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A B S T R A C T

The intermittent nature of renewable energy resources creates extra challenges for the operation and control
of the electricity grid. Demand flexibility markets can help in dealing with these challenges by introducing
incentives for customers to modify their demand. Market-based demand-side management (DSM) have garnered
serious attention lately due to its promising capability of maintaining the balance between supply and demand,
while also taking customers’ preferences into consideration. Many researchers have proposed using concepts
from mechanism design theory in their approaches to market-based DSM. In this work, we provide a review
of the advances in market-based DSM using mechanism design. We provide a categorisation of the reviewed
literature and evaluate the strengths and weaknesses of each design criteria. We also study the utility function
formulations used in the reviewed literature and provide a critique of the proposed indirect mechanisms. We
show that despite the extensiveness of the literature on this subject, there remains concerns and challenges that
should be addressed for the realistic implementation of such DSM approaches. These include privacy concerns,
market efficiency, scalability, convergence speed, and modelling the intertemporal dependence of electricity
consumption. We draw conclusions from our review and discuss possible future research directions.
1. Introduction

The expected growth in global energy demand has motivated many
technological advancements in the electricity grid, allowing bidirec-
tional power and communication flow between grid entities. Combined,
these technologies can empower the transition towards a smart grid,
permitting all grid portions to participate in the management of energy
flow. The design of a comprehensive demand side management (DSM)
scheme is an essential part of the smart grid. DSM refers to the methods
used to adjust the load profile of an electricity grid in a way that profits
both supply and demand [1]. Its main benefits include maintaining
the balance between supply and demand and deferring some of the re-
quired investments in electricity infrastructure [2]. However, for these
schemes to successfully engage prosumers (producer and consumer) in
abandoning some of their comfort and providing flexibility to the grid,
the design of an attractive market structure that is beneficial to all
stakeholders is paramount [3].
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1.1. Demand side management DSM

DSM schemes can be categorised into energy efficiency and demand
response (DR), which can refer to either price-based demand response
(PBDR) or incentive-based demand response (IBDR) [2,4,5]. Fig. 1,
shows the different methods used for DSM and their classification. En-
ergy efficiency can either refer to improving the efficiency of demand,
such as using insulation in buildings in order to reduce the cool-
ing/heating demand, or it can refer to changing consumption behaviour
to a more efficient one, such as refining the thermostat temperature
to reduce power consumption. This concept is often referred to as
energy conservation [6]. PBDR techniques aim to flatten the demand
profile by moving from static (demand-independent) electricity rates
to more dynamic pricing methods. These methods include Time of
Use (ToU) pricing, Critical Peak Pricing (CPP) and Real-Time Pricing
(RTP). Even though these techniques have shown positive results in
demand peak shifting [5,7], they do not take the consumers’ prefer-
ences into consideration, and as a result, customers’ responsiveness to
such dynamic pricing techniques can be limited [5,8]. On the other
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Fig. 1. Categorisation of DSM methods, highlighting the scope of this review.

hand, IBDR have provisions for customers’ individual preferences [9].
Its programmes provide rewards for customers as an encouragement to
voluntarily participate in DR. IBDR methods can be further categorised
into classical and market-based methods. In classical IBDR, customers
are contracted to either allow control of their load to the system oper-
ator, referred to as direct load control (DLC), or curtail their demand
at an announced DR event, referred to as interruptible/curtailable
(I/C) DR [10]. Alternatively in market-based IBDR, customers are
rewarded if they choose to participate in a DR event [2]. Emergency
DR, for instance, offers performance-based incentives to customers who
voluntarily curtail their demand in contingencies [10]. In capacity
market programmes, participants can choose to commit to undertake a
specified amount of demand reduction when called upon [2]. Ancillary
services market programmes are often offered to large consumers or
demand response aggregators (DRA) who can bid their load curtailment
services in the spot market. Accepted bids are then put on standby and
participants who are called upon need to provide their load curtailment
services at a short notice [10]. Demand bidding is arguably the most
promising method in DR as it allows customers to actively participate
in the electricity market [9]. Here, customers can individually or co-
operatively bid for either their total demand schedule or their offered
demand variation to the system operator [11]. Demand bidding can
increase the price elasticity of demand and revolutionise the electricity
market, especially when distributed energy resources (DER) such as
distributed RE and electricity storage systems are used [9].

Many DSM models are based on game theoretic approaches (c.f [1]).
These build on the assumption that consumers (and prosumers) act
rationally and selfishly, i.e. make logical decisions that are in their best
self-interest. Mechanism design (MD) is the normative part of game
theory, where the rules (mechanism) of the market are not given, but
designed to achieve a certain objective [12]. Indeed, researchers have
drawn parallels between the setting of an MD problem and that of DSM.
Its ability to achieve social optimal outcomes in auctions and public
good markets has given rise to the application of MD in DSM schemes,
especially demand bidding IBDR [13].

1.2. Comparison with existing surveys

Although there are several recent reviews available in the liter-
ature on game theoretic DSM [1,14], only a few provide a review
of MD approaches. The authors in [15] provide a review of DER
2

trading approaches. In their survey, they compare between the types of
traded resources (multi-unit, multi-item, and combinatorial electricity
resources). A multi-criteria classification of DSM approaches is pro-
vided in [16], where the proposed objectives of load scheduling are
thoroughly investigated. In [17], the authors provide a review of the
proposed local energy markets with a focus on the types of market
players and the market optimisation objectives. The computational
intelligence methods proposed for local DER markets are reviewed
and classified based on the types of market players and the types of
DERs in [18]. The authors in [19] provide a review of the literature
that investigates the integration of DER into the independent system
operators’ electricity market. In [20], the authors review the proposed
local electricity market models and classify these approaches based on
the market scope, modelling assumptions, and market objectives. A
review of transactive energy markets is provided in [21], where the
authors focus on the challenges of information exchange in such market
mechanisms.

This survey provides a classification of the proposed DSM market
mechanisms based on mechanism design criteria. We focus on the
utility function formulations used in the proposed DSM direct mech-
anisms and provide a comprehensive review of the proposed indirect
mechanisms. Table 1 shows a comparison between this survey and the
discussed existing surveys.

1.3. Contributions of this survey

In this paper, we review the literature on market-based DSM tech-
niques that employ MD concepts. We aim to provide policy makers
and researchers with a clear understanding of the market design tools
and their potential attributes, such that design decisions can be made
to achieve their desired market objectives. This review also aims to
identify the challenges that can arise if DSM market mechanisms are
implemented in the real-world, and propose further research that can
address these limitations. Based on this review, we draw conclusions
and discuss potential future research directions. Our contributions are
threefold:

1. Classification of MD applications in DSM
We classify the available literature on DSM schemes that adopt MD

in their methods based on four criteria, revelation, allocation, sequence
and scalability. We discuss the importance of the used criteria and anal-
yse the properties and strengths/weaknesses of each design category.
The classification of MD-DSM schemes can provide insights into the
areas that are not thoroughly investigated yet and that would require
further research.
2. Survey of utility functions

We provide an in-depth examination of the utility function types
used in the existing literature that is within the scope of this review. To
the best of our knowledge, this is the first time a detailed survey of the
utility function for energy is provided. Three types of utility functions
were found in the reviewed papers. The limitations of these types are
discussed in detail.
3. Review of indirect mechanisms

A promising subfield of mechanism design applications in DSM is the
employment of indirect mechanisms. A comprehensive review of DSM
models that adopt such mechanisms is provided, where we discuss the
concerns that are associated with such mechanisms.

1.4. Methodology

The papers reviewed in this survey were collected by searching
in Scopus and Google Scholar using the keywords ‘smart grid’, ‘de-
mand side management’, ‘demand response’, and ‘distributed energy re-
sources’, in combination with keywords ‘mechanism design’, ‘auction’,
‘incentive mechanism’, and ‘market’. The papers were then filtered by
exclusively including the works that applied concepts of MD to market-
based DSM. Figs. 2 and 3 respectively show the year-wise distribution
of the reviewed papers and the databases they were obtained from.
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Table 1
Comparison between this survey and existing surveys of DSM approaches.

Survey Year Scope Contribution

[15] 2016 DER trading Review of the types of traded resources
[16] 2018 DSM & load scheduling Multi-criteria classification of DSM and load scheduling approaches
[17] 2018 Local energy markets Review of the types of market players and market optimisation objectives
[18] 2020 Local DER markets Review of computational intelligence methods used for local DER trading
[19] 2021 DER integration Review of electricity markets with provisions for DER trading
[20] 2021 Local electricity markets Review of market scope, modelling assumptions, and market objectives
[21] 2022 Transactive energy markets Review challenges of information exchange in transactive energy markets

This review 2022 DSM market mechanisms Classification of proposed DSM mechanisms based on market design criteria, survey of
utility function formulations, and a comprehensive review of indirect DSM mechanisms
Fig. 2. Annual publication of the reviewed DSM mechanisms.

Fig. 3. Distribution of the reviewed papers amongst five of the well-known databases.

1.5. Paper organisation

To be able to understand the concepts and definitions used through-
out this review, the basic principles of MD are presented in Section 2.
In Section 3, we classify the MD mechanisms proposed for DSM and
provide a critique of each category. The types of utility functions used
in these mechanisms are then investigated in Section 4. Section 5 pro-
vides a thorough review of the indirect mechanisms that are proposed
for DSM. Future research directions and conclusions are discussed in
Sections 6 and 7 respectively.

2. Background on mechanism design

Mechanism design is the normative part of game theory. It is rele-
vant (applicable) when a principal is assigned with setting the rules of
the market so that a desired economic objective can be achieved [12].
3

One of the common applications of MD is the pricing and provision
of public goods. Given the opportunity, consumers acting in their
own self-interest would exploit the public resource. This is known
as the tragedy of the commons [136]. To avoid this social dilemma,
the mechanism designer (i.e. principal) wishes to choose a socially
preferred outcome (allocations of the public good) that guarantees the
best social economic welfare. This can be a difficult task considering
that the mechanism designer does not know the preferences of the
market participants and how much they value this public good. Another
example of this is an auction, where the principal (auctioneer) does
not know the participants’ private valuation of the auctioned items.
Nonetheless, the auctioneer’s objective is to allocate the auctioned
goods to the bidders who value them the most. Due to the preferences
being privately known to the market participants and unknown to
the mechanism designer, MD has a similar setting to that of Bayesian
games, in which players have incomplete information about other
players. In order to understand the tools that are available to the
mechanism designer, we first need to analyse the setting of a Bayesian
game [137], which has:

1. A set of agents (i.e. players)  = {1,… , 𝑛}, where 𝑛 is the total
number of market participants. All agents are assumed to be
selfish and rational, i.e. utility maximising, where utility is the
benefit they get from consuming a product or hiring a service.

2. A set of possible joint type vectors, 𝛩 = 𝛩1 ×⋯ ×𝛩𝑛. An agent’s
type describes their private valuation of a good or service,
however it can be extended to include any information that is
private and that can indicate their preferences.

3. A set of outcomes, 𝛷. An outcome 𝜙 can include a set of alloca-
tions  and a set of monetary transfers  . It can represent the
decisions made by the mechanism designer centrally or it can
be the result of the actions made by the agents in a distributed
manner.

4. A set of utility functions 𝑢 = {𝑢1,… , 𝑢𝑛}, where 𝑢𝑖 ∶ 𝛷 × 𝛩 ↦ R.
A utility function is a mathematical representation of an agent’s
preferences and is a function of consumption quantity and their
type. Therefore, 𝑢𝑖(𝑞𝑖, 𝜃𝑖) is the utility agent 𝑖 of type 𝜃𝑖 gets from
consuming allocation 𝑞𝑖 as part of an outcome 𝜙. Utility also
depends on the payment 𝑡𝑖 an agent makes for their consumption
and their overall utility becomes 𝑢𝑖(𝑞𝑖, 𝜃𝑖) − 𝑡𝑖.

The mechanism designer’s objective is to implement a social choice
function which maps the preferences of all agents within the society to
a certain outcome. However, given that these preferences are private
information, the mechanism designer needs to elicit this information
by defining the rules of the mechanism  = ⟨, 𝜋, 𝜇⟩, which has: (1)
a message (bid) space , representing the set of possible bids, (2) an
allocation rule 𝜋 that maps the agents’ preferences (bids) to an outcome
𝜋 ∶  ↦ 𝛷, and (3) a payment rule 𝜇 that dictates, based on the
agents’ bids, the amount of monetary transfer each agent has to make
𝜇 ∶  → R𝑁 [138].

In order to understand the properties of different mechanisms,
the following definitions are presented and briefly discussed. These
definitions are reproduced from [137–140].
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Table 2
Classification of reviewed mechanisms based on criteria described in Section 3.

# papers Ref Revelation Allocation Sequence Scalability

Direct Indirect Central Distributed Iterative One-shot Scalable Unscalable

32 [22–53] ✓ ✓ ✓ ✓

26 [54–79] ✓ ✓ ✓ ✓

9 [80–88] ✓ ✓ ✓ ✓

4 [89–92] ✓ ✓ ✓ ✓

14 [93–106] ✓ ✓ ✓ ✓

4 [107–110] ✓ ✓ ✓ ✓

1 [111] ✓ ✓ ✓ ✓

3 [112–114] ✓ ✓ ✓ ✓

15 [115–129] ✓ ✓ ✓ ✓

6 [130–135] ✓ ✓ ✓ ✓
Definition 1 (Economic Efficiency). A mechanism is called efficient if its
allocation rule maximises the social welfare of its agents. Social welfare
is the aggregate utilities of participating agents ∑𝑁

𝑖 𝑢𝑖, or:

𝑞∗(𝜃) = 𝑎𝑟𝑔𝑚𝑎𝑥
∑

𝑖∈
𝑢𝑖
(

𝑞𝑖, 𝜃𝑖
)

(1)

Definition 2 (Direct Revelation). The product allocations that guarantee
maximum Social welfare can be determined by solving the optimisation
problem in Eq. (1). However, the mechanism designer does not have
access to the private preferences that are essential to solving this prob-
lem. In a direct revelation mechanism, the principal simply asks the
agents to report their private information as part of their bid space. This
simplifies the mechanism design problem, however, given the selfish
nature of individual agents, it raises another concern that agents might
be tempted to report their private types untruthfully. As false reporting
would compromise the efficiency of the mechanism, it is imperative
that agents are incentivised to report their types truthfully. This is
known as the incentive compatibility constraint (see definition below).
In contrast, indirect mechanisms are privacy-preserving mechanisms
that do not require agents to fully report their private information. This
can be done by collecting incremental information from the agents in
a multiround (i.e. iterative) mechanism.

Definition 3 (Incentive Compatibility). This constraint is essential to
ensure truthfulness in direct mechanisms and guarantee economic ef-
ficiency. To ensure that agents, acting in their own self-interest, report
their private types truthfully, the mechanism designer must assert that
agents do not gain from false bidding. This constraint is formulated as:

𝑢𝑖(𝑞𝑖, 𝜃𝑖) ≥ 𝑢𝑖(𝑞𝑖, 𝜃) ∀𝑖 ∈  (2)

This means that the utility 𝑢𝑖(𝑞𝑖, 𝜃𝑖) agent 𝑖 gets from reporting their
true type 𝜃𝑖 is never less than what they get from untruthful bidding
𝑢𝑖(𝑞𝑖, 𝜃).

Definition 4 (Individual Rationality.). Individual rationality (IR), or
participation constraint is a desired property of mechanisms in which
participation is optional. It ensures that agents receive at least as much
utility as they would get by not taking part. Assuming that an agent gets
a payoff of zero by non-participation, IR constraint can be formulated
as [140]:

𝑢𝑖(𝑞𝑖, 𝜃𝑖) ≥ 0 ∀𝑖 ∈  (3)

3. Classification

Mechanism design can help in selecting social outcomes that avoid
inefficiencies in the allocation of a good or service. For this reason,
many scientists have adopted MD techniques in their approaches to
DSM. To the best of our knowledge, [22] is the first work that proposes
an MD approach to DSM. Since then, the research on DSM using MD
4

has been extensive. In order to have an overview of the different
mechanisms proposed for DSM, we investigate four criteria, based
on which we categorise all the proposed models. These four classes
are discussed below. Table 2 lists the proposed mechanisms in their
respected categories.

3.1. Revelation

One of the key factors in mechanism design is whether agents are re-
quired to report their private preferences directly and fully. These direct
mechanisms are used to simplify the principal’s task of implementing
a social choice function. They can also guarantee the same level of
efficiency (competitive ratio) as any other indirect mechanism. In fact,
the revelation principle [141,142] states that if a social choice function
can be implemented by any mechanism, it can be implemented by a
direct one without any loss of payoff. Nonetheless, direct mechanisms
become less desirable in settings where agents prefer to keep their
information private. This is a limitation when designing mechanisms
for DSM as consumers may be reluctant to share their demand infor-
mation and their value of that demand. Another limitation of direct
mechanisms is that the communication overhead can become ineffi-
cient in markets that have a large number of agents, especially when
multi-dimensional preferences are elicited. This concern can hinder the
feasibility of direct mechanisms for DSM as most DSM applications
need to engage a large number of consumers to ensure a certain level
of demand flexibility. This communication overhead becomes aggra-
vated as many DSM mechanisms ask agents to report their day-ahead
consumption schedules and sometimes even ask for appliance-based
demand information. Furthermore, computational complexity can be
a concern in direct mechanisms because all the computation burden
of solving the social welfare optimisation problem and determining
the allocations/payments for each agent is incurred by the mechanism
designer. This can limit the scalability of such mechanisms.

Indirect mechanisms on the other hand are privacy preserving
in the sense that agents are not required to share their information
fully. Indeed, a social choice function can be implemented through an
indirect mechanism by collecting sequential bids from agents without
revealing their complete preferences. Although indirect mechanisms
tend to be tractable as they can be implemented in a distributed
fashion, they generally suffer from efficiency losses. A thorough review
of the indirect mechanisms for DSM is provided in Section 5.

3.2. Allocation

Another key factor in the design of DSM mechanisms is the ar-
chitecture used in their supply chain system. A central architecture
refers to a supply chain system where a central entity (the principal)
makes allocation decisions based on its interactions with its agents.
This can be inconvenient for consumers who are not equipped with
distributed resources or storage systems, and although most of the
mechanisms that adopt this architecture can optimise social welfare
and yield efficient outcomes, adopting them in practice might result
in significant discomfort for the consumers. Additionally, electricity
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Fig. 4. Distribution of the reviewed models across the different classes. The weight of the shown streams represents the number of models that lie within a certain category with
reference to the total number of reviewed models.
consumers are usually unable to forecast their consumption accurately.
Because of this, central allocation mechanisms are often coupled with
reward/penalty incentives, which depend on how accurately consumers
follow their assigned allocations. This uncertainty in demand does
not only harm the efficiency of such mechanisms but also limit their
acceptance among consumers. Alternatively, distributed mechanisms
adopt an architecture where agents make their allocation decisions
locally. In this architecture both the mechanism designer and the agents
solve for the allocations and payments that optimise social welfare,
thus sharing the computational burden of the mechanism. Although
this architecture can ease the computation of DSM mechanisms and is
more favourable to consumers than the central allocation architecture,
it raises concerns about how faithfully agents choose and implement
their allocation schedules.

Some studies [76,77,86,87] have proposed DR techniques and the
use of battery energy storage systems (BESS) to improve the grid’s
reliability when the penetration of RE is high. A common aspect of
these studies is that they use a central architecture where a central
planner optimises the network’s operation based on the expected RE
supply and demand. Although optimal operation of the grid can be
ensured by using this architecture, these proposed schemes may be best
modelled by employing a distributed architecture where the owners of
the various grid components can individually make their own allocation
decisions.

3.3. Sequence

Some of the reviewed DSM mechanisms require agents to report
their private preferences in one-shot. Others, in contrast use an iterative
structure where agents update their bids at each step in response
to a signal received from the mechanism designer. This is generally
implemented to either ease the computational burden on the principal
side [107–109] or to preserve the privacy of agents through indirect
mechanisms [113,114,116,118,126]. Mechanisms that adopt the one-
shot bidding process are more robust to communication delays. They
can also be faster to implement. However, they are often less practical
than iterative mechanisms as it is difficult for consumers to integrate
their preferences into one bid, especially in a day-ahead setting as
5

proposed in most DSM schemes. Nonetheless, although iterative mecha-
nisms can overcome this limitation by asking agents to respond to their
signals at each iteration, they usually have two main disadvantages;
convergence in such schemes is generally slow, especially when a large
number of participants need to transmit their bids at each iteration.
This can be exacerbated when communication failures or delays are
considered. The second limitation is that experienced agents that have
an estimate of the number of iterations required for convergence can
be untruthful in their bids at intermediary iterations if it generates
higher utility gains. This can compromise the strategy proofness of such
mechanisms.

3.4. Scalability

To maximise the benefits of DSM, broad participation of all types
of demand is encouraged. Indeed, both large and small customers
should engage in demand flexibility markets to ensure the success of
such schemes [9]. Given that the number of electricity consumers is
significantly large, scalability is one of the most important features of
demand side participation mechanisms. Some works, (e.g. [101,108,
114,118]), group a number of small residential customers under one
agent, who is often referred to as a demand response aggregator (DRA).
Thus proposing a two-level hierarchical structure for DSM where small
customers and the DRA interact at the lower level, while DRAs offer
their flexibility services to the grid at the higher level. Although this
can significantly reduce the number of agents at the both grid and DRA
levels, the number of agents at the lower level can still be quite large
(∼1000 [118]). Therefore, scalability is an essential requirement for the
practical implementation of DSM mechanisms.

3.5. Discussion

Fig. 4, illustrates how the reviewed models are dispersed across
the classes discussed in the previous sections. It can be noted that the
majority of the proposed mechanisms employ a direct revelation and
one-shot messaging scheme, and make allocation decisions centrally.
This is due to the nature of the most well known and widely used
mechanism, Vickrey-Clarke-Groves (VCG), which can ensure efficient
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allocation of goods/services. VCG is a direct and central mechanism,
where agents report their private utilities to the principal who then
determines their allocations by solving the social welfare optimisation
problem. The payment rule in VCG is based on the Clarke pivot rule,
which requires that each agent pays their social cost of participation,
which is the loss in welfare of all the other agents due to the participa-
tion of that agent. This payment rule ensures that the best strategy for
agents who act selfishly is to report their private information truthfully.
Many of the MD-DSM approaches are based on VCG [22,25,30,35,36,
41,43,45,46,58,59,65–67,70,74,83,89]. Although VCG can guarantee
economic efficiency and incentive compatibility, it raises privacy and
comfort concerns when applied to electricity market settings due to
its direct revelation and central allocation structure. Additionally, it
requires that agents’ valuation functions (i.e. utility functions) follow
a strictly concave form. This does not only limit the representation
of agents’ preferences but also renders the social welfare optimisation
problem intractable [23]. VCG is also vulnerable to collusion and
shell bidding [143]. Payments can also vary widely between agents
and those with high valuations get higher allocations, which can be
considered unfair, especially in settings where consumption is essential
to preserve the quality of life such as electricity.

As can be seen in Fig. 4, most of the indirect mechanisms are
iterative and allow their participants to make their allocation decisions
locally. Most of these mechanisms aim at optimising the electricity
price by collecting demand bids and updating the price in an iterative
manner. Designing one-shot indirect mechanisms can be challenging
due to the limited messaging space of such mechanisms where the
mechanism designer can only ask for a one-time report of partial
information from its agents. Nonetheless, these can overcome privacy
concerns while also being practical, scalable, and robust against false
reporting.

4. The utility function

Utility is a numerical measure of the benefit an individual gets
from consuming a good or receiving a service. The concept of utility
is widely used in economics to model the behaviour of consumers
and understand their decision making process. The utility function is
a mathematical representation of this satisfaction as a function of the
individual’s preferences over a set of outcomes [144]. In settings where
transferable utility is possible through monetary payment, the utility
function is said to be quasi-linear, i.e. linear in payment, or reward.
This linearity in monetary transfer is depicted in Eq. (4), where 𝑈 refers
o the benefit a customer gets, which is represented by the difference
etween the customer’s satisfaction and their payment. Alternatively,
n the case that the agent is the seller or service provider, their utility
an be formulated as the difference between the reward they get from
roviding that service and the associated cost of providing it.

= 𝑢(𝑞, 𝜃) − 𝑝 (4)

One of the principles of MD and game theory is the assumption that
ndividuals are selfish and rational. This means that they make logical
ecisions to achieve their best self interest. Since utility can be regarded
s another way for portraying self interest, the objective of rational and
elfish agents is to maximise their individual utilities. Representing this
tility affects the way we model the behaviour of agents and thus can
ave a significant impact on the decisions and outcomes that reach
arket equilibrium. Formulating the level of satisfaction of an agent

s a function of consumption quantity and their preferences can be a
ifficult task. This is because preferences tend to be multi-dimensional.
or instance, the utility of electricity consumption that is related to
ntertainment appliances (such as TV) is usually dependent on the
ime of consumption rather than quantity of consumption. Therefore,
apturing these individual private preferences into one mathematical
ormulation that is suitable to all participating agents can be tricky.
6

onetheless, the design of most mechanisms depend on making some
nderlying assumptions about the utility function. Additionally, to
implify the computation of their outcome and reduce their communi-
ation overhead, some direct mechanisms rely on a closed formulation
f the utility function that can reduce the dimensionality of agents’
references. The utility function assumptions and formulations used
n the reviewed literature can be classified into three types. Table 3
ummarises the formulations of these three types and lists the models
hat employ them. The underlying assumptions associated with the
hree types used in the literature are discussed below.

.1. Type I: strictly concave, twice differentiable utility function

The most commonly used formulation for the utility function is that
t is strictly concave in consumption quantity. This formulation is based
n the assumption that the utility function should satisfy the following
roperties:

1. The utility function 𝑈 (𝑞, 𝜃) is monotonically increasing in 𝑞,
i.e. more consumption yields higher utility.
𝜕𝑈 (𝑞, 𝜃)

𝜕𝑞
≥ 0 (5)

2. The marginal utility is nonincreasing in consumption quantity.
This stems from the assumption that the larger the stock a person
has the less value they would get from a given increase to
that stock, i.e. as their stock increases, their utility increases at
a diminishing rate. The law of diminishing marginal utility is
discussed at length in [145].

𝜕2𝑈 (𝑞, 𝜃)
𝜕𝑞2

≤ 0 (6)

Strictly concave functions satisfy the above properties. Examples of
such functions include a bounded quadratic function, used in [22,25,27,
37,64,83,89,91,101,102,109,114,119,125,127] and a logarithmic func-
tion [81,123,124,132]. Many of the reviewed papers model the utility
function to be concave in quantity, however, this formulation has
some limitations. One of the conditions that needs to hold for this
formulation to be valid is that an agent’s tastes and preferences do not
change during the time-cycle of the mechanism. This can be challenging
in the electricity market setting because most of the reviewed models
propose day-ahead bidding and scheduling of electricity consumption.
Additionally, the law of diminishing utility may not hold when dealing
with task-related consumption, such as the case of electricity con-
sumption. This is visible when an example of task related electricity
consumption such as cooking is considered. Imagine that a meal would
require 10 kWh to be done. Consuming the first 9 kWh would have
no value unless the last kWh is consumed. Therefore the utility rate
of rise in such a scenario would be increasing with an increase in
consumption rather than decreasing. This limitation is discussed at
length in [145]. Additionally, one of the underlying assumptions for
this formulation to hold is that electricity consumption is continuous.
In reality, electricity consumption is task-related and is therefore a
mixture of discrete and continuous energy demand as argued in [56].
Furthermore, this type of valuation function does not take into account
the intertemporal dependence of electricity consumption. This can lead
to misrepresenting the preferences of an agent since they might change
depending on past or future consumption [96].

4.2. Type II: piecewise linear concave utility function

The piecewise linear utility function is an extension of the concave
utility function. The difference is that this type of utility functions is
non-differentiable whereas strictly concave functions are twice differen-
tiable. Indeed, piecewise linear utility functions are used in [130,133]
as a special case of concave utility functions so that the incentive
compatibility property can hold in their proposed mechanism. The
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Table 3
Utility function types and assumptions used in the reviewed literature.

Assumptions Examples References

Type I Twice differentiable, monotonically increasing and strictly concave Quadratic, logarithmic [22–28,33,34,37–39,44,64,73,81,83,89,91,101–103,109,112,
114,117,119–128,131,132]

Type II Piecewise linear and concave – [104,106,130,133]
Type III Constant utility if preferences are satisfied and zero otherwise – [96,108]
authors show that agents with non-constant marginal utility might gain
(benefit) from being untruthful in reporting their private preferences.
The authors in [104] also use a piecewise linear utility function to
model the agent’s satisfaction from electricity consumption. In their
proposed mechanism, an agent is incentivised to report their baseline
consumption and their constant marginal utility truthfully, upon which,
the demand response aggregator (DRA) selects the agents that can
achieve a demand reduction target in a cost efficient way.

4.3. Type III: constant utility function

The authors in [96,108] argue that continuous concave utility func-
tions cannot represent the task-related and combinatorial nature of
electricity consumption. Instead, they use a discrete utility function that
is constant if the reported consumer’s preferences are satisfied and zero
otherwise. In their proposed mechanism, household agents report their
appliances’ energy requirements and time flexibility. These preferences
are then used to minimise the overall cost of energy. Although the
intertemporal dependence of electricity consumption is captured in
this mechanism, the dissatisfaction from shifting the operation of an
appliance across the reported flexibility is not.

Despite types II and III being simple and computationally efficient,
they fail to capture the complexity of consumption preferences. Con-
sumers, therefore, might choose not to participate in the DSM schemes
that force such utility formulations as they fail to represent their
valuation of electricity consumption.

5. Review of indirect mechanisms

Indirect mechanisms are capable of achieving desired social ob-
jectives without the need for a full revelation of the agents’ private
preferences. They become extremely important when these preferences
are multi-dimensional and when market players are hesitant to partic-
ipate because they are reluctant to reveal their private information. In
these mechanisms, agents are required to provide incremental infor-
mation that can indicate their private preferences. As a result, most
indirect mechanisms are iterative in the sense that agents are required
to update their bids at each step of the mechanism. An outcome is
reached when a convergence criterion is met. Table 2 lists the indirect
mechanisms that were proposed for DSM in the literature. Some of the
concerns that accompany indirect mechanisms are discussed below.

5.1. Efficiency

Since solving the optimal social welfare problem (stated in Eq. (1))
requires the full knowledge of the private utilities of the participating
agents, indirect mechanisms usually suffer from efficiency losses be-
cause they only ask for partial information about these private utilities.
In [130,133] for instance, the authors propose a DSM mechanism where
a supplier offers a nonincreasing deadline differentiated pricing bundle
(i.e. lower price for demand with further deadline), to which customers
respond by reporting their deadline differentiated demand. The optimal
pricing bundle is then determined based on the supplier’s optimal sup-
ply curve and the expected RE generation. The mechanism, however,
makes an underlying assumption that customers are indifferent whether
their demand is met before or at their reported deadline. This is likely
not the case for most customers who would appreciate completing their
tasks at the earliest possible. Because of this, losses in the welfare of
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users might arise, rendering the mechanism inefficient and unappealing
in practice.

The authors in [112,113] propose a double auction for energy
trading between prosumers in a microgrid. The coordinator in this
mechanism announces initial demand allocations to the consumers and
initial supply requirements and price to the producers. Buyers then bid
their optimal prices for the allocated demand and suppliers bid their
optimal energy supply at the announced price. The coordinator then
updates the market price and energy allocations by solving SWO. This
is repeated until a convergence criterion is met. One of the limitations
of this mechanism is that agents are assumed to be price taking, whose
actions do not influence market price. In reality however, agents can
be strategic and might be able to predict their actions’ effect on the
market. Another limitation of this mechanism is that final allocations
are determined centrally. This can lead to efficiency losses if agents
choose not to follow these allocations due to uncertainty in supply or
demand. A posted price mechanism for energy markets is presented
in [134]. The authors design optimal price profiles for each time inter-
val that agents (arriving at different stages) can take or leave. Although
the mechanism proves to be robust against uncertainties in demand
and is privacy preserving, it suffers from losses in efficiency due to the
partial knowledge of agents’ preferences. The authors in [124] propose
a pricing mechanism for EV charging stations by employing a Markov
decision process to model the strategic interactions between the station
and its connected EVs. Although this pricing mechanism can maximise
the long-term revenue of the charging station, it does not however
maximise the social welfare of its users. In [135], a DSM scheme
where consumers schedule their electricity consumption individually
is proposed. The proposed scheme accounts for the preferences of
consumers and preserves their privacy. However, it does not investigate
the effect of this consumer-centric approach on social welfare, and thus
inefficiency at the society level might result from lack of coordination
between consumers.

5.2. Convergence

Given that most of the indirect mechanisms proposed for DSM
are iterative, evaluating the convergence speed of such mechanisms
is essential to their successful implementation in practice. The authors
in [111] propose a double auction mechanism for energy transactions
between prosumers in a microgrid, where buyers and sellers bid their
prices for each opposing agent. The microgrid controller then determine
the demand and supply vectors that optimise the social welfare, based
on which, agents update their bids in an iterative and distributed man-
ner. Given that agents are required to solve a number of optimisation
problems at every step of the mechanism, convergence to the optimal
allocations might be slow, which would limit the proposed auction from
being implemented in practice.

An RTP scheme for prosumers in a microgrid is proposed in [117,
126], where the authors use subsidies to align selfish behaviour with
social behaviour. These subsidies are computed through an iterative
power and price information exchange between the agents. A limitation
of this mechanism is that convergence cannot be guaranteed unless
the private utilities of the agents are known. The authors in [121]
propose a mechanism for strategic agents that can provide flexibility
services to the grid. The authors use a reward/penalty billing rule that
penalises demand that is highly correlated with aggregate demand
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rewards it when it is less correlated. In this mechanism, an iterative
simulated annealing method is used to determine the agents’ payments,
where agents need to solve a set of optimisation problems at each
iteration. This method can be unpredictable and slow in terms of rate
of convergence. In [122], the authors propose an RTP pricing scheme
that is customised for each user, which offers lower prices for users who
consume a less percentage of their desired level and higher prices for
those who consume a higher percentage of their desired consumption
level. Although social welfare can be maximised using this scheme, the
prices are determined in an iterative manner where each agent reports
their optimal consumption in response to the updated price at each
step. This procedure needs to be performed for each agent, which can
lead to high computational complexity and slow convergence.

A bilevel auction mechanism for demand response aggregators
(DRA) is proposed in [114]. In this mechanism, DRAs bid for their
energy share at the higher level, and prosumers bid for their sup-
ply/demand at the lower level. At each step of this auction, aggregators
receive their allocated energy information from the utility company and
implement their lower level auction by interacting with their selling
and buying agents sequentially and separately. The complexity of this
2-level auction format along with the asymmetry in bidding between
sellers and buyers in the lower level auction might cause convergence
to be slow. The authors in [128] propose a multi-energy DR scheme
where participants share partial cost information among each other
and collectively minimise social cost in a distributed manner. The
authors explore a trade-off between the amount of shared information
and convergence speed and the results show that convergence can be
limiting when multiple energy forms are traded by each participant.

5.3. Privacy

Indirect mechanisms can overcome privacy concerns of consumers
who do not wish to reveal their private valuation information fully
by asking for partial incremental information about their private pref-
erences. Nonetheless, in some of the indirect mechanisms that are
iterative, the agents’ updated reports might be exploited to reveal
some of their private valuations and preferences. Moreover, some of
the indirect mechanisms request their agents to report their desired
consumption schedule given an announced price. This can be more
unacceptable to some consumers than revealing their private valuation.
A clock-proxy auction mechanism for online scheduling of demand is
proposed in [118]. In this 2-phase auction format, (ball park prices are
agreed upon in the clock phase) price discovery is implemented in the
clock phase with iterative price adjustments and bid updates. Whereas
the final uniform time-dependent prices and demand schedules are
determined for each time interval in the proxy phase. Although this
auction does not require agents to reveal their private information
fully, a closer look into their bid updates can indicate an approxi-
mate representation of their utilities, thus compromising their privacy.
In [120,123], the authors propose incentive mechanisms that encour-
age social consumption behaviour. In both mechanisms, agents update
their consumption schedules sequentially in response to an announced
price or power signal. This might be limiting in practice as consumers
would be reluctant to share their private consumption patterns.

5.4. Intermediate false reporting

One of the major concerns that need to be investigated before
iterative mechanisms can be applied in practice is unfaithful reporting
in intermediary steps. This refers to when experienced agents who
have an estimate of the number of iterations required for convergence
may submit false bids in the iterations before the final one if it is in
their self-interest. This concern becomes evident when we consider the
mechanisms proposed in [115,116,119,127,129], where an iterative ex-
change of price and power information is used to determine the optimal
price and demand. The authors, however, do not investigate whether
agents reporting their demand falsely in intermediary iterations can
achieve higher utility gains than truthfully reporting their demand at
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every iteration.
5.5. Consumption-time dependence

Some of the proposed indirect mechanisms for DSM fail to model the
temporal dependence of electricity consumption. In [131,132] for in-
stance, an incentive mechanism is proposed to modify the consumption
behaviour of selfish customers. In this mechanism, customers’ consump-
tion schedules are used to compute their customised incentives. The
authors, however, assume that the utility customers get from consum-
ing energy at a given time does not depend on their consumption
prior to that time or their planned consumption after it. This can be
limiting since customers usually value their consumption differently
depending on their previous and future planned consumption. The
authors in [125] propose a DSM mechanism where customers in a
neighbourhood cooperatively estimate the real-time price of the future
time slot and then schedule their consumption accordingly to achieve
their best self-interest. The regressors used in the estimation method,
which are the historical demand profiles of the neighbourhood agents,
are assumed to be temporally independent. This underlying assumption
may lead to inefficiencies due to the temporal dependence of electricity
consumption.

A common feature of the DSM mechanisms reviewed in this sec-
tion is that they aim to preserve the privacy of the electricity users
that wish to participate in DSM schemes. Nonetheless, these proposed
mechanisms have different objectives and take different approaches to
reach those objectives. While some mechanisms [117,122,126,127] try
to determine the optimal pricing technique while taking the preferences
of users into account, other mechanisms [111–114] aim at improving
the economic efficiency of energy trading between prosumers and
consumers. Other objectives include robustness against uncertainty in
electricity supply and demand [124,125,134], improving fairness in
customers’ allocations and payments [116,119,121] and maximising
customers’ satisfaction level [23,120]. The fact that these multiple
objectives can be achieved by privacy aware mechanisms suggest that
indirect mechanism design can have encouraging results when imple-
mented for DSM. Nonetheless, further research to address the concerns
discussed above is still needed to increase the chances of success for
DSM indirect mechanisms.

6. Research gaps & key challenges

The DSM mechanisms reviewed in this paper highlight the bene-
fits of employing MD techniques in DSM markets. These include the
ability to achieve desirable social goals such as improving the welfare
of all market participants, guaranteeing the truthful self-reporting of
customers’ preferences, and the capacity to propose optimal pricing
techniques while preserving customers’ privacy. Nonetheless, there
remain a few challenges that require further research for the realistic
implementation of MD-DSM markets. These challenges include: (1)
protecting the privacy of customers, (2) managing the uncertainties in
electricity supply and demand, (3) enhancing the scalability and speed
of these mechanisms, (4) modelling the customers’ preferences and
valuation functions accurately, (5) improving the economic efficiency
of indirect DSM mechanisms, (6) ensuring customers’ truthfulness and
faithfulness when participating in such schemes and (7) accounting for
the inter-temporal dependence of electricity consumption in incentive
design.

This review identifies some of the possible future research directions
that can be productive towards the successful application of DSM
mechanisms. The classification of MD-DSM approaches (c.f Section 3)
have demonstrated that there is a lack in designing indirect, non-
iterative and scalable mechanisms for DSM markets. The practical
implementation of these mechanisms can be promising because of their
capability to preserve privacy, limit gaming opportunities, and achieve
desirable social goals. Additionally, the comprehensive review of indi-
rect DSM mechanisms (c.f Section 5) have highlighted a few concerns

that can be addressed in future research. Minimising the efficiency
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losses of such mechanisms while accelerating their convergence speed
can enhance their prospects to be implemented in practice. Due to
privacy concerns, further research into DSM mechanisms that can offer
optional revelation schemes for electricity consumers/prosumers may
be required to attract wider customers’ participation.

Our survey in Section 4 reveals that the literature lacks a utility for-
mulation that captures the customers’ complex and multidimensional
preferences accurately while also accounting for the intertemporal
dependence of consumption in the mathematical representation of
utility.

While most of the reviewed models assume that the future smart
grid will allow for power transactions without network constraints,
only a few works [55,113,114,121] take network power and voltage
constraints into account when designing DSM mechanisms. Considering
the physical constraints that are associated with the current electricity
grid in the design of DSM mechanisms can enhance their applicability
and hence their chances for being implemented in real world networks.

One of the DSM applications that can benefit from employing MD
techniques in designing its market structure is shared energy storage
(SES). SES can be in the form of interconnected individual storage
devices or a storage facility that serves a community. Its services can
include power charging, power discharging and capacity provision. To
the best of our knowledge, only [46,74,80,84,99] have applied MD to
SES. Using MD principles, the allocation and pricing of SES services can
be optimised on the social level. The design of combinatorial auctions
for DSM markets can be proposed to enhance the their revenue. These
auctions offer bundles of goods/services to its customers. This can
be promising given the complementary nature of smart grid services
where prosumers may value a combination of generation, consumption,
storage, and demand flexibility services differently when compared to
each good or service separately.

Dynamic thermal rating (DTR) of grid components (see [146] for
a review of DTR systems) is another DSM technique that can be ad-
vanced by the application of MD. These techniques have been proposed
with DR to enhance the grid’s reliability [147] and improve RE pen-
etration [148]. Providing incentive mechanisms for the different grid
entities (e.g. RE suppliers, prosumers, and third party BESS owners)
to participate in the deployment of DTR can enhance their proven
benefits of reducing required grid investments [149] and operational
costs [148].

7. Conclusion

In this paper, MD applications in market-based DSM were reviewed.
The available literature were classified according to four design criteria;
(1) direct or indirect revelation, (2) central or distributed allocation,
(3) iterative or one-shot bidding sequence, and (4) scalability. These
were investigated and their benefits/drawbacks in DSM applications
were analysed. A challenging preliminary in many of the proposed
MD-DSM approaches is the mathematical formulation of the utility
function. Three types of this formulation were found in the literature
within the scope of this review. The limitations and concerns of each
type of formulation were discussed. As a promising subfield of MD
applications in DSM, indirect revelation mechanisms were thoroughly
reviewed and the concerns associated with these mechanisms were
investigated. The key challenges for the realistic implementation of MD-
DSM applications were identified and examined in depth, and some
possible future research directions to address these challenges were
discussed.
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