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1. Introduction

In recent years, the total installed capacity and the amount of electric energy generation of distributed energy
resources (DER) have been increased significantly. For instance, in U.S., electric energy generation from DERs
reached 185,334GWh in 2015 and is projected to be 317,323GWh at 2040, corresponding to 4.7% and 6.7% of the
total utility-scale generation [1]. Indeed, among different types of DER technologies, the growth of rooftop solar
generation is particularly prominent, which is expected to increase from 13,453GWh in 2015 to 64,485GWh in 2040,
representing a growth from 0.3% to 1.4% in total utility-scale generation and occupying about half of the DER growth
[1].

The significant growth of rooftop solar energy generation is mainly driven by two major forces: One is the pressure
on carbon emission reduction in electricity production, which has been mainly relying on fossil fuel and contributes
about one third carbon emission each year. According to the Clean Power Plan 2015, the U.S. power sector targets to
reduce 32% of its CO2 emission level by 2030 [2]. In order to achieve this goal, both federal and state governments
have issued policies to promote the development and deployment of distributed renewable resources, such as
Renewable Energy Credits and Renewable Electricity Production Tax Credit [3]. Solar energy generation is one of the
beneficiaries. The other force is the reduction in installation costs of solar energy generation due to larger scale
productions and lower raw material prices. Although installation costs vary based on a number of factors such as
locations, providers, and scales, solar energy generation at small commercial scales, i.e., typically around 200
kilowatts (kW), has a cost around $1.85/watt in 2017 as compared to $2.78/watt in 2014, and a residential-scale solar
energy generation typically sized as 6 kW has an average installation cost of $2.80/watt in 2017 compared to
$3.92/watt in 2013 [4]. These reference costs include solar panel modules as well as associated software and hardware,
such as structural components, electrical components, and inverters. Indeed, cost of a single solar panel module has
reduced dramatically during 2011-2017 due to the aforementioned second force, contributing to a significant
reduction in the total cost of rooftop solar energy generation [4].

Another noteworthy technology that flourishes at the resident level of distribution systems in recent years is electric
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vehicles (EV). In U.S., the cumulative sales of EVs reached 500,000 units in August 2016, which was doubled and
exceeded 1 million milestone in September 2018. Prices of EVs range from $25,000 to over $100,000, covering auto
markets of luxury and economy models [5]. The three largest manufacturers are Tesla, General motors (Chevrolet),
and Ford, in which Tesla focuses on high-end market and the other two target on economic vehicles [6]. The prosperity
of the EV market is mainly dependent on several driving forces. One force is the pressure on energy conservation so
that incentives from both federal and state governments, such as income tax credit and purchase rebate, are offered.
The second one is the price drop due to peer competitions. Indeed, besides the three mentioned top market share
manufacturers, other traditional vehicle manufacturers, such as BMW, Nissan, Kia, etc. also introduce EV models and
some have even established sub-brands especially for EVs. There are dozens of alternative EV models available in the
market. The third force is performance improvement of EV's brought by technological advancements. The continuous
R&D investments from manufacturers have made EV technologies improved rapidly, which positively feedback to
EV performance including speed control, endurance, and driving experience. Besides economic and environmental
considerations, EVs themselves are a reason people buy EVs.

Solar energy generation that provides electricity locally in distribution systems brings magnitudes of benefits to
power systems. Specifically, in distribution power grid, they can help reduce real power losses, mitigate upstream
overload of distribution lines, and enhance power supply reliability; in transmission grids, they can ease congestions
on transmission lines and defer generation and transmission upgrades. EVs have the ability to shift electricity
spatiotemporally. Under economical arrangements, they can be utilized to shift peak loads and even act as power
sources. Furthermore, EVs can coordinate with solar energy generation to increase solar utilization and reduce
curtailment. However, although power grids can benefit from the deeper deployment of solar power generation and
EVs at the distribution level, incentives from electricity markets and utilities that are supposed to further promote their
development are lacking. Indeed, it is believed that among aforementioned driven forces, incentives provided by
government policies should be gradually transferred to be provided by the beneficiary groups.

It is a common practice of current utilities that residentials and small commercial electricity consumers equipped
with renewable resources purchase electricity from utilities through fixed tariff or time-of-use (TOU) prices [7], which
can sell back excessive electricity via power purchase agreements (PPA) [8] back to utilities as shown in Figure 1.
PPAs generally provide long-term fixed feed-in tariffs to renewable resource owners for their excessive electric
energy. Different utilities may provide offers of heterogenous forms. For instance, in the Power Purchase Agreement
for Small Renewable Generation of PG&E [9], feed-in tariffs are settled as products of two parameters, Market Price
References (MRP) and Time-of-Day Factors (TDP), where the former is a reference price related to length of the PPA
contract and the later reflects electricity value during different periods of a day. For example, the MRP of a 10-year
PPA contract is $0.098/kWh, and TDPs for peak, shoulder, and night load periods of a day during winter months are
respectively 1.1, 0.9 and 0.65, which settles feed-in tariffs from $0.064/kWh to $0.108/kWh. It is not surprising that
TOU prices would be much higher than feed-in tariffs. In comparison, TOU prices from PG&E typically range from
$0.20/kWh to $0.30/kWh during same months. Because of the relatively low feed-in tariffs, residentials and small

commercial electricity consumers usually take their own electricity consumption levels as a reference when
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determining installation capacities of their renewable resources, hoping to cover installation costs by cutting their
electricity bills. However, they are reluctant to expand installation scales to sell surplus electricity back to utilities,
because low feed-in tariffs make it unprofitable. This could potentially limit the further deployment of DERs in
distribution systems. In addition, EV owners prefer to charge when TOUs are low but may be unwilling to discharge
which could potentially help shift peak loads, because feed-in tariffs are unable to compensate battery life losses

caused by frequent charging and discharging. This limits the potential contribution of EVs.
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Figure 1: Current trading structure of residential customers owing solar and/or EV with utilities.

In general, under the current situation of a large amount of existing DERs and EVs connected into distribution
systems and with the desire to provide more incentives from power systems to promote further DER and EV
deployments, the Peer-to-peer energy (P2P) electricity trading as shown in Figure 2 was born. In P2P electricity
trading, participants are considered as prosumers, which are allowed to switch their roles between buyers and sellers to
either purchase or sell electricity, and are able to directly trade electricity with each other to achieve a win-win
outcome via seeking a proper price between relatively high TOU prices and low feed in tariffs so that buyers can save
costs while sellers can receive more profit. P2P electricity trading has already been widely discussed in the academic
field, and a lot of work has been done to verify its effectiveness and explore its potentials. Different trading
mechanisms and models have been proposed and analyzed [10]-[16]. Furthermore, several realistic pilot P2P

electricity trading projects have been implemented, including Piclo, Vandebron, SonnenCommunity, etc. [17].

- - D

Y i
! / Resident with EV
Resident with solar \
"L

\ 5

b x
?“

<— P2P — m [

Resident with rooftop solar and EV

Resident

Figure 2: Structure of P2P electricity trading.



In the remaining of this paper, two types of P2P electricity trading mechanisms in distribution systems of the future
are introduced and discussed in Sections 2 and 3, respectively. Furthermore, Section 4 introduces two important

enchantments of introducing P2P electricity trading mechanisms. Conclusions are addressed in Section 5.

2. Auction-Based P2P Electricity Trading Mechanism

Under auction-based P2P electricity trading mechanism in a distribution system, a distribution system operator
(DSO) is designed with responsibilities to securely and reliably operate the system and administrate a competitive P2P
electricity trading market. Prosumers are considered as self-interested entities with private economic objectives. They
schedule their own available generation and load resources to pursue the objectives in a decentralized manner, while

their objectives may be against with each other and not be consistent with DSO.

In the bidding time window for a certain operation period, individual prosumers are allowed submit their bids,
including electricity prices and/or quantities, to the DSO either to purchase or sell electricity. Bids of a prosumer are
only accessible to the DSO but confidential to other prosumers. It is worthwhile to mention that, if the DSO is
independent from the utility which has jurisdiction to this distribution system, in principle, the utility should not be
excluded from participating in the market, which means it can also submit bids to the DSO as any other prosumer does.
After collecting all bids from prosumers or reaching certain points in time during the bidding time window, the DSO
will clear the distribution market. The objective of the distribution market clearing is to maximize the social welfare by
matching bids of purchasing and selling electricity, while satisfying system secure operation constraints such as
distribution line power flow constraints and bus voltage constraints. Then, the DSO determines and issues the market
clearing price at which prosumers pay or get paid for the amount of electricity being traded. The market clearing price
is not limited to be based on marginal pricing, but could be on other mechanisms, such as mid-rate and bill sharing
[18]. Generally, the market clearing price can be represented as an abstract pricing function that is changeable marker
by market. Many existing literatures delicately design the pricing function [18]-[19]. After receiving the issued market
clearing price from the DSO, prosumers would have a chance to refine their bids based on it and any other available
information and resubmit new bids to the DSO. With new bids from prosumers, the DSO will clear the market again
and reissue a new market clearing price to them. This process will be implemented iteratively until no prosumers are
willing to modify their bids or a certain number of iterations is reached. The iterative process actually represents a
negotiation procedure between prosumers. It is called converged when it terminates with no new bids being
resubmitted. However, regardless of convergence or not, the market clearing result in the last iteration will be awarded
and the corresponding market clearing price will be set as the final price to settle awarded electricity transactions. The

flowchart of the mechanism is shown in Figure 3.

From the perspective of game theory, the auction-based P2P electricity trading mechanism forms a non-cooperative
game in prosumers (i.e., players). Convergence in the iterative negotiation process is highly desired, which may occur
after multiple iterations, because it could indicate the existence of a Nash equilibrium that achieves a consensus with

more effective trading and equitable benefit distribution. Under the framework of this mechanism, some literatures



have proved the existence of a Nash equilibrium, with respect to specified models of the DSO and the prosumers and
pricing functions as well as certain assumptions on prosumers’ behaviors [10]-[11], [20]-[21]. However, in practice,
prosumers are unlikely to strictly obey those pre-specified models and assumptions. Thus, although a theoretical
equilibrium may exist, in practical implementation, convergence could be difficult to achieve. Reference [10]
proposed two practically applicable techniques, step length control and learning process involvement, for the purpose
of enhancing convergence. Finally, it is emphasized that the iterative negotiation process is to enable more
transactions and to maximize the overall social welfare. However, in the practical implementation, considering the
difficulties in interacting with prosumers in real time, a one-time auction process may be adopted instead.
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Figure 3: Flowchart of auction-based P2P electricity trading mechanism.

3. Bilateral Contract-Based P2P Electricity Trading Mechanism

Under bilateral contract-based P2P energy trading mechanism, a DSO in a distribution system with similar
responsibilities as in previous mechanism is designed. However, the difference is that instead of administrating a
market, the DSO operates a platform where trading offers are posted and handshakes are made. In addition, in order to
prevent arbitrage, prosumers are required to register as either a buyer or a seller in the platform for a certain operation

period. Prosumers are still considered as self-interested and aim at pursuing more profits in the trading.

Similarly, in the offering time window for a certain operation period, buyers and sellers respectively submit their
purchasing and selling offers, which are consisted of electricity prices and/or quantities, to the DSO. Buyers and
sellers are allowed to simultaneously submit multiple offers. Then, purchasing offers are broadcasted to all sellers, and
selling offers are broadcasted to all buyers. In the meanwhile, the platform displays all available offers, where buyers
and sellers can browse respectively accessible offers besides submitting their own offers. When a buyer browses to a
selling offer and has willingness to make a deal, it can send a contract to owner of the offer and request its
confirmation. Similarly, sellers can browse and select purchasing offers to seek for the deal. After a contract is
confirmed, it will be automatically sent to the DSO for final approval and the corresponding offer showing in the
platform will be removed to prevent multiple purchases. At certain points in time during the offering time window, the

DSO conducts the approving process, which checks all currently received contracts against system secure operation



constraints, rejects contracts that cause violations, and approves the remaining. Buyers and sellers involved in
approved contracts will be notified, and they are unable to retract the approved contracts any more. Prosumers that
have contracts being rejected may resubmit their offers after adjustment. The DSO will conduct preset times of
approving processes at certain points in time during the offering time window. Subsequent approving processes
always admit the previously approved contracts, namely approved contracts will not be rejected in subsequent

approving processes.

There are a couple of important features that need to be further clarified. First, utility that has jurisdiction to the
distribution system is not necessarily to be excluded from accessing the platform. However, it can only act as either a
buyer or a seller like any other prosumer does. Second, during the offering time window, buyers and sellers can
submit, retract, and modify their offers at any time. However, approving process occurs at certain points in time, and
only approved contracts are valid in the final settlement. Third, a contract sent to the DSO contains information of both
buyer and seller, electricity prices and qualities, and rejection mode. Indeed, prices will not impact the final approving
process, but are used in the final settlement. Rejection mode defines whether the DSO can partially reject a contract,
namely approving part of the transaction quantity. If not, a contract will be rejected as a whole if causing network
security violations. At last, when violation occurs, it could be related to multiple contracts because of the fact that
voltage and current quantities on the grid are jointly impacted by contracts. The violation may be eliminated by
rejecting one or multiple the related contracts. Thus, the rules for rejecting contracts are critical and could be platform
dependent. An example is the last-on-first-off principle, describing that contracts created at a later time will have

higher possibilities to be rejected.

This mechanism can easily enable Multi-class Electricity Trading (MET) [22]-[23]. MET is based on admitting the
heterogeneity of electricity, which does not differentiate electricity in the physical sense but recognizes differences in
economic and social values of a same amount of electricity associated with different producers and/or consumers.
Under bilateral contract-based mechanism, buyers/sellers can be further allowed to submit offers with different prices
to multiple potential sellers/buyers. For example, a seller may be willing to give a discount to buyers in low-income
communities and charge more for merchant buyers. Accordingly, rules of rejecting contracts may need to be properly

adjusted when considering MET.

4. Enchantments on P2P Energy Trading Mechanisms

P2P electricity trading agents and decentralized P2P electricity trading are two possible enchantments for the

introduction of P2P electricity trading mechanisms.

4.1. P2P Electricity Trading Agents

For a prosumer composed of a single resident, the hidden cost of participating into P2P electricity trading could be
high. From Sections 2 and 3, it can be learned that P2P electricity trading mechanisms generally require the
participants to actively and properly interact with the DSO and potentially other participants, for the purpose of

achieving higher profits. However, this is non-trivial and could be associated with a high opportunity cost. Although



interactions could be done automatically by decentralized software agent, user intervention is still hard to be fully
avoided. In addition, risks of a single prosumer for not being able to fulfill contracts and instructions from DSO are
high, because a single resident’s electricity consumption, production, and even EV charging and discharging
schedules may not be flexible enough. In order to avoid potential economic losses and punishments due to failure to
fulfill contracts and instructions, a prosumer has to adopt a very conservative strategy.

On the other hand, this obviously presents opportunities for communities, microgrids, and third-party trading
companies to organize and manage scattered prosumers and participate in electricity trading as a group. Inside a group,
a centralized agent is built with three responsibilities: (i) optimally bid or offer in the electricity trading, (ii) properly
coordinate sources of involved prosumers to fulfill contracts and instructions, and (iii) fairly distribute profits to
involved prosumers. Essentially, from the perspective of game theory, it can be seen that a cooperative game is
established within the group while the group itself is in an external non-cooperative game. Therefore, two factors are
important to such a group: one is how to maximize the profit on behalf of a group in the non-cooperative game, and the
other is how to distribute the profit to prosumers internally so that prosumers have no incentives to leave the group.
The structure of electricity trading is shown in Figure 4. Detailed discussion of this trading structure can be found in

references [24].

Figure 4: Structure of electricity trading with trading aggregators.

4.2. Decentralized P2P Electricity Trading

From the two mechanisms introduced in Sections 2 and 3, it can be seen that a designed DSO is in charge of the
electricity trading market/platform, i.e., the two mechanisms are both centralized. Blockchain technology, as the
underlying technology of the rapidly swelling virtual currency, has been introduced to decentralize P2P electricity
trading [25]. It is admitted to present advantages in decentralization, security, and anonymity that could enable
electricity trading in a decentralized and secure manner. Reference [26] introduced the Brooklyn microgrid project
that applied blockchain technology, and concluded that blockchain is an eligible technology to operate decentralized
electricity trading in microgrids. However, debates on the decentralization still exist. Specifically, in the two
introduced mechanisms, the DSO not only administrates the trading market/platform, but is also responsible for
securely operating the grid and promptly responding to deviations, disturbances, and failures. Indeed, different from
other systems of similar complexity, quantities and objects of electricity trading are tightly related to the secure

operation of physical distribution systems that cannot be separated from each other. Thus, when a centralized DSO is



absent, how to ensure secure operation of physical distribution systems remains a major concern [27].

5. Final Words

A considerable amount of research and pilot projects has been conducted, which illustrate effectiveness of P2P
electricity trading as a potential solution for promoting and managing proliferated prosumers in distribution systems of
the future. However, mechanisms of P2P electricity trading are diverse, and are most likely need to be customized
according to target distribution systems to achieve desirable benefits. Thus, on the one hand, further exploration on the
P2P electricity trading mechanisms of future distribution systems is worth pursuing; On the other hand, design
guidelines and comprehensive evaluation platforms on P2P electricity trading mechanisms are desired. Several

attempts have been undergoing [10], while more work is expected.
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