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INVITED
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DLMP of Competitive Markets
in Active Distribution
Networks: Models, Solutions,
Applications, and Visions

By XIAOFEI WANG
LINQUAN BAI

ABSTRACT | Traditionally, the electric distribution system
operates with uniform energy prices across all system

nodes. However, as the adoption of distributed energy
resources (DERs) propels a shift from passive to active
distribution network (ADN) operation, a distribution-level elec-
tricity market has been proposed to manage new complex-
ities efficiently. In addition, distribution locational marginal
price (DLMP) has been established in the literature as the pri-
mary pricing mechanism. The DLMP inherits the LMP concept in
the transmission-level wholesale market but incorporates char-
acteristics of the distribution system, such as high R/X ratios
and power losses, system imbalance, and voltage regulation
needs. The DLMP provides a solution that can be essential
for competitive market operation in future distribution sys-
tems. This article first provides an overview of the current
distribution-level market architectures and their early imple-
mentations. Next, the general clearing model, model relax-
ations, and DLMP formulation are comprehensively reviewed.
The state-of-the-art solution methods for distribution market
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clearing are summarized and categorized into centralized, dis-
tributed, and decentralized methods. Then, DLMP applications
for the operation and planning of DERs and distribution system
operators (DSOs) are discussed in detail. Finally, visions of
future research directions and possible barriers and challenges
are presented.

KEYWORDS | Active distribution network (ADN); alternating
current optimal power flow (ACOPF); centralized, distributed
and decentralized solution methods; convexification; demand
response (DR); direct current optimal power flow (DCOPF);
distributed energy resource (DER); distribution locational
marginal price (DLMP); distribution system operator (DSO);
distribution-level electricity market; linearization; microgrid
(MG); peer-to-peer (P2P) trading.

NOMENCLATURE

A. Abbreviations
ACOPF  Alternating current optimal power flow.
ADMM  Alternating direction method of multipliers.
ADN Active distribution network.
APP Auxiliary problem principle.
ATC Analytical target cascading.

BS Bill sharing.

CAISO  California independent system operator.
CHP Combined heat and power.

CPP Critical peak pricing.

DCOPF  Direct current optimal power flow.

DER Distributed energy resource.

DG Distributed generator.
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DLMP Distribution locational marginal price.
DMO  Distribution market operator.

DNO  Distribution network operator.

DR Demand response.

DSO Distribution system operator.

ESS Energy storage system.

EV Electric vehicle.

FC Fuel cell.

GA Genetic algorithm.

HVAC Heating, ventilation, and air conditioning.
ICT Information and communication technology.
ISO Independent system operator.

LA Load aggregator.

LC Large consumer.

LEM Local energy market.

LF-D Loss factor for the distribution.

LFM Local flexibility market.

LMP Locational marginal price.

LP Linear programming.

LPF-D Linearized power flow for distribution.
MG Microgrid.

MILP  Mixed-integer linear programming.
MMR  Mid-market rate.

MT Microturbine.
NB Nash bargaining.
NLP Nonlinear programming.

OPF Optimal power flow.
pP2P Peer-to-peer.
PMP Proximal message passing.

PSO Particle swarm optimization.
PTR Peak time rebate.

PV Photovoltaic.

QP Quadratic programming.
RTP Real-time pricing.

SDP Semidefinite programming.

SOCP  Second-order cone programming.
TCL Thermostatically controlled load.
TLBO  Teaching-learning-based optimization.
TOU Time of use.

TSO Transmission system operator.

WT Wind turbine.

B. Sets
Qr  Set of distribution lines.
Qn  Set of nodes.
Q¢ Set of generation resources.

C. Variables

PE/QY Active/reactive power of generator i.

PP /QP Active/reactive load demand of node i.

P /Q°%  Active/reactive power loss.

S Power flow of line L.

V; Voltage magnitude of bus j.

AP /N9 Lagrange multipliers associated
with active/reactive equality power
constraints.
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w, ™ Jw™ Lagrange multipliers associated with

power flow limits.

Lagrange multipliers associated with

voltage limits.

WP M [P ] agrange multipliers associated with
active power limits.

w™n /@M [ agrange multipliers associated with
reactive power limits.

Ky /K Lagrange multipliers associated with
inequality reactive power constraints.

wv,min/ v, max
J J

D. Constants

Syin / Gpmax Minimum/maximum power flow lim-
its.

/min JA% Minimum/maximum voltage limits.

P,L.G’min / PL.G’“‘“" Minimum/maximum active power
limits.

QE™™ /QE ™™ Minimum/maximum reactive power
limits.

L. INTRODUCTION

Traditionally, power systems are unidirectionally
structured, that is, electricity is generated by generators
and then transported via transmission and distribution
lines to customers who are at the end of the electricity
delivery chain. However, in recent decades, the electricity
industry has witnessed the emergence of various DERs
in the distribution system. On the supply side, the
deployment of DGs, such as PVs, MTs, WTs, and ESSs,
in modern distribution systems continues to grow [1], [2].
On the demand side, industrial and commercial customers
are incentivized and encouraged to participate in DR
programs. The desire to further expand DR potential,
combined with advances in ICT, has led to residential
loads, such as smart home appliances, being widely
studied in recent years [3]-[6].

The proliferation of a variety of DERs has transformed
the once unidirectional power system into a bidirectional
system, making the distribution system more flexible and
active, but also more complex. This transition is illustrated
in Fig. 1.

A. Distribution-Level Electricity Market

Locally optimizing both the generation and the con-
sumption of electricity can provide many advantages for
a power system, such as reducing operating stress in
peak load hours, reducing the risk of system failure, and
deferring future grid investment. To take advantage of
these new opportunities and keep pace with the dereg-
ulation process, the distribution system needs to change
the traditional business model, market design, and system
operation [7]. In the research community, it is believed
that a market-based distribution system is a promising
means of achieving the optimal allocation of all DERs
and improving the system operating efficiency [8]. Various
electricity market concepts at the distribution level have
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Fig. 1. Diagram of power system transition.

been proposed, such as retail markets [9], LFMs [10]-[12],
LEMs [13]-[15], and transactive energy schemes [16].
In the power industry, there are several ongoing local
market pilot projects [17]-[25].

B. Distribution Locational Marginal Price

Tied to the emerging research on distribution-level
markets is a need to improve the pricing mechanism for
distribution market operation [26]. The pricing mecha-
nism should have the following attributes: 1) coordinate
with the existing wholesale market; 2) incentivize DERs
to be properly operated and developed; 3) reflect the
cost and physical operating conditions of the distribution
system; and 4) reward DERs for flexibility and grid service
provided. These attributes will facilitate the integration of
DERs into distribution networks.

The dominant pricing method at the transmission level
is the LMP that has been widely implemented across the
United States and some other electricity markets world-
wide. In essence, the LMP reflects the marginal cost of
energy supply, active transmission security constraints, and
transmission losses at each bus in the system [27]. This is a
good reference for the distribution network. Many studies
have been done to extend the LMP to the DLMP to capture
the temporal and spatial values of electricity.

The DLMP or distribution-level nodal pricing was first
proposed in [28], in which the DLMP was distinguished
from the DCOPF-based pricing by considering network
losses. The value of DGs was quantified by reducing line
losses and loading. The DLMP developed in [29] included
energy, congestion, and power loss components to drive
controls in a distribution system that employed electronic
devices. In [30] and [31], the DSO determined the DLMP

based on generation offers and load bids by clearing the
distribution market, in which the DLMP was discovered in
a market environment. In [8], the DLMP was extended
to include voltage components by considering the volt-
age constraints. The contribution of DERs in distribution
system operation via voltage support and loss reduction
was rewarded by the DLMP. Wei et al. [32] estimated the
intervals of the DLMP and the confidence levels with the
consideration of renewable generation. Papavasiliou [37]
presented a detailed analysis of three approaches toward
understanding the DLMP because the interpretation of
the DLMP is critical for policymaking in the growth of
future distribution markets. These works show that DLMP
has received broad attention, and it can maintain price
attributes and reflect the operational conditions and DER
values in a distribution system.

C. Motivation of This Review and Visionary Paper

In summary, the distribution-level market and DLMP are
promising directions for the process of distribution system
deregulation. Therefore, it is necessary and beneficial to
have a comprehensive and in-depth understanding of the
state-of-the-art works for researchers to conduct further
studies and applications. This review and visionary article
presents a comprehensive survey of ongoing distribution-
level market studies, such as market formulation, model
relaxations, DLMP characteristics, solution methods, and
applications of DLMP This article also envisions future
research directions, and possible barriers and challenges
related to DLMP implementation.

The rest of this article is organized as follows.
Section IT presents the market participants, two typi-
cal distribution-level market architectures, and pioneer-
ing programs. Section III describes the market-clearing
model, relaxation methods, DLMP formulation, compari-
son between LMP and DLMB market properties of DLMB
and comparison of the DLMP with other electricity tar-
iffs. Widely used market-clearing solution methods are
summarized in Section IV. The DLMP’s impacts on oper-
ation and planning for DERs and the DSO are ana-
lyzed in Section V. Sections VI and VII discuss potential
future research directions and possible challenges. Finally,
Section VIII concludes this article.

II. DISTRIBUTION-LEVEL MARKET:
PARTICIPANTS, ARCHITECTURES,
AND ONGOING PILOT PROJECTS
An electricity market is a place where transactions can
happen between power suppliers and consumers. The
power suppliers are diversified in an active distribution sys-
tem, including PVs, WTs, MTs, ESs, and CHP. Consumers,
the individuals or communities of multiple end-users, are
becoming proactive.

This section first describes the market partici-
pants. Then, based on different transaction forms, the
distribution-level market is classified into two categories:
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the pool-based market and the P2P market. Their strengths
and weaknesses are compared and summarized. Finally,
emerging industry pilot projects for the distribution
market are presented.

A. Market Participants

Participants in the distribution-level market can gener-
ally be classified into the following categories: DMOs [38],
DNOs, electricity retailers [39], DGs, ESSs, MGs, LCs, and
LAs.

It should be noted that the first three entities, DMOs,
DNOs, and electricity retailers, typically stem from conven-
tional DSOs that are the companies in the regulated distrib-
ution industry. Therefore, the DMOs, DNOs, and electricity
retailers may reside in the same holding company even
in a deregulated environment. As such, many papers in
the literature use the term DSO even though it may refer
to one or more entities among DMOs, DNOs, and elec-
tricity retailers. In this article, the generic term DSO will
also be used for simplicity although the discussion below
distinguishes between DMOs, DNOs, and electricity retail-
ers based on their different functions in the distribution
market.

1) DMO: As a profit-neutral entity, a DMO provides a
trading platform that enables transparent energy transac-
tions between electricity producers and consumers, clears
the market, broadcasts price signals, determines market
settlement, and so on at the distribution level.

2) DNO: As the network operator, a DNO is respon-
sible for system planning and operation, power outage
restoration, network security management, and so on.
It may be the owner of distribution networks as well. Since
both DMO and DNO are regulated, they may both reside
within the same holding company as different depart-
ments. In some studies, such as [104], the DNO charges
a tariff to the energy sellers and buyers for network usage.

3) Electricity Retailer: As a retail service provider,
an electricity retailer interacts with the external grid to
maintain the power balance of the distribution-level mar-
ket (e.g., purchasing electricity from the wholesale market
when there is an electricity deficit and selling electricity to
the wholesale market when there is an extra generation in
the local market). The electricity retailer can also provide
ancillary services to the TSO.

4) DGs: DGs are generators with a relatively large
power capacity that satisfies market access conditions in
a distribution system. The typical DGs include MTs, PVs,
WTs, CHB and so on. These DG types can participate in the
market directly by offering a certain amount of electricity
at a specific price [40].

5) ESSs: As the penetration level of ESSs increases, they
become an important and integral part of a distribution
system. An ESS can be regarded as a prosumer due to its
dual roles of producer and consumer. ESSs are assumed
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to have enough rated power and rated energy to partic-
ipate in the distribution market. They can operate in an
arbitrage manner or provide ancillary services to receive
revenue [41].

6) MGs: MGs are viewed as a localized group of small
DGs, small ESSs, and loads. An MG is also a prosumer in
that it exports or imports electricity through the tie-line
that connects to the main distribution network. Therefore,
an MG can both provide offers when it has extra power
generation and bid when its self-production is insufficient.

7) LCs: LCs, such as manufacturing factories and com-
mercial centers, usually have a large load demand and can
participate in the market directly [42].

8) LAs: Individual consumers are usually not eligible
to participate in the market directly due to the complex
market rules, strict participation requirements [43], small
adjustable capacities, and heavy calculation burden [44].
Typically, an LA is proposed to manage the flexibilities
offered by multiple consumers and act as the intermediary
between individual consumers and the DSO. By collecting
consumers’ consumption preferences and operation status,
the LA bids in the distribution market on behalf of con-
sumers and dispatches the purchasing power to contracted
consumers. By doing so, the LA not only provides flexibility
to the distribution system but also explores new busi-
ness models for individual consumers to increase energy
efficiency.

B. Pool-Based Market

The mission of the pool-based electricity market is
to provide reliable electricity at the lowest cost to con-
sumers [45]. Similar to the wholesale market, the transac-
tions in a pool-based distribution market are centralized,
hierarchical, and top—-down. The DSO is responsible for
the efficient market operation and coordination of various
DERs. The DSO collects the bids and offers from all market
participants, then clears the market in a centralized way,
and provides incentives to the owners of DERs to further
deploy these resources. The architecture of the pool-based
market is illustrated in Fig. 2.

In [8] and [30], the DSO cleared the market by solving
the OPF problem with the objective of minimizing the
system generation cost or maximizing social welfare. The
optimal power quantity was broadcast to the participants,
together with the DLMP that was derived from the dual
variables. The influence of the uncertain DERs on the
market and the DLMP was studied in [46] and [47].
In [34] and [35], the single-phase OPF formulation was
extended to three phases, and the schedule of DERs in each
phase was calculated.

C. Peer-to-Peer Market

The P2P market architecture is a less centralized, freer,
and bottom-up electricity market where suppliers and
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Fig. 2. Pool-based market architecture.

consumers can autonomously transact electricity and other
services. In this peer-centric architecture, each participant
can negotiate, accept, or reject a trade according to their
preferences, rationalities, and privacy considerations [48].
Demand and supply are, finally, matched by the specific
distributed algorithms. A general P2P market architecture
is illustrated in Fig. 3.

Unlike the pool-based market, the design of a P2P
market remains an open area and lacks consensus. Thus,
this section intends to shed some useful light on market
structure classification, physical network consideration,
and DLMP deployment based on the existing literature.
The market structure has been summarized and discussed
in [49]-[51] and includes four types: 1) fully decentralized
P2P markets where participants can directly negotiate with
each other to complete trading; 2) coordinated P2P mar-
kets where trading is performed in a centralized manner in
a community with a community manager; 3) community-
based P2P markets where peers exchange limited infor-
mation with the coordinator to preserve their privacy and
autonomy; and 4) hybrid (or composite) P2P markets
where the fully decentralized and the community-based
P2P markets are combined.

In some other studies, network constraints have been
considered, and the DSO is placed in the negotiation loop.
In [48], a new P2P platform was conceptualized with the
DSO as a delivery service provider. Peers first set up their
trades by a peer matching algorithm, and then, the DSO
checked the feasibility of the ACOPE If constraints were
violated, the DSO updated the network usage price DLMB
and peers updated the cost function and redid the trade
matching. This process continued until the ACOPF was
feasible and all trades were unchanged. In this work, the
DLMP promoted the P2P transactions that facilitated sys-
tem operations and penalized those that were unfavorable

from the perspective of the DSO. In [52], a two-stage P2P
energy trading model was proposed. Trades were settled
among peers in the first stage and then submitted to the
utility for approval in the second stage. Certain trades were
disapproved to ensure secure system operations. In [53],
a coordinated P2P and ancillary service market was pro-
posed, where the components of the DLMP were utilized
as price signals for procuring ancillary services to ensure
secure operation. In the auction-based P2P market pro-
posed in [54], the DLMP was integrated into the payments
of both prosumers and consumers to cover the power loss
and voltage regulation costs.

Efficient algorithms are the key to enabling P2P
transactions. Accordingly, various distributed algorithms
and blockchain technologies have been proposed and
developed to this end [55], [56].

D. Comparison Between Pool-Based Market and
P2P Market

Though the pool-based market and P2P market have
different market architectures and market rules, they do
share many similarities, including, but not limited to:
1) boosting DER utilization; 2) increasing system resilience
and reliability; 3) lowering consumers’ payments; and
4) improving system operation efficiency. Their strengths
and weaknesses are compared and summarized in Table 1.

This article is not going to claim that one market archi-
tecture is always more attractive than the other. Instead,
we have provided a concise comparison study to give
readers a basic understanding of these two markets.

E. Distribution Market Pilot Projects

To take advantage of DER flexibility and receive eco-
nomic benefits, governments, institutions, and investors
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Fig. 3. P2P market architecture.
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Table 1 Comparison Between Pool-Based Market and P2P Market

Categories Strengths Weaknesses Refs.
1) Aggregation technology is indispensable to aggregating
1) Market is straightforward and easy to implement. multiple individual small-scale consumers. [81[30]
2) System operating conditions (e.g., congestion, 2) Market power and strategic bidding of some participants [34][35]
Pool-based market | voltage) are easier to manage. exist. [46][47]
3) DERs investment is clear due to explicit market price | 3) DERs information (e.g., bidding price, quantity, and
signals. operating constraints) should be accessible to the DSO, so
the protection of privacy is an imperative task.
1) It provides greater number of free choices among 1) Trading negotiation between peers is of high
energy consumers and producers. computational burden, and the scalability and convergence
2) Information privacy of market participants can be are challenges. [48][49]
P2P market preserved. 2) Behaviors of participants are less predictable to the DSO. | [53][54]
3) Consumers’ preferences (e.g., cost, renewable, 3) DERs investment becomes obscure due to the free and [55][56]
location) can be satisfied. autonomous negotiations.
4) Network constraints should be addressed carefully.

have conducted multiple distribution-level market pilot
projects. Based on the business model and research focus,
three types of projects are reviewed here: the TSO-DSO
coordination trial, the pool-based market, and the P2P
market. Several representative projects are summarized in
Table 2.

The Transmission and Distribution Interface 2.0 [17]
and SmartNet [18] mainly focus on TSO-DSO coordination
schemes. In these schemes, the DSO manages flexible DERs
in distribution to provide ancillary services to the TSO.
Several key points regarding TSO-DSO coordination have
been studied.

The Cornwall Local Energy Market [19], Piclo Flex [20],
NODES [21], and EcoGrid 2.0 [22] are pool-based mar-
kets. The commonalities of these projects are that a local
market has been created, and the flexibilities are the main
products traded in the market. Different price mechanisms,
such as pay-as-bid and pay-as-clear, have been utilized in
different projects.

EMPOWER [23] is a less centralized market, and it
has studied approaches to exploring and developing ICT

Table 2 Pilot Projects of Distribution Level Market

solutions to support local business models. The Brooklyn
Microgrid [24] and P2P-SmarTest [25] are P2P markets.
The Brooklyn Microgrid has created a platform where
consumers and prosumers can trade self-produced energy
locally in a P2P manner. P2P-SmarTest has simulated
energy trading among interconnected MGs and entities
outside MGs.

. DLMP MODELS AND
CHARACTERISTICS

Detailed reviews on the P2P market have been performed
in [49]-[51]. To avoid repetition and to clearly present the
DLMP derivation and explanation, here, a centralized pool-
based market model is assumed and built.

As discussed in SectionII, the distribution market
involves various participants, and their bidding/offering
activities and network physical constraints are essential
for the secure and efficient operation of the market. This
section summarizes the current, widely used centralized
market models, relaxation methods, DLMP formulations,
and DLMP characteristics compared to other tariffs. Note

. . Starting Business Price Products to q .
Project name Country/Region vear model mechanism be traded Project description
Transmission and o R o
Distribution Uit Romglern 2017 TSO-DSO NA Flcx1b111ty UtlllZaFlOp of DERsA flexibility to resolve the
services transmission voltage issues.
Interface 2.0 [17]
SmartNet [18] European Union 2016 TSO-DSO Pay-as-clear Anm!lary Comp{irlson qf dlfferenF UEIOADI0) SO ST 5%
services acquiring ancillary services from DERs.
Cornwall Local Pav-as-bid and Flexibilit A local-level market-based platform for
Energy Market European Union 2017 Pool-based Z _as-clear servicesy flexibility trading among residential loads, CHP,
[19] pay ESSs, PVs, WTs, and DSO.
Piclo Flex [20] United Kingdom 2019 Pool-based Pay-as-bid Flex1b111ty £ g 7 D10 e ety i o
services DERs.
Flexibilit A market operator to test near-to-real-time
NODES [21] Norway 2018 Pool-based Pay-as-bid servicesy flexibility procurement and minimize supplier
imbalances.
Flexibility of Development of a local flexibility market to
EcoGrid 2.0 [22] Denmark 2016 Pool-based Pay-as-bid agere attz,)rs demonstrate the grid-scale services provided by
£eres flexible residential loads.
Less Exploration and development of an integrated
EMPOWER [23] European Union 2015 . NA Local energy | ICT solution to support local markets and
centralized .
business models.
Brooklyn Pay-as-clear, Creation of a microgrid energy market where
. <y United States 2016 pP2p pay-as-bid, and | Local energy | consumers and prosumers can trade self-
Microgrid [24] X
fixed price produced energy locally.
Energy Simulation ~ of energy trading among
P2P-SmarTest [25] | European Union 2015 P2P Pay-as-clear among interconnected MGs, as well as aggregators,
microgrids DSOs, and the wholesale market.
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Table 3 Modeling Details and Comparisons

Power . Renewable Demand Transformer | Active Reactive
Refs. Congestion | Voltage energy . Phases . Reserve
losses N uncertainty degradation power power
uncertainty
[8] v v v - - 1 — v v -
[30] v - v - - 1 = v v -
[32] v v v -- -- 1 -- v v -
[81] -- v -- - - 1 - v - -
[82] -- v -- - - 1 - v - -
[83] v v — - - 1 - v - -
[84] v - v - - 1 — v v —
[85] v = v = = 1 = v v v
[46] v v v v = 1 = v v v
[47] - -- v v = 1 = v v v
[57] - v - v v 1 -- v -- v
[58] v v v = = 1 v v v =
[34] v = v = = 3 = v v -
[35] v - v - - 3 _ v v -
[36] v = = = = 3 - v v -

that, although this market model mainly refers to the
energy market, which is an essential part of electricity
market operation in general, the ancillary service market
can also be integrated into the current model as a co-
optimization formulation.

A. Market-Clearing Model
A typical market-clearing model is shown as follows:

<PiG7 @?)

)]

mian

1€EQG

st. > PF= 3" PP P =0: N 2
i€EQa 1€EQN
DT QP -Q™ =0 3)
i€Qq iEQN
Sznin S Sl S Sznax . wls,minywls,max Vl c QL (4)
Vmin < V} < ymax w;},min7w;1,max Vj c Qn 3)
PiG,min < PiG < PiG,max . wlp,min7wg),max Vi e QG (6)
QiG,min S QzG S QiG,max . w;],min7 gq,max Vi e QG (7)

e ~G c ~G

—Q7<Q, Q7 SQ; thi,K VieQc ®)

where the objective function (1) is to minimize the total
electricity generation cost, including the electricity pur-
chasing cost from the wholesale market and the gen-
eration cost of DGs; constraints (2) and (3) represent
the active and reactive power balance constraints; (4) is
the congestion constraint; (5) is the voltage constraint;
(6) and (7) are the generators’ active and reactive power
output limits; and in (8), Q; , = |Q¥, | since both absorbing
and generating reactive power will induce cost [30].

The market-clearing model (1)-(8) provides a general
and concise formulation. It can easily be extended to
multiple time slots by adding time coupling constraints and
to more complicated formulations by considering different
constraints and specific operating conditions. A detailed
comparison of constraint considerations is summarized in

Table 3. It can be observed that, in addition to constraints
(2)-(8), other constraints have also been considered. For
instance, in [46], the stochasticity of renewable DERs was
internalized in the DLMP by applying conic duality to
a chance-constrained ACOPE In [47], the concept of an
uncertainty DLMP was proposed to charge the uncertain
resources and was seen as the marginal cost of dealing with
the next unit increment of uncertainty in the distribution
system. In [57], the uncertainties of renewable energies
and load demand were priced in the LMB which sheds
some light on pricing uncertainties in DLMP. The three-
phase distribution system has been studied in [33]-[36],
in which the single-phase DLMP was extended to three
phases, and each phase had its own DLMP Andrianesis
and Caramanis [58] integrated the transformer loss of life
in the relaxed branch flow model and added transformer
degradation cost in the DLMP.

B. Model Relaxation

Due to the high nonlinearity and nonconvexity of the
ACOPF in distribution systems with high R/X ratios and
power losses, it is generally hard to solve the clearing
model, especially for a large system. To improve calcu-
lation efficiency and maintain accuracy, various meth-
ods have been proposed to approximate and relax the
ACOPF model. The basic idea is to transform the nonlinear
problem into a linear or convex problem. According to
their mathematical properties, these approximation and
relaxation methods can be categorized into two groups:
linearization and convexification [59], which are summa-
rized in Table 4.

In the linearization category, the nonlinear ACOPF
model is approximated to a linear model via certain
assumptions. A widely used model is the linearized Dist-
Flow model [60], in which power loss and voltage angle
are neglected. In [61], the quadratic calculation of the
branch power loss was linearized through the piecewise
linear formulation. In [8] and [46], a polygonal approx-
imation was used to linearize the quadratic congestion

PROCEEDINGS OF THE IEEE 7



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

Wang et al.: DLMP of Competitive Markets in ADNs: Models, Solutions, Applications, and Visions

Table 4 Different Relaxation Methods

Categories Specific methods Refs.
DCOPF [81][82]
Linearized Distflow [8][60][62][69]
Polygonal approximation [81[46]
Linearization Modified DistFlow [59]

LPF-D, LF-D [30][35][63][84]
Taylor approximation [64][65][66]
Data-driven linearization [67][68]

SDP [71][72](73][78][79]

Convexification Moment relaxation-based SDP [74]
SOCP [751[78][791[80][86]

Sequential SOCP [77]

and power output constraints. Yang et al. [59] proposed
a modified DistFlow by using the ratios of active and
reactive power to voltage magnitude as state variables, and
then, power flows and voltage magnitudes were written in
a matrix form by introducing the path-branch incidence
matrix. In [30] and [63], LPF-D and LF-Ds were proposed
to linearize the ACOPE in which the active and reactive
powers were expressed as linear functions of voltage mag-
nitudes and phase angles. In [64]-[66], the Taylor approx-
imation was utilized to linearize the ACOPF model based
on a predetermined initial operating point. In addition to
these model-based linearization approaches, data-driven
power flow linearization approaches have been proposed
by utilizing the power system measurement data [67],
[68]. In these approaches, with the determination of the
constant terms and the regression parameter matrices, the
active and reactive power injections were expressed as
affine functions of voltage magnitudes and angles, or vice
versa. Some studies have also focused on the lineariza-
tion in the unbalanced system. In [62] and [69], the
single-phase linearized DistFlow has been extended to an
unbalanced three-phase model with the assumptions that
voltages of three phases are similar and line losses are
small. In [70], the three-phase power flow in the bus
injection model was linearized for an ADN. In [35], LPE-D
and LF-D were extended to three-phase systems.

In the convexification category, the ACOPF is usually
convexified via two relaxation methods: SDP [71]-[74]
and SOCP [75]-[77]. In [71], SDP was first proposed to
relax the ACOPE Lavaei and Low [72] proposed using SDP
to solve the dual of an equivalent form of the ACOPF prob-
lem, and a necessary and sufficient condition was provided
to ensure the zero-duality gap. In [73], SDP relaxation
of the ACOPF was proposed for multiphase distribution
networks with wye and delta connections. In [74], the
unbalanced ACOPF problem was formulated as a moment
relaxation-based SDP model, with system sparsity used to
boost computational efficiency. In the SOCP category, the
main idea was to relax the quadratic equality constraints
into inequality constraints. The ACOPF was relaxed into
a SOCP model for a radial network in the bus injection
model in [75] and the branch flow model in [76]. The
accuracy and exactness of the SOCP method have been
proved in [76]. In case the SOCP relaxation is not exact,
Wei et al. [77] have proposed a sequential SOCP approach
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to recover the actual optimal solution. Low [78], [79]
has provided a detailed tutorial for the SDP and SOCP
relaxation of the generic ACOPF problem. One can refer
to [78] and [79] for more details regarding the formu-
lation, derivation, and sufficient conditions to ensure the
exactness of relaxations.

In addition, some of the previously mentioned papers
also present a numerical comparison regarding the accu-
racy of these approximation and relaxation methods. These
papers are summarized here for readers convenience: [30],
[591, [62], [671, [69]-[71], [73], and [77].

C. DLMP Formulation

Based on (1)-(8), the Lagrangian function of the clear-
ing model can be written as follows:

L= Z f(PiG7@iG>
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where g;(z) represents the power output limits in (6)—(8).

The active power DLMP and reactive power DLMP are
the first-order partial derivatives of the Lagrangian func-
tion with respect to the active and reactive load demands,
respectively,
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where 77 and n! refer to the active DLMP and reactive
DLMP at node ¢, respectively.

In (10), the active DLMP consists of four components:
the marginal energy price, the marginal power loss price,
the marginal congestion price, and the marginal voltage
support price. The marginal price represents the additional
cost of supplying the next MWh of electricity. Note that
this additional cost can be decomposed into the subset of
shadow costs associated with the binding constraints for
that node. The marginal energy price is set by the marginal
unit in the distribution system. The marginal congestion
price reflects the marginal cost of congestion at a given
node. Although congestion rarely happens in traditional
radial distribution networks, it is possible in ADNs due to
the high penetration of DERs or MGs. The marginal power
loss price is set to reflect the power losses associated with
power delivery, which is not negligible, because the power
loss amount in a distribution system is usually higher than
that in a transmission system. The voltage support price
represents the cost of maintaining the voltage at an accept-
able level, and it will be zero if the voltage constraints
at a node are not binding. An in-depth understanding of
the DLMP components can help stakeholders make better
decisions and is discussed in Section V.

There have been discussions about whether and how
reactive power should be priced. In [8] and [30], the
concept of a reactive DLMB which could act as a can-
didate choice to price the reactive power, was proposed.
Jacquot [87] stated that a reactive DLMP could be used as
a tool to improve system stability and power quality. Thus,
the reactive DLMP was kept for flexibility. If the reactive
LMP is not considered in the transmission network, it is
simply set to zero at the power supply point; if considered,
such as the Q-LMP proposed in [88], (11) can be adopted
directly to calculate the reactive DLMP

It should be noted that the above formulation (10)
and (11) is based on the typical market model (1)-(8).
Additional price components, such as marginal imbalance
price [34] and transformer degradation price [58], can be
included when other constraints are considered.

D. Comparison Between LMP and DLMP

The LMP and DLMP share a lot of similarities in their
derivation and their physical meaning. For instance, they
both have the combination of shadow prices of binding
constraints, and both reflect the marginal cost at a node.
However, they do have several differences that stem from
the physical differences between the transmission and

distribution networks. These can be summarized in the
following four aspects.

1) Congestion: Line congestions occur more frequently
in the transmission network due to the meshed structure
and bulk electricity transactions. A feeder or lateral in a
radial distribution network is usually designed to under-
take the peak power flow, which makes it very rare for
congestion to occur. However, in the future, if there is a
higher penetration of DERs and MGs with possible network
reconfigurations, power flow patterns may change with
possible congestion issues similar to transmission systems.

2) Power Losses: A distribution line usually has a higher
R/X ratio and, thus, a higher power loss factor than a
transmission line. Thus, the amount of power losses is not
negligible at the distribution level, while it is not unusual
to omit losses at the transmission level when DCOPF is
employed.

3) Voltage: The voltage drop is a more severe issue in
the distribution system due to its radial topology with long
feeders. Additional measures are necessary to maintain
the system voltage in the acceptable range, and the corre-
sponding cost should be reflected in the DLMP In contrast,
the wholesale LMP model may simply assume a flat voltage
magnitude in the DCOPF model.

4) Imbalance: Imbalance is a unique feature of distri-
bution systems, while transmission systems are generally
considered balanced. Thus, a proper DLMP model should
be extendable to incorporate multiple phases and include
the cost of specific strategies to alleviate the imbalance
level.

In addition to marginal energy price, the above dis-
cussion reveals the distinctions and the possible price
components in LMP and DLMP. However, the number of
price components in LMP or DLMP is not fixed. Depending
on the application and the studied distribution network,
one or more specific pricing components may be ignored.

E. Market Properties of DLMP

DLME extended from LMB shares many common market
properties, including Pareto efficiency, revenue adequacy,
generation cost recovery, and incentive compatibility [89],
[90]. When the market objective is to maximize social
welfare, the market equilibrium is achieved with Pareto
efficiency because no Pareto improvement can be made.
Revenue adequacy indicates that the revenue of the market
operator can cover the expenses of market operation. Gen-
eration cost recovery means that the electricity producer’s
profit is nonnegative when DLMP is used for settlement.
Incentive compatibility implies that, when each participant
pursues its best profit by following the market rules, all
their behaviors promote the achievement of group goals.

It should also be noted that the above analysis assumes
a perfectly competitive market. The actual market envi-
ronment could be imperfect, and participants with market
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power can cause an inefficient market. However, despite
the possibility of inefficiency, this assumption still works
well in many markets due to the “invisible hand.” In
addition, the above analysis also sheds light on the policies
that aim to improve the market environment.

E Comparison Between Other Electricity Tariffs
and DLMP

Suitable pricing schemes are essential in distribution
markets, and many other tariffs have also been studied in
the literature. Based on the usage and design purposes,
they can be classified into three categories: 1) DR-based
prices; 2) P2P incentivizing prices; and 3) NB-based prices.

1) DR-Based Prices: This category includes price-based
or incentive-based DR programs. The former mainly con-
sists of TOU, CPEB and RTE while the latter includes
direct load control, interruptible loads, and PTR [91]-[96].
These economic signals via either financial incentives (i.e.,
coupons or rebates) or dynamic prices are proposed mainly
to incentivize consumers to change their power consump-
tion to relieve the operating stress of the power system.

The main difference between these electricity tariffs and
the DLMP lies in how the electricity rate is generated.
Fundamentally, DR-based prices or tariffs are exogenously
generated by an electricity retailer or a DSO, possibly
via an LA, conventionally in the regulated industry as a
means to increase demand flexibility. In contrast, the DLMP
is endogenously generated in distribution markets’ bid-
ding and offering process. It is a market-determined price
reflecting the marginal or incremental cost of electricity
services provided (e.g., power injection or withdrawal at a
specific moment and location). In this sense, they arguably
may not be very comparable to each other.

Technically, since power losses and voltage constraints
are considered in the market clearing, the DLMP varies
in both time and location. Also, the DLMP is composed
of the shadow prices of the operating constraints; thus,
it exactly reflects the physical operating conditions of the
system. In contrast, the operational constraints and load
quantity variations barely affect the DR-based prices that
are predetermined. These DR programs are simple and
straightforward to implement, and they do offer some
flexibility to end consumers. However, their temporal gran-
ularity is usually coarse (e.g., peak and off-peak prices for
TOU and peak prices for CPP), and their spatial granularity
is not reflective of network topologies, while the DLMP
can increase the spatiotemporal granularity of electricity
tariffs.

Nevertheless, they are not necessarily mutually exclu-
sive and can be coupled or coexist in the same distribution
market. For instance, an LA and its DR participants can
adopt a DR-based price scheme. In this way, the DLMP
can work as an indicator for the LA to set up proper
DR prices to recover the operation cost and the payment
of purchasing electricity from the distribution market.
Meanwhile, the revenue obtained from DR prices can also

10 PROCEEDINGS OF THE IEEE

provide information for the LA bidding prices when the
LA participates in the market. For example, in [97], TOU
was used to charge power consumers, and the DLMP was
generated as the power trading price between DGs and
electricity retailers.

2) P2P Incentivizging Prices: These pricing schemes aim
at incentivizing trading energy internally among peers in
a P2P community. Three examples are the MMR scheme
[98], [99], the BS scheme [100], [101], and the single LP
pricing scheme [102].

The MMR and single-LP schemes can decrease the local
electricity buying price and increase the local electricity
selling price for DERs in a P2P community such that the
P2P trading is more economical than DERs trade directly
with the external grid. Thus, prosumers will pay less and
receive more revenue when trading in the community
market. These price mechanisms attract prosumers to trade
internally within the community rather than directly inter-
acting with the external grid. The BS scheme reduces both
the local buying price and selling price. Thus, consumers’
payments are reduced, but producers will experience a
revenue deficit. As a result, DGs may not be motivated
to participate in P2P energy sharing, especially those who
own a significant local generation. In addition, the BS
pricing scheme offers a flat rate, and its load shifting effect
is limited.

Compared to the DLMB these three pricing mechanisms
currently only reflect the power balance constraint in a
P2P market. Further study is needed to integrate other
physical operating constraints (e.g., power losses, voltages,
and congestions) in the model.

3) NB-Based Prices: Some studies have used game the-
ory to model energy trading. For example, NB was pro-
posed as an incentive mechanism to encourage interactions
and benefit-sharing among MGs [103]. In [104], the net-
work usage price was derived in an NB-based market to
cover the cost of the network operator. It is an alternative
to the DLMP working as the network usage price.

Based on the above descriptions and comparisons, price
schemes in different market structures and designs may
vary. For example, the DLMP can work as a general pricing
method and be used in the settlement of power produc-
ers and consumers and the network usage charge, while
P2P incentivizing prices, such as MMR and single-LB can
be employed for internal trading within a community or
MG. NB-based prices can be used to achieve fair benefit
allocations.

In summary, while the DLMP is the dominant pricing
approach in the literature for modern distribution markets,
other pricing schemes can be utilized for different market
designs or co-exist with the DLMP.

IV. MARKET-CLEARING SOLUTION
METHODS FOR DLMP

The DLMP is usually recovered from the dual variables
when the market-clearing model is solved. Thus, solving
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Table 5 Summary and Comparison of Solution Methods

Categories Algorithms Pros Cons Refs.
Programming- It can find the global optimum if the problem | It has high computation burden in a large- [30][64][81]
. based is convex. scale problem. [82][106]
Centralized o o
methods . It can find a sub-optimal solution even if the thas high computation burden duc to a
Metaheuristic . . large group of populations and a large [80][107]
problem is nonconvex and nonlinear. . .
number of iterations.
It can decompose a problem into sub- The convergence rate of ADMM is not [109][110][111]
ADMM problems to improve computational always satisfactory, and variants of ADMM | [112][113][114]
Distributed efficiency. Data privacy is well protected. are often needed for specific problems. [115][116]
methods ion i i
It is suitable for hierarchical design Implementation is complex, and it may not | ;711167119
ATC timization problem be able to handle a meshed network [12011217[122]
op ahion probiems. efficiently.
It has high computational efficiency due to Information exchange among sub-problems | [123][124][125]
PMP . . .
Decentralized in-parallel solution of sub-problems. is complex. [126]
methods It makes decomposition possible in non- Information exchange among sub-problems | [127][128][129]
APP R . A
separable situations. is complex, similar to PMP. [130]

the OPF problem of the distribution system is the prereq-
uisite of the DLMP This section reviews the solution meth-
ods of the market-clearing model. In the literature, these
methods can be categorized into three groups: centralized
methods, distributed methods, and decentralized methods.
Their features are summarized and compared in Table 5.

A. Centralized Methods

Centralized optimization is defined as a coordinated pol-
icy for solving a problem that considers the system under
study as a whole. In power systems operation, it means
that the control center collects all required information and
performs centralized decisions [105]. The clearing model
from Section III can be classified into different optimiza-
tion models based on mathematical properties, such as LB
QB MILB SOCB and NLP Various centralized solution meth-
ods have been proposed and can be generally classified
into either mathematical programming-based algorithms
or metaheuristic algorithms.

1) Mathematical Programming-Based Algorithms:
Programming-based algorithms, such as the simplex
method, the interior point method, and the branch and
bound method, can find the optimal solution for typi-
cal OPF problems. Various commercial solvers that have
integrated these algorithms can also solve the clear-
ing model effectively and efficiently, such as CPLEX,
GUROBI, MINOS, and IPOPT. The main advantage of a
programming-based algorithm is that the global optimum
can be guaranteed if the problem is convex. The main
drawback is that the computation time increases signifi-
cantly with the scale of the problem. In [30] and [81],
the market model was linearized to form an LP problem
that is solved effectively. In [82], the system operation
cost and EV aggregator operation cost were modeled as
quadratic functions; thus, the market model belongs to QP
The ACOPF was convexified as a SOCP relaxation method
in [64] and solved by GAMS. Some NLP methods have
also been proposed. In [106], the trust-region method was
utilized to solve the ACOPE in which market equilibrium
was obtained and the DLMP was recovered.

2) Metaheuristic Algorithms: Metaheuristic algorithms,
such as the GA, PSO, and TLBO, are powerful in the sense
that they can be applied to most optimization problems.
However, it should be noted that these algorithms do
not guarantee that the final solution is the optimal one.
The pros are that they can find a suboptimal solution
for a nonlinear and nonconvex problem that mathemat-
ical programming-based algorithms cannot solve directly.
The cons are that these algorithms are time-consuming
because a large group of populations and many iterations
are needed. Nematshahi and Mashhadi [80] proposed a
methodology to achieve the optimal network reconfigura-
tion with the application of the DLMP in distribution net-
works by utilizing GA. In [107], a modified PSO approach
was proposed to obtain the optimal locations for the EV
charging stations in a two-area distribution system.

B. Distributed Methods

As the number of participants in the distribution market
increases, it is challenging for centralized optimization
methods to solve large-scale problems due to the compu-
tational burden. Also, data privacy is another concern for
participants. Therefore, various distributed optimization
methods have been proposed [108]. The basic idea of dis-
tributed optimization is to decompose the original model
into a set of smaller subproblems and solve each sub-
problem independently till convergence, usually facilitated
by a coordinator to exchange the information of coupling
variables among subproblems. As such, the computational
burden is alleviated. Two commonly used distributed algo-
rithms are reviewed: the ADMM and the ATC.

1) Alternating Direction Method of Multipliers: The
ADMM is an augmented Lagrangian relaxation-based algo-
rithm that can solve arbitrary-scale optimization problems
and support distributed computation [109]. It utilizes the
dual-decomposition method to break a large-scale problem
into smaller ones and the augmented multipliers method
to deal with the convergence issue. The ADMM algorithm
needs a central coordinator to update the dual variables.
Overall, the ADMM is a robust algorithm that does not
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require strong assumptions and has good data privacy
protection.

The ADMM has been applied frequently to power
systems problems. Kou et al. [110] utilized the ADMM
algorithm to clear a market with high penetration of res-
idential loads, in which residential LAs are communicated
with the DSO with limited information and, thus, protected
residents’ privacy. In [111], a consensus-based ADMM
approach was proposed to solve the DCOPF problem with
DR. Three types of ADMM-based distributed algorithms
were performed, and different convergence performance
and communication requirements were discussed.
In [112], the ADMM algorithm was utilized to clear the
market to protect the privacy of EVs and renewable DGs.
Nguyen et al. [113] proposed a consensus-based Jacobian
ADMM algorithm to maximize grid welfare in a distributed
and parallel manner, in which an RTP price scheme was
derived to facilitate automated DR. In [114], the ADMM
was utilized to clear a distribution-level flexibility market
in which aggregator payback condition is considered.
In [115], a multiblock ADMM algorithm was proposed
to solve the market-based multiperiod ACOPE and a dis-
tributed Douglas—Rarchford splitting method was utilized
to ensure convergence. In [116], a consensus-ADMM
structured trust-region algorithm was proposed to solve
the nonlinear and nonconvex ACOPF for multiple regions.

2) Analytical Target Cascading: The ATC algorithm is a
system design approach enabling top-level design targets
to be cascaded down to the lowest level of the modeling
hierarchy [117]. In the ATC method, the entire system is
partitioned into a set of subsystems that are hierarchically
connected [118]. No coupling variables exist among sub-
systems at the same level; instead, coupling variables only
exist between systems at adjacent levels.

In [119], the ATC theory was introduced in the
economic dispatch of an ADN. The ATC algorithm
decoupled the dispatching of distribution networks and
multi-MGs by considering them as different stakeholders
that could independently optimize their operation and
economic benefits. In [120], the ATC method was adopted
to achieve win-win cooperation between the ADN and
virtual MGs in a coupling bilevel dispatching model.
In [121], an accelerated robust ATC method was proposed
to solve the OPF problem. A function was designed to
determine a balancing coefficient to avoid premature
convergence or divergence and reduce the number of
iterations. In [122], EV charging stations and the DSO
were formulated as a bilevel model. Then, the ATC
algorithm was proposed to decouple the bilevel model
with the tie-line power as the only exchanged information.

C. Decentralized Methods

Similar to distributed methods, decentralized meth-
ods also decompose a large-scale problem into smaller
ones. The main difference is that distributed methods still
require a coordinator that exchanges limited information
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of coupling variables among subproblems, while decen-
tralized methods do not involve a central coordinator,
and subproblems only exchange information with their
neighbors [118]. Here, two decentralized algorithms are
reviewed: the PMP and the APP

1) Proximal Message Passing: As stated in [118], the
PMP algorithm is a special application of the ADMM.
However, unlike the sequential subproblem solving of the
ADMM, the PMP algorithm is fully decentralized in which
subproblems are solved in parallel. Since the PMP algo-
rithm inherits from the ADMM, all convergence properties
that hold for the ADMM also hold for the PMP algorithm
[123]. In [124], PMP algorithms with different penalty
factors were tested on a distribution market-clearing prob-
lem. Each device optimized its subproblems in parallel to
each other and exchanged information with neighbors at
the end of each iteration. Ntakou and Caramanis [125]
addressed the convergence issue of the PMP algorithm
caused by the binding voltage constraints and discovered
the DLMP In [126], the APP algorithm and the PMP algo-
rithm were combined to solve a multiple-period OPF prob-
lem. The APP algorithm first distributed the computation
to several dispatch periods, and then, the PMP algorithm
solved each period across different power devices.

2) Auxiliary Problem Principle: In [127], the APP algo-
rithm was proposed to decompose a problem into auxiliary
problems with shared variables. Each auxiliary problem
interchanged information with its neighbors via shared
variables, and no central coordinator was required. The
APP algorithm has been applied in power system opti-
mization problems. In [128], the whole power system was
decomposed into multiple areas, and fictitious nodes were
added to decouple the neighboring areas. Each area was an
independent OPF problem, so it interchanged with neigh-
bors at the end of each iteration until the convergence
criteria were satisfied. In [129], the APP algorithm was uti-
lized to solve a DCOPF problem of multiple interconnected
systems. Each subsystem was solved independently with
limited information exchange, avoiding sharing the local
generation cost information. Though the APP is utilized in
meshed networks in [128] and [129], similar approaches
can be extended to radial networks. Di Fazio et al. [130]
partitioned the ADN into different voltage control zones
and then proposed an APP-based algorithm to solve each
zone with limited data exchange.

V. APPLICATIONS OF DLMP

In a market environment, the DLMP is an effective
economic signal that can both reflect the marginal operat-
ing cost of a distribution system and provide continuous
market signals for the operation and future investment
of DERs. It has the possibility to change the conventional
operation and planning pattern of the distribution system.
In this section, the impacts of the DLMP on system flexibil-
ity, operation, planning, and reliability are reviewed from
different perspectives.
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A. Boost Flexibility

Electric flexibility refers to adjusting electricity pro-
duction or consumption in response to system variability
or activation signals. In general, it has five attributes:
1) direction (up or down); 2) power capacity; 3) starting
service time; 4) service duration; and 5) location [131].
These attributes can be utilized properly to provide specific
services to the system.

In a distribution system, DERs are the primary sources
of flexibility, and they can be divided into the supply and
demand sides. Some power suppliers, such as WTs, FCs,
and ESSs, are dispatchable, and they can work in coordi-
nation with each other to foster system flexibility [132].
On the other hand, consumers provide flexibility from the
load side. This load-side flexibility is released by adjusting
consumers’ consumption behaviors via incentives or price
signals [133].

In a regulated system with a flat tariff, DERs usually
behave as price takers. They passively receive the electric-
ity price and do not have much motivation to improve their
consumption or generation schedules. DERs flexibility is
obstructed if there is no proper pricing policy. Other tariffs,
such as TOU, PTR, CPE and RTE have been utilized to
incentivize DERs to release some flexibility. However, the
potential of DER flexibility has not been fully explored and
can be further released by suitable market mechanisms.

With the continuous improvement study of the DLMP
and its spatial-temporal and operating condition reflective
characteristics, the deployment of the DLMP can incen-
tivize DERs to unlock their flexibilities for better benefits.
How the boosted flexibility will influence DERs’ operation,
planning, and system reliability is analyzed as follows.

B. Incentivize DER Operations

With the DLMP in place, energy consumers and produc-
ers can make decisions based on incentives.

On the demand side, consumers wish to reduce their
electricity procurement costs. This can be done by optimiz-
ing the time-shiftable loads under the condition of dynamic
electricity pricing [134]. Consumers can shift electricity
consumption from peak price hours to low price hours.
Time-shiftable loads include EVs, washing machines, dry-
ers, and so on. Among all residential loads, TCLs (e.g.,
HVAC systems and electric water heaters) and EVs account
for a large share of the electricity consumption and have
similar energy storage characteristics [4], [135]. These
characteristics render them the ideal residential DR can-
didates that can respond to varying price signals. In [95],
[133], [136], and [137], precooling or preheating for TCLs
has been proposed to reduce electricity bills by avoiding
consuming electricity during peak price hours. A bilevel
model was proposed in [64] to optimize EV charging
schedules.

On the supply side, DGs can provide offers at a mar-
ginal cost to maximize their profits [28]. PVs and WTs
usually have low marginal costs, so they can easily win

the bid, which will promote renewable penetration. Other
DGs, such as MTs, FCs, CHE and geothermal generators,
are usually dispatchable but have a high marginal cost.
Therefore, they can bid in the energy market to provide
energy at peak hours to earn revenue since the DLMP in
these hours is usually high, or they can participate in the
ancillary service market to maintain the stable operation of
the distribution system [138].

For prosumers in the system, such as ESSs and MGs,
consumption/generation schedules can also be affected by
the DLMP Beyond their ability to restrain the uncertainties
of renewables, prosumers can also operate in an arbitrage
manner by utilizing the temporal difference of the DLMP
That is, prosumers buy electricity at low DLMP hours and
sell electricity at high DLMP hours. In [47] and [139],
bilevel models were proposed for MGs and the DSO. As the
price taker, the optimal response of MGs under the DLMP
has been studied. In [38], regarding the DLMP as the
bidding price of MGs and the clearing price of the DSO,
a bilevel model was built, and a bidding strategy was
proposed for MGs to minimize their operation cost and
maintain the secure operation of the distribution system.

C. Guide DER Planning

In general, DER planning focuses on minimizing both
investment and long-term operating costs, as well as sat-
isfying systems operational requirements, such as meet-
ing the demand growth, providing sufficient reserve, and
reducing power losses, typically from the perspective of a
DSO or a utility [140]-[144]. However, with the liberaliza-
tion of distribution systems, the new pricing mechanism
can provide stakeholders with incentive market signals.
Given the DLMP’s spatial and temporal properties, private
investors will be motivated to build DERs (e.g., renewable
DGs and ESSs) at ideal sites with optimal sizes to maximize
their profits. They become the primary decision-makers
during the planning phase.

Some studies have investigated this new planning sce-
nario. In [145], a game-based model for the multiperiod
planning of MGs in a competitive market was presented.
The best locations were first determined based on the
weighted sum of the loss sensitivity factor and voltage sen-
sitivity factor, and then a bilevel model was used to find the
best installation time and DER types. In a competitive mar-
ket with specified candidate sites, Atia and Yamada [146]
selected the best sizes for renewable DGs and ESSs.
In [147], a robust adaptive model for DER planning was
proposed in which the 8760-h operational conditions in
each planning year were reduced to a solvable number.
In [148], an exhaustive search approach was proposed to
identify the most suitable WTs’ allocation and installation
priority with fixed sizes. In [149], the DLMP was utilized
to guide new line constructions and DER planning to
maximize asset owners’ profit. Wang et al. [150] proposed
that the DLMP can provide effective market signals for
future unit investment in a deregulated distribution sys-
tem. A two-stage stochastic bilevel programming model

PROCEEDINGS OF THE IEEE 13



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

Wang et al.: DLMP of Competitive Markets in ADNs: Models, Solutions, Applications, and Visions

was formulated for investors to best site and size battery
ESSs.

It should be noted that some of these studies
[145]-[148] employed price signals to direct the DER
planning though none used a full-fledged DLMP algo-
rithm. Nevertheless, they do supply some insights into this
transition.

D. Improve System Reliability

From the viewpoint of the DSO, the introduction of
the DLMP is a promising method to improve the system
operating condition. With proper incentive regulations,
DERs have changed their consumption/generation behav-
iors, as discussed in Sections V-A and V-B. These changes,
in turn, greatly benefit the distribution system with the
benefits, including but not limited to, load shifting, peak
shaving, reactive power support, renewable energy inte-
gration, carbon emission reduction, investment deferral,
congestion, and voltage management. The system stability
and resilience are improved, which is aligned with the
incentive compatibility.

In [151], the DLMP was used to reduce a network’s
power losses and emissions. In [64], [81], and [82],
the temporal characteristic of the DLMP was utilized to
optimize the charging schedule of EVs to alleviate the
congestion issue. In [83], [133], and [152], the DLMP was
proposed to guide household DR to prevent congestion.
EVs and PVs were studied to prevent congestion in [153].
The DLMP was raised to a high value in these studies
when congestion occurred, incentivizing EV and DR own-
ers to lower their demands. A similar principle has been
applied to improve the voltage profile. In [84], it was
demonstrated that the DLMP could also be very high when
voltage constraints were binding. Thus, flexible HVAC and
EV demands were shifted to low DLMP periods to alleviate
the voltage violation. At the same time, DGs could increase
their power production at these hours to improve their
revenue. In the summers of 2020 and 2021, the CAISO
advised consumers to turn off unnecessary appliances and
defer the use of major appliances to alleviate the shortage
of power supply, such as precooling buildings before the
afternoon [154]. In a deregulated system, consumers will
likely take the initiative to perform these price-responsive
activities according to the time-varying DLMP.

VI. FUTURE DIRECTIONS

Based on the above analysis and review of the distribution-
level market and DLMB the following topics and directions
related to DLMP are believed to be worth investigating by
the academic and industrial communities in the future.

A. Coordination Between Transmission-Level
Market and Distribution-Level Market

With the increasing penetration of DERs, the role
of traditional distribution networks as load-serving enti-
ties in wholesale electricity markets now evolves toward
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Fig. 4.
transmission and distribution markets [155].

Framework of DLMP considering coordination between

ADNSs, which can proactively participate in wholesale mar-
kets. The proliferation of DERs enhances the interactions
between distribution and transmission-level markets, and
needs coordination between the two markets to facilitate
market clearing and pricing.

A framework for a hierarchical market structure shown
in Fig. 4 could capture the interactions between trans-
mission and distribution markets [155]. In addition, the
FERC Order 2222 [40] allows DERs and DER aggregators
to participate in the wholesale market directly. Thus, it is
worthwhile to explore and investigate effective pricing
mechanisms, new market products, and participation mod-
els that could enable DERs to maximize their value and
services to both distribution and transmission systems in a
coordinated manner.

B. Integration With P2P Energy Trading

P2P energy trading is emerging in the distribution
system as the number of prosumers and DERs grows.
P2P trading may happen among prosumers in a local
community/MG or among aggregators in the distribution
system. P2P has many advantages, as stated in Table 1,
but it may not work as a standalone solution because
the trading agents are myopic to network conditions, and
thus, P2P trading may violate system security constraints.
Also, not all customers may participate in P2P trading.
Therefore, the mutual impact between P2P trading and the
distribution market and DLMP needs to be fundamentally
examined and understood. For example, when the net-
work constraints are binding, in what priority should the
participants in P2P trading or non-P2P DERs/prosumers
be dispatched? How much of the system regulation cost
should the participants in P2P trading bear? The DLMP
could be designed to accommodate or align with P2P
trading in distribution systems that retain the properties
of P2P trading, such as preserving privacy and trading
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preferences, and, meanwhile, ensure system operational
security and price fairness to all customers.

C. Profit-Oriented Investment

As discussed in Section V-C, pricing mechanisms can be
effective market signals for infrastructure or DER invest-
ment. Due to cost-reflective and spatiotemporal charac-
teristics, the DLMP can provide continuous and explicit
incentives for system planners, stakeholders, and investors
who intend to install DGs, MGs, or ESSs, or otherwise
upgrade system infrastructure. The traditional planning
problem in a regulated distribution system is transitioned
to a profit-oriented one to make more profits and recover
the investment costs. Pioneering works [145]-[150] have
tried to use price signals to incentivize system planning,
which still needs further study in a more competitive
environment. Especially with the employment of DLMPs as
incentive signals and the emerging various trading forms in
modern distribution systems, broad and in-depth studies of
profit-oriented DER planning and investment are necessary
and attractive.

D. Pricing Uncertainty

With more DERs integrated into the distribution
network, it is essential to consider the uncertainty
in the distribution market. The current deterministic
optimization-based model might not be able to handle
the high-dimensional uncertainties of DERs in the future
grid. Also, most works focus on addressing uncertainties to
ensure system security but increase the operating cost. All
participants generally share this additional cost, which is
not truly fair. Based on the rule “who causes the problem is
the one who should be responsible,” uncertainty sources
should undertake this part of the cost. In [46], [47],
and [57], uncertainty has been priced or internalized into
the DLMP or LMP. These pioneering works provide helpful
insights for pricing uncertainty. Thus, the definition of
uncertainty prices and how to utilize uncertainty prices
to quantify the impacts of DER uncertainty on the local
voltage violations, line overloading, and DER service deliv-
erability are topics deserving further study.

VI. POSSIBLE BARRIERS AND
CHALLENGES OF IMPLEMENTING
DLMP

Despite the advantages mentioned above and the promis-
ing future of the distribution-level market and DLMEB there
are still several important potential barriers and challenges
to implementing the DLMP in practice.

A. Aggregation Technology

Within a high DER penetration system, the DSO does not
have the same level of visibility, control, and situational
awareness of DERs on its system as the ISO does with

transmission-connected generators [156]. Thus, it is neces-
sary to develop new communication and control technolo-
gies that can aggregate a huge number of small DERs into a
large virtual aggregator to participate in distribution mar-
kets or provide grid services. Furthermore, infrastructure
is indispensable for a fully competitive distribution market.
Therefore, before such technologies and infrastructure are
mature and can be widely applied, it may be a little early
to extensively implement the distribution market and the
DLMP

B. Variability and Acceptance of DLMP

The DLMP is influenced by the substation LMB nodal
load demands, and power output of DGs [84]. These
factors vary widely with time; thus, the DLMP also varies
significantly within a day, days, weeks, months, seasons,
and so on, making a general daily DLMP pattern hard to
obtain. In addition, the distribution system operates in a
standard network configuration in normal conditions, but
it reconfigures the network in emergency events, such as
heavy loads and power outages. Network reconfiguration
may further change the DLMP pattern. These character-
istics complicate the electricity price both temporally and
spatially. Compared to the flat electricity rate and TOU
that are fixed over a long time, the DLMP may be more
complicated for power consumers to navigate. Thus, the
price mechanisms should be carefully designed to consider
the actual reactions of the consumers, and an LA should
play an essential role in bridging the DSO and consumers.
Studies in consumer psychology may be conducted,
and a survey on the acceptance of the DLMP may be
performed [157].

C. Investigation of Policy to Ensure Fairness and
Efficiency of Distribution Markets

Due to the typical radial structure of distribution
networks, the power consumption in the upstream will sig-
nificantly influence that in the downstream. For instance,
if consumers close to the substation (i.e., upstream) con-
sume a large amount of energy, the amount of energy that
distant consumers can obtain is limited due to line capacity
and voltage limits. Meanwhile, distant consumers need to
pay more if the operating limits bind. A few studies have
proposed mechanisms to mitigate such an issue. In [158],
hedging rights were utilized to mitigate the undesirable
effects of increased DLMP to aggregators. In [159], Jain’s
fairness index was applied in the DLMP mechanism to
achieve fair cost allocation. However, these methods do not
fully resolve the fairness issue. It is still an important topic
that needs further investigation.

D. Market Power in Distribution Markets

Currently, most studies in the existing literature have
been carried out with the assumption of a perfectly
competitive market. The distribution-level market could be
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imperfect in the real world because the number of
large-scale participants is possibly limited. Furthermore,
different from the wholesale market, the unique char-
acteristics of the distribution market, such as voltage
and imbalance, can impact the DLMP considerably. These
factors enable participants to exercise market power for
better profit, such as increasing the clearing price. Thus,
regulatory authorities need to propose measures to prevent
or mitigate the abuse of market power. So far, these issues
are rarely studied at the distribution level. Therefore, the
market power-related topics, such as market power assess-
ment, market power exercise, and mitigation measures,
must be investigated to achieve an efficient distribution
level market.

VIII. CONCLUSION
DLMP-based distribution-level electricity markets pro-

of DERs and MGs. Many pioneering works have been
done on this topic in recent years. Hence, a sum-
mary of the state-of-the-art research on this topic is
necessary to promote future studies in this area. This
article first outlined and reviewed the current progress
toward the development of the distribution-level market
in both academic and industrial communities. Second,
a market-clearing model was established with spe-
cific distribution-related operation constraints and relax-
ations. Third, the DLMP was expressed explicitly, and
its features with respect to other electricity tariffs
were discussed. Then, this article reviewed the state-
of-the-art solution methods to solve the market-clearing
model. Furthermore, various DLMP-related applications
in distribution system operation and planning were dis-
cussed. Finally, our visions on several paths for future
research, as well as possible barriers and challenges, were

vide an effective solution to managing large amounts
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