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ABSTRACT

This paper presents a peer-to-peer (P2P) energy auction mechanism based on transaction zoning
in a distribution system with a number of distributed generators. A transaction zone can be
configured by the power flow monitoring method using the bids and offers from auction
participants. In this study, the power flow monitoring method was applied to check how much
power flow passes through branches and divide the whole network into sub-networks based on
branched with small power flows. Energy trading in the transaction zone configured in this
manner has no significant effect on other zones in terms of power flow because only little power
flow passes through the branch, which is connected in adjacent to the transaction zone.
Therefore, supply and demand can be balanced in the transaction zone and energy trading
can be established without violating network constraints. To verify the effectiveness of the
transaction zoning, the proposed P2P trading environment was simulated with an IEEE 37-
node test feeder. Simulation result shows that P2P energy transaction using transaction zone
does not violate network constraints.
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1. Introduction analysed that transactions with distributed generation are
changing into an auction market around the world.

To design power trading and market rules among
prosumers in smart grid, Ilic et al. [5] proposed an
energy market similar with a real-time stock trading
based on communication technology and showed
simulation results of the proposed transaction
method. However, when a large number of distrib-
uted generators are connected to the distribution
network, voltage violations and distribution line
congestions may occur, which can deteriorate the
reliability of the distribution network [6]. To con-
sider network constraints in power trading, Greve
et al. [7] suggested an energy trading method based
on high computing power and real-time reconfi-
guration. This method is performed by setting an
optimum trading combination in accordance with
bids and offers and repeatedly examining the con-
straints in the network for combination. However,
this transaction scheme seems difficult to be applied
in the present distribution network because it uses
high technology, such as real-time network config-
uration and high computing power.

This study proposed the auction-based P2P energy
transaction scheme, which does not cause network con-
straints, by applying a realizable method in practice.

Distributed generation based on renewable energy is
rapidly spreading worldwide. Most distributed genera-
tors with small size capacities are generally connected
to a distribution network.

Consumers who own various types of distributed
generators are changing into energy prosumers [1].
Prosumers conventionally arrange a fixed-price con-
tract with a utility in the form of the power purchase
agreement or subscribe a net metering tariff. However,
this monolithic transaction scheme is considered
a critical barrier in spreading distributed generation
and establishing decentralized and autonomous trading
environment [2]. Accordingly, Park and Young [3]
emphasized the necessity of creating a free-trading
environment between individual prosumers.

On the other hand, because the marginal cost of the
renewable energy resources is closed to zero, it may not be
appropriate to set the price such as system marginal price
or locational marginal price which are calculated in con-
sideration of variable cost in the existing wholesale energy
market. As an alternative, it is proposed to design prosu-
mer Peer-to-Peer (hereafter P2P) transaction as an auc-
tion-based market in a distribution network. The
International Energy Agency (IEA) 2017 report [4] has
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The rest of the paper is organized as follows: Section
2 describes the transaction zone for P2P energy auction
and its formation using a practical method instead of
high computation and real-time reconfiguration of the
network, which are assumed in the previous study.
Section 3 presents the mechanism of the auction-
based P2P energy auction. Section 4 shows the case
study of the P2P energy auction, which is simulated on
an IEEE 34-node test feeder. Section 5 discusses the
result analysis of the case study. Lastly, Section 6 pro-
vides the conclusion of this study.

2. Transaction zone and zoning methodology
2.1. Concept of transaction zone

Transaction zones were configured based on a criterion
on weak electrical connectivity in a distribution net-
work. They form a sub-network of the distribution
network of nodes participating in energy auction with
consideration of network constraints. Through this
technique, inter-trading beyond each zone was carried
out using untraded energy after trading inside the zone
is completed first. Transaction zoning can satisfy con-
sumer demands and avoid network congestion caused
by excessive generation at some nodes. In addition,
transaction zones were configured by only using the
bidding information of energy prosumers. Hence,
transaction zoning is much effective because it does
not require high computing power in finding all pos-
sible trading cases and selecting the feasible ones [7].
Figure 1 shows the simple example of the P2P
Energy Auction using transaction zoning. Let us

Plk\\ e P2kW e P3kW

Sa/k\\'h $b/KWh $c/kWh
Nodel Node2 Nodeg Node4 I\odeS
V5§

lew szw szw Lde L5kW
Zone #1 Zone #2
PIkW P2kW P3kW
Sa/kWh Sb/l\\\'h Sc’kWh
EkW
@ Nodel Node2 > 3de3 Noded Nodeﬂ
\%! | V2 |
LIkW L2kW] LSkW L4kW le\w

Figure 1. Conceptual figure of P2P transaction using transac-
tion zoning.

assume that there are three distributed generators
DG1, DG2 and DG3 with bid (P1|$a), (P2|$b), and
(P3]$c), respectively (P3> P2> Pl and a > b > ¢).
Without transaction zoning, according to bid prices,
generation outputs of DG1, DG2 and DG3 are determined
as it was originally submitted. If the summation of P2 and
P3 is greater than the summation of L3, L4 and L5, the
power D may exceed the line capacity flows from node3 to
node2. In addition, the reverse power flow due to excessive
power generation from DG2 and DG3 causes increases in
ending-nodes of the network (V5> V4> V3> V2> V1).
If zone#1 and zone#2 are configured because of
transaction zoning using bidding information, transac-
tions are performed at each zone first. In the zone#1,
DG trades electricity with consumers at the nodel and
node2. In the zone#2, DG2 and DG3 provide electricity
to consumers at the node3, node4 and node 5. Because
of transaction using zoning method, DG2 and DG3 are
not able to produce excess power unlike the case with-
out zoning and the network can avoid line capacity
violation from node3 to node2 and abnormal voltage
profile due to excessive generation of DG2 and DG3.

2.2. Transaction zoning methodology

To configure transaction zones, power flow monitoring
method to check a branch flow and graphical repre-
sentation method proposed in [7] were used. Power
flow monitoring method was used to distinguish
a branch where the power flow is passing through
and to divide the whole network into sub-networks
based on the branch with a power flow that is smaller
than the threshold value. The process of configuring
transaction zones shown in Figure 2 is as follows and
simple corresponding example is shown in Figure 3:

(1) The amounts of supply and demand at each
node are collected from the bidding information
submitted by energy prosumers.

(2) Finding out power flow from each branch by
calculating power flow equation based on bid-
ding information.

(3) After filtering the calculated power flow in each
branch whether it is bigger than the threshold
value or not, the electrical connectivity between
nodes is expressed in terms of power flow by
representing it on a graph.

(4) By checking the connectivity between nodes in
the graph, the transaction zones can be
configured.

The zoning in the distribution network is conducted
by establishing separated transaction zones based on
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Figure 2. Zoning process using power flow monitoring method.

the point where branch flow is less than prescribed
a threshold value. A proper threshold value is selected
through the trial and error method used in [8]. The
transaction zone configured in this manner has no
significant effect on other transaction zones in terms
of power flow.

3. P2P transaction mechanism based on
transaction zoning

Several assumptions were considered in designing the
P2P transaction mechanism: (1) P2P energy auction is
very competitive that the prices submitted by a bidder
should be very close to the other bidder’s price; (2) The
P2P transaction is restricted to the times within each
transaction zone, and inter-zone transaction is per-
formed once for those not traded in the transaction
zone; (3) Demand that is not traded during all transac-
tions is supplied by retail service providers and is
settled at a fixed tariff. The process of P2P energy
auction within transaction zone is described as follows:

(1) A distribution system operator (DSO) opens an
energy auction before energy is delivered.

(2) Prosumers who own distributed generators and
consumers who want to participate in the

Bus #1

us # Bus #7

OJ\J

6o o o o o0 o0 1‘
7 \0 0 0 0 0 1 —’lj
¢ I
Zone #1 Bus #1
Bus #2 us #3
Bug #4 | Bug #5
= =
Zone #2 N :
us #6 Bus #7

Figure 3. Simple zoning example (a: seven bus network, b:
showing filtered value branch value and zoning the node, c:
representing the transaction zone).

auction should submit the quantity to sell or
purchase with bid price to DSO.

(3) The DSO constitutes a zone where transactions
will take place using power flow monitoring
method based on the bid amount.

(4) The DSO conducts the first auction for prosu-
mer nodes within each transaction zone.

(5) After the first auction is completed, the second
transaction within each transaction zone is per-
formed for the prosumers who cannot sell or
buy an energy as much as they bid at the first
auction. Before starting the second auction, pro-
sumers can update their bidding price.
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(6) After all auctions within each transaction zone
are completed, the prosumers who have not
traded within the zone transaction process are
traded with those in the adjacent transaction
zone, which is called inter-zone auction.
However, the inter-zone auction must only be
conducted within the network constraints.

4, Simulation
4.1. Description of the test system

To simulate the P2P energy auction, the single-phase
balanced IEEE 37-node test feeder in [9] was modified
and analysed, as depicted in Figure 4. The test system is
described as follows:

(1) To set the line capacity limit at each branch, a base
condition assumes that each node has a specific
demand value and no distributed generator. The
line capacity limit is presented in Table 1.

(2) A total of 16 nodes are set as prosumer nodes
participating in the transaction. These nodes
submit bids to purchase or sell, and they are
allocated the amount of electricity to purchase
or sell according to the transaction results.

— 1
&5 17
16
6 15
® 2
7 8 9
» 12
5 3
10
13
21 19 18 4
1
| 14
20
9 22
27 26
= 23 ° 24
AR
31
® 28 25
30 ) 29
36
32 0—0—[—0
33 34 35 37

Figure 4. Modified IEEE 37-node test feeder.

Table 1. Line capacity limit.

From To Flow limit (kW)
3 5 100
3 8 250
4 18 100
4 22 350
9 12 150
23 26 250
28 29 200
29 30 100
29 33 100

(3) Lastly, all nodes other than the prosumer nodes
have a fixed amount of demand.

Under the base condition, transactions were made as
follows. Prosumer nodes make selling offers or purchas-
ing bids. Transaction zones were configured by the power
flow monitoring method reflecting the bid amount of
prosumer nodes. After configuring the transaction
zones, P2P energy auction was performed according to
the transaction mechanism. After all, transactions were
completed, the amount of winning bids was reflected on
each prosumer nodes, and network violation was checked
through power flow analysis.

4.2. Case study

To conduct a transaction, prosumer nodes bid the amount
to sell or purchase as a supply or demand. Table 2 shows
the specific bidding information of the case.

The power flow analysis was performed based on the
bidding amount of each prosumer node. The analysis
results showed that the transaction zone was configured
using the power flow monitoring method. The threshold
value used in the power flow monitoring method was 30
kW. Two transaction zones were configured in the test
system, and the results are illustrated in Figure 5.

Table 2. Submitted offers and bids.

Quantity Price
Node # (kWh) ($/kWh)

Demand 5 35 5
7 35 4

" 30 6

18 30 5

20 30 6

21 25 5

24 30 6

27 35 5

Supply 12 65 5
14 60 6

16 70 5

17 65 6

28 35 9

31 40 8

32 30 7

34 40 7

36 50 7
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Figure 5. Transaction zone configuration results using power
flow monitoring method.

5. Result

The case study was simulated to verify the proposed P2P
energy auction using transaction zoning. The simulation
result was compared with the transaction without the
transaction zone.

Table 3 presents the results of the auction without
transaction zoning for each node. The total energy
traded was 225 kWh, and the total trading value was
$1205. In the first auction, nodes 14, 17, 12, and 16,
which offered low prices, provided most electricity. In
the second auction, the bidding of node 7 for low price
acquired 10 kWh of electricity from the P2P market.

As shown in Table 4, in the case of the no-
transaction zone, line congestion occurred in the line
between nodes 9 and 12. Nodes 12, 14, 16, and 17
provided electricity with all the generation because
they offer a relatively low price for the transaction. As
a result, the excessive power flow from nodes 12, 14,
16, and 17 demanded area pass via branch from node 9
to node 12. That is, the reverse power flow causing the
line congestion occurred due to the increase in

Table 3. Trading results without transaction zoning.

Table 4. Checking line congestion in no-transaction zoning
case.

Flow limit
From To (kW) Power flow (kW) Congestion check
3 5 100 95.3 X
3 8 250 -77.8 X
4 18 150 106.3 X
4 22 350 158.7 X
9 12 150 —184.5 (0]
23 26 250 128.1 X
28 29 200 77.5 X
29 30 100 27.0 X
29 33 100 36.2 X

distributed generations. In addition, Table 5 shows
that voltage violation can occur if the P2P auction
mechanism is designed to ignore the physical con-
straints of the distribution network. This case shows
the potential problems of P2P energy auction in
a distribution network without consideration of physi-
cal constraints in the auction mechanism.

When the P2P energy auction was carried out
using the transaction zoning, 215 kWh of electricity
was traded, and the total trading value was $1130
because node 7 fully achieved transaction from
node 16. Table 6 shows the trading result of the
first auction using the transaction zone. In this case,
the demand nodes except for node 7 in the transac-
tion zone 1 can transact energy as much as they
want because node 7 bids for too much low price.
Transaction zone 2 has no transactions because the
price gap is large between bidding sides and offering
sides. After closing the first auction, the participants
can adjust their price. In this case, the offering sides
lowered their price by $1 because the supply is
higher than demands in the network.

Bidding quantity (kWh) (Node#)

Price ($/kWh) Offering quantity (kWh) (Node#)

First auction 9 35 (28)
8 40 (31)
7 30 (32) 40 (34) 50 (36)
30(24) 30(0 30011 6 65 (17)
35(27) 25(1) 30(18) [ 35(5) ! 5 165 (12) | 70 (16)
35(7) 4
Traded volume 215 kWh Trading value $1165
Second auction 9
8 35 (28)
7 40 (31)
6 30 (32) 40 (34) 50 (36)
5 35 (17)
35 (7) 4 110 (16)
Traded volume 10 kWh Trading value $40

Note: The quantity highlighted in dark gray and light gray refer to fully traded and partially traded, respectively.
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Table 5. Checking voltage violation in no-transaction zoning
case.

Voltage
magnitude Violation check
Node (P.U.) (>1.05 P.U)
1 1.05 .
14 1.049 X
16 1.052 (0]
17 1.053 0

Note: Node 1 is the main transformer in this distribution network.

Table 7 shows the result of the second auction after
re-bidding and re-offering. In the transaction zone 1,
node 7 can obtain full transaction from node 16
because it lowered the offering price to $4. In transac-
tion zone 2, the transaction between nodes 24 and 32
was fully completed. However, node 27 in transaction
zone 2 did not make any transaction although the
supply nodes lowered their offering price.

After completing the second auction, the inter-
zone auction was carried out. The node that has
untraded energy can bid and offer, as shown in
Table 8. Node 27 in the transaction zone 2 bid $6

for 30 kWh of electricity and made a deal with node
17 located in transaction zone 1. However, after
considering the network constraints, this transac-
tion cannot be completed.

In the case of using the transaction zone, the line
congestions are not found, as shown in Table 9. The
transactions were made in each transaction zone in
advance. Nodes 12, 14, 16, and 17 had to make trans-
actions in transaction zone 1 and then acquire a chance
to make a transaction with the nodes in transaction
zone 2. However, while the auction in transaction zone
1 was carried out, the other auction was made in
transaction zone 2 according to the P2P transaction
mechanism. In other words, the total generation of
nodes 12, 14, 16, and 17 decreased from 225 kW to
185 kW, which reduced line flow from node 12 to
node 9.

Furthermore, any voltage violation in the auctions with
the transaction zone was not found, as shown in Table 10.
In the auctions without a transaction zone, the voltage
violation occurred in nodes 16 and 17 where the voltage
of each node was larger than main transformer voltage of

Table 6. First auction results using the transaction zone.

Zone Bidding quantity (kWh) (Node#) Price ($/kWh) Offering quantity (kWh) (Node#)
#1 9
8
7
30 (20) 30 (11) 6 60 (14) 65 (17)
25 (21) 30 (18) 35(5) 5 65 (12) 70 (16)
35(7) 4
Trading volume 150 kWh Trading value $810
#2 9 35 (28)
8 40 (31)
7 30 (32) 40 (34) 50 (36)
30 (24) 6
35 (27) 5
4
Trading volume 0 kWh Trading value $0

Note: The quantities highlighted in dark gray and light gray refer to fully traded and partially traded, respectively.

Table 7. Second auction results using the transaction zone.

Zone Bidding quantity (kWh) (Node#) Price ($/kWh) Offering quantity (kWh) (Node#)
#1 9
8
7
6
5 65 (17)
35 (7) 4 45 (16)
Trading volume 35 kWh Trading Value $140
#2 9
8 35 (28)
7 40 (31)
30 (24) 6 30 (32) 40 (34) 50 (36)
35 (27) 5
4
Trading volume 30 kWh Trading value $180

Note: The quantities highlighted in dark gray and light gray refer to fully traded and partially traded, respectively.
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Table 8. Inter-zone auction results sing the transaction zone.

Bidding quantity (kWh) Price Offering quantity (kWh)
(Nodet) ($/kWh) (Nodet)

9

8 35 (28)

7 40 (31)

6 40 (34) 50 (36)

35 (27) 5 65 (17)

4 10 (16)

Trading volume 0 kWh Trading 50
value

Note: The quantities highlighted in dark gray and light gray refer to fully
traded and partially traded, respectively.

Table 9. Checking line congestion in transaction zoning case.

Power
From To Flow limit (kW) flow (kW) Congestion check
3 5 100 953 X
3 8 250 -39.2 X
4 18 150 106.3 X
4 22 350 137.9 X
9 12 150 —145.6 X
23 26 250 121 X
28 29 200 -82.1 X
29 30 100 -3.0 X
29 33 100 1.0 X

Table 10. Checking voltage violation in the transaction zoning
case.

Voltage
magnitude Violation check
Node (P.U) (>1.05 P.U.)
1 1.05 .
14 1.045 X
16 1.045 X
17 1.044 X

Note: Node 1 is the main transformer in this distribution network.

1.05 P.U. According to [9], the relationship between the
voltage of the distributed generator at demand side (V)
and the voltage of the main transformer of the distribution
network (V) is defined as

AV = Vgen — Vs
~ R(Pg — P1) + X(£Qc — Q. £ Qq) -

The equation indicates that Vg,, is larger than Vg if
the amount of active power generation increases
with the reactive power unchanged. Without
a transaction zone, the power generation at nodes
16 and 17 are 70 and 30 kW, respectively. However,
after configuring the transaction zones, the power
generation at nodes 16 and 17 changed to 60 and 0
kW, respectively. Hence, the amount of power gen-
eration at nodes 16 and 17 that cause voltage viola-
tion was reduced due to the transaction under the
transaction zone, and voltage violation was released.

6. Conclusion

This study simulated a transaction with individuals who
own distributed generators at a distribution network. In
this network, a large number of distributed generators are
integrated. The unpredictable generation of many distrib-
uted generators causes voltage violation and line conges-
tion in a distribution network. Therefore, to make P2P
auction with the distributed generator in consideration of
these network constraints, the transaction zone is proposed
using power flow monitoring methods. The proposed
transaction is implemented under the IEEE 37-node test
feeder. The simulation result shows that a P2P energy
auction using the transaction zone was established while
avoiding any network constraints.
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