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Abstract—This paper presents a new framework for multistage
expansion planning in active power distribution networks, in which
the distribution system operator (DSO) considers active network
management by clearing the local energy market at the distribution
level. The proposed model is formulated as a bi-level optimization
problem, where the upper level minimizes the net present value
of the total costs imposed to DSO associated with the investment
and maintenance of the network assets as well as the network
operation, while the lower level on clearing the local energy market
captures the participation of distributed energy resource (DER)
owners and demand aggregators to maximize the social welfare.
The expansion plans consider the investments in DER owners’ as-
sets as well as variety of network assets in which the profitability of
DER owners’ investment is guaranteed. The Karush-Kuhn-Tucker
optimality conditions and the strong duality theory are employed
through which the model is converted to a mixed integer linear
programming optimization problem. The implementation of the
suggested model on the 24-bus and 86-bus distribution test systems
validates its performance and efficacy in making cost-effective
planning decisions.

Index Terms—Active power distribution network, active
network management, expansion planning, local energy market,
distribution system operator (DSO).

NOMENCLATURE

Indices (Sets)
b, d (B) Distribution network buses.
i (I) Alternatives for investment, includ-

ing Il, Ik and Iu describing alterna-
tives of feeders, transformers, and
DGs, respectively.
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k (K) Types of transformer which include
KNTR and KETR denoting the new and
existing transformers, respectively.

l (L) Feeder types including LR, LF, LNA,
and LNR respectively associated with
replaceable feeders, fixed feeders,
newly added feeders, and newly re-
placed feeders.

o, s (O) Operating scenarios.
t, τ (T ) Planning problem time stages.
u (U) Types of DGs including UΨ and UC

related to PV and conventional gen-
erators, respectively.

ω (Ω) Uncertainty scenarios.
BL, BS, BST Sets of load points, substations, and

candidate buses for ESSs installa-
tion.

BT Set of transfer buses.
BU Set of candidate buses for installing

DGs including BUC and BUΨfor
conventional and PV generators, re-
spectively.

ϑl, γl
b Sets of lines with type l and buses

connected to bus b by feeder l, re-
spectively.

Parameters

CIK
k,i , C

IL
l,i , C

IS
b Investment costs of transformers,

feeders, and substations, respectively
($, $/km, $).

CIST , CIU
u,i Investment costs of ESSs and DGs,

respectively ($/MW).
CMK

k,i , CML
l,i Maintenance costs of transformers

and feeders, respectively ($/yr).
CMST , CMU

u,i ESSs and DGs maintenance costs
($/yr).

D̄up
b,t,o,ω, D̄

dn
b,t,o,ω Maximum bidding powers of in-

crease and decrease in the nodal base
load (MW).

Gl
b,d,i , B

l
b,d,i Real and imaginary segments of the

network admittance matrix (p.u.).
IRR,RoI Internal rate of return of DER owners

and annual rate of interest (%).
IB

DSO
t , IB

DER
t Investment budgets of DSO and DER

owners ($).
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LFo Load factor of operating scenario o.
PD
b,t,ω The nodal peak load (MW).

P
ST,ch
b,t,o , PST,ch

b,t,o
Maximum and minimum bidding
powers of ESSs to local energy mar-
ket associated with their charging
and discharging (MW).

P̄ST,dch
b,t,o , PST,dch

b,t,o

Pu
b,i,t,o Bidding power of DGs to local en-

ergy market (MW).

P
k
i , P

l
i Maximum power flow of transform-

ers and feeders (MW).
PF, PL System power factor and penetration

limit of DERs.
S B , V B Base power and base voltage (MVA,

kV).
S
u
i , P

Ψ
b,t,o,ω DGs’ maximum capacity and PV

generators’ power availability
(MVA, MW).

SST , S
ST

ESSs’ minimum and maximum ca-
pacity (MVA).

V b, Vb Buses’ minimum and maximum volt-
age magnitude (p.u.).

Δo Duration of operating scenario o
(Hour).

εo,s Price elasticity (own elasticity if s =
o, cross elasticity otherwise).

ηST,ch, ηST,dch Efficiency of ESSs’ charg-
ing/discharging.

λT
t,o,ω Wholesale market electricity price

($/MWh).
λ̄T
t,ω Average market electricity price over

the operating scenarios ($/MWh).
λ̃T
t,ω Deviation of market electricity price

from its average.
Λ b,d Length of feeders (km).
πu
b,i,t,o, π

ST
b,t,o, π

D
b,t,o Bidding price of DGs, ESSs and

loads to local energy market
($/MWh).

Πω Weight of uncertainty scenario ω.

Functions and Variables

cE_DSO
t,o Energy costs ($).
cI_DSO
t , cM_DSO

t Investment and maintenance costs
related to the DSO’s assets ($).

cI_DER
t , cM_DER

t Investment and maintenance costs
related to the assets of DER owners
($).

cOp_DER
t,o , IncDER

t,o Operation costs and income of DER
owners ($).

dupb,t,o,ω, d
dn
b,t,o,ω Accepted increase and decrease in

load points’ base demand through
load control in local energy market
(MW).

NPV DSO NPV of total costs associated with
DSO ($).

NPV DER NPV of total costs associated with
DER owners ($).

pkb,i,t,o,ω Transformers injected power to net-
work (MW).

pdb,t,o,ω Net demand of load points in local
energy market (MW).

plb,d,i,t,o,ω Power flow through feeder of type l
(MW).

pST,ch
b,t,o,ω, p

ST,dch
b,t,o,ω Accepted charging and discharging

power of ESSs in local energy market
(MW).

pub,i,t,o,ω DGs’ accepted power in local energy
market (MW).

vb,t,o,ω, δb,t,o,ω Voltage magnitude and voltage angle
of system nodes (p.u., rad).

xk
b,i,t, x

l
b,d,i,t Binary variables; 1 if transformers

and feeders are installed, respec-
tively.

xS
b,t, xST

b,t , x
u
b,i,t Binary variables; 1 if substations,

ESSs, and DGs are installed, respec-
tively.

ykb,i,t,o, y
l
b,d,i,t,o Binary variables; 1 if transformers

and feeders are utilized, respectively.
yST
b,t,o, y

u
b,i,t,o Binary variables; 1 if ESSs and DGs

are utilized, respectively.
yDt,o,ω Binary variable; 1 if load control ca-

pability is utilized.
aST,ch
b,t,o , aST,dch

b,t,o Binary variables indicating the
charging/ discharging conditions of
ESSs.

αl
b,d,t,o, Tnb Binary variables associated with the

connection of feeders and transfer
nodes in the spanning tree.

βl
b,d,t,o Binary variable; 1 if b is parent node

of d.
λD
b,t,o,ω DLMP of distribution network buses

($/MWh).
∂U/ST , κ, λD Lagrange coefficients of the lower

level problem.ρl, υ, γ, φ, ξ
μu/l/ch/dch

μd−up/d−dn

I. INTRODUCTION

EXPANSION planning of the power distribution network
assets jointly with distributed energy resources (DERs)

is critical and has been addressed extensively in [1]–[4]. The
proliferation of DERs has introduced new challenges to distri-
bution network expansion planning (DNEP) practices due to
the introduction of intensified distributed uncertainties across
the network. CIGRE introduced the active distribution network
(ADN) concept [5] which is able to relieve the DERs’ uncertainty
and improve the network performance in long-term planning and
short-term operation horizons.

ADN offers a new paradigm in controlling DERs—i.e., dis-
tributed generators (DGs), responsive loads and energy stor-
age systems (ESSs)—and managing the electricity flows in
the network using a flexible topology, called active network
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management [5]. Additionally, ESSs offer new opportunities
in ADN and can be utilized in active network management in
order to improve the decision making on the network expansion
planning [6], [7]. In order to address the challenges arisen by
DERs in the DNEP problem, authors in [8] and [9] considered
resource active management in ADN planning. In [8], a dynamic
planning approach has been proposed for investment decision
making on DGs. In [9], a multi-configuration optimal power
flow (OPF) technique has been proposed in which the role of
active network management on the DGs investment planning is
evaluated. In these references, the investment plan of the network
assets is disregarded. References [10] and [11] have jointly
determined the expansion plans for the DGs and network assets;
however, the network operation is considered independently of
the planning problem. In other words, a two-step method is
developed in which DNEP is addressed in the former step and
the network management is addressed in the latter. In order to
effectively achieve the expansion plan, the network management
should be simultaneously integrated in the planning problem
[9]. Authors in [12] have addressed optimal schedules of ESSs
in ADN planning through a tri-level optimization problem in
which distribution system operator (DSO) directly manages
ESSs’ operation. An ADN planning framework based on multi-
load scenarios was proposed in [13]–[15], where DSO jointly
plans for DERs and the network assets, while active network
management is judiciously integrated in the DNEP. In reference
[16], the effect of stakeholders in DNEP problem is addressed
using a tri-level model which is solved based on benders de-
composition. In this reference, the distribution company and
the DG owners expand their assets. Furthermore, the resources
operation management is handled by independent DSO through
OPF aiming at minimizing the system operation costs.

Based on the reviewed literature, some references addressed
the active network management practice independently of the
DNEP problem. On the other hand, DSO directly manages the
network and DERs operation through the OPF-based mecha-
nisms. However, it is required that the active network man-
agement is handled through a market-based mechanism that
accurately captures the role of different actors in the operation
of the distribution network. In [17], the impact of non-network
solutions (i.e., existing DERs in the network) on the DSO’s
network expansion plans is considered by modeling the bidirec-
tional interactions between the involved stakeholders through a
deregulated retail market. This reference, however, concentrated
majorly on the control of DERs through retail market to prevent
unnecessary investments on the network assets (and not the joint
multistage expansion of the network assets and DERs), where
the model is solved using a tri-layer iterative method. Table I
summarizes different aspects of the reviewed literature on DNEP
compared to the proposed model in this paper.

In order to achieve an efficient joint expansion plan of the
network assets and DERs, it is required that besides the technical
aspects of the DERs, the DER owners’ and demand aggregators’
objectives, constraints, and monetary transactions are captured
in the active network management practices. To fill in the knowl-
edge gap, an efficient framework is proposed in this paper in
which active network management is addressed in a multistage

TABLE I
SUMMARY OF THE REVIEWED LITERATURE: STATE-OF-THE-ART VS. THE

PROPOSED MODEL

∗MIP-MP: Mixed integer programming-mathematical programming.

DNEP formulation, where the local energy market in the ADN is
captured. The local energy market is cleared through operating
and uncertainty scenarios which are characterized according to
the generation portfolios and the demand profiles.

In this framework, investments in DER owners assets includ-
ing photovoltaic (PV) generators, conventional gas turbines, and
ESSs are considered jointly with distribution network assets
(i.e., substations, transformers, and feeders) in the planning level
where the minimum acceptable rate of return (MARoR) of DER
owners is considered and the attained expansion plan guarantees
the profitability of DER owners’ investment. Moreover, for each
scenario of operation, the optimal utilization of DGs, ESSs, and
responsive loads across the ADN as well as the optimal network
configuration are decided through active network management.

In the proposed model, the distribution network agents includ-
ing DSO, DER owners, and demand aggregators participate in
the local energy market. The local energy market is managed by
DSO in the distribution level in order to efficiently manage the
operation of DERs and achieve the optimal bidding to participate
in the day-ahead (DA) wholesale electricity market.

In order to address the active management of resources in
DNEP through clearing the local energy market (i.e., two prob-
lems in different time scales), this paper proposes a bi-level
optimization model. The upper level problem makes the invest-
ment decisions for each time stage of the planning problem and
the optimal network configuration is decided for each operating
scenario. In the lower level problem, DSO clears the local energy
market and the optimal DERs’ operation is achieved in each
operating scenario. The proposed model effectively addresses
the correlated uncertainty in the intermittent resources using a set
of scenarios. With the Karush-Kuhn-Tucker (KKT) optimality
conditions and the strong duality theory applied, the suggested
bi-level optimization model is converted to a mixed integer linear
programming (MILP) formulation that can be effectively solved
by the off-the-shelf commercial solvers. The main contributions
of this paper are summarized as follows,

Authorized licensed use limited to: The George Washington University. Downloaded on June 20,2022 at 07:54:56 UTC from IEEE Xplore.  Restrictions apply. 



2642 IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 37, NO. 4, JULY 2022

Fig. 1. General architecture of the proposed multi-stage DNEP through the
network active management.

1) An active network management scheme for the joint mul-
tistage expansion planning of the network and DER own-
ers’ assets is suggested that captures the optimal network
configuration and clears the local energy market at the
distribution level through operating scenarios.

2) The participation of different actors including DSO, DER
owners, and demand aggregators in the local energy mar-
ket is modeled in which actors’ objective and constraints
and monetary transactions are taken into account.

3) A mathematical programming-based model is approached
to efficiently solve the proposed problem using off-the-
shelf commercial solvers. In this regard, the model is
formulated as a bi-level optimization problem which is
converted to an MILP model through a linearization tech-
nique, the KKT optimality conditions, and the strong
duality theory.

II. METHODOLOGY

A. General Structure

The DSO takes investment decisions for the network assets
while the expansion plan of DER owners’ assets (including
DGs and ESSs) is attained through a multistage expansion
planning problem by respecting private asset owners and tak-
ing the role of active network management into account. The
general architecture of the introduced model is illustrated in
Fig. 1. The network assets include feeders, sub-transmission
substations, and transformers. On the other hand, ESSs, PV
generation plants, and conventional gas turbines are the network
flexible resources invested by DER owners that the DSO should
effectively consider. In order to capture the private asset owners
in the joint expansion planning problem, the model considers the
MARoR of DER owners and it is guaranteed that the investment
plan of DERs is profitable from the DER owners’ perspective
[4]. In other words, the expansion plans attained for DERs
are feasible because the technical constraints of the network
are considered by the DSO and the project is profitable from the
DER owners’ standpoint. On the other hand, in order to attain an
efficient expansion plan by utilizing DERs as flexible resources,
DSO achieves the optimal operation of the network and DERs
through an active management strategy.

Several scenarios associated with the network operation are
characterized according to the generation portfolios and demand
profiles at each planning time stage. Furthermore, by modeling
the correlated uncertainties across the system (including whole-
sale market price, PV generation, and load demand), several
uncertainty scenarios are defined. For each scenario of operation,
the optimal network configuration and optimal utilization of
DERs across the network are decided through active network
management. In this paper, by modeling the actors’ behavior
in a restructured market at the distribution level, the optimal
operation of DERs is obtained by clearing the local energy
market. Actors of the local energy market are DSO, DER owners,
and the demand aggregators who participate in the local energy
market to determine the schedule of their assets and resources.
DER owners and demand aggregators submit their power bids
and the associated price to the local energy market, with which
the DSO clears the market aiming at maximizing the social
welfare by considering distribution locational marginal price
(DLMP) signal. In the proposed model, the expansion of DERs is
modeled by considering the profitability of private investors (i.e.,
the DER owners). In this regard, the DERs’ optimal technologies
and locations are attained in addition to the expansion plan of the
network assets. It should be noted that the obtained expansion
plan of DERs is feasible from both technical and economical
perspectives. The reason lies in the fact that the MARoR of
the private investors is achieved and the technical constraints
associated with the network operation are modeled by DSO in
the problem. On the other hand, in the active network manage-
ment scheme, DSO does not directly control DERs and DER
owners and demand aggregators realize their optimal dispatch
by participating in the local energy market cleared by the DSO.

To model this problem, a bi-level optimization approach is
used in this paper. The model can be considered as a Stackelberg
game in which the upper level deals with the planning problem as
a leader, and at the lower level, the local energy market is cleared
as the follower. The conceptual architecture of the proposed
bi-level problem is depicted in Fig. 2. In the upper level, the
investment decisions on the network and DER owners’ assets
are determined at each planning time stage. Furthermore, the
optimal radial configuration of the network is attained in this
level for each operating scenario. The objective in this level is to
minimize the net present value (NPV) of the total costs imposed
to DSO associated with the expansion planning, maintenance
and operation of the network. In the upper level problem, the
profitability of the private agents’ investments on expanding
the DERs in the network is preserved, where their investment,
maintenance and operation costs as well as their income from
selling power to DSO are modeled. In addition, this level is
subject to several logic constraints of the planning problem and
some associated with the operation of the network assets in the
active management scheme. Note that the network radiality is
preserved using a graph-based technique where the DSO and
DER owners’ investment budgets are accounted for.

In the lower level, DSO handles active management of the
resources by clearing the local energy market in order to de-
termine the optimal operation of DGs and ESSs as well as the
optimal utilization of responsive loads and maximize the social
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Fig. 2. The proposed bi-level approach for active network management
through clearing the local energy market in the DNEP problem.

welfare. DSO and other market participants find equilibrium in
the local energy market with a DLMP signal. In other words,
DER owners and demand aggregators submit their power bids
and the associated price to the local energy market, and then the
DSO clears the market and determines DLMP and the actors’
optimal operation (i.e., the accepted power of DGs, ESSs’ charg-
ing and discharging and the amount of increase and decrease in
the elastic loads) for maximized social welfare. It is worth noting
that the decision variables in the upper level problem are to be
parameters for the lower level problem.

The lower level problem is solved for each operating and
uncertainty scenario, and therefore, the local energy market
is cleared correspondingly for each operating and uncertainty
scenario. The operational constraints of the underlying distri-
bution network and the logic and other constraints related to
bidding of DER owners and demand aggregators are addressed
in the lower level problem. In summary, the expansion plan of
the network assets and DERs at each planning time stage and
the optimal network configuration at each operating scenario
are determined in the upper level, while the DGs, ESSs, and
responsive loads’ optimal schedules are achieved via active
management of resources in the lower level problem.

B. Mathematical Formulation

Based on the proposed model, the DSO solves a bi-level prob-
lem for integrating active network management in its investment
decisions by clearing the local energy market.

1) Upper Level Problem: The upper level problem’s objec-
tive is to minimize the NPV of the total costs imposed to DSO, as-
sociated with investment and maintenance of the network assets

as well as the network operation, through the planning horizon.
The objective function is presented in (1) and is comprised of
three main parts, namely investment, maintenance, and network
operation costs, which are described in (2)–(4), respectively.

NPV DSO =
∑
t∈T

1

(1 +RoI)t−1

×
(
cI_DSO
t + cM_DSO

t +
∑
o∈O

cE_DSO
t,o

)
(1)

Equation (2) represents the annual investment cost of the
network assets and includes the costs for adding or replacing
feeders, constructing or reinforcing substations, and investing
on new transformers installation. Annual maintenance cost of
the network assets is presented in (3). The cost of the network
operation is calculated in (4) which is equal to the cost of energy
purchases from the upstream grid as well as the purchase cost of
supplied energy by DGs and ESSs subtracted by the payments
by the demand aggregator and ESSs for their consumed energies
which is calculated based on DLMP. It is worth noting that the
product of resources’ power and DLMP makes the objective
function non-linear. To linearize the objective function, the
strong duality theory and some of the KKT conditions, presented
in Appendix A, are used. The linearized form is presented later
in equation (58).

cI_DSO
t =

∑
l∈{LNR,LNA}

∑
i∈ Il

∑
(b,d)∈ϑl

CIL
l,i .Λ b,d . x

l
b,d,i,t

+
∑
b∈BS

CIS
b . xS

b,t

+
∑
i∈Ik

∑
b∈BS

CIK
k,i . xk

b,i,t , ∀ t ∈ T (2)

cM_DSO
t =

∑
o∈O

⎛
⎜⎝
∑
l∈L

∑
i∈Il

∑
(b,d)∈ϑl

CML
l,i . ylb,d,i,t,o

+
∑
k∈K

∑
i∈Ik

∑
b∈BS

CMK
k,i . ykb,i,t,o

⎞
⎟⎠, ∀ t ∈ T

(3)

cE_DSO
t,o =

∑
ω∈Ω

Πω.Δo

×

⎛
⎜⎜⎜⎜⎜⎜⎜⎝

∑
k∈K

∑
i∈Ik

∑
b∈BS

λT
t,o,ω . pkb,i,t,o,ω

+
∑
u∈U

∑
i∈Iu

∑
b∈BU

λD
b,t,o,ω . pub,i,t,o,ω

+
∑

b∈BST

λD
b,t,o,ω

(
pST,dch
b,t,o,ω − pST,ch

b,t,o,ω

)
− ∑

b∈BL

λD
b,t,o,ω. p

D
b,t,o,ω

⎞
⎟⎟⎟⎟⎟⎟⎟⎠

,

∀ t ∈ T, o ∈ O (4)

a) DER owners’ investment constraints: Investing on and
utilizing DERs can postpone the expansion of network assets
including feeders and substations. Therefore, it is necessary for
the DSO to capture investment and optimal utilization of DERs
in the DNEP problem. To address the expansion of DERs in the
proposed model, DSO considers the economic perspective of
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DER owners as private investors. Different economic perspec-
tives of private investors are addressed in [4]. In this paper, the
internal rate of return is considered as the economic indicator of
DER owners’ investment project.

The investment, maintenance and operation costs of DERs
imposed to the owners as well as their income from selling
energy in the local energy market is considered through (5)–(8),
respectively. The investment cost in (5) is associated with the
installation of DGs and ESSs through planning horizon. The
NPV of DER owners’ costs is formulated in (9). In order
to guarantee the profitability of DER owners’ investment, the
MARoR which is specified by the investors should be achieved.
In this regard, the NPV of DER owners’ costs should be lower
than zero if the internal rate of return is set to MARoR which is
adhered in (10).

cI_DER
t =

∑
u∈U

∑
i∈ Iu

∑
b∈BU

CIU
u,i .PF. S

u
i . x

u
b,i ,t

+
∑

b∈BST

CIST .PF . S
ST

. xST
b,t , ∀t ∈ T (5)

cM_DER
t

=
∑
o∈O

⎛
⎝∑

u∈U

∑
i∈Iu

∑
b∈BU

CMU
u,i . yub,i,t,o

+
∑

b∈BST

CMST . yST
b,t,o

)
,

∀t ∈ T (6)

cOp_DER
t,o =

∑
ω∈Ω

Πω.Δo

×

⎛
⎜⎝
∑
u∈U

∑
i∈Iu

∑
b∈BU

COp
u . pub,i,t,o,ω

+
∑

b∈BST

COp_ST
(
pST,dch
b,t,o,ω + pST,ch

b,t,o,ω

)
⎞
⎟⎠ ,

∀ t ∈ T, o ∈ O (7)

IncDER
t,o =

∑
ω∈Ω

Πω.Δo

×

⎛
⎜⎝
∑
u∈U

∑
i∈Iu

∑
b∈BU

λD
b,t,o,ω . pub,i,t,o,ω

+
∑

b∈BST

λD
b,t,o,ω

(
pST,dch
b,t,o,ω − pST,ch

b,t,o,ω

)
⎞
⎟⎠ ,

∀ t ∈ T, o ∈ O (8)

NPV DER =
∑
t∈T

1

(1 + IRR)t−1

×
⎛
⎝ cI_DER

t + cM_DER
t

+
∑
o∈O

(
cOp_DER
t,o − IncDER

t,o

) ⎞⎠ (9)

NPV DER |IRR=MAROR ≤ 0 (10)

Constraint (10) guarantees the feasibility of the DER owners’
investment with respect to their income and operation, mainte-
nance, and investment costs. In this regard, DERs are installed
at locations where the plan is feasible for both DSO and DER
owners, respectively from technical and economical standpoints.

b) Logic constraints of the joint multistage DNEP:
Throughout the planning horizon, only one alternative can be
invested. Equations (11) and (12) respectively describe this con-
dition for feeders and transformers. Furthermore, this condition
should be considered for DER owners’ assets including DGs,
and ESSs which is adhered through (13) and (14), respectively.

∑
t∈T

∑
i∈Il

xl
b,d,i,t ≤ 1, ∀ l ∈ {LNR, LNA}, (b, d) ∈ ϑl

(11)∑
t∈T

∑
i∈Ik

xk
b,i,t ≤ 1, ∀ b ∈ BS (12)

∑
t∈T

∑
i∈Iu

xu
b,i,t ≤ 1, ∀u ∈ U, b ∈ BU (13)

∑
t∈T

xST
b,t ≤ 1, ∀ b ∈ BST (14)

DSO can invest in transformers if its substation already has
been reinforced or constructed which is adhered by (15).

xk
b,i,t ≤

t∑
τ=1

xS
b,τ , ∀ b ∈ BS, i ∈ Ik, t ∈ T (15)

The annual investment costs are limited by the DSO’s and
DER owners’ investment budgets through (16) and (17), respec-
tively.

cI_DSO
t ≤ IB

DSO
t , ∀ t ∈ T (16)

cI_DER
t ≤ IB

DER
t , ∀ t ∈ T (17)

c) Logic constraints for network assets utilization: The
utilization constraints of the fixed feeders, new replaced or added
feeders, and replaceable feeders are modeled through (18)–(20),
respectively.

ylb,d,i,t,o ≤ 1 ,

∀ l ∈ LF , (b, d) ∈ ϑl, i ∈ I l, t ∈ T, o ∈ O (18)

ylb,d,i,t,o ≤
t∑

τ=1

xl
b,d,i,τ ,

∀ l ∈ {LNR, LNA}, (b, d) ∈ ϑl, i ∈ I l, t ∈ T , o ∈ O
(19)

ylb,d,i,t,o ≤ 1−
t∑

τ=1

∑
i∈Il

xLNR

b,d,i,τ ,

∀ l ∈ LR, (b, d) ∈ ϑl, i ∈ I l, t ∈ T, o ∈ O (20)
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Transformers can be utilized only when they have been in-
stalled in the current or previous time stages.

ykb,i,t,o ≤
t∑

τ=1

xk
b,i,τ , ∀ b ∈ BS, i ∈ Ik, t ∈ T, o ∈ O (21)

It is worth noting that the utilization of transformers and feed-
ers are attained for each operating scenario. In other words, the
network optimal configuration is determined for each operating
scenario. It should be noted that in the Stackelberg game, the
upper level problem’s variables are known for the lower level
problem and the local energy market clearance in the lower
level problem is done on the determined network configuration
achieved in the upper level problem.

In order to obtain the optimal network configuration, the
radial structure of the network should be preserved. The island
operation of the distribution network in the normal operating
status is here assumed not allowed. Two sets of constraints as-
sociated with spanning tree (22)–(25) and transfer nodes model
(26)–(29) are applied to ensure the radial network operation.
Constraints (22)–(25) ensure that the distribution network is
structured as a spanning tree connected to the main substation,
irrespective to the direction of the power flows [18]. Constraints
(26)–(29) enforce the conditions for the radial network operation
with transfer nodes. The transfer nodes have neither load nor
generation and are used to interconnect the other nodes across
the network [19].

αl
b,d,t,o =

∑
i∈Il

ylb,d,i,t,o, ∀ l ∈ L, (b, d) ∈ ϑl,

t ∈ T, o ∈ O (22)

αl
b,d,t,o = βl

b,d,t,o + βl
d,b,t,o, ∀ l ∈ L, (b, d) ∈ ϑl,

t ∈ T, o ∈ O (23)

βl
b,d,t,o = 0, ∀ l ∈ L, (b, d) ∈ ϑl, b ∈ BS,

t ∈ T, o ∈ O (24)∑
d∈γl

b

βl
b,d,t,o = 1, ∀ l ∈ L, (b, d) ∈ ϑl, b ∈ BL,

t ∈ T, o ∈ O (25)

Tnb ≥ αl
b,d,t,o, ∀ l ∈ L, (b, d) ∈ ϑl, b ∈ BT,

t ∈ T, o ∈ O (26)

Tnb ≥ αl
d,b,t,o, ∀ l ∈ L, (b, d) ∈ ϑl, b ∈ BT,

t ∈ T, o ∈ O (27)∑
l∈L

∑
(b,d)∈ϑl

αl
b,d,t,o ≥ 2Tnb, ∀ b ∈ BT

t ∈ T, o ∈ O (28)∑
l∈L

∑
(b,d)∈ϑl

αl
b,d,t,o = |B| − |BS| −

∑
b∈BT

(1− Tnb),

∀ t ∈ T, o ∈ O (29)

As described in [6], (30) presents a generic ESS model.
Furthermore, the net increase and decrease in responsive loads
power should be equal to zero over the operating scenarios as
modeled in (31).∑

o∈O
Δo

(
ηST,chpST,ch

b,t,o,ω − (1/ηST,dch
)
pST,dch
b,t,o,ω

)
= 0,

∀ b ∈ BST, t ∈ T, ω ∈ Ω (30)∑
o∈O

(
dupb,t,o,ω − ddnb,t,o,ω

)
= 0, ∀ b ∈ BL, t ∈ T, ω ∈ Ω

(31)

2) Lower Level Problem Formulation: The lower level prob-
lem is solved for each operating and each uncertainty scenario,
in which the local energy market is cleared and the optimal
behavior of the market actors is attained to maximize the social
welfare. In this paper, the optimal schedules of DGs, ESSs,
and responsive loads are attained through clearing the local
energy market. The objective of maximizing the social welfare is
equivalent to minimizing the total payments made to the sellers
minus the total payments made by the buyers as formulated
in (32). πu

b,i,t,o, πST
b,t,o, and πD

b,t,o are respectively the bidding
price of the DGs, ESSs, and load aggregators for their generated,
charging/discharging, and consumed power, which are attained
based on their cost and utility functions.

ObjLL =
∑
k, i, b

λT
b,t,o,ω . pkb,i,t,o,ω +

∑
u,i,b

πu
b,i,t,o. p

u
b,i,t,o,ω

+
∑

b∈BST

πST
b,t,o ×

(
pST,dch
b,t,o,ω − pST,ch

b,t,o,ω

)

−
∑
b∈BL

πD
b,t,o. p

D
b,t,o,ω,

∀ t ∈ T, o ∈ O, ω ∈ Ω (32)

a) Logic constraints for DGs and ESSs utilization: Logic
constraints associated with the utilization of DERs is expressed
in (33)–(35) which should be considered by DSO in local energy
market. The simultaneous charging and discharging of ESSs at
each operating and each uncertainty scenario is forbidden which
is adhered by (35). The indices in front of equations indicate the
corresponding Lagrange coefficients.

yub,i,t,o ≤
t∑

τ=1

xu
b,i,τ : ∂

U
u,b,i,t,o

∀u ∈ U, b ∈ BU, i ∈ Iu, t ∈ T, o ∈ O (33)

yST
b,t,o ≤

t∑
τ=1

xST
b,τ : ∂ST

b,t,o ∀ b ∈ BST, t ∈ T, o ∈ O (34)

aST,ch
b,t,o,ω + aST,dch

b,t,o,ω = yST
b,t,o: κb,t,o,ω

∀ b ∈ BST, t ∈ T, o ∈ O, ω ∈ Ω (35)

b) DER owners’ constraints: This section addresses the
DER owners’ constraints which DSO should consider in per-
forming the local energy market. The accepted power of the
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DG units and the accepted charging and discharging power of
the ESSs are respectively limited through (36)–(39) based on
the bidding power of their owners. It should be noted that the
owners submit their power bids based on DERs’ capacity (i.e.,

S
u
i for DGs and SST , S

ST
for ESSs).

0 ≤ pub,i,t,o,ω ≤ yub,i,t,o.P
u
b,i,t,o: μu

b,i,t,o,ω
, μu

b,i,t,o,ω

∀u ∈ U, b ∈ BU, i ∈ Iu, t ∈ T , o ∈ O, ω ∈ Ω (36)

0 ≤ pub,i,t,o,ω ≤ yub,i,t,o .Max
{
PΨ
b,i,t,o,ω , P

u
b,i,t,o

}
:

μΨ
b,i,t,o,ω

, μΨ
b,i,t,o,ω

∀u ∈ UΨ, b ∈ BUΨ, i ∈ Iu, t ∈ T , o ∈ O, ω ∈ Ω
(37)

aST,ch
b,t,o,ω. P

ST,ch
b,t,o ≤ pST,ch

b,t,o,ω ≤ aST,ch
b,t,o,ω. P̄

ST,ch
b,t,o : μch

b,t,o,ω
, μch

b,t,o,ω

∀ b ∈ BST, t ∈ T, o ∈ O, ω ∈ Ω (38)

aST,dch
b,t,o,ω . PST,dch

b,t,o ≤ pST,dch
b,t,o,ω ≤ aST,dch

b,t,o,ω . P̄ST,dch
b,t,o :

μdch
b,t,o,ω

, μdch
b,t,o,ω

∀ b ∈ BST, t ∈ T, o ∈ O, ω ∈ Ω (39)

c) Load control model of load aggregators: In order to
address the load control in the proposed active resource manage-
ment scheme, responsive loads should be modeled and incorpo-
rated in clearing the local energy market (i.e., in the lower level
problem). The change in the elastic loads is modeled as increase
and decrease in the base load represented by dupb,t,o,ωand ddnb,t,o,ω ,
respectively. The net demand of each load point can be obtained
by (40). The accepted amounts of increase or decrease in the
base load levels are limited to the associated maximum bidding
amounts which are respectively adhered in (41) and (42).

pDb,t,o,ω = LFo.P
D
b,t,ω + dupb,t,o,ω − ddnb,t,o,ω: ξb,t,o,ω

∀ b ∈ BL, t ∈ T, o ∈ O, ω ∈ Ω (40)

0 ≤ dupb,t,o,ω ≤ D̄up
b,t,o,ω: μ

d−up
b,t,o,ω

, μd−up
b,t,o,ω

∀ b ∈ BL, t ∈ T, o ∈ O, ω ∈ Ω (41)

0 ≤ ddnb,t,o,ω ≤ D̄dn
b,t,o,ω : μd−dn

b,t,o,ω
, μd−dn

b,t,o,ω

∀ b ∈ BL, t ∈ T, o ∈ O, ω ∈ Ω (42)

The maximum shiftable load (maximum bidding powers of
increase and decrease in the nodal base load) at each operating
scenario is estimated based on the demand elasticity which
express customers’ sensitivities to electricity price changes. In
this regard, the maximum capability of the load modification
is evaluated based on own and cross price elasticity factors
and the change in the electricity price [20]. The reference
price signal is assumed to be the average substation price over
the operating scenarios. The maximum increase and decrease
amounts in the nodal base load are respectively defined in (43)

and (44),

D̄up
b,t,o,ω = Max

{
0, LFo.P

D
b,t,ω

∑
s

εo,s × λ̃T
t,s,ω

}
,

∀ b ∈ BL, t ∈ T, o ∈ O, ω ∈ Ω (43)

D̄Dn
b,t,o,ω = Max

{
0,−LFo.P

D
b,t,ω

∑
s

εo,s × λ̃T
t,s,ω

}
,

∀ b ∈ BL, t ∈ T, o ∈ O, ω ∈ Ω (44)

where λ̃T
t,o,ω is deviation of the market price from average price

at each operating scenario, represented in (45).

λ̃T
t,o,ω =

(
λT
t,o,ω − λ̄T

t,ω

)/̄
λT
t,ω

, ∀ t ∈ T, o ∈ O, ω ∈ Ω (45)

The linear form of relations (43) and (44) are presented in (46)
and (47) using the big-M method [1] where yDt,o,ω is a binary
variable which demonstrates the utilization of load responses at
each planning time stage and operating and uncertainty scenario.

−M
(
1− yDt,o,ω

) ≤ D̄up
b,t,o,ω − LFo.P

D
b,t,ω

∑
s

εo,s × λ̃T
t,s,ω

≤ M
(
1− yDt,o,ω

)
, ∀ b ∈ BL, t ∈ T, o ∈ O, ω ∈ Ω (46)

−M
(
1− yDt,o,ω

) ≤ D̄Dn
b,t,o,ω

+ LFo.P
D
b,t,ω

∑
s

εo,s × λ̃T
t,s,ω ≤ M

(
1− yDt,o,ω

)
,

∀ b ∈ BL, t ∈ T, o ∈ O, ω ∈ Ω (47)

d) Network operational constraints: In this paper, a lin-
ear model of the power flow based on square of the voltage
magnitude is used (its performance and associated errors are
discussed in [21]). Equation (48) guarantees the power balance
at each node. The flow of power across the distribution feeders
is represented in (49) considering the feeders installed between
nodes b and d. This equation is non-linear due to the product
of binary variable y, which indicates feeder utilization status.
The linear form of (49) is formulated in (50) in which M is a
large-enough positive number.∑
l∈L

∑
i∈Il

∑
d∈γl

b

plb,d,i,t,o,ω+pST,ch
b,t,o,ω+pDb,t,o,ω =

∑
k∈K

∑
i∈Ik

pkb,i,t,o,ω

+
∑
u∈U

∑
i∈Iu

pub,i,t,o,ω + pST,dch
b,t,o,ω : λD

b,t,o,ω,

∀ b ∈ B, t ∈ T , o ∈ O, ω ∈ Ω (48)

ylb,d,i,t,o

×
[
plb,d,i,t,o,ω + SB

(
1/2G

l
b,d,i

(
v2b,t,o,ω − v2d,t,o,ω

)
−Bl

b,d,i (δb,t,o,ω − δd,t,o,ω)

)]
= 0

∀ l ∈ L, b ∈ B , d ∈ γl
b, i ∈ I l, t ∈ T, o ∈ O, ω ∈ Ω

(49)

−M
(
1− ylb,d,i,t,o

) ≤ plb,d,i,t,o,ω
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+ SB
(
1/2G

l
b,d,i

(
v2b,t,o,ω − v2d,t,o,ω

)
−Bl

b,d,i (δb,t,o,ω − δd,t,o,ω)
) ≤ M

(
1− ylb,d,i,t,o

)
:

ρl
b,d,i,t,o,ω

, ρlb,d,i,t,o,ω

∀ l ∈ L, b ∈ B , d ∈ γl
b, i ∈ I l, t ∈ T, o ∈ O, ω ∈ Ω

(50)

The operational constraints of the network are described by
(51)–(54). In order to preserve the model linearity, constraints
(53) and (55) are written based on the voltage magnitude square.
Furthermore, the voltage at the root nodes is set to 1.05∠ 0in
equations (55) and (56).

− ylb,d,i,t,o. P
l
i ≤ plb,d,i,t,o,ω ≤ ylb,d,i,t,o. P

l
i:

μl
b,d,i,t,o,ω

, μl
b,d,i,t,o,ω

∀ l ∈ L, b ∈ B, d ∈ γl
b, i ∈ I l, t ∈ T , o ∈ O, ω ∈ Ω

(51)

− ykb,i,t,o. P
k
i ≤ pkb,i,t,o,ω ≤ ykb,i,t,o . P

k
i :μ

k
b,i,t,o,ω

, μk
b,i,t,o,ω

∀ k ∈ K, b ∈ BS, i ∈ Ik, t ∈ T , o ∈ O, ω ∈ Ω (52)

(V b)
2 ≤ v2b,t,o,ω ≤ (V b)

2: υb,t,o,ω, υb,t,o,ω

∀ b ∈ B, t ∈ T, o ∈ O, ω ∈ Ω (53)

− π ≤ δb,t,o,ω ≤ π: γ
b,t,o,ω

, γb,t,o,ω

∀ b ∈ B, t ∈ T, o ∈ O, ω ∈ Ω (54)

v2b,t,o,ω = (1.05)2: υb,t,o,ω

∀ b ∈ BS, t ∈ T, o ∈ O, ω ∈ Ω (55)

δb,t,o,ω = 0: γb,t,o,ω

∀ b ∈ BS, t ∈ T, o ∈ O, ω ∈ Ω (56)

Finally, the DERs’ penetration level is limited by (57).

∑
u∈U

∑
i∈Iu

∑
b∈BU

pub,i,t,o,ω +
∑

b∈BST

pST,d−ch
b,t,o,ω ≤ PL

×
∑
b∈BL

LFo. P
D
b,t,ω: φt,o,ω

∀ t ∈ T, o ∈ O, ω ∈ Ω (57)

C. Solution Method

1) Conversion of the Proposed Bi-Level Model to MILP: In
the followings three main steps for converting the proposed
problem into an MILP are described.

i) Substitution of the lower level problem with associated
KKT conditions

In the introduced model, the DER owners and demand ag-
gregators’ biddings are known parameters for the DSO and the

lower level problem is thus linear and convex. As a result, the
lower level problem can be substituted with its KKT optimality
conditions. In this case, the lower level problem is substituted
with a set of constraints imposed to the upper level problem.
Using the associated Lagrange equation of the lower level prob-
lem, the KKT optimality conditions are obtained as presented
in Appendix A. This equivalent model is a mathematical model
with equilibrium constraints (MPEC) for which the objective
function in (1) and associated KKT complementary conditions
in (a15)–(a38) are non-linear. Therefore, they need to be lin-
earized to convert the MPEC problem to an MILP model [22].
Linearizing KKT complementary conditions and the upper level
objective function are respectively discussed next in parts ii
and iii.

i) Linearizing the KKT complementary conditions
The KKT complementary conditions presented in (a15)–(a38)

are nonlinear. These relations are linearized using sufficiently
large numbers and auxiliary binary variables [22] which are
described in Appendix A.

ii) Linearization of the upper level objective function
The objective function of the upper level problem

is nonlinear because of the terms λD
b,t,o,ω. p

u
b,i,t,o,ω ,

λD
b,t,o,ω.(p

ST,dch
b,t,o,ω − pST,ch

b,t,o,ω) and
∑

b∈BL

λD
b,t,o,ω. p

D
b,t,o,ω in

equation (4). As mentioned earlier, the lower level problem is
linear, and therefore convex from the DSO’s viewpoint. Based
on the strong duality theory, the objective of the lower level
problem is equal to its dual in the optimum point [22]. Using
the strong duality theory and the KKT optimality conditions
presented in Appendix A, the linearized form of the non-linear
terms are derived as follows:

∑
u, i, b

λD
b,t,o,ω .pub,i,t,o,ω −

∑
b∈BST

λD
b,t,o,ω. p

ST,ch
b,t,o,ω

+
∑

b∈BST

λD
b,t,o,ω. p

ST,dch
b,t,o,ω −

∑
b∈BL

λD
b,t,o,ω. p

d
b,t,o,ω =

−
∑
k, i, b

λT
b,t,o,ω. p

k
b,i,t,o,ω +

∑
b

λD
b,t,o,ω. LFo. P

D
b,t,ω

+
∑
b∈BL

μd−up
b,t,o,ωD̄

up
b,t,o,ω

+
∑
b∈BL

μd−dn
b,t,o,ωD̄

dn
b,t,o,ω+

∑
b∈BS

υb,t,o,ω . (1.05)2

+
∑
b

υb,t,o,ω. (V b)
2

−
∑
b

υb,t,o,ω(V b)
2 −

∑
b

δb,t,o,ω. π−
∑
b

δb,t,o,ω . π (58)

where μd−up
b,t,o,ω , μd−dn

b,t,o,ω , λD
b,t,o,ω , (υb,t,o,ω , υb,t,o,ω), (δb,t,o,ω ,

δb,t,o,ω) and υb,t,o,ω are the corresponding Lagrange coefficients
of equations (41), (42), (48), (53)–(55), respectively.
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TABLE II
DATA OF LOAD, DURATION, AND ENERGY COST OF THE STUDIED

OPERATING SCENARIOS

The final MILP model of the proposed framework is summa-
rized as follows:

2) Uncertainty Modeling of the System Load, DERs and
Wholesale Electricity Prices: In order to model the related
uncertainties, i.e., in characterizing the variations in demand
for electricity, PV power generation, and wholesale electricity
price, a scenario-driven stochastic optimization model is applied
[6]. The unce-rtainty modeling for each scenario of operation is
conducted according to the PV output power, electricity price,
and load curves which are achieved through hourly historical
data.

III. CASE STUDY

A. Test Systems, Data, and Assumptions

Two test systems are selected to evaluate the effectiveness of
the proposed model. Test system 1 is a 20 kV 24–bus distribution
network introduced in [23]. In order to validate the scalability
of the proposed model, the 11.4 kV 86–bus distribution network
(introduced in [24] and modified in [25]) is chosen as test system
2. In the following, the main characteristics of the two test
networks and the required information are presented.

Test System 1: Test system 1 is the 20 kV 24–bus distribution
network. The network has 20 load points which can be fed
through 4 substations and 33 feeders. Feeders’ data and load
points’ peak demand are presented in [3]. The capacity of the
existing transformers and feeders are 7.5 and 3.94 MVA, respec-
tively. Furthermore, two zones with different solar irradiation are
defined in the network: Zone A contains nodes (1, 4–6, 9, 13–15,
17–20, 22, 24) while the other nodes are located in Zone B.

Test System 2: The 11.4 kV 86–bus distribution network
consists of 83 load points, 94 lines, and 3 substations (buses
101, 102, and 103). The one-line diagram and the network data
are taken from [25]. In this network, the capacity of existing
transformers and feeders are 12 and 6.28 MVA, respectively.
Additionally, the load points’ peak demand for three planning
time stages is demonstrated in Table XII in Appendix B. In
order to evaluate the solar irradiation for PV installation in the
network, two zones, namely Zone A and B, are considered: Zone

TABLE III
ESSS AND PVS CHARACTERISTICS

TABLE IV
MAINTENANCE COST, LIFE TIME, AND CANDIDATE LOCATIONS FOR

INSTALLATION OF THE NETWORK’S AND DER OWNERS’ ASSETS IN BOTH TEST

SYSTEMS

∗IC: Investment cost, TS1: Test system 1, TS2: Test system 2.

TABLE V
NETWORK VARIABLES AND ASSOCIATED ERRORS OF THE LINEAR POWER

FLOW MODEL FOR TIME STAGE III AND OPERATING SCENARIO 3

∗MAE: Mean absolute error of the linear power flow.

A includes nodes (37–64, 72–77, 81–83, 103), while others are
located at Zone B.

In the model, the planning time horizon is 15 years for which
three planning time stages with duration of 5 years are defined.
For each time stage, 4 scenarios of operation are defined where
active network management is considered. The operating scenar-
ios’ durations and load factors in addition to the purchased power
cost at each operating scenario can be accessed from Table II.
The detailed properties of the investment alternatives related
to the network assets for test system 1 and test system 2 are
respectively presented in [26] and [25], while the data of the con-
ventional DGs are taken from [26]. The ESSs data including their
capacity, investment cost, and charging/discharging efficiencies
as well as PV units’ alternatives capacities and installation costs
are presented in Table III. In addition, the maintenance cost, life
time, and candidate locations for installation of network assets
and DER owners’ assets in the test systems are represented in
Table IV. It is worth noting that the locations which are not
suitable candidates for DSO or DER owners should be discarded
from the list of candidate nodes for DERs installation. The data
associated with available solar power at Zone A in both test
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TABLE VI
INVESTMENT DECISIONS AT EACH TIME STAGE FOR CASES A–C

∗The numerals after the symbol of assets indicate the number of associated alternative and the numerals in parenthesis indicate the installation location.
CG: conventional generator, NRF: newly replaced feeder, NAF: newly added feeder, NTr: new transformer, NS: new substation.

TABLE VII
COMPARISON OF THE SYSTEM COSTS (IN MILLION $) FOR CASES A–C

∗DO: DER Owners.

TABLE VIII
COMPARISON OF DER OWNERS’ PROFIT AND SYSTEM OPERATION COST IN

CASE A AND CASE D

systems are taken from [27] while it is assumed that available
power at Zone B of the test systems is 90% of that in Zone A.
To model the role of responsive loads, both own and cross price
elasticity factors are assumed to be 4%.

The lower and upper limits on the bus voltage magnitude are
0.95 and 1.05 p.u., respectively. The base power is assumed
1 MVA while the base voltage for the test systems 1 and 2
are 20 kV and 11.4 kV, respectively. The penetration level of
DGs and ESSs, rate of interest, network power factor (for both
test systems), and MARoR of DER owners are assumed to be
0.4, 10%, 0.9, and 12.5%, respectively. Furthermore, investment
budget for DSO and DER owners in both tests systems are $4M
and $6M at each time stage, respectively. With the historical PV
output power [27] and load data [26] as well as the wholesale
electricity prices [28], 27 uncertainty scenarios are considered
in each operating condition.

TABLE IX
INVESTMENT DECISIONS OF THE PROPOSED MODEL (CASE A) ON TEST

SYSTEM 2 AT EACH TIME STAGE

TABLE X
COMPARISON OF THE SYSTEM COSTS IN TEST SYSTEM 2 (IN MILLION $) FOR

CASES A–C

B. Numerical Results and Analysis

With the proposed bi-level model applied on the test systems
(i.e., integrating active network management in DNEP problem
through clearing local energy market at the distribution level),
the results are extracted and investigated (Case A). In order
to perceive the impact of active network management when
incorporated in the DNEP problem, the results of Case A are
compared with the case that DSO optimizes its expansion plan
regardless of the network management and then manages the
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TABLE XI
THE NUMBER OF BINARY AND CONTINUOUS VARIABLES IN THE PROPOSED

MODEL FOR (TEST SYSTEM 1/TEST SYSTEM 2)

∗B: Binary variables, C: Continuous variables.

resources through local energy market after the investment
decisions are determined (Case B). To illustrate the positive
impact of considering DER owners’ assets and responsive loads
in the joint expansion planning problem and in active network
management scheme, Case C is introduced which represents the
conditions in which DER owners’ assets (i.e., DGs and ESSs) do
not exist in the planning problem alternatives and load control
is not included in active management scheme; therefore, the
network assets are taken into account in the planning level and
the optimal configuration of the network is determined in the
operation level. Finally, in order to perceive the positive impact
of modeling the local energy market in DNEP problem using
bi-level framework, Case D is introduced in which DSO directly
schedules DERs through economic dispatch using a single level
framework. In the following, we evaluate the performance of the
proposed model when applied to test system 1, and then to test
system 2 for scalability validation in large-scale test systems.

1) Case Study 1: 24-Bus Distribution Test System: The main
outcome of the introduced model is the optimal expansion plan
of the network’s and DER owners assets for each planning
time stage and the optimal network configuration and operation
schedule of DERs for each operating scenario. The network
variables at the third planning time stage and operating scenario
3 (i.e., peak load of the network) for case scenarios A to D are

TABLE XII
LOAD POINTS’ PEAK DEMAND (MVA)

presented in Table V. In this table, the maximum error and the
mean absolute error of the adopted linear power flow method, in-
troduced in Section II-B, are presented when compared to those
of the precise AC power flow based on the Newton-Raphson
technique.

The results of the expansion problem in Cases A, B, and C at
each time stage are presented in Tables VI and VII. It should be
noted that investment decisions in Case D are found somehow
near to those in Case A (hence, its results associated with expan-
sion planning decisions are not presented in two aforementioned
tables). As demonstrated, in Case C without DERs, the operation
cost is found higher than that in the other two cases due to the
purchased power from the upstream network. Furthermore, the
investment costs on the network assets’ (i.e., new transformers,
substations, and feeders) in Case C are higher compared to Case
A & Case B, in which besides the network assets, DERs are
invested by private investors. The reason lies in the fact that
DSO requires to install higher-capacity transformers and feeders
to meet the growing demand. In other words, considering DERs
provides an opportunity for DSO to supply the growing load
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Fig. 3. Optimal network and DERs arrengment for (a) Case A, (b) Case B, and (c) Case C.

through investing in DERs which leads to lower investment in
network assets in the planning horizon. In addition, incorpo-
rating active management of resources in the DNEP problem
(i.e., Case A) leads to lower investment costs of the network
assets expansion compared to Case B in which resources are
managed independently of the DNEP problem. In summary,
considering DER owners’ assets in the planning problem as
well as managing DERs through active management scheme
in the DNEP problem result in lower investment costs for the
network assets’ expansion. In other words, it leads to investment
postponement of the network assets during the planning horizon.
It should be noted that, in Case A & Case B, PV generators are
mostly installed at the Zone A with better solar power capability.
The study results show that the presence of DERs in these two
cases leads to the lower investment costs on network assets
and total operation costs reduction over the planning horizon
in comparison with Case C, as a consequence of an investment
on DERs and their joint utilization in the DNEP problem.

In order to investigate the positive impacts of incorporating
active network management in DNEP through the local energy
market, i.e., the proposed bi-level framework, the results in Case
A and Case B are compared. As it can be seen, the NPV of the
total costs of DSO in Case A is about 8% lower in comparison
with that in Case B. Therefore, the proposed framework in this
paper leads to more economic investment and utilization plan
compared to Case B, in which the active network management
is addressed independently from the DNEP problem. The final
configurations of the ADN (operating scenario 4 at the third
time stage) in the three cases are illustrated in Fig. 3. The feeders
that are not utilized in this operating scenario are denoted by
dashed lines.

To investigate the active network management strategies
in DNEP problem, the optimal schedule of DERs, including
conventional and PV DGs as well as ESSs and responsive
loads, in Case A is summarized in Fig. 4. Besides the optimal
DERs’ schedule, in active management scheme the optimal
radial configuration of the network is achieved for each
operating scenario through deciding on the utilization of
feeders (including existing and newly added or replaced
feeders). An optimal network configuration for Cases A to C is
depicted in Fig. 3 corresponding to the operating scenario 4 at

Fig. 4. Optimal operation of DERs through planning time stages and operating
scenarios in Case A.

planning time stage III. The numerical results show that in case
of disregarding the load control, the operation costs of DSO has
increased which leads to 0.4% increase in DSO’s costs NPV. It
shows the positive impact of utilizing responsive loads.

Analyzing the above-mentioned cases shows the positive im-
pacts of integrating active network management through clear-
ing the local energy market in the DNEP as well as consider-
ing the expansion planning of DER owners’ asset besides the
network assets. In order to further analyze the impact of con-
sidering local energy market, the profit of the DER owners and
system operation costs in Case A (i.e., the proposed approach)
is compared with Case D in which the local energy market
is disregarded and DSO directly manages the DERs through
economic dispatch. Based on the results presented in Table VIII,
it is concluded that DER owners’ profit is decreased in case of
dispatching them directly by DSO. On the other hand, higher
operation cost is incurred to the system when local energy market
is modeled. It should be noted that in the proposed approach
(i.e., Case A), the increase in the DER owners’ profit is more
than the increase in the system operation costs, highlighting that
implementing the proposed approach leads to an enhanced social
welfare.
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Fig. 5. Optimal operation of DERs through planning time stages and operating
scenarios in Case D.

In addition, the DERs schedules in Case D are depicted in
Fig. 5. As it can be seen, the ESSs are not utilized effectively in
Case D and DSO mainly utilizes PV units because of their lower
operation costs. The cost data of the conventional DGs, PVs and
ESSs are presented in [26] and [29] while the utility function of
the load is taken from [30].

2) Case Study 2: 11.4kV 86-Bus Distribution Test System:
In order to validate the scalability of the proposed model, it
is implemented on the 11.4kV 86-bus test system. Table IX
shows the investment decisions associated with the network’s
and DER owners’ assets at each planning time stage in Case A.
Considering the previously-defined cases, the associated system
costs are summarized in Table X for Cases A to C. The results
of this test system demonstrate the effectiveness of the proposed
model in achieving cost-effective planning decisions. In
addition, as previously investigated, considering DER owners’
assets in the DNEP problem and active network management
leads to lower investment in network assets throughout the
planning horizon. As it can be seen, integrating active network
management through clearing local energy market (Case A)
leads to about 8.5% reduction in the total DSO costs’ NPV in
comparison with that in Case B.

The simulations are carried out on a PC with Intel Corei7-
4770, 3.40 GHz CPU and 32 GB of RAM. The CPLEX 12 solver
in GAMS 24.1.3 programming environment is used to solve the
optimization problem. The optimality gap representative of the
solution accuracy is set equal to 0.5%. The computational time is
highly dependent on the number of variables and the optimality
gap. The number of continuous and binary variables in the upper
level and lower level problems as well as dual variables of the
lower level problem are summarized in Table XI. In this table,
the first and second numbers in parenthesis at each row show
the number of variables in test system 1 and test system 2,
respectively.

The computation time of the proposed simulation approach
for test system 1 is 8.9 h while it is increased to 15.8 h in case of
implementation on test system 2. It shows that the proposed ap-
proach is practically appropriate for long-term DNEP problem.

IV. CONCLUSION

A bi-level optimization framework was presented in this
paper to address an active network management in multistage
expansion planning of distribution network’s and DER owners’
assets. In the upper level problem, the optimal expansion plan
of the network’s and DER owners’ assets at each time stage
as well as the optimal network configuration at each operating
scenario are extracted in which the profitability of DER owners
is guaranteed. Furthermore, DSO clears the local energy market
in the lower level in order to achieve the optimal schedule
of DERs in each operating scenario. To model the prevailing
uncertainties in demands, PVs’ power generation and electricity
prices, a scenario-driven stochastic optimization model was
used. The application of the proposed MILP model on the
24-bus and 86-bus test systems was evaluated. Comparing the
results of the proposed model with the case where DNEP and
active network management are handled independently, it is
revealed that the DSO achieves more economic expansion and
operation plans in the former. Furthermore, the proposed active
network management based on clearing local energy market
leads to enhanced social welfare compared to the case in which
DSO schedules DERs through economic dispatch. Finally, the
results demonstrated the positive impacts of the DERs in power
distribution networks in both planning and operation decisions.

APPENDIX

A. Lower Level KKT’s Optimality Conditions

In this part, the KKT optimality conditions of the lower
level problem introduced in Part i of Section in Section II-C
and the linearized form of the KKT complementary conditions
mentioned in Part ii of Section in Section II-C are presented. The
KKT optimality conditions are obtained using the associated
Lagrange equation of the lower level problem which are listed
in the following.

πu
b,i,t,o − λD

b,t,o,ω − μu
b,i,t,o,ω

+ μ̄u
b,i,t,o,ω + φ̄t,o,ω = 0 (a1)

− πST
b,t,o + λD

b,t,o,ω − μch
b,t,o,ω

+ μ̄ch
b,t,o,ω = 0 (a2)

πST
b,t,o − λD

b,t,o,ω − μd−ch
b,t,o,ω

+ μ̄d−ch
b,t,o,ω + φ̄t,o,ω = 0 (a3)

− πD
b,t,o + λD

b,t,o,ω − ξb,t,o,ω = 0 (a4)

ξb,t,o,ω − μd_up
b,t,o,ω

+ μd_up
b,t,o,ω = 0 (a5)

− ξb,t,o,ω − μd_dn
b,t,o,ω

+ μd_dn
b,t,o,ω = 0 (a6)

λT
b,t,o,ω − λD

b,t,o,ω − μk
b,i,t,o,ω

+ μ̄k
b,i,t,o,ω = 0 (a7)∑

d∈γl
b

1/2G
l
b,d,i. S

B .
(
ρl
d,b,i,t,o,ω

− ρl
b,d,i,t,o,ω

+ ρ̄lb,d,i,t,o,ω

−ρ̄ld,b,i,t,o,ω
)

− υ b,t,o,ω + ῡb,t,o,ω − υb,t,o,ω |b∈BS = 0 (a8)∑
d∈γl

b

Bl
b,d,i. S

B .
(
ρl
b,d,i,t,o,ω

− ρl
d,b,i,t,o,ω

+ ρ̄ld,b,i,t,o,ω
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−ρ̄lb,d,i,t,o,ω
)

− γ
b,t,o,ω

+ γ̄b,t,o,ω − γb,t,o,ω |b∈BS = 0 (a9)

λD
b,t,o,ω − μl

b,d,i,t,o,ω
+ μ̄l

b,d,i,t,o,ω − ρl
b,d,i,t,o,ω

+ ρ̄lb,d,i,t,o,ω = 0 (a10)

∂U
u,b,i,t,o − μ̄u

b,i,t,o,ω.P
u
b,i,t,o = 0 (a11)

∂ST
b,t,o + κb,t,o,ω = 0 (a12)

μch
b,t,o,ω

.PST,ch
b,t,o − μ̄ch

b,t,o,ω.P̄
ST,ch
b,t,o − κb,t,o,ω = 0 (a13)

μd−ch
b,t,o,ω

.PST,d−ch
b,t,o − μ̄d−ch

b,t,o,ω.P̄
ST,d−ch
b,t,o − κb,t,o,ω = 0 (a14)

Relations (35), (40), (48), (55), (56)

∂U
u,b,i,t,o ≥ 0 ⊥

t∑
τ=1

xu
b,i,τ − yub,i,t,o ≥ 0 (a15)

∂ST
b,t,o ≥ 0 ⊥

t∑
τ=1

xST
b,τ − yST

b,t,o ≥ 0 (a16)

μl

b,d,i,t,o,ω

≥ 0 ⊥ ylb,d,i,tP̄
l
i + plb,d,i,t,o,ω ≥ 0 (a17)

μ̄l
b,d,i,t,o,ω ≥ 0 ⊥ ylb,d,i,t.P̄

l
i − plb,d,i,t,o,ω ≥ 0 (a18)

ρl

b,d,i,t,o,ω

≥ 0⊥

⎛
⎜⎜⎝

M
(
1− ylb,d,i,t,o

)
+ plb,d,i,t,o,ω+

SB .

(
Gl

b,d,i

(
v2b,t,o,ω − v2d,t,o,ω

)
−Bl

b,d,i (δb,t,o,ω − δd,t,o,ω)

)
⎞
⎟⎟⎠≥0

(a19)

ρ̄lb,d,i,t,o,ω ≥ 0⊥

⎛
⎜⎜⎝−SB .

(
Gl

b,d,i

(
v2b,t,o,ω − v2d,t,o,ω

)
−Bl

b,d,i (δb,t,o,ω − δd,t,o,ω)

)

−plb,d,i,t,o,ω +M
(
1− ylb,d,i,t,o

)
⎞
⎟⎟⎠≥0

(a20)

μk

b,i,t,o,ω

≥ 0 ⊥ ykb,i,t,o.P̄
k
i + pkb,i,t,o,ω ≥ 0 (a21)

μ̄k
b,i,t,o,ω ≥ 0 ⊥ ykb,i,t,o.P̄

k
i − pkb,i,t,o,ω ≥ 0 (a22)

υ
b,t,o,ω

≥ 0 ⊥ − V 2

b
+ v2b,t,o,ω ≥ 0 (a23)

ῡb,t,o,ω ≥ 0 ⊥ (V̄ b)
2 − v2b,t,o,ω ≥ 0 (a24)

γ
b,t,o,ω

≥ 0 ⊥π + δb,t,o,ω ≥ 0 (a25)

γ̄b,t,o,ω ≥ 0 ⊥π − δb,t,o,ω ≥ 0 (a26)

μu

b,i,t,o,ω

≥ 0 ⊥ pub,i,t,o,ω ≥ 0 (a27)

μ̄u
b,i,t,o,ω ≥ 0 ⊥ yub,i,t,o. P

u
b,i,t,o − pub,i,t,o,ω ≥ 0 (a28)

μ̄Ψ
b,i,t,o,ω ≥ 0 ⊥ yub,i,t,o.Max

{
PΨ
b,i,t,o,ω , P

u
b,i,t,o

}
− pub,i,t,o,ω ≥ 0 (a29)

μch

b,t,o,ω

≥ 0 ⊥− aST,ch
b,t,o,ω.P

ST,ch

b,t,o
+ pST,ch

b,t,o,ω ≥ 0 (a30)

μ̄ch
b,t,o,ω ≥ 0 ⊥ aST,ch

b,t,o,ω.P̄
ST,ch
b,t,o − pST,ch

b,t,o,ω ≥ 0 (a31)

μdch

b,t,o,ω

≥ 0 ⊥ − aST,d−ch
b,t,o,ω .PST,dch

b,t,o
+ pST,dch

b,t,o,ω ≥ 0 (a32)

μ̄dch
b,t,o,ω ≥ 0 ⊥ aST,dch

b,t,o,ω .P̄ST,dch
b,t,o − pST,dch

b,t,o,ω ≥ 0 (a33)

μd−up

b,t,o,ω

≥ 0 ⊥ dupb,t,o,ω ≥ 0 (a34)

μ̄d−up
b,t,o,ω ≥ 0 ⊥ D̄up

b,t,o,ω − dupb,t,o,ω ≥ 0 (a35)

μd−dn

b,t,o,ω

≥ 0 ⊥ ddnb,t,o,ω ≥ 0 (a36)

μ̄d−dn
b,t,o,ω ≥ 0 ⊥ D̄dn

b,t,o,ω − ddnb,t,o,ω ≥ 0 (a37)

φ̄t,o,ω ≥ 0 ⊥

⎛
⎜⎝PL× ∑

b∈BL

LFoP
D
b,t,ω

−∑
u∈U

∑
i∈Iu

∑
b∈BU

pub,i,t,o,ω−
∑

b∈BST

pST,d−ch
b,t,o,ω

⎞
⎟⎠≥0

(a38)

The KKT complementary conditions in (a15)–(a38) are
nonlinear. The equivalent linear form of each complemen-
tary condition is achieved via a set of binary variables z and
sufficiently-large M parameters. As an example, in the following
the linearized form of (a15) using the mentioned procedure is
addressed. The linearized form of other KKT complementary
conditions can be similarly derived.

t∑
τ=1

xu
b,i,τ − yub,i,t,o ≥ 0 (a39)

∂U
u,b,i,t,o ≥ 0 (a40)

t∑
τ=1

xu
b,i,τ − yub,i,t,o ≤ (1− z̄Uu,b,i,t,o

)×M (a41)

∂U
u,b,i,t,o ≤ z̄Uu,b,i,t,o ×M ′ (a42)

B. Load Points’ Peak Demand in Test System 2

The nodal peak demand in test system 2 for three time stages
is presented in Table XII.
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