efficiency and DR

Zahra Fallahi (CU), Gregor Henze 
(CU/NREL), Elaine Hale (NREL), Matt 
Leach (NREL)
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Portfolio
Office, single family 
housing, retail
𝑁𝑁𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 10,000

PCM
Storage 
Model

Portfolio 
Optimum Signal

Signal Creation

𝐵𝐵𝐵𝐵
𝐵𝐵 𝑐𝑐
𝑓𝑓𝑓𝑓
𝑐𝑐𝑐𝑐
𝑐𝑐𝑐𝑐

1

𝐵𝐵𝐵𝐵
𝐵𝐵 𝑐𝑐
𝑓𝑓𝑓𝑓
𝑐𝑐𝑐𝑐
𝑐𝑐𝑐𝑐

𝑘𝑘

…

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐵𝐵𝐶𝐶𝑒𝑒𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒𝐶𝐶𝑒𝑒𝐶𝐶𝑒𝑒𝑒𝑒𝐶𝐶1

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐵𝐵𝐶𝐶𝑒𝑒𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒𝐶𝐶𝑒𝑒𝐶𝐶𝑒𝑒𝑒𝑒𝐶𝐶𝑘𝑘

…

Portfolio Response Scaled up 
load shaping

𝐵𝐵𝐵𝐵𝐵𝐵1 = 1 + 𝛾𝛾1 (𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃𝐶𝐶𝑒𝑒𝑃𝑃 𝑆𝑆𝑒𝑒𝑆𝑆𝑒𝑒𝑒𝑒𝐶𝐶∗ . 𝐵𝐵𝑒𝑒𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒𝐶𝐶1) [𝑘𝑘𝑘𝑘]

NREL

CU

EE vs. 
DR
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Bayesian Calibration of GEB Flexibility

Cluster k 

Cluster 1

BRL(1,1)
BRL(1,2)
BRL(1,3)
.
.
.

BRL(1,24)

…
Load Shaping

Min SSE 

Scale Up

Error analysis
Optimum vs. 
Achieved signal

Cluster k 

Cluster 1

BRL’(1,1)
BRL’(1,2)
BRL’(1,3)
.
.
.

BRL’(1,24)

…

Model Revision



Deep Reinforcement 
Learning Control for GEB

Andrey Bernstein (NREL), Gregor Henze 
(CU/NREL), Emiliano Dall’Anese (CU), 
Peter Graf (NREL), Xin Jin (NREL)
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Multiobjective Deep RLC for GEB

• DOE BENEFIT 2018 award
• Balance learning and domain knowledge to 

enable GEBs with fast T2M path
• Three NREL Centers and two CU departments
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Planned RLC Testbed Architecture

BOPTEST / Alfalfa

DOCKER CONTAINER

BOPTEST

Simulation 
Manager

Database

API

SPAWN: Modelica + 
EnergyPlus (FMU)

Deep RL Agent 

Add new/use existing case
Set simulation setting 
Start simulation
Read measurement
Write control signal

Python Script

SUBMIT REQUEST

http Rest API

Example Algorithm: Actor 
Critic 

Python Script

• Contains Test Case and Control KPIs
• Temporary Files During Simulation

OpenAI Gym Package
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NREL CU RASEI Joint Professional MS in NGPES



www.nrel.govThank you!
Gregor Henze | University of Colorado | NREL | RASEI
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