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- Academic significance: novel results on market structures, clearing mechanisms, and robustness for
peer-to-peer energy markets. i o i

- Social significance: better understanding toward realistic implementation of peer-to-peer energy

markets.

This project was motivated by paradigm shifts in energy systems, where novel

structures, operation principles and market mechanisms are required to achieve cleaner, more
efficient, and more resilient energy systems. As such, this project proposed several models of
peer-to-peer energy markets for microgrids, i.e. markets in which prosumers - who act as both
producers and consumers - can directly trade energy with the others. In such markets, prosumers
possess rooftop solar, fuel cell combined heat and power units, electric vehicles, dynamic wireless
charging-discharging lanes, perovskite optical transceivers, etc. Hence, more renewable and
distributed energy resources can be integrated into energy grids. Then market clearing mechanisms
were analyzed using ADMM-based decentralized optimization methods, and distributed control methods
were proposed. The market robustness to cyber-attacks were investigated, and a better system
resilience index was obtained compared to the existing result.
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Most parts of current electric power grids around the globe were built decades ago using the
top-down approach, i.e. power is generated at central generation facilities located far away
from end-users, which is then transmitted through very large transmission and distribution
networks, incurring much power losses and costs for construction, maintenance, and
expansion. In addition, conventional power plants based on fossil fuel resources are polluted
causing severe problems to the environment and society, e.g. recent severe climate changes.
Therefore, increase in deployment of renewable energy resources is a must to obtain clean
power generation and reduce carbon emission. Moreover, the developed information and
communication technologies have made the data collection and exchange between different
grid components possible, leading to the concept of smart grid. Unfortunately, the large
integration of renewable energy to the grid can cause crucial problems, e.g. frequency and
voltage instability, because of the fluctuating and intermittent nature of renewable sources.
Additionally, the central deployment of renewable generation, e.g., solar farms and wind
farms, requires a large area, a high construction cost, and is not always accepted by the public.
Thus, simply integrating renewable and distributed energy resources (DERS) into the current
grids built based on a top-down approach is not an appealing solution.

Recently, there have been attracting directions on bottom-up approaches for building
smart grids including the so-called peer-to-peer (P2P) energy systems. In small and local P2P
energy systems, participants in local communities can directly communicate, share and trade
energy, especially surplus renewable energy, without any central authority such as the
aggregators. Hence, the issues of pollution, efficiency, flexibility, and autonomy of big and
top-down conventional power grids can be avoided. This concept of P2P energy systems is
different from the concept of microgrids — small scale power grids which usually still requires
a central coordinating entity, but share one thing in common — the locality. Therefore, this
project aims to investigate P2P microgrids to eliminate such difference toward autonomous
microgrids.

However, in P2P microgrids (and other microgrids), the capacity of energy resources is
limited due to their small-scale nature. Thus, the operation and control of such systems are
different from that in large power grids, hence urging the need of novel control and
optimization methods. From the control systems viewpoint, P2P microgrid is a network
control system. Therefore, the limited energy capacity issue can be handled by designing
proper control inputs, leveraging the framework of network system control and optimization.
As such, the following key scientific questions were initially set to be solved in this project:

m  Key scientific question (Q1): Given a desired upper bound of the total control input
energy for a network system, how to design a distributed controller satisfying that
energy constraint?

m  Key scientific question (Q2): How to derive optimal energy management strategies for

P2P microgrids in a fully distributed manner while taking into account P2P microgrid

constraints including energy constraints?

The ultimate goal of this research proposal is to obtain theoretical designs for low carbon,
energy-efficient, and autonomous smart microgrids which can operate on their owns, i.e.
independent from the main grid, by which to improve the existing problems on the cleanliness,
efficiency, flexibility, resiliency, and autonomy of electric power grids. To achieve that the key
scientific questions (Q1) and (Q2) mentioned above were initially expected to be solved in this
project.

Nevertheless, during the research period the principal investigator revised the research
plan to mainly focus on the key scientific question (Q2), due to the following reasons. First,
setting up a desired upper bound of total control input energy for the whole P2P microgrid
incurs a global constraint. To deal with such global constraint in a distributed manner,
additional efforts are needed, which also require additional energy consumption. Second, the
upper bound in key scientific question (Q1) significantly limits the approaches for modeling,
optimization and control of P2P microgrids. As such, the principal investigator mainly
focused on resolving the key scientific question (Q2), in which energy constraints compose
those for each P2P energy market participant and that for the energy balance constraint of
the whole system.



(research method)

(1) Models of peer-to-peer (P2P) energy markets:

The first step in this research project is to specify mathematical models of P2P energy
markets, based on which novel optimization and control methods will be developed. As such,
during this research project a few P2P energy market models were investigated for
integrating renewable and distributed energy resources, for instance, rooftop solar [J1], micro
fuel cell combined heat and power (FC-CHP) systems [J2], electric vehicles and wireless
charging-discharging lanes [J3], [J4], solar cells [J5], [J6]. Each market participant is a
prosumer who can act as both an energy producer and an energy consumer.

The common point of P2P energy markets mentioned above is on the market structure
which is described by a bipartite structure. More specifically, at each time step a P2P energy
market is divided into two groups, one is for energy sellers and the other is for energy buyers,
and the trading between participants (peers) are bilateral. For simplicity, no participant is
both an energy seller and an energy buyer at the same time. Furthermore, there is no
communication between participants inside each group. Instead, the communications are
made between a participant in one group with some others in the remaining group, and this
structure can be changed from a time step to another. This time-varying bipartite structure
is illustrated in Figure 1 below.
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Figure 1. lllustration of the time-varying bipartite structure in the considered P2P
energy markets (6 participants are used for illustration purpose only) [J1].

(2) P2P market clearing mechanisms:

Having the specific models of P2P energy markets as described above, this research project
proposed market clearing mechanisms and studied related problems. The market clearing
problem is formulated as a decentralized optimization problem to be solved by each market
participant (peer). To do so, the so-called alternating direction method of multipliers (ADMM)
approach is employed to develop decentralized approaches to solve the aforementioned
decentralized optimization problems, i.e. to solve market clearing problems.

(research result)
During the period of this research project, many results have been obtained, some of which
were not thought of in the original research plan. For example, the bidirectional optical
wireless power transfer between perovskite solar cell devices [J5], [J6] can be treated under
the framework of P2P energy systems, in which in system containing a perovskite solar cell
device can be regarded as a peer. In what follows, the main research results on P2P energy
markets derived from this research project are described.

A comparison between P2P energy markets and conventional pool-based energy
markets was made in [J1], together with an analysis of P2P energy market closed-form
solutions with and without bilateral trade weights. Then an ADMM-based market clearing
mechanism was proposed in [J1] for the general case of having bilateral trade weights. Based
on the obtained results, simple learning strategies were proposed to adjust prosumer cost
function parameters to achieve successful and maximum traded powers for all prosumers.
All theoretical results were subsequently demonstrated via a synthetic system and a modified
IEEE European Low Voltage Test Feeder.

Utilizing the research in [J1] as a base, the study in [J2] investigated a P2P energy
market for residential prosumers equipped with micro FC-CHP units, in which the
simultaneous gas and electricity management was considered. Then by linearizing the
nonlinear dynamics of FC units, the original non-convex, nonlinear optimization problem
representing the optimal gas-electricity management was convexified and solved using the
ADMM approach proposed in [J1] for the considering P2P electricity market. It is then



illustrated through an example of 6-house system with realistic electricity consumption that
the considered P2P electricity trading system help households to be as self-sufficient as
possible, and the electricity bought from the bulk grid is as least as possible, as depicted in
Figure 2. It is also noted that the ADMM approach in [J1] and [J2] are scalable.
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Figure 2. Demonstration for the effectiveness of a P2P electricity trading market [J2].

Next, a P2P energy market was proposed in [J3] for the energy trading between electric
vehicles (EVs) and road lanes embedded with coils for bidirectional wireless charging and
discharging with EVs. Moreover, the negotiation for energy trading between EVs and a
wireless charging-discharging lane (WCDL) is masked with random noises so that their
privacy is protected, while still achieving the averaged consensus for calculating the market-
clearing energy price. Consequently, a cooperative learning based on interval analysis was
proposed in [J3] for selecting parameters of the cost functions of EVs and a WCDL so that
their traded amounts and the market-clearing price belong to their desired intervals.
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Figure 3. lllustration for the P2P energy trading between EVs and a WCDL and the
masked market-clearing price [J3].

Lastly, following the work initiated in [J3], the study in [J4] generalized it to the general
case of multiple energy buyers and multiple energy sellers. The problem of determining the
ranges for prosumer cost function parameters so that the resulted P2P energy market-
clearing solutions belong to expected intervals by prosumers was formulated as an inverse
optimization problem. A cooperative learning strategy was then proposed for all prosumers
to collaborate with other prosumers in via the specified bipartite communication structure to
satisfy a global inequality condition. Afterward, the robustness of the considered P2P energy
market was investigated in presence of various models of cyberattacks including Byzantine,
malicious, F-local, and f-fraction types of cyberattacks. It was shown that under the so-called
weighted-mean-subsequence-reduced (WMSR) resilient consensus algorithm (for inter-
prosumer negotiation), the inter-prosumer bipartite communication structure possesses a
much better resilience performance index than that in the existing literature. This can be
seen via a numerical example shown in Figure 4 below.
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Figure 4. Demonstration for the tightness of the resilience performance index of
bipartite P2P energy markets obtained in [J4].
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