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Research Areas

* PV Integration

* Energy Storage

» Electric Power
Distribution System
Analysis

* Energy Management
Systems

* Microgrid

» Distribution automation

e Advanced Data Analytics
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e 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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e Superconducting magnetic energy storage (SMES)
e Super capacitors

 Pumped-hydro power plants (PHP)

« Compressed air energy storage (CAES)

* Flywheels

o PBatteries

— NaS (sodium-sulfur), Li-ion, lead acid, flow batteries, etc.
— Electric vehicles

 Thermal energy storage devices

— lce storage, water heaters, air conditioning units, etc.
— Demand response programs using load with thermal storage capabilities
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Direct Storage Indirect Storage

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

Electrical charges: Potential Kinetic Chemical Thermal
compress air air conditioners
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» Traditional (Energy Markets)
o Backup
o Peak shaving
o Energy shifting
o Arbitrage
» Advanced (Ancillary Services)
o Regulation
o Load following service
o Freguency response
o Spinning/non-spinning reserves
o Reactive power support
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» Traditional (Energy Markets)
o Backup
o Peak shaving
o Energy shifting
o Arbitrage
» Advanced (Ancillary Services)
o Regulation
o Load following service
o Frequency response
o Spinning/non-spinning reserves
o Reactive power support
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Intra-hour Applications
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Economic
Dispatch

Balance the mismatches between the load forecast and the actual load

~

L~ Regulation
Calculated by AGC

Load
followin

10-minute
load forecast

Hourly-ahead Load Forecast

Actual Load
Hour 8 Hour 9

Figure by Craig Taylor and Don DeBerry, presented at 2002 OSlsoft T&D Users Conference
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 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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NY-ISO ACE signal of June,2017 and its probability density function
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1. Reduce the wear-and-tear of the traditional generators
Advantages 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
e The first method has been implemented by PJM and ISO-NE.

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

e Signals with a fast ramping rate but energy neutral.

f{_, it \ Dynamic
l: ,F:Fj L | 5 Regulation
\ L LV ] = - ,f;.l High Pass REgu [atlun 5igna1-R&ﬂD
< P : Controller
. Filter
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Monetary Incentives: FERC Order 755 requires the implementation of pay-for-performance
regulation market

Lab

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

T e )
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Regulation capacity: participating resource will be rewarded by the bidding

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

same power limit except in the CASIO control area

Regulation mileage M: the sum of the absolute values of the regulation control
signal movements, unit $/AMW, P, Y is the power output of a regulation unit at ¢

reg reg

Performance factor A: A value between 0 and 1, represent the response accuracy
with respect to the regulation instructions. A general penalization format is as

follows:
Payment = bld (pc + AMpy,)

where p., p) are capacity clearing price and mileage clearing price, respectively.
In this analysis, we assume A4 = 1.

Dr. Ning Lu North Carolina State University
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Ee —Eeq = AtUcPtRegDown — AtndPtRegUp — AtPtselfDiSC

Discharged  Charging Self-discharged
energy energy energy

RegDown reg
0<P <P,

__pRegUp reg
0<-p9"P<p

Lowerlim Upperlim
E < E, < EUPP

Modeling Parameters

ESS Technology Lithium-ion Flywheel
charging efficiency Ne 0.85 0.95
discharging efficiency N4 1 0.95
self-discharging rate ~ P;¢7P" 2-4% per month 2% per month

Dr. Ning Lu North Carolina State University
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e Start-up nor shut-down costs are not considered

e 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

e Cost includes installation and O&M cost

NPV (Net Present Value) is calculated assuming the discount rate is 10%

Revenue R = Rmileage + Rcapacity
Cost-of-service C = Cinstaut + Coam
N
V(i)
Net Present Value NPV = z .
LT +r)
1=

PTOfit = NPViepenue — NPV ost

Dr. Ning Lu North Carolina State University
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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

4
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Battery High
Battery Low
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n
@
[
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©
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One directional service: Energy storage system only takes “up” signal
when discharging, while only taking “down” signal when charging
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Two directional service: Energy storage system can take both “up” and “down” signal
when possible.
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To evaluate the accuracy of following regulation signals, we calculated response

rate as:
_ Nruirilled

RR X 100%

Ntotal

where ney rineq 1S the number of regulation signals fully following by the ESS
and n;,;,; 1S the total number of regulation signals.

To evaluate the lifetime depreciation when providing regulation services, we
calculated the aging ratioas:

Ldefault o Lremain

A= X 100%

Ldefault

where Lgerqq: 1S the default lifetime of battery, Ly qin IS the remaining lifetime
after certain period of service estimated by rain-flow algorithm.

Dr. Ning Lu North Carolina State University



https://sites.google.com/a/ncsu.edu/ninglu/

FREEZ, Simulation Setup o

SYSTEMS CENTER

 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

e Cost Parameters

Li-1on(0.5hr) Li-1on(2hr) Li-ion(4hr) Flywheel
Current
T 38.3
Technology Cost($/kWh) 1650 25 525 4538.32
advancement L2030 Cost ($/kWh) 629 276 200 -
O&M($/Kw-yr) 10 10 10 7

Dr. Ning Lu North Carolina State University
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| PJM RegD PJM RegA NY-ISO
I- 2- I- 2- I- 2-direction
direction direction direction direction direction
Mileage
(AMW/MW) 133470 263210 20101 35472 87562 156450
Response
Battery Rate(%) 99.94 95.05 0991 55.7 99.92 85.46
Estimate
Lifetime(yrs) 4.72 3.89 5.93 4.23 5.28 3.99
Mileage
(AMW/MW) 133810 294480 20291 43100 87140 159290
Response
Flywheel Rate(%) 99.94 94.93 99.90 59.12 99.92 86.26
Estimate
Lifetime(yrs) 21 21 21 21 21 21

ahwbhE

the regulation services.

Dr. Ning Lu

Regulation signal design makes a significant difference.
When providing regulation services, battery lifetimes are shortened.
When providing RegD services, battery lifetimes can be further shortened but not by much.

When providing 1-directional services, battery lifetimes can be prolonged.
As the flywheel can cycle as many times at low DOD as at high DODs, its lifetime is not affected by providing

North Carolina State University
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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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 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 w.s. lifetime
not sensitive to DOD)

e 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
e Stack the regulation service with other type of services

Dr. Ning Lu North Carolina State University
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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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Loss of 2750 MW Generation

60.100

59.960 Initial rate of change of frequency

(RoCoF) prior to any resource

= response is solely a function of
T 59.820 | | : ,
> Inertia
e
L I
: -u
o
o
‘@ !
» 59.680
[-3]
59.540 - . . Frequency Nadir is determined by
primary frequency response and
| f system inertia
59.400 - e | '
0 8 16 24 32 40

Time (sec)
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Primary Frequency Response
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— Arresling Period
— Rebound Period

Recovery Perind

Actual System Response

Hz " System response
60.00 —
S
. : ¥ 598
: f
& ] requency
5990 B 545
. 74
0 10 20 30 10 20 30
Seconds Minutes > > D > & P :
M‘W —Trpm ey AT RSl
Primary Frequency Control = Secondary Frequency Contro
[Governor response (Generators on Aulomatic {Generalors through
(and frequency-responsive Genaration Gontrol) operator dispatch)
“ demand response) | = =
| R — Primary frequency response is the

only control action that can
oppose the free-fall of frequency

within seconds before involuntary
load shedding takes place.

A.-lu—-.-l-\.-.L._u_-..r- - '! -
0 10 20 30 10 20 30
seconds Minutes
Dr. Ning Lu

North Carolina State University
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Loss of 2750 MW Generation

60.5
60
_ 2750 MW PFR
£ 595
> ——2350 MW PFR
=
§ ——2050 MW PFR
@ 59
s 1750 MW PFR
——1450 MW PFR
58.5 ——1150 MW PFR
58
0 2 a 6 8 10 12 14 16 18 20
Time (s)

More primary frequency response - less frequency drops and faster recovery
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Inertia reflects a synchronous machine’s physical character to slow down the rate of
frequency change.
dAf — fo

= AP, — AP
dt 2H55( m — AFe)

k“--u.h -
~|nertia

f: Rotating frequency of the machine, H: Inertia constant of the synchronous machine
Sp: Rated power of the generator, AP,,: Change in mechanical power
AP,: Change in electric power demand

ERCOT Largest N-2

\

D
o °©
S Mo

——High Inertia (278 GWs)
Mid Inerita (202 GWs)

0 0 0
B o

Frequency (Hz)
U unounoun
n P
Ww M

——Low Inertia (135 GWs)

0 0.5 1 15 2

Time (s)
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Loss of 2750MW Generation

60.2
332 GW.s
60 Inertia
59.8
= 59.6
z
o
€ 59.4
=
o
e
“ 59.2
59
58.8 i i i i
100 GW .s Inertia ~—=119.5 GW.s Inertia ———135.5 GW.s Inertia 152 GW.s Inertia
177 GW s Inertia m—201.5 GW.s Inertia 229.5 GW.s Inertia =——255.5 GW.s Inertia
58.6 — 278 GW.s Inertia —296.5 GW.s Inertia 315.5 GW.s Inertia =——332 GW.s Inertia
0 0.5 1 15 2 2.5

Time(s)
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© 2015 * 2016 *© 2017 1st Quarter
450,000

400,000

350,000

300,000

250,000

Inertia (MW*s)

200,000

150,000

100,000
0.00% 10.00% 20.00% 30.00% 40.00% 50.00% 60.00%
Hourly Wind Penetration (%)

S s aots |20t aueren)

Installed Wind Capacity 16,078 MW 18,564 MW 19,284 MW

*Data Source: ERCOT Operations Data

Dr. Ning Lu North Carolina State University
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*NERC and **National Labs recognize that large-scale integration of Renewables leads to decline in system inertia,
causing a significant reduction of the primary frequency control (PFC) capability.

Gen Loss : 2750 MW Reserve : 2750 MW

——Frequency Gen ——Frequency Gen
60.2 20000 60.2 51000
Low Inertia High Inertia
60 o 60 =
= 18000 = 50000
T 59.8 — I 59.8 —
= = = =
o = o =
S 59.6 16000 = & 59.6 49000 Z
5 § ¢ 8
L 594 @ 594
- . - - = 14000 59 3Hz™ - - - ~ 48000
59.2 1 59.2 1
53 Involuntary Under Frequency Load Shedding 12000 59 Involuntary Under Frequency Load Shedding 47000
0 5 10 15 20 0 5 10 15 20
Time (s) Time (s)

Actual PFR Need # MW Loss <;> System Dynamic (impacted by
both inertia and PFR) is Crucial

*NERC Frequency Response Initiative, April, 2010
**E. Ela, M. Milligan, B. Kirby, A. Tuohy and D. Brooks, "Alternative approaches for incentivizing the frequency responsive reserve ancillary service,” NREL, March 2012
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From Load/ other resources:
—  Delivered within 30 cycles (0.5 seconds)
—  Triggered by under frequency relay
(59.7Hz)
—  Fast Frequency Response (FFR)

From Generators:
—  Delivered within 12 to 16 seconds
—  From governor response

60.1 17200
P 60.1 - r 3300
60 - 17000 60 ~ 3100
[ —
% 59.9 | 16800 — 599 - 2900
2 598 s = 2700 _
] 16600 S o 59.8 S
g 5o T 3 \ =
£ 59.6 s & %
2 11600 B 8°° - 2100
& 59.5 LA "
@ “i 595 L
= 1900
59.4 - 16000 o
= 59.4 1700
59.3 15800 £
= 59.3 1500
0 2 & [ 2
- ) 0 2 4 6
ime(s
(<) Time(s)
Frequen Mechanical Torgue
d < d Frequency =—LAARs
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Loss of 2750 MW Generation

60.100

59.960 Initial rate of change of frequency

(RoCoF) prior to any resource

= response is solely a function of
< 59.820 - 1 . .
> Inertia
| =
a
=5 M3
o
@ :
—
» 59.680
] 1

59.540 - . Frequency Nadir is determined by

primary frequency response and
f system inertia
59.400 - - | -
0 8 16 24 32 40

Time (sec)
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Primary
frequency
response
resources

3000

£-0,2640 APFR
2500 200, 2440 Slope= AFER
2000 500, 2040
— APFR
§ 900, 1640
< 1500
& % 1300, 1240
1000 AFFR
<00 Fast frequency response resources
0
0 200 400 600 800 1000 1200 1400
FER (MW)
: . APFR
PFR/FFR Equivalency Ratio= - Slope= - AFER
. APFR :
Interpretation: To replace 1MW of FFR, - AFER MW of PFR is needed
APFR
(IMW FFR = - T===- MW PFR)

Dr. Ning Lu North Carolina State University
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Inertia vs. Net-Load
I I T 1 T T T ‘l

#9"  Fast Frequency Response Resources — provided by DR i B
Primary Frequency response - Generation ' et I:L
| caselﬂt
= ey v o |
= f case9 1
- [:
| case8
i o —— . +

2 250 _;_ |l CASE Tty _l_ i
% L — -
s - ' case6 E :
g + i i

200 - JIF : case5 : ]

. | _ -L
: cased E
4 o 1 4
150 I case3 — | |
— o

ase2

c 5i E _:_

casel _L_

I l J 1 1 1L | | 1 L
15-20 20-25 25-30 30-35 35-40 40-45 45-50 50-55 55-60 60-65

Net-Load Level (GW)
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® Low Inertia Condition ® Mid Inertia Condition High Inertia Condition
3500
3000
..
2500 --""--.____I_Equivalency Ratio= 1.4
Equivalency Ratio= 2.2
S 2000 B
E Equivalency Ratio= 1.08 T
e =
& 1500 Hiah i v
igh inertia . |
1000 low inertia
500
0
0 200 400 600 800 1000 1200 1400 1600 1800 2000

FFR (MW)
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Inertia vs. Net-Load
I I 1 | I T | T
casel2 —

| casell li‘
- —l e e
300 I case9 !:}

T

350

. T
= 3 | =
E sl 4, 1 == PFR Requirement Look-up Table
L] 1 |
E + : caseﬁ&' :
E _i_ 1 [ 1
R = B e —— e o
] -
£ cn ! Net-Load Level (GW) 1520 1520 20-25 25-30 30-35 45-50 50-55 55-60 60-65 60-65
T |
ol T casea i e Inertia (GW-s) 120 136 152 177 202 230 256 278 297 316 332 350
_l_ "
case2 1 BER ';eqé'l':rg"‘e"t 5200 4700 3750 3370 3100 3040 2640 2640 2240 2280 2140 2140
casel 4_ ( - )
L 1 | 1 Equivalency Ratio 2.2 2 1.5 1.4 1.3 125 113 1.08 1 1 1 1
15-20 20- 25 25-30 30-35 35-40 40-45
*Minimum PFR

Net-Load Level (GW) 1143 1143 1143 1143 1143 1143 1143 1143 1143 1143 1143 1143

Requirement

FFR Requirement 1844 1779 1738 1591 1505 1518 1325 1386 1097 1137 997 997

PFR Requirement ( Inertia i) — PFRmin_gen

FFR (Inertia i) =
(Inertia ) Equivalency Ratio( Inertia i))

Dr. Ning Lu North Carolina State University 48
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Equivalency Ratio
2.5

15 &

0.5

0 50 100 150 200 250 300 350 400
Inertia (GW*s)

Low Load; High Load;
High Wind System Conditions Low Wind

Low Inertia High Inertia

. >
1 /
Fd
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YW _
FRE —1vi  Reward Service based on Performance
SYSTEMS CENTER

1. A forward financial electricity market cleared in Day-Ahead
2. Energy and Primary Frequency Response Reserve (PFR) are co-optimized
3. Provide price certainty and discovery for the next operating day

Energy Offers
Pricing
I (Energy, PFR/ FFR)
Day-Ahead
Market Awards
PFR/FER Offers (Energy, PFR/ FFR)

Inertia Forecast

Dr. Ning Lu North Carolina State University

GridWrx

Lab
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& & & PFR [ PFR\ N2 ,FFR [ . PFR ' S
—_ —_ — o ‘ Rev
maX{ij (dj ) i(pj ) E Fj; (f-)I ) E ij (pj )} _— evenues

j— f— F — L. The Gap

| J=1 ] | =l J I!_l ] lJ"_l f ¢ ‘ Offer-based

1 1 || T Costs

Energy bid Energy offer PFR offer FFR offer

Variables: Parameters:

dj Energy bid award for load j (MW) bj (dJ,) Energy bid for load j ($/MWh)

pi Energy offer award for unit i (MW) ﬁ (pl-) Energy offer for uniti (S/MWh)

it i PFR PFR -
pPFRi_ PFR award for unit i (MW) f; (Pj ) PER offer for uniti ($/MW)
FFR FFR :
A - )
/" Supply curve
Demand curve R R— i
E
4=

= Market clearing price =
& | Equilibrium -% )

e ‘%___-_ar:;i:jgnd v/ Demand curve

Energy (MWh) i PFR (MW) » -

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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Lagrange Function:

Ng Ng Nd . . Nd Nd Ng Nd Ng
L=2fi( peHZfPrR(P:PFR]+Zj:rrrﬂ[ﬁjFrR)_ 2.bj(dj)+Ax(— ZP{+Zd )-Bx(}p PFR+mKZp;FFR = PFRpip ) - alePiPrR = PFRpyin_gen)+
i=l i=1 j=l ' - =l i=1 j=1 i=l j=1 i=l
HSL; -
Ng T P o N p 1| BE] N - Nd Nd _ Nd
Z{['ﬂ*} x (M x P |- PFR; ]}—E{[E} x (M x PER ﬂ )+ > ( njx(pj d )= Z{’?J)‘PJ ]+Z{€ x{d D ) - Z{E}jxa’j}
i=1 Pi HSL; i=l Pi LSL, j=l j=1 j=1 j=1
First-Order Necessary Conditions: N 1 L T
Fil P LSL; 0
SL — T Pir xun{ ;FR]— PFR; )=|0
—=V M’ |-M =0 — .
5P Tilpi)—A+M; [ﬂf] 1 X[ﬂ . Pi L, | 0|
oL PFR, PFR T [ T
w=?ﬁ {P, }_,B—G!"FME X|:‘G!::|—M2 X[&}=D a _HS.L‘i_ _u_
I - PI' -
oL FFR(), FFR) g i o o Pi2 Xl-”’{ FFR]_ PFR; D=|0
5p FER =Vf; )—mp+1,; ﬁ‘ﬂ :'5"_:3 Py HSL;
j ] L i
OL Vb, +i-1,+0,-8,=0 (PR g0 1;xp, TR =0
5dj A iTYiTY njx(p; )= ;% Pj
N prr Nd g 0;xd;=0 0, x(D;—d;)=0
Bx(Xp " v mx 3 p - PFR,) =0 A jx(Dj—d;)=
i=l j=l
aX{ZPfPFR PFRuin_gen) =0 ﬂaﬂ” p;"i f?;f? % i:‘_*ﬂ

i=] 53
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(PFR Constraints)
Ng Nd
PFR FFR D For each hour:
zp; +mx 3 P Jj et 5 ‘3 Inertia can be forecasted based on historical data
i=1 J=1 and thus minimum requirement for PFR and
Ng PER FFR/PFR Equivalency Ratio m are determined as a
Zp i b Rmin_gen ki
i=l — A minimum requirement of PFR from Generator is
Parameters: enicrecd
m Equivalency ratio between PFR and FFR PFRmin_gen Minimum amount of PFR from generators

PFR,,i;, Minimum amount of PFR required (MW) required (MW)

_EMEHEHMMM

Inertia (GW's) 152
FFR/PFR Ratio 22 2 15 14 13 125 113 108 1 1 1 1
ISR FE R 1143 1143 1143 1143 1143 1143 1143 1143 1143 1143 1143 1143

Requirement from Gen
FFR Requirement 1844 1779 1738 1591 1505 1518 1325 1386 1097 1137 997 997 54
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Assumed System Condition :
Inertia :230 GW*s, PFR min_gen=1143 MW, PFR min=3040 MW, PFR/FFR Ratio=1.25

Capacity Energy Offers | PFR Capacity Total Load FFR Capacity FFR offers

Eliminate price spikes

[0,11000] [0,2200] Li{must serve) 26200
GZ [0,9000] 50 [0,1800] 15 L2(must serve) 8000
G3 [0,20000] 20 [0,4000] 10 L3{must serve) 6000
G4 [0,10000] 10 - - L4 400
G5 (Wind) [0,2000] 0.01 - - L5 200
Energy Clearing Price: 120 $/MWh
30000 1
= 120
25000
Opportunity Cost: 70 $/MWh 100
20000
= 80
=
% 15000 =
80
10000 40
5000 L 20
, . -~ ~~~-N
Gl G2 G3 G4 G5 (Wind)
N Energy W PFR Available Capacity Energy Offer === PFR Offer

b’ 1 n

1 NIT I\ k=W

I NWI LT UL VIIIITWA WLLALW w1 ||V\J|\J|¥]

i\lo EFR

Eﬂﬂ{} -

8000 -

30 [0,400]

25 - -

Energy/PFR (G1) 40/2200

Energy/PFR (G2) 8160/840

Energy/PFR (G3) 20000/0

Energy/PFR (G4) 10000/-

Energy/PFR (G5) 2000/-

Energy/FFR (L1) 26200/-

Energy/FFR (L2) 8000/-

Energy/FFR (L3) 6000/-

Energy/FFR (L4) 0/0

Energy/FFR (L5) 0/0

Energy A=120
Clearing Price (SMWh)
PFR a+B=83
Clearing Price (S/MW)
FFR mp=106.25
Clearing Price (S/MW)
ALap 120,085 Al

GridWrx
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NO-FFR: Price Spikes in Both Market

Assumed System Condition :
Inertia :230 GW*s, PFR min_gen=1143 MW, PFR min=3040 MW, PFR/FFR Ratio=1.25

PFR
Capacity Energy Offers | PFR Capacity “ Total Load _ FFR Capadty FFR offers
Generator offers Bid
- (Mw) (5/MWh) (Mw) MW e MWh (3/MwW)
2

[0,11000] [0,2200] L1(must serve) 26200
[0,9000] 50 [0,1800] 15 L2(must serve) 8000 8000
G3 [0,20000] 20 [0,4000] 10 L3(must serve) 6000 8000 N O l-: FR
G4 [0,10000] 10 - - L4 400 30 [0,400] -
G5 (Wind) [0,2000] 0.01 - - L5 200 25 - -
30000 Energy/PFR (G1) 40/2200
120 Energy/PFR (G2) 8160/840
25000 Energy/PFR (G3) 20000/0
PFR Clearing Price: 855/MW 100 e 100007
Energy/PFR (G3) 2000/-
20000 80 Energy/FFR (L1) 26200/-
= = Energy/FFR (L2) 8000/-
Z 15000 0 = Energy/FFR (L3) 6000/-
70 §/Mw - Energy/FFR (L4) 0/0
10000 40 Energy/FFR (L5) 0/0
Energy A=120
=000 — 20 Clearing Price (S/MWh)
-—— PFR a+B=85
0 - _____ 0 Clearing Price (S/MW)
61 62 & 6 G5 (Wind) FFR mB=10625
S Energy N PFR Available Capacity Energy Offer === PFR Offer Clearing Price (S/MW)
La,B 120,0,85 a1

- - —_— e — e —— — oo - - - =y

GridWrx

Lab
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Capacity Energy Offers | PFR Capacity Total Load FFR Capacity FFR offers

[0,11000] [0,2200] L1(must serve) 26200
GI [0,5000] 5[] [0,1800] 15 L2(must serve) 8000 Eﬂﬂﬂ - -
G3 [0,20000] 20 [0,4000] 10 L3(must serve) 6000 8000 - -
G4 [0,10000] 10 - - L4 400 30 [0,400] 8 W| t h FFR
G5 (Wind) [0,2000] 0.01 - - L5 200 25 - -
30000 Energy/FFR (G1) 0/2200
120 Energy/PFR (G2) 8360/640
25000 Energy Clearing Price: 87 5/MWh Energy/PFR (G3) 20000/0
/ 100 Energy/PFR (G4) 10000/-
20000 . Energy/PFR (G5) 2000/-
02 Energy/FFR (L1) 26200/-
= 15000 s Enerey/FFR (2) 8000/-
= 3734/ 60 —
ot Energy/FFR (L3) 6000/-
10000 10 Energy/FFR (L4) 160/160
. Energy/FFR (L5) 0/0
5000 - - ! 20 Energy A=87
-— ————" Clearing Price ($/MWh)
a — ---En o PFR a+B=52
61 G2 63 c4 G5 (Wind) L4 Clearing Price (S/MW)
. . FFR mp=63
N Energy NN PFR Awvailable Capacity Energy Offer == == PFR Offer ) ) ]
Clearing Price (S/MW)
A B 87,052 42
57
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SYSTEMS CENTER :
Capacity Energy Offers | PFR Capacity Total Load FFR Capacity FFR offers
Generator nffers Bids
[0,11000] 120 [0,2200] L1(must serve) 26200
Gz [0,9000] 50 [0,1800] 15 L2(must serve) 8000 Eﬂﬂ{} - -
G3 [0,20000] 20 [0,4000] 10 L3({must serve) 6000 8000 - -
G4 [0,10000] 10 - - L4 400 30 [0,400] 8 With FFR
G5 (Wind) [0,2000] 0.01 - - LS 200 25 - -
30000 Energy/PFR (G1) 0/2200
120 Energy/PFR (G2) 8360/640
25000 Energy/PFR (G3) 20000/0
100 Energy/PFR (G4) 10000/-
20000 Energy/PFR (G5) 2000/-
. 80 > Energy/FFR (L1) 26200/-
% 15000 PFR Clearing Price: 525/MW 60 = Encrey/FFR (12) 8000/-
Iy Energy/FFR (L3) 6000/-
10000 Energy/FFR (L4) 160/160
40
2 o Energy/FFR (L5) 0/0
5000 L S 20 Energy A=87
—— Clearing Price (5/MWh)
0 —=-E- 0 PFR =52
G5 (Wind) Clearing Price (S'MW)
. . FFR mp=65
IS Energy N PFR Available Capacity Energy Offer == === PER Offer e (S/MW)
JI., o, ﬁ 3?,[},52 A j
58
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Assumed System Condition :
Inertia :230 GW*s, PFR min_gen=1143 MW, PFR min=3040MW, PFR/FFR Ratio=1.25

(Mw) (s/mwh) | (MW) o (Mw) Wk (MW) ($/Mw)
12{} 9000 - -

[0,11000] [0,2200] 20 L1(must serve) 26200
[0,9000] [0,1800] 15 L2(must serve) 8000 8000 - -
53 [0,20000] zn [0,4000] 10 L3(must serve) 6000 8000 - -
G4 [0,10000] 10 - - L4 400 30 [0,400] 1-30
G5 (Wind)  [0,2000] 0.01 - - LS 200 25 - -

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

——Energy MCP ——PFRMCP FFR MCP

140 * When L4 increases its bid from $S1/MW to
s 120 S$17/MW, the resulting price mitigation effect
Z 100 is diminishing.
gy 80
cg 60 * The cost for L4 to provide FFR increases to a
g 10 certain point, the revenue it receives for
@
o

providing FFR can no longer offset the
additional payment made to purchase

energy.

20

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29

L4 FFR Offer ($/MW) 59


https://sites.google.com/a/ncsu.edu/ninglu/

=N A I
FREEZW, Any Questions? S

SYSTEMS CENTER Lab

Dr. Ning Lu North Carolina State University



https://sites.google.com/a/ncsu.edu/ninglu/

	Providing Frequency Regulation Services using Energy Storage Systems
	Outline
	GridWrX Lab: Faculties
	GridWrX Lab: PHD Students
	GridWrX Lab: Dr. Lu’s Research Group
	Part 1: Background
	References 1: NCSU
	References: PNNL
	Energy Storage Options
	Classification of ES Technologies
	Applications
	Applications
	Part 2: Regulation Services
	An Example of Load Balancing
	An Example of Load Balancing
	Regulation Service
	Energy Storage for Regulation Service
	Technical Challenges
	Enabling Factors
	Pay-for-performance Market Mechanism
	Regulation Mileage
	Part 3: Modeling of Energy Storage Devices
	Energy Storage Models
	Cost-benefit Study Models
	Battery Lifetime Estimation Methods
	Two Types of Services Mechanism
	Two Types of Services Mechanism
	Performance Criterion
	Simulation Setup
	Part 4: Cost-benefit Study Results
	Results Summary: Service Quality & Lifetime
	Slide Number 32
	Profit Comparison
	What are our next steps?
	Part 5: Fast Frequency Response Services
	Frequency Response
	Primary Frequency Response 
	PFR Impact on Frequency
	Inertia Definition
	Inertia Impacts on Frequency
	Declining Inertia
	Increasing Needs for Fast PFR
	Comparison: PFR vs FFR
	Frequency Response
	Resource Equivalency
	How to Address the FFR’s Impact?
	Equivalency Depends on Inertia
	A Look-up Table
	Equivalency Ratio
	Part 5: Provision of Frequency Response Services�
	Reward Service based on Performance
	Co-optimization of Energy and Ancillary
	Problem Formulation
	PFR and FFR Equivalency
	Eliminate price spikes
	NO-FFR: Price Spikes in Both Market
	With FFR: Energy price may drop
	With FFR: PFR price will drop too
	Diminishing Mitigation Effects
	Any Questions?

