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Overview
 Motivation and challenges

 Comparative literature review

 ACOPF-based storage integration
 Formulation, semidefinite relaxation, and strong duality conditions

 Case studies to value energy storage system (ESS) + VAr support

Source: PlattsSource: Hiskens



Renewed interest in energy storage due to:

 Sustainable, renewable energy resources

 Outages due to severe weather

 Transmission and distribution upgrades

 Learning curve and economies of scale
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Modified from Source: DG DemoNet

Problems with DG Interconnection
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Problems with VER Interconnection



 CAISO (2015): 

“The requirement to provide reactive power and voltage 
regulation capability should be the same for all asynchronous resources, 
with no disparate rules for these resources depending on whether they 
are wind or solar fueled generators, or battery storage.”

 More ISOs making a pre-requisite for interconnect of asynchronous 
generation resources to have reactive power readily available to 
achieve voltage regulation 

 Dynamic reactive power is not necessarily valued higher than static 
resources

 Cost of service payments (or none) on capability but not dispatch

 Needs are localized, but payments are not localized

Markets for Reactive (VAr) Power



 How do these interconnection pre-requisites effect storage 
integration?

 What drives optimal storage integration on the network?

 Storage at different locations and scales serve different 
functions

 Most studies are without network 

effects or assume perfect transfer 

efficiencies (no losses)

 No studies consider energy 

storage with dynamic VAr support

Grid-Integrated Storage



Energy/Power Services

 Arbitrage

 Load following

 Firm capacity

 Congestion relief

 Upgrade deferral

Ancillary Services

 Power quality services

 Transient stability services

 Regulation services

 Reactive power capability

 Voltage control

 Reserves

 Stability support

 Frequency support

Storage Services



 Our study: Optimal storage integration for ESS+VAr support

Single-Bus (Copperplate) Model
w/o Kirchhoff’s Laws (KCL, KVL)

• Sioshansi et al. (2008), 
Denholm et al. (2010),                                                                                
Drury et al. (2011), 
Kraning et al. (2010),
Su and Gamal (2013), etc.

DC-OPF Network Model                                               
Approximated KCL, KVL

• Chandy et al. (2010),                                                              
Dvijotham et al. (2011), 
Thrampoulidis (2013), 
Ghofrani et al. (2013), etc.

AC-OPF Network Model                                                           
Full KCL, KVL

• Castillo and Gayme (2017), Gayme and Castillo (2013), 
Gayme and Topcu (2012), Atwa and El-Saadany (2010), 
Bose et al. (2012), Lamadrid et al. (2012), Hu and Jewell (2011), Gabash and Li (2012), etc.

Reactive Power (MVAr)

Real Power (MW)

Energy Storage System (ESS) Controls



 Nonconvex, NP-Hard QCQP 

 Kirchhoff’s Laws:
P  jQ VI * VV *Y
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Optimal power flow (OPF)
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 Locational marginal pricing (LMP) goal is to  provide economically 
accurate signals 

 Dual variable (λn) to real power balancing at all buses in the 
network:

The cost of serving one incremental unit of load at bus n.  LMP 
incorporates the marginal unit cost (bid), cost of congestion, and cost 
of thermal losses on the network.
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Optimal Storage Integration (+S) 
DCOPF+S and L-DCOPF+S (lossy) approximations
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Steady-state storage  model (+S)
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opt* $17,047

opt   $31,157
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Solving OPF+S to global optimality

Semidefinite Relaxation
Let W : xxT , x : V r   V j





T
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tr CW 
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General Form of OPF (QCQP)
Let

Nonconvex
NP-Hard

Relaxation is exact if rank(W*)  1

Convex
Polynomial time solution
[Lavaei & Low 2012; Bai et al., 2008]

x :V r  jV j

P  jQ VI * VV *YBasic idea to convexify
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Solution Techniques
 DCOPF: Apply a LP solver

 L-DCOPF: Nonconvex QCQP (NLP solver)

 Propose semidefinite relaxation (SDR)  semidefinite program (SDP)

and second-order relaxation (SOCR)  second-order program (SOCP)

 ACOPF+S: Nonconvex QCQP (NLP solver)
 Solved as a SDP as proposed by Lavaei & Low [2012], and extended to 

optimal storage integration by Gayme & Topcu [2013]
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Convex Problems and Strong Duality

 OPF+ SConvex Reformulations

If Slater’s condition is satisfied [Gayme & Topcu, 2013], then strong 
duality holds.

KKT Point (Optima) to Convex Reformulation

Global Optimum to Original, Nonconvex Problem



20

Unimodal Operations
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Unimodal Operations

Theorem‡

Corollary‡



max
 , , ,

g
s
()  min

r c ,r d ,s,z ,B


S
()


S
()  f

n

s()

 
n
(t) r

n

c (t) r
n

d (t)



nNt1

T




n
(t) z

n
(t) 

s.t.

where

0  r
n

c (t)  R
n

c ,max

0  r
n

d (t)  R
n

d ,max

C
n
 z

n
(t)  C

n

b
n
(t 1)  b

n
(t)

c
r

n

c(t) r
n

d (t) /
d

0  b
n
(t) C

n

Primal Objective Function

Dual Term on Active Power

Dual Term on Reactive Power

Storage steady-state model

Maximize Lagrange Dual 

for Lagrange Function Λs

Storage Operator Subproblem



23

Storage Operator Subproblem



ESS profits at KKT optimal point * 
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Profit Maximizing Storage Allocation

Theorem‡
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Profit Maximizing Storage Allocation

Corollary‡
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ESS v. ESS+VAr summary results 

 ESS+VAr support results in different storage integration

 Higher profits for the storage operator when also providing 
VAr services 



ACOPF+S for VAr Support
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VAr Support and Operational Efficiency
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Effects of Network Modeling
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Reactive power compensation mechanisms



Concluding Remarks

 Reactive power is a localized benefit

 Current market design may dis-incentivize investment in 
inverter sizing and power controllers for additional provision 
of VAr support

 System is economically and operationally more efficient with 
asynchronous units that are paid to provide these services

 Current market mechanisms do not deal with locational 
scarcity of reactive power (out-of-market operator 
intervention = reliability commitments + uplift)



Thank You!

• anya.castillo@jhu.edu

Anya Castillo                                               arcasti@sandia.gov
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L-DCOPF+S Sensitivity
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