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H I G H L I G H T S

• A stochastic approach for active distribution networks operation.

• A joint active and reactive distribution electricity market at distribution level.

• Scenario Tree is used to model the uncertainties.

• Joint active and reactive optimal power flow to maximize the social welfare.
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A B S T R A C T

In this paper, a stochastic approach for the operation of active distribution networks within a joint active and
reactive distribution market environment is proposed. The method maximizes the social welfare using market
based active and reactive optimal power flow (OPF) subject to network constraints with integration of demand
response (DR). Scenario-Tree technique is employed to model the uncertainties associated with solar irradiance,
wind speed and load demands.

It further investigates the impact of solar and wind power penetration on the active and reactive distribution
locational prices (D-LMPs) within the distribution market environment. A mixed-integer linear programming
(MILP) is used to recast the proposed model, which is solvable using efficient off-the shelf branch-and cut
solvers. The 16-bus UK generic distribution system is demonstrated in this work to evaluate the effectiveness of
the proposed method.

Results show that DR integration leads to increase in the social welfare and total dispatched active and
reactive power and consequently decrease in active and reactive D-LMPs.

1. Introduction

1.1. Literature review and motivation

Utilization of renewable energy sources (RES) such as wind turbines
(WTs) and photovoltaic (PV) cells are taking substantial attention
around the world due to the economic and environmental concerns
[1–5]. The intermittent behavior of wind speed and solar irradiance
introduces technical challenges such as voltage stability, voltage de-
viation and power losses to distribution network operators (DNOs)
[6,7]. DNOs have to introduce a reasonable operating strategy to model
the uncertainties of electric loads, intermittent power generations of
WTs, PVs, and the electricity price. Also, demand response (DR) has

been introduced in [8] as an option to mitigate the impact of un-
certainties and intermittencies of wind speed and solar irradiance and
improving the system’s efficiency. DR is defined as the ability of con-
sumers to alter their electricity demand in order to keep the reliability
of system [9].

Under the deregulation of electric power systems, the integration of
distributed generator (DG) and DR program is becoming the most
beneficial way to provide ancillary services in power networks [10–12].
Ancillary services can be defined as a set of services required to support
the transmission of electric power from supply to demand to maintain
power system security and reliability [13]. Ancillary services are clas-
sified as active power ancillary service (load frequency control) and
reactive power ancillary service (voltage control) [14]. Most of the
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researches are carried out about the impact of active power ancillary
services as the main services in electricity markets at transmission level;
for instance, Ref. [15] illustrates how frequency control constraints can
be obtained and involved into a market dispatch algorithm. In [16] a
new frequency control market is introduced in order to host frequency
response reserve offers from both loads and generators. Ref. [17] in-
troduces the flexible frequency operation strategy of power system with
high renewable penetration in order to gain the flexibility of the power
grids. Absence of reactive power ancillary services may cause voltage
instability all over the power network and lead to voltage collapse
which is the main reason of blackouts [18]. Supporting the reactive
power ancillary services is considered as a part of distribution network
operators’ (DNOs) activities.

In general, the reactive power markets can be cleared separately or
simultaneously from active power markets. In reactive power markets,
the market structure, payment mechanism and pricing model are main
factors for determining the appropriate components of reactive power
market [19]. Recently, most published papers have discussed the

impact of reactive ancillary services in transmission systems; for ex-
ample, in [20], a quadratic reactive power cost model for transmission
system has been proposed to optimize reactive power procurement.
Pay-as-bid pricing mechanism for reactive power market in the trans-
mission system which take into account the local nature of reactive
power during the clearing of reactive power has been introduced in
[21]. In [22] active and reactive power markets at transmission level
are implemented to present an interaction between energy market and
reactive markets.

However, a few papers have discussed the reactive power market at
distribution level. For instance, in [23], a settlement procedure for re-
active power market for DGs in distribution systems has been proposed
for reactive/voltage ancillary services to minimize reactive power
payment by DNOs. Ref. [24] discusses the application of a sustainable
operational scheduling method which systemamically focuses on a day-
ahead active and reactive power markets at distribution level in order
to dispatch active and reactive powers in distribution systems with
WTs. The opreration of distribution networks within reactive power

List of symbols

Indices

i, j index of buses
ss index of substation
l index of loads
w index of wind turbines
pv index of photovoltaic units
s index for scenarios

Parameters

Ci
l P, bid prices of active loads at bus i

Ci
l Q, bid prices of reactive loads at bus i

Ci
DR P, cost of active power decrement in demand response pro-

gram at bus i
Ci

DR Q, cost of reactive power decrement in demand response
program at bus i

Ci
ss P, offer prices of substations active power

Ci
w P, offer prices of WTs active power

Ci
PV P, offer prices of PVs active power

Ci
ss Q, offer prices of substations reactive power

Fi j, maximum capacity in branch i-j
Ri j, resistance of feeders
Xi j, reactance of feeders
M large enough positive constant.
X reactance of WTs and PVs
m0 offered availability price of WTs an PVs
m1 offered cost of losses of WTs an PVs

m2 offered opportunity cost of WTs an PVs
Z0, Z1, Z2, Z3 binary variable related to reactive power payment

function of WTs an PVs
Qmin minimum reactive power of PVs and WTs
Qmax maximum reactive power of PVs and WTs
QPFi

w pv, offer prices of WTs and PVs reactive power
V V/i i

min max Min/Max values of the voltage at bus i
Vt connection point grid voltage
Vc/Ic converter voltage/current
Qav maximum availability reactive power of PVs and WTs
πs Probability of scenarios

Variables

Pi s
l
, active power of loads at bus i and scenario s

Pi s
ss
, active power of substations at bus i and scenario s

Pi s
w
, active power of WTs at bus i and scenario s

Pi s
PV
, active power of PVs at bus i and scenario s

Pi s
DR
, active power decrement in demand response program at

bus i and scenario s
Qi s

l
, reactive power of loads at bus i and scenario s

Qi s
ss
, reactive power of substations at bus i and scenario s

Qi s
w
, reactive power of WTs at bus i and scenario s

Qi s
PV
, reactive power of PVs at bus i and scenario s

Qi s
DR
, reactive power deccrement in demand response program

at bus i and scenario s
Qmnd mandatory reactive power of PVs and WTs
fi j s, , current flow in branch i-j and scenario s
ui,j Binary utilization variable for feeders

Table 1
Comparison of the proposed method with existing ones.

Reference Transmission or distribution level Renewable energy sources Correlation DR Power market SW

Active Reactive

[6] Transmission Yes Yes Yes Yes No No
[7] Transmission Yes No No Yes No No
[8] Transmission Yes No Yes Yes No No
[9] Distribution No No Yes Yes No Yes
[12–14] Transmission Yes No No Yes No No
[16–18] Transmission No No No No Yes No
[19] Transmission No No No Yes Yes No
[20,21,24] Distribution Yes No No Yes Yes No

Proposed method Distribution Yes Yes Yes Yes Yes Yes
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