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Abstract—This paper investigates a double auc-
tion-based peer-to-peer (P2P) energy trading market for a
community of renewable prosumers with private infor-
mation on reservation price and quantity of energy to be
traded. A novel competition padding auction (CPA)
mechanism for P2P energy trading is proposed to address
the budget deficit problem while holding the advantages of
the widely-used Vickrey-Clarke-Groves mechanism. To
illustrate the theoretical properties of the CPA mechanism,
the sufficient conditions are identified for a truth-telling
equilibrium with a budget surplus to exist, while further
proving its asymptotical economic efficiency. In addition,
the CPA mechanism is implemented through consortium
blockchain smart contracts to create safer, faster, and
larger P2P energy trading markets. The proposed mecha-
nism is embedded into blockchain consensus protocols for
high consensus efficiency, and the budget surplus of the
CPA mechanism motivates the prosumers to manage the
blockchain. Case studies are carried out to show the effec-
tiveness of the proposed method.

Index Terms—Blockchain smart contract, budget, dou-
ble auction mechanism, economic efficiency, peer-to-peer
energy trading, prosumers.

I. INTRODUCTION

he rapid growth of distributed energy resources

(DER), such as residential rooftop photovoltaics
(PV) and battery energy storage systems (BESS), is
transforming energy consumers into prosumers who
actively participate in both energy production and
consumption [1]. However, traditional centralized
power grid management is expensive and impractical
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for managing DER, whose characteristics differ signif-
icantly in terms of diversity, capability, location, and
ownership [2]. Establishing localized peer-to-peer (P2P)
energy markets, where neighbouring prosumers can
directly trade energy with one another, is recognized as
a potent measure for the adoption and management of
large numbers of small-scale DERs.

The P2P energy trading paradigm has the potential to
lower investments in upstream generation capacity,
reduce high-voltage transmission requirements, and
alleviate uncertainty in the power grid [3]. In addition,
the feed-in tariff (FiT) for prosumers to sell surplus
generation to the utility grid is always lower than the
price for purchasing energy, so that prosumers are in-
centivized to trade energy with each other before re-
sorting to separate transactions with the utility grid.
Moreover, the observed decline in FiTs in several
countries including the US, UK, and Australia further
motivates prosumers to take part in localized P2P
market transactions [4].

Theoretically, the P2P energy trading market can be
described as a many-to-many matching market. Many
works in literature have designed matching or trading
mechanisms to incentivize energy transactions among
prosumers. These mechanisms include bilateral con-
tracts based on agent-to-agent negotiation [5]-[7] and
profit-sharing mechanisms based on cooperative game
theory [8]-[10]. Another category of mechanisms in-
volves double auction mechanisms which allow for
competitive bids and asks from prosumers. In this cat-
egory, some studies assume that prosumers do not be-
have strategically. For example, an iterative double
auction is adopted in [11] where prosumers are
price-takers, whereas the authors in [12] consider a
continuous double auction and assume that all prosum-
ers use a unified bidding strategy. Reference [13] de-
signs a multi-stage and multi-period double auction
based on the assumption that prosumers truthfully re-
port their private information. In practice, the P2P
markets are likely to experience considerable loss of
economic efficiency when prosumers act strategically
or exercise market power. References [14]-[16] explore
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ways to eliminate market power, thereby enhancing
economic efficiency by encouraging truth-telling
among prosumers. However, references [14] and [15]
assume a trusted auctioneer to handle the auction pro-
cess. In addition, a Vickrey-Clarke-Groves (VCG)
double auction mechanism is adopted in [16] to max-
imize the social welfare with a budget deficit, i.e., the
total payments of buyer prosumers may be less than the
total revenues to seller prosumers. Therefore, the
VCG-based P2P market is unsustainable as external
subsidies are needed in case of any budget deficiency.

In practice, relying on a trusted auctioneer to manage
the process of P2P trading involves a number of risks,
such as single points of failure and susceptibility to
bribery [17], along with privacy and security concerns.
Moreover, should the number of participants continue to
grow, the central management and operation of P2P
energy trading in near real time would become pro-
gressively challenging. These observations encourage
the adoption of blockchain technology, as it allows for a
decentralized management of data and transactions by a
group of peers via consensus protocols [18]. This
eliminates the need for a central party along with the
data privacy issues it implies. Blockchain technologies
allow for automated execution of tamper-proof smart
contracts, and thus offer an opportunity for more relia-
ble and cost-efficient P2P energy trading.

The application of blockchain technology in P2P en-
ergy trading has drawn considerable attention in the
research community. The extant literature can be classi-
fied into two categories. The first category considers the
application of existing blockchain technology for P2P
trading, and mainly solves the problems in conventional
centralized or distributed P2P markets [19]-[20]. For
example, to address the privacy and security problems,
reference [20] combines blockchain with mul-
ti-signatures and anonymous message encryption. Nev-
ertheless, the above studies apply blockchains for trans-
actional data storage and money transfer, without inte-
grating smart contracts. For automatic and fast execution
of P2P energy trading, many studies refer to blockchain
platforms that can support smart contracts, such as
Ethereum [21], Hyperledger Fabric [22], and Hy-
perledger Besu [23]. However, the above platforms are
either public blockchains with low performance or pri-
vate blockchains with limited decentralization.

The second category focuses on the enhancement of
existing blockchains without modifying their underlying
structure, such as consensus protocol. For example,
Reference [24] considers a blockchain where the con-
sensus process is performed by a set of preselected ag-
gregators, whereas [25] proposes a parallel double-chain
structure with a voting-based consensus protocol. The
authors in [26] propose a novel Proof of Stake consensus
protocol to increase the self-consumption of renewable
energy, and [27] adopts a reputation-based consensus

protocol to quickly achieve consensus in the blockchain.
However, the consensus protocols discussed are sepa-
rated from the P2P trading mechanism, implying that the
motivation of prosumers in validating transactions and
managing the blockchain is neglected.

To overcome the aforesaid issues, a novel competi-
tion padding auction (CPA) mechanism is proposed for
P2P energy trading among prosumers with private in-
formation on both reservation prices and quantity of
energy to be traded. More specifically, the main con-
tributions of the paper are:

1) A novel double auction mechanism for P2P energy
trading among a community of prosumers is proposed,
one which can promote local consumption of renewable
energy-based generation and increase economic bene-
fits of the prosumers.

2) The proposed CPA mechanism is rigorously
proved to satisfy the properties of incentive compati-
bility, subsidy freedom, individual rationality and as-
ymptotic economic efficiency. These properties
demonstrate that the CPA mechanism overcomes the
budget deficit of the VCG mechanism with a high level
of economic efficiency, ensuring the sustainability and
fairness of the P2P market.

3) The CPA-based P2P energy trading is imple-
mented in a consortium blockchain, and a new con-
sensus protocol that incorporates the CPA mechanism is
presented, one which achieves high consensus effi-
ciency and motivates prosumers to actively engage in
managing the blockchain system.

The remainder of this paper is structured as follows.
Section II presents the basic system model. The CPA
mechanism and its implementation on blockchain are
proposed in Section III, and Section IV gives the case
studies in Portugal with 20 prosumers to show the ef-
fectiveness of the proposed mechanism. The conclu-
sions are provided in Section V.

II. SYSTEM MODEL

Figure 1 presents a structure of a smart community
comprising multiple prosumers. Each prosumer is
connected to the same distribution network, and
equipped with PV systems and loads. Prosumers may or
may not comprise BESS since deploying energy storage
systems at the residential level can be costly.

In addition, all prosumers in a community are inter-
connected via the bidirectional power and information
links, and the whole community is connected to the
upstream utility grid through a single grid connection
point. Every prosumer has a smart meter and an energy
management system (EMS). The smart meter records
the prosumer’s generation, consumption, storage, and
energy transaction with other prosumers and with the
grid, and sends information to the EMS for processing.
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Fig. 1. Structure of a smart community for P2P trading.

A. Prosumer Models

With the existing infrastructures as explained, the
main aim of this paper is to design a double auction
mechanism for P2P energy trading in a private infor-
mation environment. To this end, it is assumed that
prosumers are capable of predicting the quantities of
energy they generate and consume in a particular time
period ¢. The quantities of energy generated and con-
sumed by a prosumer neN at time period
teT ={1,2,---,T} are denoted by G! and C!,
tively. Thus, the generation-to-consumption ratio (GCR)
of prosumer » at time period ¢ is denoted by:
Gt
C':
Let N :{n € N|GCR, §1} denote the set of de-

respec-

GCR' = (1)

manders at time period ¢, indexed by i, with N; = |N 4

for the total number of demanders. By the same token,
N! = {n e N|GCR, > 1} denotes the set of suppliers at

time period ¢, indexed by j, and N! = |./\/'S’ is the total

number of suppliers. Clearly, N UN! =N and
Ny NN =. Based on the value of GCR, the maxi-
mum amount of energy that demander i € A} can buy at
period ¢ is:
Ey=C (1-GCR) )
Similarly, the maximum amount of energy that sup-
plier j e N can sell at period 7 is:
E!, = C!(GCR, -1) 3)
As BESS are expensive, prosumers may or may not

choose to use them. The presence of BESS introduces
additional physical constraints. For each prosumer n

that uses a BESS, S;"A’ and S, denote the amount of
energy stored in the system at the start and at the end of
the time period ¢, respectively. Let B, , B, ; denote the

charging and discharging power; 7, , 77, ; represent the

charging and discharging efficiencies; and u', v de-

n% “n

note the binary variables representing the charging and
discharging states of the energy storage system. As-
suming that the power levels remain constant during a
given period, the dynamics of the energy level of the
storage system can be modeled as [28]:

Dt

v,B
S =8 +[”LB:,,C L S"’d]At,VneN,teT 4)

ne
n,c

Note that S; , B,  and B,, are all constrained

within lower and upper limits. To avoid simultaneous
charging and discharging of the BESS, the following
constraint is satisfied, i.e.:
u +v. <1,VneN,teT (5)
In addition, the state of charge (SOC) of the BESS
installed in prosumer # and in period ¢, is defined as:

t=At min
SOC! =| 55 ) 100% ©6)
S;nax _ S'];nln

where S™" and S™ are the lower and upper bounds of

the storage capacity of the BESS in prosumer n, re-
spectively.

All prosumers have a connection to the utility grid for
importing/exporting energy. Import and export prices
are respectively denoted by 4™ and A%, while to en-
courage self-consumption of PV generation, the export
price is usually lower than the import price [29]. Alt-
hough the power curves of PV systems have similar
patterns because of the almost uniform distribution of
solar radiation on prosumers in a community, the net
power can vary widely across prosumers, who have
different PV capabilities and loads. Therefore, P2P en-
ergy trading among prosumers all located in the same
community is feasible.

B. Private Information of Prosumers
When participating in P2P trading at time period
teT , each supplier je N! decides a reservation

price y; . If the trading price, as received by supplier j

per unit of energy, is lower than u, then supplier ;
stops supplying energy in the P2P market. In the mean-
time, each demander ;i € N determines a reservation

price 4, i.e., the maximum price demander i is will-
ing to pay in the P2P market for a unit of energy pro-
cured from suppliers. For trading to occur, it must be the
case that reservation prices are bounded between A%
and A™ . Indeed, there is no incentive for a prosumer to
sell to peers at a lower price per unit of energy than is
received by exporting to the grid, i.e., 1°. Moreover,
should the reservation price of suppliers be higher than
A™ , prosumers would rather import energy from the

grid. Similar arguments apply on the demand side of the
P2P market.
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As reservation prices depend on preferences and on
the endowments of energy in each time period, the res-
ervation price of each prosumer is modelled as a func-
tion of the SOC of the BESS. As the SOC changes from
0 to 100% , the mood of a supplier changes from being
relaxed, moderate, and greedy, whereas the mood of a
demander changes in the opposite direction, with a
gradually decreasing price in both cases. The reserva-

tion price of demander i € NV and supplier j e N are
respectively modelled as:
A= fNSOC ywith £1(0)=2", £(100%) =A™ (7)
4 = g1(S0C!) with g(0) =A™, g! (100%) = A* (8)
where both f;' and g! are nonincreasing functions.

From (7)—(8), it can be observed that the reservation
price of demander i and supplier j decreases as the

SOC of the storage device increases, and is bounded
between the import and export prices. In the case of

SOC; =0 demander i’s BESS cannot be discharged
anymore, and the only outside option is to import energy
from the grid, at the default price 2™ . As for supplier
J with SOC © =1, an alternative to participating in P2P
trading is to export to the grid at the price 4™ . In addi-
tion, the prosumers without BESS have the reservation
price A™ when acting as demanders or the reservation
price A™ as suppliers.

For each prosumer n e N, information related to the
following variables is private:

1) G!, PV generation;

2) C!, energy consumption;

3) El, or E;,
manded or supplied;

4) SOC!, SOC of the BESS;

5) A’ or 1, the per unit reservation price.

maximum amount of energy de-

III. CPA MECHANISM FOR P2P ENERGY TRADING

In this section a double-auction-based P2P energy
trading mechanism is designed to coordinate energy
transactions among prosumers to reduce their depend-
ence on the utility grid. As in other P2P market mecha-
nisms proposed in [5] and [10], network constraints and
transmission losses are not explicitly considered, and
need to be addressed by a separate settlement process.

An efficient trading mechanism is a pivotal ingredi-
ent for the success of the P2P paradigm. In this paper,
the application of double auction mechanisms is con-
sidered to facilitate P2P trading. This allows demanders
and suppliers to balance their surplus energy and com-
plementary demands by simultaneously presenting bids
to buy and offers to sell. More specifically, the dou-
ble-auction-based P2P trading within a community is

conducted as follows. First, at each time period t € T,
prosumers register into the P2P market as either a de-
mander or a supplier, based on their generation and

consumption. Second, each demander i € /] submits a
pair (4 ,E,.’:d) that specifies its reservation price and the
maximum quantity of demanded energy. Similarly, each
supplier j e N submits a pair (u;,E,) that specifies

its reservation price and the maximum quantity of sup-
plied energy. Third, based on the reservation prices in

¥ {4, =)

mum demanded and supplied energy quantities in

E; ={ E’d} ~and E! ={E’.' } _, the P2P market is
i, A s .S \;

e jeN
cleared according to a commonly known double auction
mechanism. Notice that index ¢ relates to the true pri-
vate information of prosumers, while ¢' relates to the
information submitted by prosumers.

The utility of prosumers as their net economic bene-
fits from participating in P2P trading, on the demand
and supply sides, are defined as:

w (A, E{,E))=Ax(A 4 E; E)—
pi(A, 4 E ENNie N, teT
V(A u'E L E) =q,(A 4 Ey E!) -
Wy (A Ey E))\Nje N/ ,teT

where v/ (A", 4", E; ,E.)and V(A" u" E} E) are the

e and on the maxi-
JENs

)

(10)

utility of demander i and supplier j; x!(1, 4", E},E.)
and y}(2",u",E;,E!) are the amounts of energy bought
by demander i and sold by supplier J;
while p/ (A", 4", E;,E") and q‘;(l",y",Eé',Es") are
the payment by i and the revenue to ;.

In (9), demand #’s utility is defined as the cost savings
from participating in P2P trading, as opposed to dis-

charging the BESS and buying from the grid. Similarly,
in (10), the utility to supplier j is defined as the reve-

nue made in the P2P market, net of the revenue that
would be received by charging the storages and ex-
porting to the grid.

An efficient P2P market, by definition, maximizes the
joint utility of all participating agents, and is not a priori
biased in favour of demanders or suppliers. Ideally,
economic efficiency should be obtained in a centralized
way by letting prosumers submit their respective res-
ervation prices as well as demand and supply quantities,
before a price is computed at which socially optimal
units of energy are bought or sold by each prosumer.
However, this ideal approach is usually infeasible as a
consequence of market participants reporting their pri-
vate information strategically. For example, suppliers
can significantly raise trading prices to obtain more
benefits by underreporting their quantities [30] or by
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overreporting their reservation prices [31], resulting in a
considerable loss of economic efficiency. Should P2P
market operations be grounded on the information in-
troduced by prosumers, a mechanism must be intro-
duced to induce their truth-telling behaviour.

Definition 1: A double auction mechanism is weakly
incentive compatible if:

1) Neither prosumer has an incentive to misreport its
reservation price, i.e., given the truthful quantity in-

formation for any i € A/ and j e N/, it holds that:
ui (4,21 By ED) Z uj (A 2,), 4" E}L ED), (an
forany 2" e R™, u" e R™
(2, (445 15 ), E ED) Z uly (3, (w4, 1)), Ey B, (12)
forany 2" e R, u" € R™
where }fi:{ /I,i}

w={u) !

keNIAGy leN\(y

E,} ;and E', ={E],| .
{ kd Jrentviy —Js Ls S lent\gjy

2) Neither prosumer has an incentive to misreport its
maximum demand or supply quantity, given the truthful

reservation prices, i.e., for any ie NV and je N, it
holds:
ui (A, 4 (B, BN ), ED) Z ui (2 4 (B4, EL ), ED),

for any Ej € R™,E! e R™

(13)

u\ (2 B (B! LB ) 2 ul (At By (ELLE”),

s
forany 2" € R™ , u" e R™
(14)

When the weak incentive compatibility constraints in
(11)—(14) are satisfied: there exists a dominant strategy
equilibrium at which every prosumer reports its true
reservation price, conditional on prosumers submitting
quantity information truthfully; and there exists a
dominant strategy equilibrium at which every prosumer
reports its true quantity information, conditional on
prosumers submitting their price information truthfully.
A prosumer cannot thus profitably alter the trading price
it faces by solely misreporting its reservation price or
quantity information.

Definition 2: A double auction mechanism is subsi-
dy-free if the total payments by demanders are weakly
higher than the total rewards to suppliers, i.e.:

2P WL ELE)Z Y g ELE))
ieN} JjeN!

A subsidy-free mechanism allows for a non-negative
budget surplus, which justifies the existence of the P2P
market, otherwise the market needs to be subsidized by
outside sources and would not be able to survive over
the long term. In other words, the subsidy-free property
ensures sustainability for a double-auction-based P2P
market.

A. Competition Padding Auction Mechanism

The need for a subsidy of a VCG mechanism is a
concern, because it does not guarantee the sustainability
of the P2P approach for energy trading. To address the
issue, a padding method is considered by introducing a
phantom demander with a specific energy demand

quantity denoted by Q' and an infinite reservation price.

The involvement of the phantom demander raises the
equilibrium price, which is set as the buying price of
demanders, and consequently, the total amount of en-
ergy traded may decrease. Given a smaller traded
quantity, the selling price of suppliers is lower than the
original equilibrium price. Therefore, the padding
method can cover the budget deficit of the VCG
mechanism by improving the buying price of demand-
ers and reducing the selling price of suppliers. Inspired
by the padding method, a demander competition pad-
ding auction (D-CPA) is designed for P2P energy trad-
ing by adopting the padding method. It includes the
following three steps.

In Step 1 (padding setting), the padding term is set as

O =Q(E},E!): R’ —R,_, which is a nonnegative
function of the submitted demand and supply quantities.

In Step 2 (primary market clearing), considering the
padding term Q', the following primary market clear-

ing problem P(N;, N!) is solved:
H \p' Ef E)=max Y A'x— > iy,

(x',)")

ieN§ jeN! (15a)
st X +0' =
ieN} jeN!
0<x <EVieN| (15b)
0< y(’j < E;SS,Vj e N/ (15¢)

We denote (x" (4,4, E},E.),y" (A, u',E; E))
as the solution of P(N;,N!). The set of remaining

demanders, who in the solution are allocated all of their
submitted demanded quantities, is denoted as

NE& {i eNx" (A, 4" ,ELE") =El.”'d}. The demanders
in NV;\ WV, are excluded from the final allocation. We
denote (A, 4", E,,E') the infimum of reservation
prices resulting in the demander i € NV to be allocated

all of its submitted demand in the solution to the prob-
lem P(N;, N!). Its mathematical description is:

ail ()“ili’”lI’Eél’Esl') =
inf {4 " (4 ), m Ef L E) = E |
In Step 3 (secondary market clearing), given the re-

maining demanders and their submitted reservation
prices, the following secondary market clearing prob-

lem S(Ng,N)) is solved:

(16)
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(x', ") . i
K =N (17a)
s.t fo = Z ¥
ie,‘\"j jE\s’
0<x <E Vie\N (17b)
0<y,<E,,VieN, (17¢)

Denoting (x'" (A", 4’ , E;,E'), ¥y (A", u' ,E;,E!)) as

the solution to S(N;, N!), the energy allocation rule
of D-CPA is:
x.t(Df(:PA)(j’t' ”t' E‘l:‘l' Et,):
XA, 4 ELED),if ie N
0, if ie Nj\ W,
e

VNG B ED =y

J J

(18)

(A, u' E,E')NjeN!
(19)

In contrast to the VCG mechanism, the payment rule
of the D-CPA varies between demanders and suppliers,
and is defined by:

PN D) =
E'\al (i, 0 E; E]),if ie N
0, if ie NN
g\ V@ W EED) =y (A Ey E)) +
(MG 4" E{ E) =M (A, E{E", ),V e N
(21)

where M_, (1", u E! ,E' ;) represents the maximum

(20)

welfare of the remaining demanders and suppliers
without supplier j. In the following, the weak incentive
compatibility of D-CPA is established, before charac-
terizing its performance in terms of budget and eco-
nomic efficiency.

The total amount of energy provided by all suppliers

in time period €7 is ). E! . The supplied quanti-
jeNy

ties in relation to the submitted reservation prices are

ranked first, and the inverse form of the supply function

is then denoted by s'(h), i.e., the lowest offer that can
supply # units of energy in time period 7. Similarly,
the inverse demand function is defined as d' (/). Based
on the functions of s'(4) and d'(h), Fig. 2 illustrates
the solution to P(N;, ). Finally, the inverse supply
function is denoted by s’ (/) when supplier j is not

present, i.e., the lowest offer among suppliers except
supplier j that can supply / units of energy. Clearly,

both s'(h) and s’ (/) are nondecreasing in / , and for

any je N, it holds that:

s'(h+ E},S) = sfj (h),Yh=0 (22)
P A
A= ®
F ’ Ly s
P ® [
j ..... 'y od' (h+ Q)
P e
[T *
Y | L
: o
_____________ o
e @ [
_____________ S d' (h)
A f .
q q I

Fig. 2. A graphical representation of solution to P(N;, ).

Proposition 1: Every demander i € N faces a unit
buying price o/ (4, 4" ,E,, E') and it is a dominant
strategy to submit its true reservation price, given the
truthful quantity information of all prosumers.

The proofs of all propositions and lemmas are given
in the Appendix A.

Proposition 1 shows that each demander is incentiv-
ized to submit its true reservation price, regardless of
the bidding behaviour of other prosumers. As for the
dominant strategy equilibrium, the remaining demander
i actually faces a wunit purchasing price of

o/ (A, u,E, E) . Although calculating o based on
its definition given by (16) can be technically chal-
lenging, the economic implication of ¢ inspires an
appropriate approach.

Lemma 1: The unit buying price of any remaining
demander i is:

o\t W ED) =~y (X i \ELE))  (23)
where y/ (A, u', E}, E.) >0 is the shadow price of the
demanded quantity constraint x; < £, . All remaining

demanders share the same buying price.

Lemma 1 establishes that when the shadow price
associated with a demander’s maximum demanded
quantity constraint is positive, i.e., the welfare change
induced by an increase in the demanded quantity is
positive, the needed quantity can be procured entirely

from the P2P market. In this case, the unit utility y; is

equal to the positive shadow price. Moreover, all re-
maining demanders face a uniform unit purchasing
price. This interpretation helps computing the latter
purchasing price.

Proposition 2: Given the truthful quantity infor-
mation of all prosumers, it is a dominant strategy for any

supplier j e N to submit its true reservation price if
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O =0(Ey,E))Zmax{E] | je N} .

Generally speaking, when many suppliers sell their
excess energy in the P2P market, the one with the largest
supply, max{E_|je N}, may have the largest ability
to manipulate the trading price. Proposition 2 shows that
a padding term higher than max{E | j € N} is suffi-
cient to counteract such a market power and to guaran-
tee a truthful bidding behaviour of suppliers. Moreover,
unlike in the case of demanders, each supplier faces a
nonuniform price scheme for selling energy. In this
paper, it now assumes that suppliers will not overstate
the quantity they supply because of the risk of being
“punished” in case the P2P contract cannot be executed.
Based on this assumption, it can be seen that incentive
compatibility relative quantity information presumes
that prosumers submit their true reservation price.

Proposition 3: Any demander i e N submits the
true demand quantity in the following two cases: 1)
Ny+N.=c00; and 2) N;+N <o and F(x)<

X
R —x
the allocation quantity of the marginal prosumer, and

, X €|:0,%:|, where F(x) is the distribution of

R' =max{E;,|ie N;} . Any supplier je N always

submits its true supply quantity.

Without prior knowledge of the price and quantity
information of prosumers, demanders may assume that
the allocation of the marginal prosumer follows a uni-

form distribution, i.c., F(x):% ,xe[0,R']. In this

case, the sufficient condition on F(x) is satisfied and

demanders have incentives to submit their true quantity.
Based on the truth-telling equilibrium, it can be easily
observed that each prosumer obtains a non-negative
utility from participating in the P2P energy market.
Therefore, the D-CPA mechanism satisfies individual
rationality. Proposition 4 below gives a sufficient con-
dition for the proposed mechanism to be subsidy-free.
Proposition 4: The D-CPA mechanism is subsi-

dy-free:
D PN W ELEDZ Y ¢\ (X W ELLEY),
ieNj JeN;

when (' = max {E;’SJ]' 5 /\/;’}

(24)

Proposition 4 establishes that the D-CPA mechanism
satisfies the subsidy-free property when the padding
term is sufficiently high, i.e., weakly greater than

max {E/’s]] € /\/S’} , a condition that also implies incen-

tive compatibility. To illustrate, the following examples
are considered where a budget deficit results from the
above condition not being satisfied. Suppose that only
one supplier and one demander participate in the P2P

market. The supplier sells £, kWh at the reservation

price p €/kWh. With the padding term Q' <E_, the
demanded energy is E, =(E, —Q')kWh and the res-
ervation price is ¢ €/kWh, where g > p. From the al-

location and payment rules defined by (18)—(21), the
demander buys £, kWh and pays € pE,, while the

supplier sells E; kWh and earns € gE, . Thus, the
D-CPA mechanism may result in a budget deficit when
o< max{E;‘SJ/ e N! ’} . Note that the overall social

welfare reduces as the padding term increases. To
achieve a high level of economic efficiency and ensure
subsidy freedom, the padding term can be set as

Q' = max {E e M’} in the D-CPA mechanism.

Note that the D-CPA mechanism allocates goods in a
way that maximizes the joint utility of the remaining
demanders and all suppliers. In other words, the welfare
of all market participants cannot be maximized and the
D-CPA may result in a welfare loss. However, it is es-
tablished that the proposed auction achieves economic
efficiency asymptotically, implying that the welfare loss
converges to zero as the number of prosumers ap-
proaches infinity.

Proposition 5: The D-CPA mechanism is asymptot-
ically efficient:
G()“t’.ut’Eél’Est)_M(}'t’.utaE(tiﬂEst)

G(4'.p' E.E))

Therefore, the D-CPA mechanism outperforms the
VCG mechanism in a sufficiently large P2P market
since the former is efficient in the limit while satisfying
the subsidy-free property.

In the P2P market, demanders and suppliers are sup-
posed to be treated equally and the auction mechanism
should not be biased in favour of either side. While
Section III-A designs a D-CPA mechanism by intro-
ducing a padding term on the demand side, the S-CPA
can be similarly structured by considering a padding
term on the supply side. Computing and comparing
welfare across the two cases, the CPA mechanism is
defined as the alternative that yields the higher welfare
level. Therefore, the CPA mechanism is also weakly
incentive compatible and subsidy-free when the relevant
sufficient conditions given in Propositions 3 and 4 are
satisfied. Similar to Proposition 5, it can verify the as-
ymptotical economic efficiency of the CPA mechanism.

lim =0 (25)

N§+N! >

B. Implementation of CPA Mechanism on Blockchain

By adopting blockchain technologies, the CPA
mechanism can be implemented in a secure, verifiable
and automated manner. In this paper, a consortium
blockchain infrastructure is exploited to offer permis-
sioned ledgers and trading managements. Compared
with public blockchains, consortium blockchains are
more suitable for the decentralized P2P trading as it is
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necessary to verify the identity of the prosumers. In
addition, consortium blockchains are more decentral-
ized, secure, and trustworthy than private blockchains.

The distribution system operator verifies the identity
of every prosumer and further classifies all prosumers
or peers from a system viewpoint in the smart commu-
nity into normal peers and validator peers according to
the computational capabilities. In addition, the distri-
bution system operator periodically distributes an iden-
tification number to each peer to participate in P2P
trading. Normal peers participate in P2P energy trading
and hold a copy of ledgers. In addition to taking part in
transactions, validator peers are responsible for ap-
proving modifications of the ledger and for reaching
consensus regarding the valid state of the ledger. In a
localized community with blockchain-based P2P en-
ergy trading, since there exists no central authority to
manage transactions, all peers must agree on a transac-
tion or a block (a group of transactions) before storing it
in the ledger. The validity of a new transaction holds if
and only if consensus is reached among all validator
peers. To expedite the computing process, an improved
consensus protocol is proposed, which decomposes and
interacts with the CPA mechanism-based auction pro-
cess, as described in Fig. 3.

i
Miner UI > ~ @ 1 J,d:j
[ — -I.\: 110) o)
Lol
i DD

1. Peers submit buy or sell orders via the client UL
2. The auctioneer organizes data.
3. The auctioneer broadcasts data to miners.

4. Miners compete to solve the clearing problems P(N;,N!) and

(N, N)) via the miner UL

5. The miner who first solves the problems wins and broadcasts its solu-
tions.

6. All miners validate the trading results.

7. The winning miner processes the validated results and hashes the new
block with transactions.

8. The winning miner broadcasts the new block to the auctioneer and all
miners.

9. Auctioneer broadcasts trading results and block information to all peers.
10. All peers update ledgers to achieve consensus.

11. The winner miner gets reward, which is the budget surplus of the CPA
mechanism.

12. Smart contracts are executed.

Fig. 3. The improved consensus protocols for consortium block-
chain.

IV. CASE STUDIES

In this section, the effectiveness of the proposed
blockchain-based CPA mechanism for P2P energy
trading is validated with multiple experiments, both
within a simulation environment and on a hardware
system.

A. Basic Setting

A smart community in Portugal with 20 prosumers is
studied. Each prosumer has baseloads and PV systems,
while prosumers 5-20 own BESS. The daily load pro-
files and PV generation curves of all prosumers, and the
operating parameters of BESS are taken from [32]. The
export price in Portugal is 4™ =0.041 €/kWh [33]. For
one day the case study considers 7 ={1,---,24} . With-

out loss of generality, a time period ¢ =9 is selected to
conduct a simulation analysis for P2P trading because in
this period demanders and suppliers simultaneously exist.
The import price at t =9 is A™ =0.13 €/kWh [31]. First,
for Prosumers 1-4 without BESS, their reservation price
is A™ =0.13 €/kWh when acting as a demander, while it

is A =0.041 €/kWh when acting as a supplier. Second,
for Prosumers 5-20, who are equipped with BESS, it
assumes that their reservation price, which is bounded
between 1% and A™, is a linear function of the SOC of
the BESS. The value of the SOC is generated via a uni-
form distribution, and the reservation price of each
prosumer is calculated according to the above assump-
tions, as presented in Table 1.

TABLE1
PRIVATE INFORMATION OF ALL PROSUMERS

i it e R ol
(€/kWh) (kWh) (kWh)  (kWh)

1 0.13 59.68 64.78 5.1

2 0.13 59.68 69.38 9.7

3 0.041 59.68 51.58 8.1

4 0.13 59.68 61.13 1.45

5 0.057 59.68 51.33 8.35

6 0.0686 59.68 71.02 11.3

7 0.1015 59.68 54.18 5.5

8 0.0455 59.68 68.18 8.5

9 0.1273 59.68 54.1 5.58

10 0.0908 59.68 67.54 7.86

11 0.0742 59.68 53.84 5.84

12 0.0633 59.68 70.3 10.6

13 0.0953 59.68 56.4 3.28

14 0.0713 59.68 52.72 6.96

15 0.1149 59.68 54.03 5.65

16 0.0677 59.68 62.79 3.11

17 0.1273 59.68 59.36 0.32

18 0.1051 59.68 56.44 3.24

19 0.1264 59.68 67.94 8.26

20 0.1211 59.68 62.05 2.37
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A blockchain system is set up in the laboratory partly
inspired by [34]. The validator network is formed by 10
prosumers running on their personal computers. The user
interfaces for all prosumers to input their buy or sell
orders. The validators implement the proposed consensus
protocol in Section III-B by Python 3.8. A pair of public
and private keys are generated for each peer via the
Round Sheep Hash cryptography toolbox. For traceabil-
ity and verification, the hash function SHA-256 is em-
ployed to generate cryptographic hash values for blocks
in the consortium blockchain. When a validator peer
receives all private data from an auctioneer peer, it solves
the clearing problem by using the SciPY optimizer. For
reference, each personal computer carries a 2.0 GHz
Core i7-10700T CPU and 16 GB RAM. The P2P market
is cleared separately for each time period.

B. Equilibrium Outcome Analysis

To evaluate the performance of the proposed double
auction mechanism, the P2P energy trading outcomes are
compared under two double auctions: the VCG and the
CPA mechanisms. To ensure truth-telling equilibrium,

the padding term is set as max {E;S]j € J\ff} =8.35kWh

in the D-CPA mechanism, and max{Efd|ieNf }=

11.3 kWh in the S-CPA mechanism. Table II shows the
equilibrium of the three mechanisms and the following
results can be observed. First, the VCG mechanism
maximizes total welfare by not excluding any profitable
energy transactions. Second, the D-CPA mechanism
excludes a demander (Prosumer 10) by introducing a
phantom demander with demanded quantity 8.35 kWh
and unlimited budget, resulting in a welfare reduction.
Third, the S-CPA mechanism eliminates a supplier
(Prosumer 11) by adding a phantom supplier with a sup-
plied quantity of 11.3 kWh and a reservation price equal
to zero. Accordingly, the profitable transactions of
Prosumer 11 with Prosumers 10 and 20 are cancelled.
Finally, both CPA mechanisms result in less social wel-
fare than in the VCG scenario, while they ensure a budget
surplus for the sustainability of P2P trading.

The equilibrium welfare and budget performance of
the three weakly incentive compatible mechanisms are
compared for chosen numbers of prosumers, namely
N equals to 20, 40, 60, 80, and 100, which represent
different sizes of the trading community. For the exper-
iments to be reliable, the average equilibrium outcomes
over 100 instances for each size of the trading commu-
nity are obtained, with randomly generated private in-
formation. The maximum social welfare produced by the
VCG mechanism is considered as a benchmark, while
welfare efficiency is defined as the percentage of a given
mechanism’s welfare level relative to the one resulting
from the VCG mechanism. Welfare efficiencies with the
four types of double auction mechanisms, for each size of
the trading community, are represented in Fig. 4(a). As

seen, the CPA mechanism improves the welfare perfor-
mance of the D-CPA and S-CPA mechanisms. Either the
D-CPA or the S-CPA mechanism may reach a higher
welfare level depending on the private information of
prosumers. In addition, all three types of CPA mecha-
nisms achieve asymptotic economic efficiency, as their
welfare efficiency measures exceed 99% when the
number of prosumers is 100. The budget performances of
the four mechanisms shown in Fig. 4(b) indicate that the
CPA mechanisms scenarios always generate a budget
surplus, while the VCG mechanism always runs with a
deficit. Figure 4 also shows some decision supports for
the community to choose a sustainable subsidy-free
double auction mechanism. When the community size is
not large enough, e.g., N <60, the CPA mechanism

achieves the highest welfare level with a positive budget
surplus. However, for a large community, e.g., N =80,
it is suggested to implement either the D-CPA mecha-
nism or the S-CPA mechanism, since they encourage the
validator peers to manage and validate large numbers of
transactions by setting higher rewards without much
welfare loss.

TABLE I
EQUILIBRIUM OF THREE AUCTION MECHANISMS
Prosumer YCG P_CPA S_CPA
D Allocation Payment AllocationPayment Allocation Payment
(kWh) (€) (kWh) (€) (kWh) €
1 +5.1 0.4631 +5.1 0.5177 +5.1 0.5741
2 +9.7 0.8109 +9.7 0.9846 +9.7 0.9917
3 -8.1 -0.7765  -8.1 -0.7371 -8.1 -0.601
4 +1.45 0.1317  +1.45 0.1472  +1.45 0.1814
5 -835 -0.8018 -835 -0.7625 -835 -0.6196
10 +2.37 0.1759 0 0 0 0
11 -5.84 -0.5471 -3.47 -0.3319 0 0
14 -6.96 -0.6607 -696 -0.6214 -696 -0.5164
19 +8.26 0.704 +8.26  0.8384 +7.16  0.7219
20 +2.37 02152 +2.37  0.2406
Social welfare 1.9211 1.8818 1.7132
Profit -0.2853 0.2756 0.7321
Note: “+/=” in the payment column denotes buy/sell; “=” in the

payment column denotes revenues.
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Fig. 4. Comparison of equilibrium outcome of different double
auction mechanisms. (a) Welfare efficiency of VCG D-CPA,
S-CPA, and CPA. (b)Budget efficiency of VCG, D-CPA, S-CPA,
and CPA.

C. Performance of the Blockchain System

Figure 5 illustrates the evaluation of the scalability
and safety of P2P trading. Good scalability implies that
the blockchain-enabled trading system performs well as
it grows in scale. The percentage of miners stands for
the decentralization level of the blockchain system.
With more miners validating transactions and managing
ledgers, the decentralization and safety of the block-
chain-enabled trading system are improved. When the
number of prosumers increases from 20 to 100 and the
percentage of miners increases from 25% to 100%, as
shown in Fig. 5, the time of mining or clearing the P2P
market is limited within seconds. Therefore, our con-
sortium blockchain system satisfies the speed require-
ment of real-time energy transactions, which are usually
conducted every fifteen minutes. In addition, both in-
creased number of prosumers and raised percentage of
miners require more time for achieving consensus, with
the former having a stronger effect. Therefore, the
scalability requires more attention when designing a
blockchain-enabled trading system.
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Fig. 5. The time of generating a new block with different num-
bers of prosumers and miners.

V. CONCLUSION

A Dblockchain-enable decentralized P2P market is
investigated where prosumers have private information
about the amount of energy to be traded and reservation
prices. A novel CPA mechanism is designed, one which
outperforms the VCG mechanism since it achieves
asymptotic economic efficiency and guarantees sus-
tainability by not resulting in any budget deficit. To
offer a high level of security and automation for P2P
energy transactions, the proposed mechanism is im-
plemented by blockchain smart contracts. An improved
consensus protocol is designed by incorporating the
proposed mechanism. This provides a fast consensus
process and meets the speed and scalability require-
ments for real time P2P trading, while the budget sur-
plus of the mechanism motivates prosumers to manage
the blockchain.

The following considerations will be made in future
research. First, this paper only considers weak incentive
compatibility in auction design, i.e., the possibility that
prosumers exercise their market power by simultane-
ously misreporting their quantity and price information
is not included. Second, because prosumers only trade a
small amount of energy, it assumes sufficient capacities
along the power lines connecting demanders and sup-
pliers. However, when larger prosumers, such as in-
dustrial prosumers and local business prosumers, par-
ticipate in P2P trading, it is necessary to consider the
transmission constraints and investigate how prosumers
modify their bidding strategies depending on transmis-
sion capacities under different auction mechanisms.

APPENDIX A
Proof of Proposition 1: For any demander i e NV, if
the submitted price A verifies 4 < 2 (A, u" E\E.),
then x (4", 4.), 4", E},E\)<E/, and ie Nj\Nj.
In this case, the utility of demander i is zero. If
A > pl(A,u L ESLE!) | it then immediately follows
that x"((4,2).u" ,E},E.))=E;. So there is A =

sf{Zx;*(u;',x’;),ﬂ",E;,E:)+Q’J L and X7
ieN}
t**

E\,E)=E . If x" (A ,u" E,,E\)<E,, it can find
aconstant € > 0 such as (A.1) which is a contradiction:

A <s'| D x4 ELEDte | <

oAt
ieNy

s E,+O S

At
ieNy

(A.1)

3 Zx:*w',uf',E;,E;>+e]<z;'

ieN§
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Thus, X (2,4 ELE)=E, for
A > pi(,u L ELEY).

there is

To conclude, if the true reservation price 4’ of de-
mander i satisfies A > p/(A,,u',EL,E!) , then it

prefers buying all of its demand from the P2P market
since each unit generates a positive utility, which can be

achieved by submitting A’ . If A/ < p!(4,,u'",E},E!),
then the best outcome for demander i is not to buy
anything and this can be achieved by submitting A'. If
Al =pl(A,u" E;,E!), then demander i either trades
for a utility equal to zero or does not trade. In this case,
submitting A’ is also the best response. Therefore,
demander i faces a take-it-or-leave-it offer at unit price
pi(2, 4" Ey,E)) and it is a dominant strategy to

submit her true reservation price.
Proof of Lemma 1: First, the following equivalence
between three conditions can be observed:

XA, u EjE)=E <
AH(' ,p" (E +¢&,E', ), E)>
H@' u'E},E!), forany £ >0 <
yi(A,u ELE)>0
Second, it holds that A’ > p; (', 4", E;, EY) if and
only if y/((%,2.), 4", E, E})>0.
Third, in the following it is proved that p; (2, ",
ELE)=A -y (4,24 ,E;,E') for any demander

(A.2)

i€ N, . This is achieved by showing that when A in-
creases from 1_9,.’ to B‘t + A4, y/ will increase from 0 to
A forany A> 0. It follows from the above that | =0
when A’ = p{. When 1/ increases from p; to p; +4,
H((X,2"),u"  E;, E) increases by AE, ,H((4,2"),
u L (E +¢E' ), E!) increases by A(E;, +¢). Thus,
A(E]  +&)— AE]

€

= A. Therefore,

y/ increases by

t

pi=4=7i
Finally, it will be shown that for any two demanders

ike Ny, pl(u By ED = pl (2 u EjE!) holds.

Let A and p, denote the Lagrange multipliers associ-
ated with the constraints (15a) and (15b). From the
Karush-Kuhn-Tucker conditions, there is A'— A-—

p, =0 for demander i e ;. Since the Lagrange mul-
tiplier p, measures the change in the objective function

t

implied by a change in E, thereis p, = /. The above

results lead to pj=A' -y =4 —-p =k -p, =4 -

Vi =Di-
Proof of Proposition 2: To prove proposition 2, the
following three lemmas are demonstrated based on the

jeN}.
Lemma A.l1: For any supplier /e N , there is

assumption: Q' = max{Ejs

i

v W ELE) =0 if 3 (24" Ey E) < E,,.
Proof of Lemma A.1: First, the set of suppliers with a
positive allocation in the problem P(N,N!) is de-

noted by N ={j e N/ (A',u" E E})> 0}. Then
an upper bound of the total cleared quantities in the
problem S(N;, N) can be obtained as:

X u ELE)=Y B <
ie,’\“é ie.\*'é
D x4 ELE))=
-~ (A3)
2V @ ELE)-O =
je,’\"s'
z yi (j't ,‘uf aE(tiaEst)_Qr
JjeNg
Next, consider a supplier ! verifying y; (4", 4", E},
EN<E/ .If y/(A,u" E;,E!)=0, it is known that

le N)\N and g >, for any supplier je N, .
In this case, the upper bound in (A.1) can be raised up to
the level Y yi (A, 4", Ey,E). If 0<y" (A", 4", Ej,

jeNy

E))<<E] , then there are /e N

S

and g > for

any supplier j € N . In this case, the upper bound in

(A.3) is increased to . (4,4 ,Ej,E.) . In either
JEN

case, there always exists a set of suppliers each submit-

ting a reservation price lower than that of supplier /,

who together can supply the total cleared quantities.

Soy" (A", 4" E},E')=0 holds.

Lemma A.2: p/(X' 4, E,E)=s')| Y E, |, for
ie.’\*li(l)
any supplier /e N .
Proof of Lemma A.2: Since s',(x) is a nonde-
creasing function, there are:

s, int,d <stl[2xl_f(1)*(lt"”z”

ie.\";(” ieNy

E;,E;>]<
(A.4)
s, (Z KO ELEDN+ O ~E

) rt
ieNy
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Suppose that supplier / submits a reservation price

u <si,(Zxf(”*()f,ﬂ",E;,Es’)+Q’ —El’,sj. In this
ieNg

case, the solution to problem P(N;, N!) is the same as

the solution to problem P(N, N) under the con-

straint y; = E; . It then immediately follows that

v A,y ELE)=y"" (A, u" E},E!)=E, . From
the definition of p;, it can be obtained that
P2 u EyLE) =
¢ Zx:<”*u",ﬂf:E;,E;>+Q’—Eis] o
ieN]

Therefore, ', Z E,|<p (.4, E;E.) holds.
[e.‘\'é“)

prE

Lemma A.3: For any demander k e N , x| (1",
M, ELE
SN, NI \{j}) for supplier je N .

Proof of Lemma A.3: If k € N, it then holds that
x, (A", u",Ej, E!) = E, ;. From the monotonicity of the

=E,, is a solution to the problem

inverse supply function s'(g) and (22), there are:

z;'>s{zx:*w,ﬂ",E;,E;>+Q’j>

AT
ieNy

s’ [Z E/, +Q’J = {Z E/, +E;.’d] = (A.6)

ie,‘\"?{ ie.‘\";

t 1 t' t t t t
S_; Z X; (}“ SH_ ;> Ed > Eﬁ,',s )+Ek,d
ieNA\k}

Thus, x; (A',u",,E,E', )=E,, , otherwise the

objective in the problem S(N{, N!\{/}) can be in-

. . ok ' '
creased by increasing x, (4,4’ ,E;, E', ) to E; ;.

Based on the above three lemmas, it can be proved
that it is a dominant strategy for each supplier to submit
its true reservation price and give truthful quantity in-
formation. First, for any supplier / with a submission

2 B,

N0
ieNy

Consider a supplier / who submits a reservation price

2 El

()
ieNy

follows from Lemma A.1 that y; (1", 4", E},E!)=0.
Otherwise, if 7 (A", u",E{,E))=E/, , there is

U >s', YA 4 E;,E))=0 holds.

U >s', I YA ELED)<E] it

N, =N;" and the total cleared quantity in the prob-

lem SWNNY) is D E =Y E,

ie.\’é ie,\é(”

Because

,ul" >sﬁl[ z Ef,d} , 1.e., there exists a set of suppliers

ieN D
who can supply the total cleared quantities at reserva-
tion prices lower than that of supplier /, thus

ok

v, (4 E,E)=0.

Second, suppose that supplier [/ submits

U >s' ][ z E d}. It follows from Lemma A.2 that

e
M <pB . p,,ELE) and y[ (A", " Ey,E)=E .
Thus, there is N = N’ . Moreover, from Lemma A.2,

it is known that x; = E, , in the solution to the prob-
lems S(N{,N!) and SW;,N/\{l}) , for any
ke Ni =N, .Inaddition, the two problems share the
same total clearing quantity of Z E, and the dif-

. art(l)
ieNy

ference in their solutions stems from the energy sup-

e ASH (D
ieNy

plied by /. For 4 >sﬁl[ > E;,d} , the following two

cases are considered:
1) There exists a constant D, where Y E/,—E <

ie.%“’
D<) E!, such that s',(D) <y <s'/(D+¢), for
ieN3D
a sufficiently small &> 0 .Inthis case, y| (1", 4", E.,
E)= z E;,—D from optimality of the solution, and
ie.’\;i(l)
the revenue to supplier / is:
(2, u" E,E)+ M2, 4" E E)) -

Z El,
o ot gty _ [t ®
M—l(l ’:uf/)EdaE—l,s)_J‘D

P

#(D-CPA) _ '
q9, =H )

s, qdgq
(A7)

2) u <sil[ > E, _E;’SJ' In this case, y; (4",

- ast(D)
ieNy

4 E;,E)=E, and the revenue to supplier / is:

> Ea
{(D-CPA) __ [ t
= s gd A8
I S B, q4q (A.8)
ie\;’i”)

According to the above two cases, it can be con-

cluded that for a supplier / with <s’l[ > l«?i”d], it

T
ieNy

sells either a part or all of its submitted quantity and



94 PROTECTION AND CONTROL OF MODERN POWER SYSTEMS, VOL. 9, NO. 3, MAY 2024

each unit is paid by a nonincreasing price, from

Siz[ Z E‘it,dJ to Sil[ Z Eil,d _yzm(itlaﬂt'aEéaEs[)J-
ie.\'é(” ie.r’v'é”)

Third, it is a best response for every supplier to
submit its true reservation price. Consider a supplier

le N! , if its true reservation price 4 satisfies

U >s' ]{ z E; d} then it prefers not to trade in the

IVE./\".‘;(”
P2P market since each traded unit makes a nonpositive
utility. The option of not trading can be achieved by

submitting 4/ . If 4 <s' ]{ > E,- EIZ’SJ’ then sup-

T
ieNy

plier / prefers to sell all of its energy in the P2P market,
which can also be achieved by submitting g . If

s’,( > E, —E,”S]<,u,’ <s’,£ > El{d],then supplier
ie.\'d"” ie.\'(j”)

| prefers trading only a part of its supplied quantity of
energy and submitting s is the best response. Ac-

cordingly, it is the best for supplier / to submit its true
reservation price under any circumstances.

Proof of Proposition 3: First, it is noted that any
demander i will not overreport its maximum demand

quantity since the unit utility y/ (1,4’ E\,E!) is
nonincreasing with respect to £/, .

Next, the conditions are identified under which de-
manders will not underreport their quantities. Suppose
that the true reservation prices of prosumers and their
submitted (demanded or supplied) quantities are inde-

pendently distributed. Denote P’ as the reservation
price of the marginal winner, whose energy allocation is
Y, which is assumed to be randomly distributed ac-

cording to F(x), where x € [O,R’]. Let us consider a
demander i e N; with reservation price 4’ and max-
imum demanded quantity £, . If demander i submits
(4 ,E {—4), where 4>0, it then receives an ex-
pected utility of:
E,, [Pr{i < N;}(zj —PYE' ~ HPHA<Y}+
(A —P')(EL, ~ A)Prid>Y}]=
E [Pr{i e N;}(z; _PYE —d)+

PP

(A.9)

Pr{i c N;}(P’ —P')(E! — MF ()]

where P" is the new marginal winner’s reservation
price when demander i submits (E;, —4). The first

term in (A.9) represents the utility reduction resulting
from a decrease in the allocation of demander i , and the
second term represents the utility increment resulting

from a decrease in the buying price per unit. Note that
E[P'~P"]—0 when N+ N —o0. Thus, the utility

increment is negligible in the limit, and demander i
will not underreport its quantity when the number of

prosumers tends to infinity. In addition, since
E, [P’ - P"] <E,[4 —P'], there are:
E,, [Pr{i e N! } (A = PYE — A+
pr {i e N } (P —P')E, - HF(H]<  (A10)
E,[Pr {i e N } (A = P')(E!, - D)1+ F(4))]
x R .
If Fix)< ,xe|0,— | , it then holds that
R —x 2

t E
I+ FUy<—R < _Zid goranl 4€(0,E,,]. So,
R-4 E, -4 :

there is £, [Pr {i e N! } (A = P)(E!, — A1+ F(4)] <

E, [Pr{i e N, } (4 = P")E],], which means demander

i has no incentive to underreport its demand quantity.
Finally, it can be proved that suppliers will not un-
derreport supplied quantities. To prove this conclusion,

Supplier /s utility from submitting £ ,’5 is:
> Ely

(1)
i}

> Efa- (B ED)
ieni(®
t' t** ot t t' t'
Both Z E/, and y, (4,4, E;,E;) are nonde-

INT0)
ieNy

(s',q9 — 1)dgq (A.11)

creasing in E;, and s',(x) is increasing in x, thus
supplier /’s utility is nonincreasing when submitting a
quantity E;, <E.

Proof of Proposition 4: x (A, pu',E},E.)<E, if

A< [ D> x(X,u' EyE)+ Q’] . So, the uniform
ieN}§

buying price of all demanders satisfies

a/(M.u E\,E))=s' [ Z E/, + Q’J. Next, we turn to
ieN}§

the revenues to suppliers. From Lemma A.1, it is known

that, for any supplier / with y, (1, 4',E\,E!)>0,

v, (A, 4 E}, E)=E holds. So there is N;" = N{,
for any supplier / with a positive allocation in D-CPA.
Moreover, the highest selling price for supplier / is:

si{ > E,.{dJ =, (Z E,.{dJ <y {Z E, +Q’J (A.12)
ieN;D ieN} ieN}

The preceding two inequalities, together with Propo-
sition 1 and Lemma 1, lead to:
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2 PN EGENZ Y B (X p ELE) =

. rt
ieNy

[zae]ze

ieN§ ieN

At
ieNy

[ZEf,d +Q’} Dy ELEN)=

N JjeNy

Z q;(D—CPA)(}'t,'ut,E;’ESt)

JjeN{
(A.13)
Therefore, the total payments from demanders are no
less than the revenues to suppliers and D-CPA is sub-
sidy-free.
Proof of Proposition 5: Suppose that the prosumers’
truthful reservation prices are drawn randomly according

to a distribution with support contained in [O, a] , and that
the maximum demand quantity is bounded on [0, R’] .
Consider problem P(Nj, N U{l}), which is problem

P(N;, N!) with an additional supplier / selling Q'
units of energy at reservation price a . Since no demander
has a reservation price higher than a and wants to trade
with supplier /, it then immediately follows that

H' 4 E\,E))=H(Z,(4 ,a),E,,(E.,0)). And next,
that (x" (2,4, E, E).y" (X4 ,E}. E),
¥, =0Q) is a feasible solution of the problem
PNGNI O, H (4, a). Ej(E.Q) = G,
U ,E E))—aQ holds. Also, because at most one de-

mander is allocated only a part of its demanded quantity,
then:

HQ u' E\,E)-M' u'E\,E))<aR' (A.14)
Implying (A.15) as follows:
0< G, u,E,,E)-MQ' u'E\,E))<a(Q' +R")

observe

(A.15)
There is:
o< fim OV -#ELE)-MU W EGE)
Nj+N! > G(/‘Lr,'tlt,Eé,Ei)
im a(Q'+R") _
GG EE)>= G(A' ,pu' ,E}, E.)
(A.16)
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