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A B S T R A C T   

Integration of smart grid technologies in distribution systems, particularly behind-the-meter initiatives, has a 
direct impact on transmission network planning. This paper develops a coordinated expansion planning of 
transmission and active distribution systems via a stochastic multistage mathematical programming model. In 
the transmission level, in addition to lines, sitting and sizing of utility-scale battery energy storage systems and 
wind power plants under renewable portfolio standard policy are planned. Switchable feeders and distributed 
generations are decision variables in the distribution level while the impact of demand response programs as a 
sort of behind-the-meter technologies is accommodated as well. Expansion of electric vehicle taxi charging 
stations is included as a feasible option in both transmission and distribution levels. In order to deal with short- 
term uncertainty of load demand, renewable energy sources output power, and the charging pattern of electric 
vehicle taxis in each station, a chronological time-period clustering algorithm along with Monte Carlo simulation 
is utilized. The proposed model is tackled by means of Benders Dual Decomposition (BDD) method. The IEEE RTS 
test system (as the transmission system) along with four IEEE 33-node test feeders (as distribution test systems) 
are examined to validate effectiveness of the proposed model.   

1. Introduction 

In conventional passive distribution systems, the main focus is on 
distributing a predetermined amount of power from transmission sub
stations to the medium and low voltage load centers. Accordingly, the 
operation and planning of transmission and distribution systems have 
been regularly conducted separately [1]. In the wake of distribution 
system reformation to host high penetration of distributed generation 
(DG), demand response programs (DRPs), and high shares of electric 
vehicles (EVs), the local supply of load demands is turning into a reality in 
the active distribution networks. This fundamental transition enables the 
distribution system to run as dispatchable sources and dramatically in
fluences the net load demand profiles. In a rare but still feasible scenario, 
the extra power generated in distribution side can be injected to the main 
grid under an interactivity between transmission system operator (TSO) 
and distribution system operator (DSO). This bilateral power exchange, 
in addition to power and energy quantities, impacts the prices and 
monetary flows, and the decisions in transmission expansion planning 

(TEP) should be amended accordingly. Also, high penetration of wind 
power plants (WPPs) in transmission system and integration of flexible 
resources like utility-scale battery energy storage (BES) systems, can 
affect distribution expansion planning (DEP). In this regard, a proper 
coordination between transmission and distribution systems planning is 
essential to defer investment and rise the asset utilization [1]. 

In traditional expansion planning models, the focus is mainly on a 
particular part of power system, e.g., transmission grid, or distribution 
system. In [2] the co-planning of transmission grid and ES devices is 
addressed, and the importance of ES for relieving lines congestion is 
concluded. Authors of [3] and [4] have developed an expansion model 
under high penetration of renewable energy sources (RESs) considering 
power system uncertainties. In [5], a hybrid AC/DC TEP model under 
high penetration of RESs incorporating BES devices is presented. The 
research works proposed in [6–8] investigate the impact of EVs [6], or 
DRPs [7,8] on power system operation and planning. An interlink be
tween EV routing and optimal charging strategy in power system is 
developed in [6]. The capability of DRPs for cost and emission reduction 
in generation and transmission expansion is addressed in [7]. A power 
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Nomenclature 

Acronyms 
BDD, BES Benders Dual Decomposition, Battery energy storage. 
CRF, CTPC Capital recovery factor, Chronological time-period 

clustering. 
DDSP, DEP, DG Distribution dual sub-problem, Distribution 

expansion planning, Distributed generation. 
DPV, DRPs, DSO Discounted present values, Demand response 

programs, Distribution system operator. 
EAC, EVs, EVCSs Equivalent annual costs, Electric vehicles, Electric 

vehicle charging stations. 
EVTs, EVTCSs Electric vehicle taxis, Electric vehicle taxis charging 

stations. 
LMPs, MCS, MP Local marginal prices, Monte Carlo simulation, 

Master problem. 
RESs, RPS Renewable portfolio standard, Renewable energy 

sources. 
TDIC, TDOC, TDGs Total distribution investment costs, Total 

distribution operation costs, Thermal DGs. 
TDSP, TEP, TSO Transmission dual sub-problem, Transmission 

expansion planning, Transmission system operator. 
TTIC, TTOC Total transmission investment cost, Total transmission 

operation cost. 
WDGs, WPPs Wind power DGs, Wind power plants. 

Indices & Sets 
c,ΩC,m,ΩM Index and set of the allowable candidate lines in a 

transmission corridor, index and set of in-service EVT 
chargers. 

d,ΩD Index and set of distribution systems. 
f ,ΩF ,Ωnf ,Ωef Index and set of all distribution feeders, and sets of all 

candidate and existing feeders. 
h,hd,ΩH,H Indices, set, and total number of representative hours. 
i,ΩB,ΩG Index and set of buses, and set of generators in 

transmission. 
l,L Index of all transmission lines, and total number of lines. 
n,ΩN,N,ΩNN,nd,ΩND Index and set of all nodes, total number of 

existing nodes, set of new nodes in each distribution 
system, and index and set of responsive load nodes. 

t,ΩT,T Index, set, and total number of planning stages. 
tp,ΩTP Index and set of all types of BES devices in transmission 

system. 
s,ΩS,S Index, set, and total number of linear segments for 

generation cost function linearization. 
zd,ΩZD,Ωns Index and set of EVTCSs candidate service zones, and set 

of candidates EVTCSs in each zone of distribution. 
ze,ΩZE,Ωcs Index and set of EVTCSs candidate service zones, and set 

of candidates EVTCSs in each zone of transmission. 
Ωnl,Ωnc,Ωel Sets of all candidate lines, candidate lines in new 

corridors, and existing lines in transmission. 
Ωnw,Ωnt Sets of nodes for wind and thermal distributed generation 

installation in distribution. 
Ωsb, Ωw Sets of candidate buses for installing BES and constructing 

WPPs in transmission. 

Parameters 
A,K, IN Connectivity matrices of existing and new lines (or feeders) 

with buses (or nodes), and discriminant matrix of 
distribution systems interface nodes with transmission. 

Cgs
i ,Cdgs

n,Cwci Segmental generation cost for thermal units and DGs 
and penalty cost of wind curtailment ($/MWh). 

Csi,tp,Cci,tp BES investment cost of energy capacity ($/MWh) and 
power capacity ($/MW). 

Ci,tp,S i,tp Maximum power (MW) and energy (MWh) capacity of 

BES. 
CRm,EZTS

i,ze,h,EZDS
d,n,zd,h EVTs charging rate (MW), and discriminant 

matrices of operational hours of EVTCSs in candidate 
service zones of transmission and distribution systems. 

ESi/(n),ze/(zd),ECi/(n),ze/(zd),EPi/(n),ze/(zd) Investment costs of EVTCSs ($), 
each charger ($), and maximum number of chargers for 
each station i (or n), in zone ze (or zd) of transmission (or 
distribution). 

IWi ,DWn,DTn Investment cost of new WPP in transmission (M 
$/MW), and new wind (M$/MW) and thermal (M$) DGs in 
distribution. 

ICl , IFf Line l investment cost including the cost of conductors and 
towers, and new feeder investment cost (M$/km). 

LLl,FLf New transmission lines and distribution feeders length 
(km). 

LT, r,TL Equipment lifetime (year), interest rate, and upper limit for 
new TDGs in each distribution system and in each stage. 

LdPK
i ,LdPK

d,n,QLdPK
d,n,Lgt ,Egt Active peak load of buses , active and 

reactive peak load of nodes (MW), load demand and EVT 
growth factors. 

M ,Ψ,B,G,SFf Big-M, system base power (MVA), susceptance and 
conductance of lines and feeders in per unit, and maximum 
apparent power flow of feeders (MVA). 

RUi,RDi Ramp up and ramp down of thermal units (MW/hr). 
Rwl,DRf Cost of right of way for transmission line l consists of land 

cost, and distribution feeder f (M$/km). 
SoCDT,SoCAT EVTs state of charge at departure and arrival hours. 
TSbl,DSbn Substation cost in new transmission corridors, and in new 

distribution nodes (M$). 
Wfh,Lfh,Efh Hourly factors obtained for WPP output power, load 

demand, and EVTs charging pattern. 
α,β, χ Expected share of WPP (or WDG) in total load supplying at 

the end of planning horizon, maximum wind curtailment 
in each stage, and flexible ramp reserve cost factor. 

γhd
h ,L d,t,h,AL d,t Cross-hour price elasticities, hourly LMPs in 

interface nodes, and average of hourly LMPs in interface 
nodes. 

ηc,ηd Charging and discharging efficiency of BES devices. 
ρh,TEh The weight of obtained representative hour h, and hourly 

average travel energy of EVTs (MWh). 
{⋅}max

,{⋅}min Maximum/minimum limits of bounded variables. 

Variables 
Dd,t,nd,h DRP participation value (MW) in responsive load nodes nd, 

in stage t, and hour h in distribution d. 
DUd,t,nd,h, DLd,t,nd,h Upper and lower bound of DRP (MW) in 

responsive load nodes nd, in stage t, and hour h in 
distribution d. 

Et,i,tp,h Energy level (MWh) of BES with type tp, in bus i, in stage t, 
and hour h. 

It,i,tp, Ut,i,tp,h Binary variables of new BES with type tp, in bus i, in 
stage t, and the state of charging or discharging of BES with 
type tp, in bus i, in stage t, and hour h. 

Jt,i,h, XGd,t,n Thermal generation units on/off state, and binary 
variable of candidate TDG n, in stage t, and distribution 
system d. 

Pt,i,h,PSTS
t,i,h,s,PTDd,t,h Total and segmental power of thermal units 

(MW), and power exchange between transmission and 
distribution system d in interface nodes (MW). 

Pdt,i,tp,h,Pct,i,tp,h Power of discharging and charging of BES with type 
tp, in bus i, in stage t, and hour h (MW). 

PeTS
t,l,h,PeDS

d,t,f ,h Active power flow of existing lines and feeders (MW). 
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system expansion framework considering internet data centers load 
regulation is presented in [8] for facilitating the inclusion of spatial and 
chronological internet data centers in DRPs. In [9–14] the expansion of 
distribution systems considering some smart technologies is investi
gated. A mathematical linearization for a reliability-based DEP problem 
is presented in [9]. The co-planning of electric vehicle charging stations 
(EVCSs), ES devices, and DGs, in a radial distribution network is 
developed in [10]. Authors of [11] propose a model for expansion 
planning of distribution and transportation systems, considering ES, 
DGs, and shared EVCSs, for minimizing investment cost, energy losses, 
and queue waiting time of EVs. In [12], a stochastic model considering 
EVs charging demand is utilized for active distribution system rein
forcement planning. In [13], optimal expansion of distribution system 
and EVCSs assuming coordinated power and transportation networks is 
addressed. In [14] the presented model in [13] is expanded by including 
ES and fast-charging stations. 

Followed by growing penetration of RESs, modern expansion tools, 
and smart grid technologies it is crucial to further look into the bidirec
tional interaction and coordination between TSO and DSO, as illustrated 
in Fig. 1. In this regard, a short-term study is conducted on sharing energy 
storage between TSO and DSO in [15] where a coordinated local ES 
system in distribution level is modeled to relieve transmission system 
congestions. A coordinated economic dispatch of transmission and dis
tribution systems has been addressed in [16]. In [17], the impact of 

optimal operation of distribution system on TEP problem is investigated 
ignoring the optimal siting and sizing of BES devices and WPPs. Unlike 
[16] and [17], an integrated model for TEP and DEP is proposed in [1]. 
The sitting and sizing of utility scale BES devices and WPPs, along with 
EVCSs in transmission side, also penetration of EVs and applications of 
DRPs in distribution side are all ignored in [1]. In [18] a bi-level frame
work for coordinated planning of transmission and distribution systems 
considering the penetration of DGs is presented. The ES devices, WPPs, 
EVs, and DRPs are not included in [18]. A tri-level structure is considered 
in [19] for TSO, DSO, and independent system operator to coordinate TEP 
and DEP problems. In [20] a hierarchical collaborative structure for TEP 
and DEP is addressed considering the allocation of transmission cost. The 
uncertainties, ES, WPPs, EVs, and DRPs are all ignored in [19] and [20]. 
In [21] an integrated model for planning of power system and fast 
charging stations under EV diffusion is presented. DRPs impact in dis
tribution systems, and utility scale ES and WPPs, along with EVCS plan
ning in transmission system are not considered in [21]. 

The EV market in active distribution systems based on the stated 
policies scenario (STEPS) is targeting 140 million EV penetration by 
2030, compared to 7.2 million existing ones in 2020 [22]. This rapid 
growth, which will dominate 7 % of the global vehicle fleet, can cause a 
550 TWh increase in global electricity demand in the same scenario and 
time [22]. Electric vehicle taxis (EVTs) have a growing penetration in 
distribution systems. Due to different consumption patterns and long 

PGd,t,n,h, QGd,t,n,h,PSDS
d,t,n,h,s Total active (MW) and reactive (Mvar) 

power, and segmental active (MW) power generation of 
TDGs. 

Plt,l,c,h,Pfd,t,f ,h Active power flow of new lines and feeders (MW). 
Pwt,i, PC t,i,h,Pwgd,t,n Power capacity and wind curtailment (MW) of 

WPPs, and power capacity of WDG (MW). 
Qed,t,f ,h,Qfd,t,f ,h Reactive power flow of existing and new feeders 

(Mvar). 
Rt,i,h Reserve of thermal unit i, in stage t, and hour h (MW). 
XETS

t,i,ze,h,m,XEDS
d,t,n,zd,h,m Binary variables of in-service EVT charger m, 

in EVTCS i of zone ze, in stage t, and hour h of transmission, 
and EVT charger m, in EVTCS n of zone zd, in stage t, and 
hour h in distribution d. 

XOd,t,f ,h,XNd,t,n Binary variables of open/close state of feeder f , in 
stage t, and hour h in distribution d, and new node n,
in stage t in distribution d.

XSTS
t,i,ze,XSDS

d,t,n,zd Binary variables of candidate EVTCS i, in stage t, and 
zone ze of transmission, and candidate EVTCS n, in stage t, 

and zone zd in distribution d. 
Yt,l,c,Xd,t,f Binary variables of candidate line l, in stage t, and 

corridor c, and candidate feeder f , in stage t in distribution 
d. 

Z Total Planning Cost. 
ZD+

d,t,nd,h, ZD−
d,t,nd,h Binary variables of upper and lower bound of DRP 

in responsive load nodes nd, in stage t, and hour h in 
distribution d. 

θt,i,h,Vd,t,n,h Voltage angle of bus i, in stage t, and hour h, Voltage 
magnitude of node n, in stage t, and hour h in distribution 
d. 

Lump Symbols 
PTS/DS Positive continuous variables vector. 
QTS/DS Free continuous variables vector. 
WTS/DS WPP and WDG power capacity variables vector. 
YTS/DS Binary decision variables vector.  

Transmission System Operator
(TSO)

... Distribution System 
Operator

(DSO)

Distribution System 
Operator

(DSO)

Distribution System 
Operator

(DSO)

Distribution System 
Operator

(DSO)

321 N

Fig. 1. The bidirectional interaction between TSO and DSO.  
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charging time, EVTs need the EVTs-specific charging stations [23]. 
Therefore, EVT charging stations (EVTCSs) introduce a new challenge 
for the operation and expansion planning of power systems. Although 
the proposed models in [1,15–20] have incorporated an interaction 
between transmission and distribution systems, inclusion of EVTs or EVs 
can give more flexibility to the problem. Moreover, in [21] just the 
impact of private EVs in distribution systems is investigated. The im
pacts of EVs charging and solar generated power with respect to TSO and 
DSO interaction in a short-term horizon is addressed in [24] ignoring ES 
devices and WPPs in transmission, and DRP in distribution. Further
more, DRP is an option in active distribution systems for electric energy 
consumers to contribute in the power system operation. In [25] DRP 
impacts on DEP problem is investigated. In Table 1, the previous papers 
are briefly reviewed in terms of the planning model description and 
considered decision variables in transmission and distribution sides. 

As shown in Table 1, in majority of previous studies (e.g., 
[2–5,7–14,25]), the TEP and DEP problems are conducted separately. 

Moreover, in previous coordinated TEP and DEP research works (e.g., 
[1,18–21]), the sitting and sizing of utility scale BES devices and WPPs in 
transmission side and penetration of EVTs and applications of DRPs in 
distribution side are not considered. In addition, in previous studies (e.g., 
[10–12,21,24]), mainly the impact of private-owned EVs on power sys
tem expansion is considered, and the importance of DRPs in [9–21,24] is 
ignored. This paper focuses on short-term and long-term impacts of 
EVTCSs and DRP on the coordinated expansion planning of the trans
mission and distribution systems. Moreover, in distribution side DGs are 
planned for dealing with the increasing load and EVTs charging demand 
which may lead to a highly cost reduction in the transmission system. 

Regarding the literature gaps, in what follows, the main contribu
tions of this paper are summarized.  

1) A stochastic multistage model is proposed for coordinated expansion 
planning of transmission and active distribution systems considering 
operational details. While the investment decisions can be made by 

Table 1 
An overview of the previous papers.  

Ref1 Model Description Transmission Side Tools Distribution Side Tools  

TS2 DS3 TS&DS TL4 ES5 WPP6 EVCS7 SF8 DG9 DRP10 EVCS 

[2,5] ✓ – – ✓ ✓ – – – – – – 
[3] ✓ – – ✓ – ✓ – – – – – 
[4] ✓ – – ✓ ✓ ✓ – – – – – 
[7] ✓ – – ✓ – ✓ – – – ✓ – 
[8] ✓ – – ✓ – – – – – ✓ – 
[9] – ✓ – – – – – ✓ – – – 
[10,11,12] – ✓ – – – – – ✓ ✓ – ✓ 
[13,14] – ✓ – – – – – ✓ – – ✓ 
[25] – ✓ – – – – – ✓ ✓ ✓ – 
[1,18,19,20] – – ✓ ✓ – – – ✓ ✓ – – 
[21] – – ✓ ✓ – – – ✓ ✓ – ✓ 
Proposed Model – – ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

1: Reference, 2: Transmission System, 3: Distribution System, 4: Transmission Line, 5: Energy Storage, 6: Wind Power Plant, 7: Electric Vehicle Charging Station, 8: 
Switchable Feeder, 9: Distributed Generation, 10: Demand Response Program. 

Existing &
New

Transmission
Lines

Electric Vehicle Taxi

Wind Power Plant

+

-
BES

Battery
Energy
Storage

Electric Vehicle Taxi
Existing &

New
Switchable

Distribution
Feeders

Demand Response Program

TDG

Wind & Thermal
Distributed Generation

Interface Bus

DSO

TSO

Fig. 2. The planning options and smart grid technologies in the proposed model.  
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public or private sectors in a national or regional levels, the opera
tional management is handled by TSO and DSO. In the transmission 
side, in addition to lines, optimal planning of BES devices, and WPPs 
under renewable portfolio standard (RPS) policy are sought. The 
expansion of switchable feeders, and DGs are considered as planning 
options in the distribution side. In both sides the expansion of 
EVTCSs in several candidate service zones is planned as well. 

2) In the proposed coordinated model, with regard to TSO local mar
ginal prices (LMPs) in interface buses, the impact of DRPs imple
mented by DSO is planned and scheduled.  

3) The proposed model is formulated as an MILP problem and is 
reformulated and solved using a customized Benders Dual Decom
position (BDD) method. 

Moreover, to handle the uncertainty of load demand, RESs output 
power, and EVTs charging pattern in each EVTCS, the chronological 
time-period clustering (CTPC) algorithm along with Monte Carlo simu
lation (MCS) are utilized. 

2. Problem formulations 

In the following, the formulations of the proposed coordinated 
planning model are presented in the integrated and BDD forms. 

2.1. Objective function 

In Fig. 2 the considered planning options and smart grid technologies 
in both transmission and distribution sides are illustrated in a sample 
interface bus. According to (1), the aim of proposed model objective 
function is minimizing the Discounted Present Values (DPV) of the Total 
Transmission Investment Cost (TTIC), Total Transmission Operation Cost 
(TTOC), and the summation of all Total Distribution Investment Costs 
(TDIC) along with Total Distribution Operation Costs (TDOC). For all 
investment costs the DPV is assumed at the middle of each planning stage, 
and for all operation costs it is considered at the end of each stage. By 
using Capital Recovery Factor (CRF), the DPVs are converted to Equiva
lent Annual Costs (EAC) [26]. As presented in (1a), the TTIC consists of 
new transmission lines, BES devices, EVTCSs with related chargers, and 
WPPs investment costs. Based on (1b), the investment costs of distribu
tion systems new switchable feeders, substations, thermal DGs (TDGs), 
EVTCSs with related chargers, and wind power DGs (WDGs) are included 
in the TDIC. The TTOC includes the linearized cost function of thermal 
generating units considering required flexible ramp reserve cost, and the 
total wind curtailment costs as expressed by (1c). Finally, in (1d) the 
TDOC is defined as the linearized cost function of TDGs. 

MinZ = TTIC+TTOC+
∑

d∈ΩD

(TDICd +TDOCd) (1)  

TTIC =
∑

t∈ΩT
[

(
2

(1 + r)2t− 1

)

× (
106 × r(1 + r)LTLine

(1 + r)LTLine − 1
×

⎡

⎣
∑

l∈Ωnl

∑

c∈ΩC

(
Yt,l,c

)

×
(
Rwl + ICl

)
.LLl +

∑

l∈Ωnc

Yt,l,c=1.(TSbl)

]

+
r(1 + r)LTES

(1 + r)LTES − 1

×
∑

i∈Ωsb

∑

tp∈ΩTP

(
It,i,tp

)

×
[(

Csi,tp.S i,tp

)
+
(

Cci,tp.Ci,tp

) ]
+

r(1 + r)LTEVT

(1 + r)LTEVT − 1

×
∑

i∈Ωcs

∑

ze∈ΩZE

(
XSTS

t,i,ze

)
×
[
ESi,ze +ECi,ze.EPi,ze

]
+

106 × r(1 + r)LTWPP

(1 + r)LTWPP − 1

×

⎡

⎣
∑

i∈ΩW

IWi .Pwt,i

⎤

⎦

(1a)  

TDICd =
∑

t∈ΩT

[(
2

(1 + r)2t− 1

)

× (
106 × r(1 + r)LTfd

(1 + r)LTfd − 1
×

⎡

⎣
∑

f∈Ωnf

(
Xd,t,f

)

×
(

DRf + IFf

)
.FLf +

∑

n∈Ωnn

XNd,t,n.(DSbn)

]

+
r(1 + r)LTTDG

(1 + r)LTTDG − 1

×
∑

n∈Ωnt

DTn .XGd,t,n +
r(1 + r)LTEVT

(1 + r)LTEVT − 1
×
∑

n∈Ωns

∑

zd∈ΩZD

(
XSDS

d,t,n,zd

)

×
[
ESn,zd + ECn,zd .EPn,zd

]
+

106 × r(1 + r)LTWDG

(1 + r)LTWDG − 1

×

[
∑

n∈Ωnw

DWn .Pwgd,t,n

])]

(1b)  

TTOC =
∑

t∈ΩT

[

(
2

(1 + r)2t

)

× 8760 ×
∑

h∈ΩH

ρh × ( (1c)  

∑

i∈ΩG

[

[Cgs=1
i .
(

Pmin
i .Jt,i,h + χ.Rt,i,h

)]
+
∑

s∈ΩS

[Cgs
i .PSTS

t,i,h,s]

]

+
∑

i∈Ωw

Cwci .PC t,i,h  

TTOCd =
∑

t∈ΩT

[(
2

(1 + r)2t

)

× 8760 ×
∑

h∈ΩH

ρh

×

(
∑

n∈Ωnt

∑

s∈ΩS

[Cdgs
n.PSDS

d,t,n,h,s]

)]

(1d)  

2.2. Technical constraints 

2.2.1. Transmission level constraints 
In power system expansion planning studies the linear DC optimal 

power flow (OPF) model is the widely used methodology for modeling 
power system operational details in a long-term planning model. The DC 
OPF model calculates the power flows of transmission lines with some 
simplifications and acceptable accuracy. On the other hand, the AC 
power flow model has a better accuracy, however; the AC power flow 
equations are nonlinear. By considering the AC power flow model, the 
resulted optimization model will be fully non-linear with a large 
computational burden. In addition, in a non-linear AC power flow the 
optimality and feasibility of the optimization problem are not guaran
teed. Therefore, in this paper the DC OPF model is used for the trans
mission level constraints.  

• Thermal Generation Units 

The constraints of (2a)–(2d) are defined to model thermal generation 
units constraints. In (2a), the upper and lower limits of thermal units 
output power are defined. The thermal units generation cost function is 
linearized in (2b). According to (2b) and (2c), hourly output power of 
units is considered as the minimum output power plus the summation of 
all linear segments of generated power. The constraint (2d) is introduced 
to model the ramping constraints of all thermal units. 

Pmin
i .Jt,i,h ≤ P

t,i,h
≤ Pmax

i .Jt,i,h ∀t ∈ ΩT , i ∈ ΩG, h ∈ ΩH (2a)  

Pt,i,h = Pmin
i .Jt,i,h +

∑

s∈ΩS

PSTS
t,i,h,s ∀t ∈ ΩT , i ∈ ΩG, h ∈ ΩH (2b)  

0 ≤ PSTS
t,i,h,s ≤ (Pmax

i − Pmin
i ).Jt,i,h/S ∀t ∈ ΩT , i ∈ ΩG, h ∈ ΩH , s ∈ ΩS

(2c)  

{
Pt,i,h + Rt,i,h − Pt,i,h− 1 ≤ RUi∀t ∈ ΩT , i ∈ ΩG, h ∈ ΩH

Pt,i,h− 1 + Rt,i,h − Pt,i,h ≤ RDi∀t ∈ ΩT , i ∈ ΩG, h ∈ ΩH
(2d) 
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• RPS Policy and Wind Curtailment 

The generation power capacity bounds of installed WPP are intro
duced in (3a). It is assumed that a minimum of WPP should be available 
to supply a determined percentage of the total peak load in each stage of 
planning. According to the RPS policy, the penetration of WPPs in the 
last stage of the planning horizon is determined as α% of the total peak 
load, according to (3b). The constraint (3c) ensures the availability of 
each installed WPP till the end of planning horizon. The limits of wind 
energy curtailment in each hour are satisfied using (3d). In (3e), the 
maximum permitted wind energy curtailment in each stage is defined as 
β% of the expected output power of available WPPs. 

0 ≤ Pwt,i ≤ Pwmax
i ∀t ∈ ΩT , i ∈ Ωw (3a)  

[α × t/T ] × (1 + Lgt)
2t
.
∑

i∈ΩB

Ldpk
i ≤

∑

i∈Ωw

Pwt,i ∀t ∈ ΩT (3b)  

Pwt− 1,i ≤ Pwt,i ∀t ∈ ΩT , i ∈ Ωw (3c)  

0 ≤ PC t,i,h ≤ Wf h.Pwt,i ∀t ∈ ΩT , i ∈ Ωw, h ∈ ΩH (3d)  

∑

i∈Ωw

∑

h∈ΩH

PC t,i,h ≤ β ×
∑

i∈Ωw

∑

h∈ΩH

Wf h.Pwt,i ∀t ∈ ΩT (3e)    

• Flexible Ramp Reserve 

Flexible ramp reserve is considered to cover the probable forecast 
errors and handle the uncertainty of load demand and WPP output 
power according to (4a)–(4c). The limits of thermal units flexible ramp 
reserve are bounded by (4a) and (4b). In (4c), the lower bound of total 
hourly reserve is defined as 3 % and 5 % of the expected system peak 
load and WPPs output power, respectively [5]. 

0≤ Rt,i,h ≤ Pt,i,h ∀t ∈ ΩT , i ∈ ΩG, h ∈ ΩH (4a)  

Rt,i,h +Pt,i,h ≤ Pmax
i ∀t ∈ ΩT , i ∈ ΩG, h ∈ ΩH (4b)  

∑

i∈ΩG

Rt,i,h ≥ (3%) × (1 + Lgt)
2t
.Lf h.

∑

i∈ΩB

Ldpk
i +(5%) ×

∑

i∈Ωw

Wf h.Pwt,i  

∀t ∈ ΩT , h ∈ ΩH (4c)    

• Battery Energy Storage 

Generally, BES devices can be charged during low net-load hours and 
be discharged during heavy net-load conditions. So, these devices can 
relieve the transmission congestion and postpone or eliminate the gen
eration and transmission planning investment decisions. Under high 
penetration of WPPs, to postpone new transmission lines construction, 
relieve existing transmission lines congestion, and minimize wind 
curtailment, it is essential to incorporate BES devices. In this regard, to 
model the sitting and sizing of BES devices in the proposed model the 
constraints of (5a)–(5g) are introduced [4]. The constraints of (5a) and 
(5b) determine the limits of BES charging and discharging power. In (5c) 
and (5d), the state of BES charging and discharging is presented. In (5e), 
the stored energy level in BES devices is defined as the summation of 
stored energy at the previous hour and the energy exchange at the 
current hour. The lower and upper bounds of BES stored energy level are 
considered in (5f). The constraint (5g) ensures the accessibility of each 
installed BES till the end of planning horizon. 

0 ≤ ηc.Pct,i,tp,h ≤ Ci,tp.It,i,tp ∀t ∈ ΩT , i ∈ Ωsb, tp ∈ ΩTP, h ∈ ΩH (5a)  

0 ≤ 1/ηd.Pdt,i,tp,h ≤ Ci,tp.It,i,tp ∀t ∈ ΩT , i ∈ Ωsb, tp ∈ ΩTP, h ∈ ΩH (5b)  

ηc.Pct,i,tp,h ≤ Ci,tp.Ut,i,tp,h ∀t ∈ ΩT , i ∈ Ωsb, tp ∈ ΩTP, h ∈ ΩH (5c)  

1/ηd.Pdt,i,tp,h ≤ Ci,tp.(1 − Ut,i,tp,h) ∀t ∈ΩT , i ∈ Ωsb, tp ∈ ΩTP, h ∈ ΩH

(5d)  

Et,i,tp,h = Et,i,tp,h− 1 +
(

ηc.Pct,i,tp,h

)
− (1/ηd.Pdt,i,tp,h

)
∀t ∈ ΩT , i ∈ Ωsb, tp

∈ ΩTP, h ∈ ΩH

(5e)  

0 ≤ Et,i,tp,h ≤ S i,tp.It,i,tp ∀t ∈ ΩT , i ∈ Ωsb, tp ∈ ΩTP, h ∈ ΩH (5f)  

It− 1,i,tp ≤ It,i,tp ∀t ∈ ΩT , i ∈ Ωsb, tp ∈ ΩTP (5g)    

• Electrical Vehicle Taxis 

Due to growing penetration of EVTs in power systems, it is necessary 
to consider these modern vehicles in expansion planning studies. In this 
paper, EVTs penetration is included in both transmission and distribu
tion levels. In transmission level, it is assumed that EVTs can travel 
between cities. With this in mind, the constraints in (6a)–(6d) are 
introduced. In (6a), the number of all in-service EVTs chargers is 
bounded according to each EVTCS capacity. The total required hourly 
energy for EVTs charging at each planning stage considering operational 
hours of EVTCSs in candidate service zones, EVTs penetration growth 
factor during the planning horizon, and expected EVTs charging pattern 
is defined by (6b). The constraints (6c) and (6d) guarantee the avail
ability of total in-service chargers and each constructed EVTCS till the 
end of planning horizon. 
∑

m∈ΩM

XETS
t,i,ze,h,m ≤ XSTS

t,i,ze.EPi,ze ∀t ∈ ΩT , i ∈ Ωcs, ze ∈ ΩZE, h ∈ ΩH (6a)  

(Efh.TEh)×(1+Egt) ×
(
SoCDT − SoCAT)

≤
∑

ze∈ΩZE

∑

i∈Ωcs

EZTS
i,ze,h.

(
∑

m∈ΩM

CRm.XETS
t,i,ze,h,m

)

∀t ∈ ΩT , h ∈ ΩH (6b)  

∑

h∈ΩH

∑

m∈ΩM

XETS
t− 1,i,ze,h,m ≤

∑

h∈ΩH

∑

m∈ΩM

XETS
t,i,ze,h,m ∀t ∈ ΩT , i ∈ Ωcs, ze ∈ ΩZE

(6c)  

XSTS
t− 1,i,ze ≤ XSTS

t,i,ze ∀t ∈ ΩT , i ∈ Ωcs, ze ∈ ΩZE (6d)    

• Existing and New Lines 

The constraint of (7a) defines the limits of existing line flow. In (7b), 
the power flow of each existing line is determined. The constraints of 
(7c) and (7d) model the limits and the power flow of new lines, 
respectively. In (7e), the availability of constructed lines at next stages is 
guaranteed. 

− Pemax
l ≤ Pet,l,h ≤ Pemax

l ∀t ∈ ΩT , l ∈ Ωel, h ∈ ΩH (7a)  

Pet,l,h =
∑

i∈ΩB

Ψ.Bl.Al
i.θt,i,h ∀t ∈ ΩT , l ∈ Ωel, h ∈ ΩH (7b)  

− Plmax
l .Yt,l,c ≤ Plt,l,c,h ≤ Plmax

l .Yt,l,c ∀t ∈ ΩT , l ∈ Ωnl, c ∈ ΩC, h ∈ ΩH

(7c)  

− M .
(

1 − Yt,l,c

)
≤ Plt,l,c,h −

∑

i∈ΩB

Ψ.Bl.Kl
i .θt,i,h ≤ M .

(
1 − Yt,l,c

)
∀t ∈ ΩT , l

∈ Ωnl, c ∈ ΩC, h ∈ ΩH

(7d)  
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Yt− 1,l,c ≤ Yt,l,c ∀t ∈ ΩT , l ∈ Ωnl, c ∈ ΩC (7e)    

• Power Balance Equation 

The transmission power balance equation is defined in (8). This 
equation includes the output power of thermal generation units and 
WPP considering wind curtailment, BES power exchange, power flow of 
existing and new lines, the exchange power between transmission and 
distribution systems in interface nodes, total load and EVTs charging 
demand. 

Pt,i,h +
[
Wf h.Pwt,i − PC t,i,h

]
+

[
∑

tp∈ΩTP

(
Pdt,i,tp,h

− Pct,i,tp,h

)
]

−
∑

l∈Ωel

Al
i.Pet,l,h −

∑

l∈Ωnl

∑

c∈ΩC

Kl
i .Plt,l,c,h

=
∑

d∈ΩD

INTS
d,i.PTDd,t,h +

(
(1 + Lgt)

2t
.Lf h .LdPK

i

)
+
∑

ze∈ΩZE

∑

m∈ΩM

CRm.XETS
t,i,ze,h,m ∀t ∈ ΩT , i ∈ ΩB, h

∈ ΩH

(8)  

2.2.2. Distribution level constraints 
Generally, a linearized DistFlow approach in radial distribution 

systems makes it possible to calculate the active and reactive power 
flows considering the voltage drop form the point of common coupling 
to the node of feeders. Therefore, DistFlow equations are used to model 
distribution level constraints with a faster computation [27].  

• Thermal DGs 

To model the operation and expansion of TDGs in distribution sys
tems, the constraints of (9a)–(9f) are presented. The active and reactive 
output powers of TDGs are bounded in (9a) and (9b), respectively. The 
linearization of nonlinear cost function of TDGs is considered in (9c) and 
(9d). To limit TDGs construction in each stage, the tunnel limit 
constraint is introduced in (9e). In (9f), the availability of constructed 
TDGs at next stages is guaranteed. 

0 ≤ PGd,t,n,h ≤ PGmax
n .XGd,t,n ∀d ∈ ΩD, t ∈ ΩT , n ∈ Ωnt, h ∈ ΩH (9a)  

QGmin
n .XGd,t,n ≤ QGd,t,n,h ≤ QGmax

n .XGd,t,n ∀d ∈ ΩD, t ∈ ΩT , n ∈ Ωnt, h

∈ ΩH

(9b)  

0 ≤ PSDS
d,t,n,h,s ≤ XGd,t,n.

(
PGmax

n /S
)

∀d ∈ ΩD, t ∈ ΩT , n ∈ Ωnt, h ∈ ΩH , s

∈ ΩS

(9c)  

PGd,t,n,h =
∑

s∈ΩS

PSDS
d,t,n,h,s ∀d ∈ ΩD, t ∈ ΩT , n ∈ Ωnt, h ∈ ΩH (9d)  

∑

n∈Ωnt

(
XGd,t,n − XGd,t− 1,n

)
≤ TL ∀d ∈ ΩD, t ∈ ΩT (9e)  

XGd,t− 1,n ≤ XGd,t,n ∀d ∈ ΩD, t ∈ ΩT , n ∈ Ωnt (9f)    

• Wind DGs and RPS Policy 

The RPS policy is also considered for WDGs in distribution systems 
by (10a)–(10c). The capacity of installed WDGs is bounded in (10a). The 
minimum penetration of WDGs to supply the distribution system load in 

each stage, is defined in (10b) according to RPS policy. In (10c) the 
accessibility of each installed WDGs till the end of planning horizon is 
ensured. 

0 ≤ Pwgd,t,n ≤ Pwgmax
n ∀d ∈ ΩD, t ∈ ΩT , n ∈ Ωnw (10a)  

[α × t/T] × (1 + Lgt)
2t
.
∑

n∈ΩN

Ldpk
d,n ≤

∑

n∈Ωnw

Pwgd,t,n ∀d ∈ ΩD, t ∈ ΩT

(10b)  

Pwgd,t− 1,n ≤ Pwgd,t,n ∀d ∈ ΩD, t ∈ ΩT , n ∈ Ωnw (10c)    

• Electrical Vehicle Taxis 

The constraints of (11a)–(11d) are introduced to model distribution 
level EVTs and EVTCSs. The number of all in-service EVTs chargers is 
bounded in (11a). In (11b), the hourly total required energy for EVTs 
charging at each planning stage is considered with regard to operational 
hours of EVTCSs in candidate service zones. In (11c) and (11d) the 
availability of total in-service chargers and constructed EVTCSs till the 
end of planning horizon are guaranteed in each distribution system. 
∑

m∈ΩM

XEDS
d,t,n,zd,h,m ≤ XSDS

d,t,n,zd.EPn,zd ∀d ∈ ΩD, t ∈ ΩT , n ∈ Ωns, zd ∈ ΩZD, h

∈ ΩH

(11a)  

(Efh.TEh)×(1+Egt) ×
(
SoCDT − SoCAT)

≤
∑

zd∈ΩZD

∑

n∈Ωns

EZDS
d,n,zd,h.

(
∑

m∈ΩM

CRm.XEDS
d,t,n,zd,h,m

)

∀d ∈ ΩD, t ∈ ΩT , h

∈ ΩH

(11b)  
∑

h∈ΩH

∑

m∈ΩM

XEDS
d,t− 1,n,zd,h,m ≤

∑

h∈ΩH

∑

m∈ΩM

XEDS
d,t,n,zd,h,m ∀d ∈ ΩD, t ∈ ΩT , n

∈ Ωns, zd ∈ ΩZD (11c)  

XSDS
d,t− 1,n,zd ≤ XSDS

d,t,n,zd ∀d ∈ ΩD, t ∈ ΩT , n ∈ Ωns, zd ∈ ΩZD (11d)    

• Existing and New Feeders 

The power flow of existing and new constructed feeders, considering 
the possibility of operational switching for probable reconfigurations 
under radiality constraints, is defined in (12a)–(12g). Active and reac
tive power flows of existing and new feeders are bounded by the 
maximum apparent power flow in (12a), (12b), (12d), and (12e). The 
constraints in (12c) and (12f), relate the voltage drop of nodes to active 
and reactive power flow of existing and new feeders considering their 
conductance and susceptance, that are stemmed from linearized Dist
Flow equations [27]. In (12g), nodal voltage magnitude is bounded. 

− SFf .XOd,t,f ,h ≤ PeDS
d,t,f ,h ≤ SFf .XOd,t,f ,h ∀d ∈ ΩD, t ∈ ΩT , f ∈ Ωef , h

∈ ΩH

(12a)  

− SFf .XOd,t,f ,h ≤ Qed,t,f ,h ≤ SFf .XOd,t,f ,h ∀d ∈ ΩD, t ∈ ΩT , f ∈ Ωef , h

∈ ΩH

(12b)  
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− M .
(
1 − XOd,t,f ,h

)
≤

[
∑

n∈ΩN

Af
d,n.Vd,t,n,h

]

+ 2 × [(PeDS
d,t,f ,h/Ψ.Gf )

− (Qed,t,f ,h/Ψ.Bf )]

≤ M .
(
1 − XOd,t,f ,h

)
∀d ∈ ΩD, t ∈ ΩT , f ∈ Ωef , h

∈ ΩH

(12c)  

− SFf .XOd,t,f ,h ≤ Pf d,t,f ,h ≤ SFf .XOd,t,f ,h ∀d ∈ ΩD, t ∈ ΩT , f ∈ Ωnf , h

∈ ΩH

(12d)  

− SFf .XOd,t,f ,h ≤ Qf d,t,f ,h ≤ SFf .XOd,t,f ,h ∀d ∈ ΩD, t ∈ ΩT , f ∈ Ωnf , h

∈ ΩH

(12e)  

− M .
(
1 − XOd,t,f ,h

)
≤

[
∑

n∈ΩN

Kf
d,n.Vd,t,n,h

]

+ 2

×
[(

PeDS
d,t,f ,h/Ψ.Gf

)
−
(

Qed,t,f ,h/Ψ.Bf

) ]

≤ M .
(
1 − XOd,t,f ,h

)
∀d ∈ ΩD, t ∈ ΩT , f ∈ Ωnf , h

∈ ΩH

(12f)  

(Vmin)
2
≤ Vd,t,n,h ≤

(
Vmax)2

∀d ∈ ΩD, t ∈ ΩT , n ∈ ΩN , h ∈ ΩH (12g)    

• Radiality Constraints 

In order to guarantee the radiality of each distribution system 
configuration considering switching possibility of existing and new 
feeders, the constraints of (13a)–(13e) are presented. In (13a) the open/ 
close state of switchable existing feeders is considered. Note that for fix 
existing feeders the open/close state is always equal to 1. In (13b) the 
open/close state of new feeder is bounded by the feeder construction 
state. The constraint of (13c) ensures that if a new node is connected to 
the system, it can’t be separated as an island. Based on graph theory 
[28], the total closed switch feeders in each hour of operation are 
considered to be equal to the total number of existing and new con
nected nodes minus one, according to (13d). The availability of new 
constructed feeders, and new connected nodes is guaranteed till the end 
of planning horizon by the constraints of (13e). 

XOd,t,f ,h ≤ 1 ∀d ∈ ΩD, t ∈ ΩT , f ∈ Ωef , h ∈ ΩH (13a)  

XOd,t,f ,h ≤ Xd,t,f ∀d ∈ ΩD, t ∈ ΩT , f ∈ Ωnf , h ∈ ΩH (13b)  

∑

f∈Ωnf

⃒
⃒Kf

d,n

⃒
⃒.XOd,t,f ,h = XNd,t,n ∀d ∈ ΩD, t ∈ ΩT , n ∈ ΩNN , h ∈ ΩH (13c)  

∑

f∈ΩF

XOd,t,f ,h = N +
∑

n∈ΩNN

XNd,t,n − 1 ∀d ∈ ΩD, t ∈ ΩT , h ∈ ΩH (13d)  

Xd,t− 1,f ≤ Xd,t,f ∀d ∈ ΩD, t ∈ ΩT , f ∈ Ωnf  

XNd,t− 1,n ≤ XNd,t,n ∀d ∈ ΩD, t ∈ ΩT , n ∈ ΩNN (13e)    

• Demand Response 

The linearized DRP in distribution systems is introduced in (14a)– 
(14g). In (14a) and (14b), the upper and lower bounds of DRP, that 
indicate the positive and negative load shifting, are restricted according 
to the hourly load demand in each responsive load nodes. The DRP limits 
are bounded in (14c). In (14d), the summation of DRP in all hours is 

considered to be zero. The constraint of (14e) ensures that the positive 
and negative load shifting cannot be activated at the same time. The 
positive and negative load shifting between hours considering related 
cross-hour price elasticity and load levels, are defined in (14f) and (14g). 

0 ≤ DUd,t,nd,h ≤
[
(1 + Lgt)

2t
.Lf h .Ldpk

nd

]
.ZD+

d,t,nd,h ∀d ∈ ΩD, t ∈ ΩT , nd

∈ ΩND, h ∈ ΩH

(14a)  

0 ≤ DLd,t,nd,h ≤
[
(1 + Lgt)

2t
.Lf h .Ldpk

nd

]
.ZD−

d,t,nd,h∀d ∈ ΩD, t ∈ ΩT , nd

∈ ΩND, h ∈ ΩH (14b)  

− DLd,t,nd,h ≤ Dd,t,nd,h ≤ DUd,t,nd,h ∀d ∈ ΩD, t ∈ ΩT , nd ∈ ΩND, h ∈ ΩH

(14c)  
∑

h∈ΩH

Dd,t,nd,h = 0 ∀d ∈ ΩD, t ∈ ΩT , nd ∈ ΩND (14d)  

ZD+
d,t,nd,h +ZD−

d,t,nd,h ≤ 1 ∀d ∈ ΩD, t ∈ ΩT , nd ∈ ΩND, h ∈ ΩH (14e)  

− M .
(

1 − ZD+
d,t,nd,h

)
≤ DUd,t,nd,h −

∑

hd∈ΩH

γhd
h ×

[
(DDd,t,nd,h + DDd,t,nd,hd)

2

×

(
L d,t,hd − AL d,t

)

AL d,t

]

≤ M .
(

1 − ZD+
d,t,nd,h

)
∀d ∈ ΩD, t ∈ ΩT , nd ∈ ΩND, h

∈ ΩH

(14f)  

− M .
(

1 − ZD−
d,t,nd,h

)
≤ DLd,t,nd,h −

∑

hd∈ΩH

γhd
h ×

[
(DDd,t,nd,h + DDd,t,nd,hd)

2

×

(
L d,t,h − AL d,t

)

AL d,t

]

≤ M .
(

1 − ZD−
d,t,nd,h

)
∀d ∈ ΩD, t ∈ ΩT , nd ∈ ΩND, h

∈ ΩH  

DDd,t,nd,h = (1 + Lgt)
2t
.Lf h .Ldpk

d,nd (14g)    

• Power Balance Equation 

The nodal active and reactive power balance equations in each dis
tribution system are defined in (15) and (16). The active power balance 
equation in (15) includes the exchange active power between trans
mission and distribution in interface nodes, the active power of TDGs 
and WDGs, active flow of existing and new feeders, active load consid
ering DRP, and EVTs charging demand. The reactive power of TDGs, 
reactive flow of existing and new feeders, and reactive load are included 
in (16). 

INDS
d,n.PTDd,t,h +PGd,t,n,h +

[
Wf h.Pwgd,t,n

]
−
∑

f∈Ωef

Af
d,n.PeDS

d,t,f ,h −
∑

f∈Ωnf

Kf
d,n.Pf d,t,f ,h

=
[(

(1 + Lgt)
2t
.Lf h .Ldpk

d,n

)
+Dd,t,n,h

]
+
∑

zd∈ΩZD

∑

m∈ΩM

CRm.XEDS
d,t,n,zd,h,m ∀d

∈ ΩD, t ∈ ΩT , n ∈ ΩN , h ∈ ΩH

(15)  

QGd,t,n,h −
∑

f∈Ωef

Af
d,n.Qed,t,f ,h −

∑

f∈Ωnf

Kf
d,n.Qf d,t,f ,h

=
(
(1 + Lgt)

2t
.Lf h .QLdpk

d,n

)
∀d ∈ ΩD, t ∈ ΩT , n ∈ ΩN , h ∈ ΩH (16)  
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2.3. Benders Dual Decomposition 

In this subsection the MILP formulations presented in subsections A 
and B, are reformulated to be solved using the BDD algorithm. The 
problem is decomposed into a Master Problem (MP), and two Dual Sub- 
Problems (DSPs), one DSP for transmission level (i.e., TDSP) and one 
DSP for distribution level (i.e., DDSP). In MP, the integer decision var
iables are optimized. In TDSP and DDSP the feasibility or optimality of 
MP solution for transmission and distribution systems, along with 
optimization of the system operation, WPP and WDG investment costs, 
as linear continuous variables, are evaluated. In the following, an 
identical compact form is defined for the objective function in (1), and 
(1a)–(1d), as well as for the constraints of (2a)–(16). 

Min IT
TSYTS + JT

TSWTS +OT
TSPTS + IT

DSYDS + JT
DSWDS +OT

DSPDS (17)  

s.t. 

ATSYTS ≥ BTS, ADSYDS ≥ BDS (18)  

CTSWTS +DTSPTS +ETSQTS = FTS : σTS (19)  

GTS
1 YTS +HTS

1 WTS +KTS
1 PTS + LTS

1 QTS = MTS : λTS (20)  

GTS
2 YTS +HTS

2 WTS +KTS
2 PTS + LTS

2 QTS ≥ NTS : μTS (21)  

CDSWDS +DDSPDS +EDS
1 QDS = FDS

1 : σDS (22)  

EDS
2 QDS = FDS

2 : ϑDS (23)  

GDS
1 YDS +HDS

1 WDS +KDS
1 PDS + LDS

1 QDS = MDS : λDS (24)  

GDS
2 YDS +HDS

2 WDS +KDS
2 PDS + LDS

2 QDS ≥ NDS : μDS (25)  

YTS,YDS ∈ {0, 1},PTS,PDS,WTS,WDS ≥ 0,QTS,QDS : free  

YTS =
{

Y,XSTS,XETS, I,U, J
}
, YDS

=
{

X,XG,XO,XN,XSDS,XEDS, ZD+, ZD−
}
,

PTS =
{

P,PSTS,Pd,Pc,E,R,PC
}
, PDS =

{
PG,PSDS,DU,DL

}
,

WTS = {Pw}, WDS = {Pwg},

QTS =
{

θ,PeTS,Pl
}
, QDS =

{
V,QG,PTD,PeDS,Qe,Pf ,Qf ,D

}

σTS, σDS,ϑDS, λTS, λDS : free, μTS, μDS ≥ 0 

The objective function in (17) represents (1), and (1a)–(1d). The 
constraint of (18) stands for (5g), (6c), (6d), and (7e), along with (9e), 
(9f), (11c), (11d), (13a)–(13e), and (14e). The constraint of (19) denotes 
(8). The constraint of (20) represents (2b) and (5e). The constraint of 
(21) indicates the constraints of (2a), (2c), (2d), (3a)–(3e), (4a)–(4c), 
(5a)–(5d), (5f), (6a), (6b), and (7a)–(7d). The constraints of (22) and 
(23) represent (15) and (16), respectively. The constraint of (24) cor
responds to (9d), and (14d). The constraints of (9a)–(9c), (10a)–(10c), 
(11a), (11b), (12a)–(12g), (14a)–(14c), (14f), and (14g) are compacted 
in (25). The compact dual variables σTS, λTS, μTS, σDS, ϑDS, λDS and μDS are 
defined for the constraints (19), (20), (21), (22), (23), (24), and (25), 
respectively. ITS, JTS, IDS and JDS are the vectors for investment cost. OTS 

and ODS are the vectors of operation cost. The coefficients of A,B,C,D,E,
F,G1,G2,H1,H2, K1,K2, L1, L2,M and N are relevant matrices. T is the 
transpose operator.  

• Master Problem 

The formulations of MP are expressed as follows: 

MinZlower (26)  

s.t. 

Zlower ≥ IT
TSYTS + IT

DSYDS (27)  

Zlower ≥ IT
TSYTS +

[
FTST σTS + MTST

λTS + NTST μTS
] (υ)

+ πTS(υ).
(

YTS − YTS(υ− 1) )
+ IT

DSYDS

+
[
FDST

1 σDS + FDST

2 ϑDS + MDST
λDS + NDST μDS

] (υ)

+ πDS(υ).
(

YDS − YDS(υ− 1) )

(28)  

[
FTST σTS + MTST

λTS + NTST μTS
] (υ)

+ πTS(υ).
(

YTS − YTS(υ− 1) )
≤ 0 (29)  

[
FDST

1 σDS + FDST

2 ϑDS + MDST λDS + NDST μDS
] (υ)

+ πDS(υ).
(

YDS − YDS(υ− 1) )

≤ 0
(30) 

& (18). 
The (26) is the objective function of MP that is also the problem 

Lower Bound (LB). The investment cost of binary decision variables is 
presented in (27). The optimality cut and feasibility cuts of transmission 
and distribution systems are introduced using (28), (29), and (30), 
respectively. υ indicates the iteration number. πTS and πDS are the dual 
variables of the constraints given by (31) as auxiliary constraints for the 
sub-problems. 

IYTS
sp = YTS : πTS, IYDS

sp = YDS : πDS

I : Identify Matrix, πTS, πDS : free
(31)    

• Transmission Dual Sub-Problem 

In the following, the linear programming formulation of TDSP is 
presented. 

Max FTST σTS +MTST
λTS +NTST μTS +YTST

πTS (32)  

s.t. 

DTST σTS +KTST

1 λTS +KTST

2 μTS ≤ OTS (33)  

CTST σTS +HTST

1 λTS +HTST

2 μTS ≤ JTS (34)  

GTST

1 λTS +GTST

2 μTS + IπTS ≤ 0 (35)  

ETST σTS +LTST

1 λTS +LTST

2 μTS = 0 (36) 

The MP solution determines the integer decision variables (i.e., YTS). 
According to TDSP solution, if the solution is bounded, the optimality 
cut (28) is formed; otherwise, the feasibility cut (29) is constructed by 
Modified TDSP (MTDSP).  

• Distribution Dual Sub-Problem 

The DDSP is given by (37) to (41). 

Max FDST

1 σDS +FDST

2 ϑDS +MDST
λDS +NDST μDS +YDST

πDS (37)  

s.t. 

DDST σDS +KDST

1 λDS +KDST

2 μDS ≤ ODS (38)  

CDST σDS +HDST

1 λDS +HDST

2 μDS ≤ JDS (39) 
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GDST

1 λDS +GDST

2 μDS + IπDS ≤ 0 (40)  

EDS
1 σDS +EDS

2 ϑDS +LDST

1 λDS +LDST

2 μDS = 0 (41) 

After reaching a bounded solution for TDSP, the DDSP is solved. 
Based on DDSP solution, if the solution is bounded, the optimality cut 
(28) is completed, and Upper Bound (UB) of the problem is computed as 
follows. 

UB =FTST σTS +MTST
λTS +NTST μTS +YTST

πTS +FDST

1 σDS +FDST

2 ϑDS

+MDST
λDS +NDST μDS +YDST

πDS + IT
TSYTS + IT

DSYDS
(42) 

Otherwise, if the solution of DDSP is unbounded, the feasibility cut 
(30) is generated by solving Modified DDSP (MDDSP).  

• Modified TDSP and DDSP 

To handle unbounded conditions in TDSP and DDSP, and eliminate 
the extreme rays, MTDSP and MDDSP are defined. The objective func
tions for MTDSP and MDDSP are assumed as (32) and (37). The con
straints are (33)–(36) and (38)–(41) all with a right-hand-side equals to 
zero. 

After each iteration, if the pre-set stopping criterion in (43) is satis
fied, the algorithm will be terminated. Note that in the proposed BDD 
algorithm τ is assumed as 0.01. 

(UB − LB)
UB

≤ τ (43)  

3. Outline of the proposed model 

The overall structure of proposed coordinated model contains three 
main parts. First part is MP in which the integer decision variables are 
optimized. Other two main parts are TDSP and DDSP. In TDSP and DDSP 
the feasibility or optimality of MP solution for transmission and distri
bution systems, along with optimization of the system operation, WPP 
and WDG investment costs, as linear continuous variables, are evalu
ated. The outline of proposed coordinated model is displayed in Fig. 3. 
As it can be seen, to start the proposed BDD algorithm, firstly, the input 
data and initial values are provided. Then, MP (i.e., (26)–(30), and (18)) 
is solved and binary decision variables are obtained and considered as 
fixed inputs to TDSP and DDSP. After solving TDSP (i.e., (32)–(36)), if 
the solution is unbounded, MTDSP is solved, and the feasibility cut (29) 
is generated for MP. Then, the next iteration is started. However, if the 
solution of TDSP is bounded, the optimality cut (28) is generated for MP, 

Fig. 3. Outline of the proposed model.  
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and LMPs in interface buses are sent to DDSP. It should be noted that 
LMPs are calculated using dual variable of (8), i.e., σTS. Then, DDSP (i.e., 
(37)–(41)) is solved. According to DDSP solution, if the solution is un
bounded, MDDSP is solved and the feasibility cut (30) is generated for 
next iteration MP. On the contrary, if the solution of DDSP is bounded, 
the optimality cut (28) is completed. After sending the exchange power 
(i.e., PTD) to TDSP, the UB (42) will be calculated. The algorithm is 
terminated if the criterion in (43) is satisfied; otherwise, the next iter
ation is started. 

4. Representative periods 

To decrease the computational complexity of system operation 
modeling, and capture the short-term uncertainty of load demand, WPPs 
and WDGs output power, and the charging pattern of EVTs in each 
station, an accurate CTPC algorithm [29], is utilized. The prerequisite 
for detailed modeling of operational details in a long-term planning is to 
preserve the temporal chronology with a sufficiently high resolution. 
The CTPC algorithm can keep the chronology (inter-temporal feature) of 
time-varying parameters and consider the correlation between load and 
EVTs charging demand, and wind power. Therefore, under high pene
tration of WPPs and WDGs, the short-term uncertainties can be captured 

Fig. 4. The real historical data and extracted representative hours.  
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more accurately in a long-term horizon. The historical data of load de
mand [30], wind power [31], and the charging pattern of EVTs [32], for 
the Netherlands in 2019 are considered to extract the representative 
hours. Moreover, the aggregated historical data are accessible in [33]. 
Due to lack of EVTs charging pattern data in whole hours of a year, MCS 
method is utilized to extend the available data over a year considering 
the data probability distribution. The normal probability distribution 
function is considered for EVTs charging pattern available data. As 
shown in Fig. 4, by using the CTPC algorithm, the hourly load demand, 
EVTs charging pattern, and wind power historical data are represented 
by 96 h. The extracted representative hours are aggregated across the 
year using each representative weight. 

5. Numerical Results 

The performance of the proposed coordinated expansion planning 
model of transmission and active distribution systems is evaluated over 
the IEEE 24-bus test system, as transmission system, along with four 
IEEE 33-node test feeders, as distribution systems. Four distribution 
systems are connected to buses 22, 17, 12, and 11 of considered trans
mission system. The data of these test systems at the beginning of the 
planning horizon are assumed as input data and extracted from MAT
POWER [34]. The planning time horizon is divided into 3 stages; each 
stage contains 2 years. In this paper, the generation expansion planning 
is not considered. Indeed, it is assumed that enough generation capacity 
is available in the system until the end of considered planning horizon. 
The investment costs of IC, Rw, and TSb are 1 M$/Km, 0.034 M$/Km, 
and 3.358 M$, respectively [29]. The costs of Cs and Cc are considered as 
0.5 M$/MW, and 0.05 M$/MWh, and the ηc and ηd are considered as 0.9 
[29]. IW and Cwc are assumed as 2 M$/MW, and 2000 $/MWh [29]. The 
ES, EC, CR, and TE are 1000 $, 60 $, 0.05 MW, and 0.0028 MWh, 
respectively [35]. The percentages of α, β, and χ are equal to 20 %, 35 %, 
and 10 %, respectively. In distribution systems, IF, DR, DSb, DT, and DW 
are considered equal to 0.02 M$/Km, 0.007 M$/Km, 0.95 M$, 0.98 M$, 
and 0.65 M$/MW, respectively [36]. The Lg in transmission and distri
bution systems, and r are equal to 5 %. The Eg for the first, second, and 
third stages is assumed as 2 %, 11 %, and 30 % [35]. All input data and 
parameters are also accessible in [33]. The simulations are run by the 
CPLEX solver in GAMS software using a PC with an Intel Core i7 CPU, 
and 32 GB of RAM. 

In IEEE 24-bus test system, six WPPs are installed in buses 3, 6, 12, 
14, and new buses 25, and 26. The maximum capacity of candidate 
WPPs in existing buses is assumed as 180 MW, and 300 MW for new 
buses. The buses 6, 10, 14, 16, 18, 20 and 21 are considered as candi
dates for three types of BES devices. In this paper, three different types of 
BES devices are considered as candidates. The maximum power capacity 
of candidate BES devices is 25, 50, and 100 MW, with a maximum en
ergy capacity of 150, 300, and 600 MWh. Four zones are considered for 
EVTCSs candidate service zones in transmission level. The zones include 
buses 6, 8, 10 (zone 1), 9, 11, 12 (zone 2), 20, 22, 23 (zone 3), 3, 15, and 
24 (zone 4). In all feeders of IEEE 33-node test system, four TDG with 
maximum capacity of 3 MW are considered to be constructed in nodes 
d3, d5, d11, and d29. The nodes d16, d22, d30, d34, and d35 are can
didates for WDG installation. The maximum capacity of WDGs is 0.5, 1, 
1, 2.5, and 2.5 MW, respectively. The candidate service zones in dis
tribution systems are nodes d5, d6 (zone 1), d16, d17 (zone 2), d31, and 
d32 (zone 3). The responsive load nodes are d2, d4, d7, d8, d14, d18, 
d19, d24, d26, and d32. The numerical results are given in two parts to 
confirm the efficacy of proposed model as follows. 

5.1. Numerical results for uncoordinated planning 

In this subsection, the numerical results of the proposed model 
excluding the coordination between transmission and distribution sys
tems are presented. In this regard, distribution systems are assumed as a 
simple bus with/without load demand and generation in interface buses. 

As reported in Table 2, in the first stage, two lines between buses 7–8, 
and 16–19 are constructed. In this stage, two WPPs in buses 3 and 6, also 
twelve BES devices are installed in buses 6, 10, 14, 16, 18, and 21, as 
presented in Table 2. Moreover, seven EVTCSs are constructed in buses 
6, 8, 9, 11, 22, 15, and 24 in first stage. In second stage, one line in 
corridor 21–25 is constructed. Additionally, three WPPs are installed in 
buses 3, 14, and 25. In the last stage of planning, three lines are con
structed between buses 9–11, 10–12, 21–25, and two lines between 
buses 16–25. Two WPPs in buses 25, and 26, along with one BES device 

Table 2 
Results of The Uncoordinated Planning.  

Stage New Line 
(From-To) 

WPP (Max. 
Cap. MW) 

BES (MW/MWh) EVTCS 
(Zone) 

1 16–19, 7–8 3: (105), 6: 
(180) 

6: (100/600), 
10: (25/150), (50/ 
300), 
14: (25/150), (50/ 
300), 
16: (50/300), (100/ 
600), 
18: (25/150), (100/ 
600), 
21: (25/150), (50/ 
300), (100/600) 

6 & 8: (1), 
9 & 11: 
(2), 
22: (3), 
15 & 24: 
(4) 

2 21–25 3: (75), 14: 
(180), 
25: (102) 

— — 

3 9–11, 10–12, 
21–25, 
2×(16–26) 

25: (164.85), 
26: (255.55) 

10: (100/600) 12 (2) 

IC1,2: 465.24 534.23 292.6 0.051 
Total 

Costs: 
TTIC 3: 
1292.12 

TTOC 4: 
3079.4 

Z5: 4371.52  

1: Investment cost, 2: All costs are in M$, 3: Total transmission investment cost, 
4: Total transmission operation cost, 5: Total planning cost. 

Table 3 
Results of The Proposed Coordinated Planning Excluding DRP.  

TS1 New Line 
(From-To) 

WPP (Max. 
Cap. MW) 

BES (MW/MWh) EVTCS 
(Zone) 

ST2 1 16–19, 7–8 3: (106), 6: 
(180) 

6: (100/600), 
10: (25/150), 
(50/300), 
14: (25/150), 
(50/300), 
16: (50/300), 
(100/600), 
18: (50/300), 
(100/600), 
21: (50/300), 
(100/600) 

8: (1), 9: 
(2), 
22: (3), 
24: (4) 

ST 2 21–25 3: (74), 14: 
(180), 
25: (94) 

— — 

ST 3 9–11, 10–12, 
21–25, 
2×(16–26) 

25: (172), 
26: (242.5) 

10: (100/600) 11: (2) 

IC : 465.24 527.63 292.6 0.0301 
Total 

Costs: 
TTIC: 1285.5 TTOC: 3006.5 TTPC3 : 4292   

System Investment Cost (M$)  

New Feeder TDG WDG EVTCS 

DS14  0.551  1.313  2.033  0.0024 
DS2  0.551  1.313  2.033  0.0024 
DS3  0.551  1.313  2.033  0.0024 
DS4  0.551  1.313  2.033  0.0024 
Total 

Costs:  
TDIC: 15.597  TDOC: 29.153  TDPC5: 44.75  Z: 4336.75 

1: Transmission system, 2: Stage, 3: Total transmission planning cost, 4: Dis
tribution system, 5: Total distribution systems planning cost. 
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in bus10, are installed in third stage. Moreover, one EVTCS is located in 
bus 12. As presented in Table 2, TTIC, TTOC, and total planning cost are 
obtained as 1292.12, 3079.4, and 4371.52 M$, respectively. A total 
wind energy of 56.05 GWh is curtailed until the end of planning horizon 
in the proposed model excluding the coordination between transmission 
and distribution systems. 

5.2. Numerical results for coordinated planning 

The numerical results of the proposed model considering the coor
dination between transmission and four distribution systems connected 
to buses 11, 12, 17, and 22 are presented in this subsection. All the 
connecting buses contain 12 MW load demand. To illustrate the 

Table 4 
Results of The Proposed Coordinated Planning Including DRP.  

TS New Line WPP BES EVTCS 

IC : 465.24  527.63  299.59  0.049 
Total Costs:  TTIC: 1292.5  TTOC: 2998.65  TTPC : 4291.16   

System Investment Cost (M$)  
New Feeder TDG WDG EVTCS 

DS1  0.552  1.193  2.033  0.0024 
DS2  0.552  1.193  2.033  0.0024 
DS3  0.552  1.084  2.028  0.0024 
DS4  0.552  1.084  2.030  0.0024 
Total 

Costs:  
TDIC: 14.89  TDOC: 24.765  TDPC : 39.65  Z: 4330.81  

Fig. 5. The illustration of the obtained results of case II.  
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efficiency of the proposed model, the simulations are conducted for two 
cases. In case I, the proposed coordinated model excluding DRP is 
executed, while in case II DRP is also incorporated in the proposed 
model. The numerical results of cases I, and II are reported in Tables 3, 
and 4, respectively. Moreover, the obtained results of case II are illus
trated in Fig. 5. As given in Table 3, the values of decision variables are 
just presented for transmission system. In addition, all investment and 
operation costs are distinguished for both transmission and distribution 
systems. In case I, the TTIC, TTOC, and total transmission planning cost 
(TTPC) are 1285.5, 3006.5, and 4292 M$, respectively. In comparison to 
the results in Table 2, which is an uncoordinated model, TTPC is reduced 
by 79.52 M$. This reduction in TTPC confirms the importance of the 
proposed coordinated planning model. As shown in Table 3, the TDIC, 
TDOC, and total distribution planning cost (TDPC) are 15.597, 29.153, 
and 44.75 M$, respectively. The total planning cost in case I, as the 
summation of TTPC and TDPC, is 4336.75 M$ that leads to a 34.77 M$

cost saving compared to the obtained result of Table 2. The total wind 
energy curtailment in case I during the planning horizon is 44.18 GWh 
which is 11.87 GWh less than the curtailed energy in uncoordinated 
planning model. The obtained cost saving confirms the effectiveness of 
proposed coordinated planning model. Note that the cost saving is ob
tained just by the interaction of four distribution systems with the 
transmission grid. By modelling more distribution systems, the cost 
saving regarding the uncoordinated planning model can be increased. 

According to Table 4, by considering DRP in case II, the TTIC, TTOC, 
and TTPC are 1292.5, 2998.65, and 4291.16 M$, respectively. More
over, in case II the TDIC, TDOC, and TDPC are 14.89, 24.765, and 39.65 
M$, respectively. The total planning cost (i.e., Z) in case II (i.e., Table 4) 
is 4330.81 M$ that includes 4291.16 M$ as TTPC, and 39.65 M$ as 
TDPC. The total planning cost of case II is 5.94, and 40.71 M$ less 
expensive than case I (i.e., Table 3) and the results of uncoordinated 
model (i.e., Table 2), respectively. TTPC in case II is 80.36 M$ less 
expensive than the results of Table 2. The obtained results of case II 
confirm the influence of DRP on reducing both distribution and trans
mission total planning and operation costs. As illustrated in Fig. 5, in 
case II eight new lines, five WPPs, six BES devices, and seven EVTCSs are 
constructed in transmission system. In addition, six new feeders, three 
TDGs, five WDGs, and three EVTCSs are constructed in the fourth dis
tribution system, i.e., the system connected to bus 22. In Fig. 6, the total 
energy balance for all distribution systems in case II, including TDGs and 
WDGs output energy, energy supply from transmission system, energy 
demand, and EVT charging demand, is illustrated in each planning 
stage. Based on Fig. 6, in stages one, two, and three, the share of TSO in 
suppling DSO energy consumption is 59 %, 55 %, and 43 %, 

respectively. This result confirms the importance of proposed coordi
nation between transmission and distribution systems. 

It should be noted that in order to evaluate the effect of forecasting 
error in the proposed model, it is possible to simulate the considered 
case studies for different probable scenarios of forecasted parameters. In 
this paper, some sensitivity analyses can be conducted over load demand 
and EVT growth factors, the penetration of WPPs in the last stage of the 
planning horizon, and interest rate. Although the focus of this paper is 
on modelling the integration of smart grid technologies in active dis
tribution systems planning, and their direct impacts on transmission 
network planning, flexible ramp reserve of thermal units is incorporated 
in the proposed model. Indeed, flexible ramp reserve is considered to 
cover the probable forecast errors and handle the uncertainty of load 
demand and wind power plants output power as much as possible. 

6. Conclusion 

This paper proposed a stochastic multistage model to coordinate 
expansion planning of transmission and active distribution systems, 
concerning short-term operational details. In the transmission level, 
lines, BES devices, along with WPPs, and in the distribution level, 
switchable feeders, TDGs, and WDGs were considered as planning op
tions. The expansion of EVTCSs was modeled in both levels, and the 
impact of DRPs, implemented by DSO, was planned and scheduled in the 
proposed model. The proposed coordinated model results in a reduction 
in total expansion planning cost that means social welfare is improved. 
Such a cost saving is obtained just by the interaction of four distribution 
systems with the transmission grid; obviously it would be even more for 
a large number of distribution systems. The obtained results under 
modeling DRP, implemented by DSO with regard to TSO LMPs in 
interface buses, confirm the DRP influence on the reduction of total 
planning and operation costs. The examined operational hours of 
EVTCSs in candidate service zones lead to near realistic results for 
modeling the EVTs charging pattern. Without considering the opera
tional details, the impacts of smart grid technologies on transmission 
and distribution systems are not truly captured. The proposed BDD al
gorithm is able to deal with the different complexities of the proposed 
coordinated planning model with numerous decision variables. As 
mentioned, the effectiveness of proposed coordinated model will be 
more impressing with considering the interaction of more distribution 
systems with transmission system in next studies. In addition, the pro
posed model in this paper can be discussed in future works considering 
an electricity market environment. Moreover, in future investigations, 
the utilized CTPC method in this paper can be improved to capture both 

Fig. 6. The total energy balance for distribution systems in case II.  
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temporal chronology and extreme values of input data inside some 
proper representatives. 
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