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• GridWrx lab is currently the home of 15 PhD 
students

• We also host undergraduate researchers, 
master students, and visiting scholars to 
maintain a diversified group.
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Energy Storage Options

• Superconducting magnetic energy storage (SMES)

• Super capacitors

• Pumped-hydro power plants (PHP)

• Compressed air energy storage (CAES)

• Flywheels

• Batteries

– NaS (sodium-sulfur), Li-ion, lead acid, flow batteries, etc.

– Electric vehicles

• Thermal energy storage devices

– Ice storage, water heaters, air conditioning units, etc.

– Demand response programs using load with thermal storage capabilities
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Electrical charges:

Capacitors
SEMS

Potential
Pumped hydro
compress air

Direct Storage Indirect Storage 

Reference: Yang, et al., Chemical 

Reviews, 111, 3577, 2011

(via 1-way or 2-way energy conversion)

Kinetic 
Flywheel

Chemical 
Batteries

Thermal

Water heaters, 
air conditioners

One-directional 
energy conversion

Classification of ES Technologies

Time

Power
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Applications

 Traditional (Energy Markets)

◦ Backup

◦ Peak shaving

◦ Energy shifting

◦ Arbitrage

Advanced (Ancillary Services)

◦ Regulation

◦ Load following service

◦ Frequency response

◦ Spinning/non-spinning reserves

◦ Reactive power support
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Intra-hour Applications

Daily Load Profile

An Example of Load Balancing
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Balance the mismatches between the load forecast and the actual load

Hour 8 Hour 9

Figure by Craig Taylor and Don DeBerry, presented at  2002 OSIsoft T&D Users Conference

Hourly-ahead Load Forecast

Regulation

Calculated by AGCLoad 
following

Economic 
Dispatch

An Example of Load Balancing
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Regulation Service

• Regulation services: balances generation and load in real-time to maintain system  frequency and tie-
line power flows at the scheduled values.

• Inputs: Area Control Error(ACE) and Tie-line Flow Deviations.

• Signal resolution: 2-10 seconds

• Characteristics: mostly energy neutral, random in magnitude (very hard to forecast) 
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Energy Storage for Regulation Service

Advantages
1. Reduce the wear-and-tear of the traditional generators
2. Reduce the amount of required regulation capacity
3. Improve the quality of regulation services
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• Energy storage systems have energy limits. 

• When regulation signals have significant DC components, energy storage devices will soon 
be fully charged/discharged

• Three approaches to deal with this issue

─ Design energy-neutral frequency regulation signal

─ Design operation strategy to maintain the state-of-charge (SOC) levels

─ Allow storage to adjust its committed regulation services in a shorter interval

• The first method has been implemented by PJM and ISO-NE. 

• Fast regulation signal: Applying a high-pass filter to the AGC signal. 

• Signals with a fast ramping rate but energy neutral. 

Technical Challenges
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Enabling Factors

0 10 20 30 40 50 60

Time(mins)

-1

-0.5

0

0.5

1

R
eg

ul
at

io
n 

S
ig

na
l

One hour PJM RegD signal
0 10 20 30 40 50 60

Time(mins)

-1

-0.5

0

0.5

1

R
eu

gl
at

io
n 

S
ig

na
l

One hour NY-ISO regulation signal 

Design Considerations: FERC Order 784 requires the improvement of signal design considering the 
state of charge constraint of energy storage system

Monetary Incentives: FERC Order 755 requires the implementation of pay-for-performance

regulation market
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Pay-for-performance Market Mechanism

Regulation capacity: participating resource will be rewarded by the bidding    

capacity 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑟𝑟𝑟𝑟𝑟𝑟, unit: $/MWh. Regulation-up and regulation down signals have the    

same power limit except in the CASIO control area

Regulation mileage 𝑴𝑴: the sum of the absolute values of the regulation control 

signal movements, unit $/∆MW, 𝑃𝑃𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟 is the power output of a regulation unit at 𝑡𝑡
Performance factor 𝝀𝝀: A value between 0 and 1, represent the response accuracy 
with respect to the regulation instructions. A general penalization format is as 
follows:

Payment = 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑟𝑟𝑟𝑟𝑟𝑟(ρ𝑐𝑐 + 𝛌𝛌Mρ𝑀𝑀)
where ρ𝑐𝑐, ρ𝑀𝑀 are capacity clearing price and mileage clearing price, respectively. 
In this analysis, we assume 𝜆𝜆 = 1.

𝑀𝑀 =�0𝑇𝑇 𝑃𝑃𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟 − 𝑃𝑃𝑡𝑡−1𝑟𝑟𝑟𝑟𝑟𝑟𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑟𝑟𝑟𝑟𝑟𝑟
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Regulation Mileage
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Mileage 𝑴𝑴
𝑀𝑀 =�0𝑇𝑇 𝑃𝑃𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟 − 𝑃𝑃𝑡𝑡−1𝑟𝑟𝑟𝑟𝑟𝑟𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑟𝑟𝑟𝑟𝑟𝑟
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Energy Storage Models

Modeling Parameters

𝐸𝐸𝑡𝑡 − 𝐸𝐸𝑡𝑡−1 = ∆𝑡𝑡𝜂𝜂𝑐𝑐𝑃𝑃𝑡𝑡𝑅𝑅𝑟𝑟𝑟𝑟𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 − ∆𝑡𝑡𝜂𝜂𝑏𝑏𝑃𝑃𝑡𝑡𝑅𝑅𝑟𝑟𝑟𝑟𝑅𝑅𝑅𝑅 − ∆𝑡𝑡𝑃𝑃𝑡𝑡𝑆𝑆𝑟𝑟𝑆𝑆𝑆𝑆𝑅𝑅𝑏𝑏𝑆𝑆𝑐𝑐
Discharged 
energy

Charging 
energy

Self-discharged 
energy

discharging efficiency
charging efficiency

self-discharging rate

0 ≤ 𝑃𝑃𝑡𝑡𝑅𝑅𝑟𝑟𝑟𝑟𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 ≤ 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑟𝑟𝑟𝑟𝑟𝑟
0 ≤ −𝑃𝑃𝑡𝑡𝑅𝑅𝑟𝑟𝑟𝑟𝑅𝑅𝑅𝑅≤ 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑟𝑟𝑟𝑟𝑟𝑟𝐸𝐸𝐿𝐿𝑅𝑅𝑅𝑅𝑟𝑟𝑟𝑟𝑆𝑆𝑏𝑏𝐿𝐿 ≤ 𝐸𝐸𝑡𝑡 ≤ 𝐸𝐸𝑅𝑅𝑅𝑅𝑅𝑅𝑟𝑟𝑟𝑟𝑆𝑆𝑏𝑏𝐿𝐿
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• Start-up nor shut-down costs are not considered
• Actual annual revenue for year 2017 is calculated and we assume that the 

same revenue is received over the entire lifetime.
• Revenue includes two payments: mileages and capacity
• Cost includes installation and O&M cost
• NPV (Net Present Value) is calculated assuming the discount rate is 10%

Cost-benefit Study Models

𝑅𝑅 = 𝑅𝑅𝐿𝐿𝑏𝑏𝑆𝑆𝑟𝑟𝑚𝑚𝑟𝑟𝑟𝑟 + 𝑅𝑅𝑐𝑐𝑚𝑚𝑅𝑅𝑚𝑚𝑐𝑐𝑏𝑏𝑡𝑡𝑐𝑐𝐶𝐶 = 𝐶𝐶𝑏𝑏𝑅𝑅𝑆𝑆𝑡𝑡𝑚𝑚𝑆𝑆𝑆𝑆 + 𝐶𝐶𝑂𝑂&𝑀𝑀𝑁𝑁𝑃𝑃𝑁𝑁 =�𝑏𝑏=1𝑁𝑁 𝑁𝑁 𝑖𝑖
1 + 𝑟𝑟 𝑏𝑏

𝑷𝑷𝒓𝒓𝑷𝑷𝑷𝑷𝒃𝒃𝑷𝑷 = 𝑁𝑁𝑃𝑃𝑁𝑁𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑅𝑅𝑟𝑟𝑟𝑟 −𝑁𝑁𝑃𝑃𝑁𝑁𝑐𝑐𝑅𝑅𝑆𝑆𝑡𝑡

Revenue

Cost-of-service

Net Present Value
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• Lifetime of a battery storage system can be estimated based on how many 
charging/discharging cycles it has completed at different depth of 
discharge(DOD)

• Rain-flow algorithm is used for estimating battery lifetime depreciation
• The flywheel lifetime is assumed to be constant

Battery Lifetime Estimation Methods

20 30 40 50 60 70 80 90 100

Depth of discharge(%)

0

0.5

1

1.5

2

N
u

m
b

e
r 

o
f 

c
y
c
le

s

10
4

Flywheel

Battery High

Battery Low



GridWrx 

Lab 

Dr. Ning Lu North Carolina State University

Two Types of Services Mechanism

One directional service: Energy storage system only takes “up” signal 
when discharging, while only taking “down” signal when charging
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Two Types of Services Mechanism

Two directional service: Energy storage system can take both “up” and “down” signal 
when possible.
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Performance Criterion

To evaluate the accuracy of following regulation signals, we calculated response 
rate as: 𝑅𝑅𝑅𝑅 = 𝑛𝑛𝑆𝑆𝑟𝑟𝑆𝑆𝑆𝑆𝑏𝑏𝑆𝑆𝑆𝑆𝑟𝑟𝑏𝑏𝑛𝑛𝑡𝑡𝑅𝑅𝑡𝑡𝑚𝑚𝑆𝑆 × 100%

where 𝑛𝑛𝑆𝑆𝑟𝑟𝑆𝑆𝑆𝑆𝑏𝑏𝑆𝑆𝑆𝑆𝑟𝑟𝑏𝑏 is the number of regulation signals fully following by the ESS 

and 𝑛𝑛𝑡𝑡𝑅𝑅𝑡𝑡𝑚𝑚𝑆𝑆 is the total number of regulation signals.

To evaluate the lifetime depreciation when providing regulation services, we 
calculated the aging ratioas:𝐴𝐴 = 𝐿𝐿𝑏𝑏𝑟𝑟𝑆𝑆𝑚𝑚𝑟𝑟𝑆𝑆𝑡𝑡 − 𝐿𝐿𝑟𝑟𝑟𝑟𝐿𝐿𝑚𝑚𝑏𝑏𝑅𝑅𝐿𝐿𝑏𝑏𝑟𝑟𝑆𝑆𝑚𝑚𝑟𝑟𝑆𝑆𝑡𝑡 × 100%

where 𝐿𝐿𝑏𝑏𝑟𝑟𝑆𝑆𝑚𝑚𝑟𝑟𝑆𝑆𝑡𝑡 is the default lifetime of battery, 𝐿𝐿𝑟𝑟𝑟𝑟𝐿𝐿𝑚𝑚𝑏𝑏𝑅𝑅 is the remaining lifetime 

after certain period of service estimated by rain-flow algorithm.
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Simulation Setup

• Regulation signals and the corresponding price data were downloaded from 
PJM and NY-ISO website, the data was collected from January 1, 2017 to 
December 31, 2017

• Designed lifetime of Li-ion battery is 10 years, while the designed lifetime of 
flywheel is 21 years

• The power and energy rating of Li-ion battery and flywheel is 1MW and 0.5 
MWh, respectively

• Cost Parameters

Technology 
advancement
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Part 4: Cost-benefit Study Results
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Results Summary: Service Quality & Lifetime

1. Regulation signal design makes a significant difference.
2. When providing regulation services, battery lifetimes are shortened. 
3. When providing RegD services, battery lifetimes can be further shortened but not by much. 
4. When providing 1-directional services, battery lifetimes can be prolonged.
5. As the flywheel can cycle as many times at low DOD as at high DODs, its lifetime is not  affected by providing 

the regulation services.
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Profits comparison of different 
battery sizes

A larger size battery has a longer service life. 
When supplying RegD, the service life are 
3.8, 5.5, 13.5 years for 0.5, 2 and 4 hours 
battery, respectively.
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What are our next steps?

• We have finished the following comparisons
– Regular regulation signals v.s. storage-friendly signals

– 1-directional v.s. 2-directional services

– Regional differences (PJM v.s. NYISO)

– Different battery sizes

– energy storage technologies (Li-ion Battery v.s. Flywheel; lifetime sensitive to DOD v.s. lifetime 

not sensitive to DOD)

• What to come
– Market-based v.s. non-market based regulation services

• Need signals from non-market based systems

– Different energy storage control algorithms

• Optimize energy storage operation 

• Stack the regulation service with other type of services
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Part 5: Fast Frequency Response Services

10/25/2018Ning Lu (North Carolina State 
University) 

35

Li, Weifeng, Pengwei Du, and Ning Lu. "Design of a New Primary Frequency Control Market for 
Hosting Frequency Response Reserve Offers from both Generators and Loads." IEEE 

Transactions on Smart Grid (2017).
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Frequency Response

36

10/25/2018
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Primary Frequency Response 

frequency

System response
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PFR Impact on Frequency

38

More primary frequency response  less frequency drops and faster recovery
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Inertia Definition
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Inertia Impacts on Frequency

100 GW.s

332 GW.s
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Declining Inertia
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Increasing Needs for Fast PFR
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Comparison: PFR vs FFR
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Frequency Response
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Resource Equivalency

Fast frequency response resources

Primary 
frequency 
response 
resources
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How to Address the FFR’s Impact?

4610/25/2018 Ning Lu (North Carolina State University)   

Fast Frequency Response Resources – provided by DR
Primary Frequency response - Generation
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Equivalency Depends on Inertia

47

High inertia
low inertia



GridWrx 

Lab 

Dr. Ning Lu North Carolina State University

A Look-up Table

48
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Equivalency Ratio
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Part 5: Provision of Frequency Response Services

50
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Reward Service based on Performance

51
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Co-optimization of Energy and Ancillary

52

Li, Weifeng, Pengwei Du, and Ning Lu. "Design of a New Primary Frequency Control Market for Hosting Frequency Response Reserve Offers from both Generators and Loads." IEEE Transactions 
on Smart Grid (2017).
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Problem Formulation

53
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PFR and FFR Equivalency

54

10/25/2018
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Eliminate price spikes
10/25/2018

55

NO FFR
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NO-FFR: Price Spikes in Both Market

56

NO FFR
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With FFR: Energy price may drop
10/25/2018
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With FFR
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With FFR: PFR price will drop too

58

With FFR
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Diminishing Mitigation Effects
10/25/2018

59

Allow the FFR resources to provide frequency service will 
increase the price elasticity.



GridWrx 

Lab 

Dr. Ning Lu North Carolina State University

Any Questions?
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