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Dear editor,

Distributed generation combines different renewable energy

sources at the edge of the grid, such as wind and solar power.

It helps manage energy demand more efficiently and further

relax the stress on the grid if these energy sources are prop-

erly utilized. This can be mainly realized by engaging the

end-users to actively participate in energy trading.

Recently, there has been significant interest in devising

market-based energy trading mechanisms in an efficient and

economical way. For instance, Tushar et al. [1] investigated

a discriminate pricing scheme for energy trading using cake

cutting game. In [2], the authors proposed to use a distrib-

utor to gather surplus energy and distribute it to consumers

based on historical contribution levels. A distributed energy

trading mechanism was presented in [3], which achieved pro-

portional sharing on trading participants. Readers can re-

fer to a recent survey [4] for a comprehensive overview of

energy trading. Nevertheless, most of the above schemes

oversimplify models, omitting practical issues, e.g., trans-

mission losses [5] and wheeling cost [6]. The way how these

practical factors influence trading behaviors of both sides of

supply and demand, and especially the impact of transmis-

sion losses and their influence levels, are largely unexplored.

This observation motivates the current study.

A novel energy trading mechanism based on Stackelberg

game is proposed for analyzing optimal pricings and dis-

tributed energy schedulings in microgrids, by explicitly con-

sidering transmission cost. The performance is evaluated

theoretically and numerically, which shows such an energy

trading mechanism has economical significance for all par-

ticipants and preserves fairness among consumers. The most

important implication is that transmission cost has a great

impact on energy trading and cannot be ignored.

Multi-leader multi-follower (MLMF) Stackelberg game

model. Consider a realistic scenario where a number of

microgrids equipped with renewable energy generators and

battery energy storage systems (BESSs) trade energy with

each other in a distributed trading mechanism across a dis-

tribution network. Divide a day into T time periods. In

each period t, microgrids are grouped into retailers Nt
r and

consumers Nt
c . Retailer j ∈ Nt

r has a surplus power gener-

ation Qt
j and stored energy St−1

j , while consumer i ∈ Nt
c

has to procure an amount of energy Rt
i to satisfy its local

demand.

For each transaction volume Dt
i,j between retailer j and

consumer i, the amount of transmission losses can be rep-

resented as f(Dt
i,j) = αi,jD

t
i,j

2
+ βi,jD

t
i,j , where αi,j is

associated with the power losses over the distribution lines

and βi,j is related to the losses due to other factors such

as voltage conversion, dust, and so forth [5]. Moreover,

according to [6], the wheeling cost ∆Ci,j for unit energy

flowing is charged by the power grid enterprise to recover

the investment and operation maintenance cost of the grid

infrastructure.

The multiple times energy trading problem can be decou-

pled as multiple sub-problems. Thus, we only consider one

period problem and for simplicity, we omit t if no confusion

occurs.

The MLMF Stackelberg game model proposed in

this study can be formally defined as Ω = {Nr ∪

Nc, {Sn}n∈Nr
, {sm}m∈Nc

, {Zn}n∈Nr
, {Zm}m∈Nc

}, where

{Sn}n∈Nr
and {sm}m∈Nc

denote the strategy space of re-

tailers (retail prices Pj and each sales volume Ei,j) and con-

sumers (each purchase Di,j), respectively. The payoff func-

tions of retailers and consumers are denoted by {Zn}n∈Nr

and {Zm}m∈Nc
, respectively.

Supply side analysis. Each retailer j ∈ Nr aims to max-

imize its individual welfare Zj , i.e., the sales profit and

the satisfaction U(St
j) attained from the stored energy St

j .

Hence the welfare of retailer j can be formulated as

max Zj =
∑

i∈Nc

PjEi,j + U(St
j) (1)

s.t.
∑

i∈Nc

Ei,j 6 Qj + St−1
j , (2)

St
j = St−1

j
+ rct − rdt , (3)

Qj + rdt − rct =
∑

i∈Nc

Ei,j , (4)
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Figure 1 (Color online) (a) Convergence of the Best response algorithm; (b)–(d) simulation results.

where Ei,j > 0 is the sales volume from retailer j to con-

sumer i. Constraint (2) means that the amount of energy

sold cannot be greater than the available power. Prmin 6

Pj 6 Prmax, where Prmin and Prmax represent the acquisi-

tion price and the retail price of the macrogrid, respectively.

This enables each consumer and retailer to participate in en-

ergy trading markets actively. Constraints (3) and (4) are

the energy storage dynamics and the balancing condition for

BESSs of retailer j. Besides, St
j ∈ [0, STca], rct ∈ [0, STm

c ],

and rdt ∈ [0, STm
d

] denote the stored energy, the charging

rates, and the discharging rates, respectively.

The satisfaction degree U(St
j) is usually assumed to be

a concave and continuously differentiable function. Thus,

we use a quadratic function to represent it: U(St
j) =

−λjS
t
j
2
+ γjS

t
j , where λt

j and γt
j denote the satisfaction

parameters varying with periods according to conditions of

power supply and demand.

Thus, with the Karush-Kuhn-Tucker conditions, the sales

volume can be expressed as follows:

∑

i∈Nc

E∗

i,j = Qj + St−1
j +

P ∗

j − γj

2λj

, ∀j ∈ Nr . (5)

Demand side analysis. Based on the unit prices Pj

(∀j ∈ Nr) of retailers and P0 (containing the wheeling cost)

of the macrogrid, each consumer i ∈ Nc chooses the best

sellers to buy energy in order to minimize their purchasing

cost Zi:

min Zi = P0Di,0 +
∑

j∈Nr

(Pj +∆Ci,j)Di,j (6)

s.t.
∑

j∈Nr

(Di,j − f(Di,j )) +Di,0 = Ri, (7)

where Di,0 denotes the purchase from the macrogrid. Con-

straint (7) indicates that each consumer i should always en-

sure that the total purchases which minus losses meet its

needed energy Ri.

It is worth mentioning that the above problem is non-

convex due to constraint (7). To make it solvable, we re-

lax (7) as
∑

j∈Nr
(Di,j − f(Di,j)) + Di,0 > Ri. With the

Karush-Kuhn-Tucker conditions, we obtain the solutions in

two cases.

(1) Di,0 = 0, which means that consumer i does not need

to purchase any power from the macrogrid. Then

D∗

i,j =











1−βi,j

2αi,j

−
P ∗

j +∆Ci,j

2αi,j

h, 0<h<Hi,j ,

0, h>Hi,j ,

(8)

which satisfies
∑

j∈Nr
[−αi,jD

∗

i,j
2+(1−βi,j)D

∗

i,j ] = Ri and

Hi,j =
1−βi,j

Pj+∆Ci,j
. In fact, Eq. (8) is a slightly different ver-

sion of the water-filling solution and can be calculated by

an improved exact algorithm (see Appendix B).

(2) Di,0 6= 0, which means that consumer i has to trade

with retailers and the macrogrid. Then

D∗

i,j =
P0(1− βi,j)− (P ∗

j +∆Ci,j)

2αi,jP0
, (9)

D∗

i,0 = Ri −
∑

j∈Nr

(D∗

i,j − f(D∗

i,j)). (10)

From the above analysis, {Sn}n∈Nr
and {sm}m∈Nc

are non-empty, convex and compact subset of Euclidean

space. Besides, {Zn}n∈Nr
is continuous and concave while

{Zm}m∈Nc
is continuous and convex. Moreover, there ex-

ists only one non-negative solution for retaliers as given in

(5), and only one optimal response for consumers as given

in (8)–(10). Therefore, pure strategy Stackelberg equilib-

rium (SE) uniquely exists in the MLMF game model [7]. A

best response algorithm shown in Appendix A is proposed

to obtain the SE by using an iterative method.

Results and discussion. We apply the proposed

energy trading scheme to a distribution network con-

sisting of 11 microgrids as shown in Figure C1.

The simulation settings can be found in Appen-

dix C. Firstly, Figure 1(a) depicts the convergence of

the best response algorithm in MLMF Stackelberg model.

Within about 15 iterations, all the prices converge to the

equilibrium points starting with any initial points, which tes-

tifies the efficiency and convergence of the proposed model.

Figure 1(b) depicts average prices of consumers, which is

given by Pav,i =
∑

j∈Nr
(P∗

j +∆Ci,j)D
∗

i,j∑
j∈Nr

(D∗

i,j
−f(D∗

i,j
))

. Average prices of

all consumers are always below the price P0 of the macrogrid

and keep little difference, except for the one of consumer 7,

which is because the demand of consumer 7 can be met by

tradings among microgrids and consumer 7 does not need

to trade with the macrogrid. Meanwhile, for the first six

consumers, the biggest gap of average prices is only 0.003

yuan/kWh. This indicates the proposed MLMF Stackel-

berg model not only maximizes the respective benefit of all

market participants, but also enables consumers to share re-

sources equally, and thus ensures fairness and practicality.

In this manner, consumers will be motivated to join mar-

kets while retailers will profit and participate in tradings,

which promotes the formation and development of trading

markets.

Figure 1(c) shows energy demand from the macrogrid.

By comparison, it is clear that the market trading volumes

can fully meet the energy demand of consumer 7 and the

others significantly reduce purchases from the macrogrid,

about 15%–38%. Thus, it can efficiently relieve the power

generation pressure and realize the optimal utilization and

coordination of new energy sources.

As illustrated in Figure 1(d), Tables C3 and D1, when

ignoring the losses, owing to the slightly different prices

of retailers, there is only a little difference in trading vol-

umes among all consumers. On the other hand, in the
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presence of transmission losses, trading volumes with four

retailers have a clear opposite relationship with the value

of αi,j and Pj , i.e., consumers will prefer a nearby re-

tailer with a low price for tradings to lower the purchas-

ing cost. By contrast, the largest change in trading vol-

umes is 59%, which shows that transmission losses have a

huge impact on trading behaviors of both parties and the

same is true for wheeling cost. In addition, from Table C4,

clearly, electricity prices of retailer 4 are the highest and the

ones of retailer 2 are the lowest. It is observed that P7 is

69% higher than P2. The reason is that badly located re-

tailers will lower prices to attract consumers and those close

to consumers will instead raise prices to increase their sales

profits. Additional discussions can be found in Appendixes

D and E.

Conclusion. A distributed energy trading mechanism

based on the MLMF Stackelberg model is proposed, con-

sidering transmission cost. The unique SE guarantees the

respective benefit of all market participants. The numeri-

cal studies have identified that transmission cost has a great

impact on energy tradings and cannot be ignored.
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