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Abstract
We present a hierarchical framework aimed at decentralizing the distribution systems market
operations using localized peer-to-peer energy markets. Hierarchically designed decision-making algorithm approaches the power systems market operations from a bottom-up perspective. The three
layers of the hierarchical framework operate in orchestration to enable prosumers (the grass-root
actors) to maximize their revenues - hence, a prosumer-centric framework. The design of the framework incorporates existing smart grid technologies (Virtual Power Plants, Microgrids, Distributed
Energy Resources) and redeﬁne their functional objectives to align them with the decentralization
paradigm focused on empowering bottom-up grid operations approach. On one hand, the framework
is enabling prosumers with the simultaneous access to the buy-sell choices that help them maximize
their cost savings while ensuring their consumption patterns and preferences are not being tradedoﬀ as a result of top-down operational decisions. On the other hand, it is designed to operate in
harmony with the existing top-down grid operations mechanisms - thereby reducing the potential
friction is its adaptation. This marriage of the top-down and bottom-up operational approaches
is facilitated through meticulous orchestration of operational timescales. Framework’s novel design
also incorporates scalability and interoperability considerations, thereby tackling the challenge of
decentralization holistically.
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Decentralization, Virtual Power Plants, P2P Energy Markets, Grid Operations, Top-down vs
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Introduction

1.1

Motivation

Energy systems are part of the critical infrastructure of a nation. Electricity not only keeps the
lights on for the end-users but also forms the backbone of the industrial activities. In today’s digital
age, where electronic devices are cornerstone of modern life, the importance of reliable electricity
supply – the fuel for these devices – has only escalated many folds. At the same time, energy systems
are amidst a major transformation. The unprecedented changes in the global energy landscape are
driven by a number of factors (listed in Appendix I).
The electricity sector has primarily been monopolistic dominated by vertically integrated utilities.
Liberalization of electricity markets over the past several decades has opened doors only for owners
of utility-scale generation plants to participate. From the end user’s perspective, the electricity
sector remains largely centralized: end users have very little (if at all) say in market dynamics
and therefore they have no choice but to be “price-takers". The proliferation of DERs, reaching
high penetrations, oﬀers a beacon of hope: it empowers the end users and their communities in
unprecedented ways toward self-suﬃciency to the extent that going “oﬀ-grid" is starting to become
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a viable option. Depending on the jurisdiction, prosumers1 may already have the option to sign
contracts with DER aggregators–third-party for-profit entities serving as intermediaries between the
prosumers and wholesale markets. Such contracts often lock prosumers into selling their electricity
for a stipulated length of time (often a few years) and therefore does not necessarily maximize the
value of energy that prosumers oﬀer. And so the mechanism of such contracts is not eﬀectively
serving the purpose of decentralized operations where prosumers are the primary decision-makers.
We, therefore, re-imagine the operational paradigm of decentralized energy systems by modeling
the bottom-up approach to grid management. Moreover, in this work, we put forth the idea that
the centralized (top-down) vs. decentralized (bottom-up) architectures for grid operations are not
necessarily at fundamental odds.
We propose that essential to a paradigm shift in the electricity sector’s operating philosophy is to ﬁnd synergies between top-down and bottom-up approaches of managing the generation, transmission, distribution,
and end-use pipeline.

In practical terms, this proposition entails that the prosumers or the end users are no longer passive price-takers. Instead, they participate in the wholesale markets as price-makers. At ﬁrst glance,
the idea of top-down and bottom-up approaches coexisting may seem paradoxical, and we may be
tempted to label the bottom-up approach of infusing the grid edge with greater control coupled with
DERs deployments as “disruptive”. However, we must be mindful of the fact that technological disruptions in the electricity sector cannot and will not happen overnight given the conservative nature
and sheer scale of this industry2,3 . Furthermore, the past decade has borne witness to signiﬁcant
[3]–[5] push back from utilities entrenched in the top-down architecture against DERs and community microgrids as these concepts challenge existing business models. If the bottom-up operational
approach leans toward augmenting the objectives the current top-down approach, rather than outright displacing the centralized system, it will more likely gain widespread adoption. The marriage of
top-down and bottom-up architectures, nonetheless, will require novel coordination mechanisms that
can aggregate small-scale DERs toward system-wide objectives while fully preserving their owners’
energy choices (i.e., when and how they would like to use the energy from their DERs).
Meanwhile, it is also essential to identify diﬀerent value streams for revenue generation to incentivize end-users (i.e. prosumers) to continue investing into DERs deployment projects. In theory, a
straight forward value-stream creation option is to connect these prosumers to the already existing
wholesale markets for energy, transmission rights, and ancillary services. However, this proposition
falls short of practical value because of a number of barriers inhibiting DERs’ participation. “Individual consumers and small-scale generators have little individual impact at the transmission level, and
the complexity of the processing and communications infrastructure needed for participation would
involve transaction costs that outweigh potential beneﬁts. Furthermore, market price ﬂuctuations
present risks that are diﬃcult to hedge at the individual level. Instead, they have traditionally been
serviced in retail markets by large suppliers, where economies of scale allow for transaction costs
to be overcome and market price risks to be diversiﬁed." [6]. However, this barrier to entry in the
wholesale markets renders prosumers in a state where they only beneﬁt from their ﬂexibility to shift
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Prosumers are “proactive consumers” who own on-site energy production and storage capabilities. They undertake
a proactive behavior by managing their consumption, production through DERs and energy storage.
2

In 2019, the electric power industry in the United States generated a revenue of about 401.7 billion U.S. dollars [1].
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According to the International Energy Agency, total investment in the U.S. energy sector was valued at $350
billion in 2018 (the second-largest in the world) [2].
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their own peak demand resulting in reduced demand charges.
Coordinated local DERs can overcome some of these challenges eﬀectively by oﬀering win-win solutions for grid operators and the end-users or prosumers. Firstly, when operating as an orchestrated
ﬂeet of generation and storage technologies, DERs are able to participate in the wholesale markets
- opening up a value stream for the individual owners. In the process of participating as a ﬂeet,
they can oﬀer the grid operators an opportunity to harness their services (for example, in ancillary
market) without having to undertake the burdensome task of monitoring & controlling individual
small scale generation technologies4 .
Secondly, they can reduce the upstream generation and transmission capacity requirements by
meeting large proportions the demand within the coordinated cluster from local generation itself.
Note that the capacity build-out by the utilities is a favorable outcome as far as the existing utility
business models are concerned. However, several system-wide challenges exist for building out new
grid infrastructure: i) Siting new transmission lines (getting approval of new routes and obtaining
rights to the necessary land); ii) Determining an equitable approach for recovering the construction
costs of a new transmission line built in one state when the line provides beneﬁts to consumers
in other states; iii) Expanding the network of long-distance transmission lines to renewable energy
generation sites where high-quality wind and solar resources are located, which are often far from
where electricity demand is concentrated; and so on. Therefore, reduction in the upstream capacity
requirements is a favorable outcome from both regulator’s and the prosumer’s perspective.
Thirdly, the coordinated DERs can help achieve cost-savings on utility bills (by peak demand
reduction) and provide resilience beneﬁts such as sustaining the critical load during the utility outage.
The cost-savings are achieved when the peak demand of the individual prosumer is met by the local
generation from the coordinated ﬂeet, thereby reducing the utility demand charges imposed on
individually metered prosumer. These cost-savings are also reﬂective of the energy eﬃciency that
the grid is able to achieve by not having to move power over long distances and have peaker plants
turned on to meet the demand of the consumers during on-peak hours. Furthermore, these DERs
can help enhance the resilience of the distribution grid by providing blackstart services in the event
of a blackout.
Given myriad of beneﬁts associated with operating the DERs as coordinated ﬂeet, this concept
has gained momentum recently and has been termed as Virtual Power Plants (VPPs). A VPP
is a collection of DERs that are coordinated to have visibility, controllability and impact at the
transmission level of the power network [7]. VPPs are discussed further in the background [section
2].
On the other hand, for individual prosumers, there exists one more option to get remunerated
for the excess energy their DERs generate, it is called ‘net-metering’ policy. In this arrangement,
prosumers essentially sell their electricity back to the grid at a “buy-back rate". However, the price
of electricity that they buy from the grid is generally much higher than the buy-back rates that
prosumers can obtain from selling the electricity to the grid. Therefore, a new type of revenue
generation instrument has been emerging for the prosumers. This approach or the instrument is
termed as peer-to-peer (P2P) energy markets.
P2P energy markets capacitate the prosumers to trade electricity in the absence of intermediaries
at their agreed price, by establishing a platform to transact with each other. It is an appealing option

4
In the transmission level power systems models, the loads are often considered in bulk. In other words, loads are
represented in an aggregated manner. Consequently, the granularity of the load modeling is lost on large-scale grid
models. Operators, therefore, have no visibility into the small scale DERs despite these devices being equipped with
modern sensors and controllers.
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that becomes increasingly viable with greater DER penetration. This market apparatus further spurs
decentralization by empowering prosumers to have greater control on the use of energy generated by
the DERs they own. Thus, P2P energy markets will play a signiﬁcant role in propelling the bottomup approach to energy systems operations. Moreover, when designed appropriately, P2P energy
markets not only empowers the prosumers but also oﬀers many potential beneﬁts to the central grid
such as aid with congestion management and providing ancillary services.
Although capable of functioning as a separate mechanism, peer-to-peer energy markets are largely
going to operate amongst prosumers who are connected to the utility grid5 . And in this grid connected setup of P2P energy markets, prosumers can also get beneﬁted by oﬀering their DER generation to the centralized markets - hence the coordinated ﬂeets (VPP discussion in the previous
paragraphs). Therefore, it is imperative that combining P2P energy markets with the VPPs is an
optimal way for opening maximum revenue generation streams for the prosumers, thereby nurturing
the decentralization paradigm.

1.2

Problem Statement

For more than a century, the grid has operated in a centralized top-down fashion. However,
as the penetration of the distributed energy resources (DERs) grows, the grid edge is increasingly
infused with intelligent computing and communication capabilities. Thus, the bottom-up approach
to grid operations inclined toward decentralization of energy systems will likely gain momentum
alongside the existing centralized paradigm. Indeed, recent academic research has focused on local
decentralized energy trading [8]–[16]. There are also test-bed and prototype deployments around the
world to demonstrate the feasibility of localized peer-to-peer energy trading (see [17] for a summary).
This growing trend toward the bottom-up approach will challenge the institution of the traditional
top-down architecture for grid operations. Easily anticipated are frictions that will arise amongst
diﬀerent actors along the electricity supply chain and in electricity markets (e.g., generation owners,
large utilities, small DER owners, policy makers, etc.) as decentralization escalates. Therefore,
critical in a credible and practical path forward is to coordinate the coexistence of the two seemingly
contradictory approaches of grid management, toward the overarching goal of reforming the grid of
the future as a reliable, eﬃcient, decarbonized, and economical infrastructure to meet the growing
global energy demand.
Given the pace of transformation the energy landscape is undergoing, there a multiple niches
where the research frontiers are being pushed further from generation to transmission to distribution
to end-user domains. Innovations in these niches, which touch upon and at times encompass the
technical, economic, and policy aspects of energy systems, are very much needed to help meet the
decarbonization targets and sustainability goals. There exists, however, a dire need to bring together
the advances in diﬀerent niche areas and understand their workings in a piece of a whole context
and with that awareness shape cognizant decentralized operations of the energy systems that gel
well with existing top-down operations. By doing so, we open up the pathways of enhancing the
functionality of these standalone smart grid technologies to better serve the objective of creating
a clean and equitable energy future for the planet, by utilizing feedback loop originating in this
systems approach. In this process, the existing research on these niche areas becomes more and
more practically relevant. Consequently, the research-to-deployment timeline of these cutting-edge
concepts and ideas will be shortened. Furthermore, it is vital to ﬁnd a way to make these smart
grid technologies and operative paradigms work together so that their synergies can be channelized
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It is possible for a group of prosumers to go oﬀ-grid altogether when the DER systems are designed with the
capacity to sustain all the load. However, our focus in this research work is on prosumers who operate in a gridconnected fashion while also choosing to participating in the peer-to-peer energy markets.
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for achieving the higher-level objectives of reducing carbon footprint, maintaining reliability, and
increasing overall energy eﬃciency of the electricity supply chain.
This research, therefore, is focused on taking a holistic approach to architect a prosumer-centric
grid operations framework, accounting for the multi-faceted intricacies of power systems markets
and operations, that can help bridge the gap between the top-down and bottom-up approaches of
electricity grid operations management on the distribution grid end. On one hand, this approach
empowers the prosumers with greater control on the energy produced by the DERs they own. On
the other hand, it gels well with the existing large-scale centralized markets.

1.3

Novelty and Contributions

To realize the vision of developing this prosumer-centric P2P energy trading framework, designed
to work alongside the top-down approach to grid management, we have mapped out and accomplished
the following speciﬁc objectives:
• Establish the value-proposition of decentralized energy systems and put forward the advanced
notion of operational planning within decentralization context.
• Prototype the hierarchical architecture of decentralized Peer-to-Peer markets by acknowledging
the preordained interactions between top-down and bottom-up approaches to electricity grid
operations.
• Model the ladder of decentralized dispatch decisions in the hierarchical P2P markets - considering the complex interplay of the physical, market, and cyber layers.
This framework, in its essence, oﬀers a fundamental fabric for enabling the co-existence of the centralized and decentralized electricity market paradigms. Thereby, providing a fertile ground for the
emerging decentralization paradigm to thrive to contribute to the sustainable and low-carbon future
of the planet.

1.4

Article Structure

The motivation, problem statement and the contributions of this work were presented in the
current section (section I). Section II explains the building blocks of the framework (smart grid
technologies and concepts) with their associated functionalities. It also discusses the prior art in
VPPs and P2P energy trading domain. Section III presents the end-to-end design of the proposed
framework and delineates the operational scheme tailored for harmonious interactions of the top-down
and bottom-up approach to grid operations. The design of the framework is hierarchical in nature
with three distinct layers within the market sphere, constituting a highly conducive environment for
a prosumer-centric decentralized operational paradigm to exist. Section IV concludes the article and
discusses the future research directions.

2

Background

2.1

Connections Between Existing Centralized Energy Markets and Proposed Peer-to-Peer Markets

The range of beneﬁts that decentralized and peer-to-peer energy markets oﬀer, to the prosumers
primarily located on the distribution grid, can only be utilized in its entirety when analyzed in
5

conjunction with their interaction with the central grid’s market operations. This is because the
transmission grid & distribution grid operations are growing more and more intertwined because of
the bidirectional ﬂow of power. Furthermore, the coordinated ﬂeet of DERs oﬀer beneﬁts such as
demand response and load ﬂexibility to the grid operators and at the same time foster an additional
value stream for the prosumers. This mutually beneﬁcial proposition asserts the need for considering
the interactions between the centralized (wholesale and retail) markets and localized coordinated
DERs operations (i.e. VPPs).
Majority of the centralized electricity markets have two components - retail and wholesale. While
retail markets involve the sales of electricity to consumers, wholesale markets typically involve the sale
of electricity among electric utilities and energy traders before it is eventually sold to the consumer
through the retail markets1 . Operations of the wholesale and retails markets involve a number of
participating agents in the power systems. These agents include utilities, grid operators, load serving
entities, third party service provides (in retail markets), energy traders, and so on. A set of complex
interactions between these agents govern the market mechanism that supplies electricity to the end
users. A brief description of the agents and their roles are provided in Appendix B.
For a P2P energy market to be eﬀective in practice, it is important to position its design such that
it takes care of the agent interaction dynamics in the electricity supply chain. Therefore, the following
subsections are dedicated to describing the concepts surrounding wholesale and retail markets and
their relation to the physical grid operations which constitute the backdrop for designing the proposed
decentralized peer-to-peer energy markets framework.

2.1.1

Retail Deregulation

In retail deregulated areas, electricity customers have the option of selecting an electric supplier
(known as customer choice) rather than being required to purchase electricity from their local electric
utility, which introduces competition for retail electricity prices. Since many electric suppliers can
exist within a region with customer choice, electric retailers oﬀer competitive prices in order to acquire
customers (contracts with generation suppliers typically oﬀer the customer a ﬁxed charge—dollars
per kilowatt-hour of power—over a certain amount of time).
For consumers, there are pros and cons to selecting a supplier other than their local utility company. Retail competition can help lower a customer’s electric bill and also allow them to tailor their
energy to their preferences, such as selecting a clean energy supplier. However, independent companies often require customers to sign contracts, which can lock them into a set electricity price for
multiple years. While ﬁxed rates could be beneﬁcial for some customers, they could also negatively
impact others if the rate they agree to ends up being more expensive than the rate set by the local
utility. Also, it is important to note that customer choice is only applicable for the generation portion
of a customer’s utility bill because transmission and distribution services are still provided by the local utility company, since these services are a natural monopoly (as discussed above). Consequently,
only a portion of electric rates in these areas are set competitively. For customers who choose not
to select an independent power supplier, their local utility is still obligated to provide them with
electricity that the utility will purchase from generators.

1

Not all the states or provinces fall neatly into the category of having both retail and wholesale electricity markets.
Some states have deregulated their wholesale markets but not retail markets. Moreover, in the competitive retail
markets, municipally-owned utilities may not oﬀer their customers retail choice. It is important to note that the
market is not always divided clearly between traditionally regulated markets and competitive market states. Some
states, like California, are partially restructured markets and only permit certain consumers to engage in retail choice.
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In our proposed framework, we attempt to position the functioning of VPPs as a replacement for the
independent companies mentioned in the previous paragraph. Architecting the operations of VPPs such
that they are not acting as a for-profit centralized aggregator and instead operating semi-autonomously
with the objective of maximizing prosumer savings is part the challenge we undertake in designing the
framework.

In long term, these VPPs should be capable of interacting with both retail and wholesale markets.
However, in our line-of-research for this work we choose to focus our framework’s interaction with
wholesale markets. The primary reason behind this choice is the prevalence of wholesale markets
compared to the retail markets in the Northern American power grid. Another reason behind studying
the interactions of the proposed framework with the wholesale market is that the goal is to help
prosumers derive most value out of their DER’s energy production, and wholesale markets (especially
the markets that run on short time-frame) are often lucrative.

2.1.2

Wholesale Markets Structure

In the deregulated regions, grid operators, also called RTOs2 and ISOs3 , typically run three kinds
of markets that determine wholesale prices for selling electricity: i) Energy Markets; ii) Capacity
Markets; and iii) Ancillary Markets. A brief description of these three types of markets is provided
in Appendix C.
The three sub-types of the wholesale markets run by ISO/RTOs, working on diﬀerent time scales
to maintain the grid reliability, are shown in ﬁgure 2.1 [18].

2

Established pursuant to Federal Energy Regulatory Commission (FERC) Order No. 2000, an RTO is a federally
regulated independent entity that is responsible for: i) Managing, providing access to, and monitoring transmission
facilities under its control; ii) Maintaining grid stability and reliability; iii) Matching electricity demand to supply; iv)
Facilitating competition among wholesale electricity suppliers.
3

An independent and federally regulated entity that coordinates regional transmission to ensure non-discriminatory
access to the electric grid and a reliable electricity system. ISOs were formed following the issuance of FERC Orders
Nos. 888 and 889 by the Federal Energy Regulatory Commission (FERC) to encourage utilities to work together to
ensure they provided non-discriminatory access to their transmission lines to non-utility owned power plants. ISOs
are not the only transmission operators in the US. There are also regional transmission organizations (RTOs) which
perform generally the same functions as ISOs, but RTOs have a jurisdiction over a larger geographic area.
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Figure 2.1: Market constructs used by the ISO/RTO to ensure reliability of electricity supply over multiple time scales.
[18]

2.2

Decentralized Peer-to-Peer Energy Markets: Technologies
at Play

The proposed hierarchical framework (described in section 3), in part, oﬀers an eﬀective way
of harnessing existing energy technologies (like VPPs, microgrids, P2P energy trading) to achieve
the objective of scalable and interoperable decentralized distribution grid level P2P energy markets
leading to a greater autonomy, higher eﬃciency, and increased resilience of the localized generation.
For some of these technologies, there are slightly varying interpretations of their functionalities
and roles in the literature. Therefore, in the following subsections, we elucidate on the underlying
functionalities and the capabilities of these technical apparatuses as they are the vital constituents
of the proposed framework.

2.2.1

Distributed Energy Resources

Distributed Energy Resources (DERs) are small or medium-sized resources, directly connected to
the distribution network [19]. In the U.S., FERC Order No. 2222 expansively deﬁned DERs as “any
resource located on the distributed system, any subsystem thereof or behind a customer meter."[20].
DERs include electric storage resources, distributed generation, thermal storage, heat pump, ﬂexible
and controllable loads, energy eﬃciency measures, and electric vehicles and their supply equipment.
In most instances, these resources are located close to the end user of electricity. Demand Response
is also a form of DER.
Net energy metering (NEM) metering is a system in which DERs are connected behind-the-meter 4
to a distribution system and any surplus power generated by the prosumer-owned DERs is transferred
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behind-the-meter refers to anything that happens onsite, on the energy user’s side of the meter. Conversely,
anything that happens on the grid side is deemed to be in front of the meter.
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onto the grid, allowing customers to oﬀset the cost of power drawn from a distribution utility. Such
surplus ﬂow typically occurs during periods when the DER’s production outstrips the customer’s
total demand. As a result of NEM, which is a highly conducive policy towards DERs, the overall
quantity of DER installations have grown a lot in some states of the U.S.
The recent FERC ruling (Order No. 2222) [20] has, opportunely, enabled DERs to participate
in the wholesale markets. This rule enables DERs to participate alongside traditional resources in
the regional organized wholesale markets through aggregations, opening U.S. organized wholesale
markets to new sources of energy and grid services. It allows several sources of distributed electricity
to aggregate in order to satisfy minimum size and performance requirements that each may not be
able to meet individually. The key here is the aggregation. This opens up doors for third party service
providers (who are diﬀerent from Load Serving Entity responsible for serving the retail customers in
retail regions). Mechanisms of aggregation, that promote scalability and interoperability, are one of
the focus points in our proposed framework, we cover this topic in-depth in the subsequent sections.

2.2.2

Microgrids

The deﬁnition of a microgrid is continually evolving as new concepts and technologies are introduced to the smart grid and urban planning domain. As per the U.S. Department of Energy,
“a group of interconnected loads and distributed energy resources within clearly deﬁned electrical
boundaries that acts as a single controllable entity with respect to the grid. A microgrid can connect
and disconnect from the grid to enable it to operate in both grid-connected or island-mode.” [21]. A
European perspective deﬁnes a microgrid as “a low voltage distribution network comprising various
DG [Distributed Generators], storage devices and controllable loads that can operate interconnected
or isolated from the main distribution grids.” [22]. Microgrids are fundamentally localized grids that
can disconnect from the traditional grid to operate autonomously. Because they are able to operate while the main grid is down, microgrids can strengthen grid resilience and help mitigate grid
disturbances as well as function as a grid resource for faster system response and recovery.
Although, there seems to be no standardized classiﬁcation in the academic literature or industry for
categorizing microgrids based on the scale and sophistication of the assets, operations, and control
functionalities, there are indeed commonalities or overlap between various deﬁnitions. The key
aspects or features of microgrids covered in the the deﬁnitions include: (i) ability to operate in gridconnected and islanded modes; (ii) clearly deﬁned electrical boundaries; and (iii) ability to manage
its own operation by controlling interconnected loads and generation resources.
Microgrids are typically connected to the utility at the campus-wide main metering point and
operate without much interaction with the distribution system, except for the bidirectional power
ﬂow when excess energy is sold back to the grid. Net metering is the common mechanism used to
account for the bidirectional power ﬂow between the microgrid and the utility grid, simplifying the
compensation structure. The ownership structure of such microgrids is often straightforward as well,
where utilities consider them a “behind-the-meter” resource.
There are two main types of microgrid architectures: i) permanent islands or self-contained, and
ii) grid-connected. The self-contained microgrids, often constructed in remote or completely islanded
locations, have no ties with the utility grid. Consequently, their generation technologies and other
infrastructure components (such as power electronics, energy storage, fuel storage tanks) are sized
to meet the entire load for all the time independently. On the other hand, the grid-connected
microgrids are designed to stay connected to the central grid under normal operations. They are,
however, equipped with necessary controls and switches functionalities to isolate from the utility
grid in the event of utility grid outage. Grid-connected microgrids are often sized to power only a
subset of the critical loads in case of utility grid outage rather than the full site-wide load, as they
are usually operating in the grid-connected mode.
9

2.2.3

Virtual Power Plants

A Virtual Power Plants or VPP is a network of independent DER systems utilizing a cloud-based
control system to perform like a single large capacity energy source. It is basically a distributed
power plant formed by aggregating the capacities of heterogeneous DERs. It performs the task of
coordinating multiple distributed DERs for enabling their participation in the wholesale markets.
DERs can be of a variety of types such as dispatchable and non-dispatchable, controllable or ﬂexible
loads, photovoltaics (PVs), energy storage systems, backup generators, biomass, small-scale wind
turbines, etc.
VPPs have started thrusting ahead with real world deployments. For example, in 2019, a VPP
project was announced by the South Australian government (in collaboration with Tesla) for 50,000
houses [23]. The prevailing consensus on VPP’s objectives is to enable the participation of the smallscale DERs into the wholesale markets. The markets often have strict requirements regarding the
availability and reliability of the ﬂexibility oﬀered in the market. VPPs enable the power and the
ﬂexibility of heterogeneous assets (consisting of power generators and ﬂexible loads) to be traded
collectively in lucrative sections of wholesale markets (balancing reserves, for example). Therefore,
the design of VPPs with this particular objective is such that the decentralized units are linked and
operated by a single, centralized control system.
Interestingly, the VPPs in the current scenario are often commissioned by the utilities or the
government, along with the capital expenses for setting up the needed digital infrastructure. Though
the data back-and-forth between the VPP’s control system and individual assets is facilitated through
public communication infrastructure, the remaining digital components such as the VPP’s controls
software, measurement and control sensors on the individual assets still need capital investment. This
arrangement makes these VPPs a part of the top-down approach of managing the power
systems. In our research we challenge this notion and set out to design our framework such that
along with enabling participation of DERs in wholesale markets, VPPs are acting as a facilitators for
localized and decentralized peer to peer energy markets. In other words, VPP’s operational objective
is not limited to maximizing prosumer savings by representing them in the wholesale markets, VPP
also interfaces with the localized peer-to-peer markets. This way, VPPs act as a facilitators between
the bottom-up and top-down approaches, primarily aiming to aid prosumer-centric decision-making.
We discuss this further in the 3 section.

2.2.4

Diﬀerence between VPP and Microgrid

Both VPP and microgrid often involve a mix of DERs including storage and ﬂexible loads, but
there are some important diﬀerences that set these two mediums of DER aggregation apart:
• VPPs do not have any physical assets of their own, they more or less operate in the market and
cyber layers that together do the aggregation and eﬃcient dispatch of DERs (from diﬀerent
owners) that it bundles. Whereas, microgrids are capable of grid-connected and islanded modes
of operations. In the islanded mode, they can continue functioning on their own.
• VPPs can be assembled using assets connected to any part of the grid, whereas microgrids are
usually restricted to a particular location, such as an island or a campus.
• From grid operator’s perspective, VPPs are front-of-the-meter power plant. That is, diﬀerent
resources with in the VPPs are metered individually. Whereas, microgrids are often considered
a behind-the-meter (BTM) resource where all the DER assets of the microgrid are metered at
the single point of interconnection to the main grid.
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In our proposed framework, we further establish diﬀerence between the operational objectives and
functionalities of these two mediums of aggregation to better serve the overall objective of designing
prosumer-centric decentralized P2P energy markets that coexist with the utility grid in the smart
grid of the future. These diﬀerences are detailed in the section 3.

2.2.5

Peer-to-Peer Energy Trading

Peer-to-Peer (P2P) markets allow small suppliers to compete with traditional providers of good
or services. Their primary function is to make it possible for buyers to ﬁnd sellers of all scales, and
engage in trustworthy and convenient transactions. P2P energy markets, conceptually, also perform
the same function of allowing the prosumers to directly share the energy generated on-site with their
neighbors or peers.
P2P markets are fundamentally an instrument to decentralize the energy markets as it enables the
electricity trade without intermediaries such as single authority or centralized organization managing
the system. However, P2P energy markets have a peculiarity that makes them an interesting usecase of P2P /decentralization concept - they trade electricity - a commodity which is very diﬃcult
to store in large scale and has to be available instantaneously (on demand). Stocking up electricity
in bulk 5 is not pragmatic solution nor it is possible to have customers queue up to get the inventory.
Adding to this web of complexities is the intermittent nature of the supply (of renewable generation
technologies) as well as continuously varying demand.
Given these unique characteristic of the commodity being traded, P2P energy market design is
a complex process that must consider market as well as physical layers of this system, while also
accounting for the timescale axis. Furthermore, for the P2P energy markets to co-exist with the
incumbent centralized electricity market’s physical and virtual infrastructure, there interactions with
the wholesale markets must also be considered in designing the framework.

3

Proposed Framework:
Design and Operational Scheme

3.1

A Metaphysical Perspective on Decentralization

Decentralization refers to the transfer of control and decision-making from a centralized entity
(individual, organization, or group thereof) to a distributed network. It is not a new concept - in
energy systems context or otherwise. In energy systems context, however, the complexity of this
multifaceted concept increases manifolds due to the nature of the commodity being traded (the
electricity) and the enormity of the traditional electricity sector’s structure that builds, operates,
and maintains this capital intensive network.
While it its tempting to label energy systems in binary terms as centralized or decentralized, in
actuality it is a continuum. The degree to which the energy systems can be decentralized depends on

5

The energy storage technologies are available today. But the argument that their scale is suﬃciently large to store
electricity in bulk such that the majority of generation capacity at any point can be turned oﬀ by the ISOs doesn’t
hold any ground in the present context. A decade or two from now, it is possible that energy storage’s falling prices
make them a true alternative to utility-scale generation plants but the research work today can’t be hedged with such
a risky bet.
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the characteristics of its sub-systems1 , policy implications, and the conditions in the existing energy
systems paradigm that either support or suppress the successful deployment of decentralization concept. Decentralization of the sub-system handling the Information and Communication Technology
(ICT), for example, is a process that can be designed and deployed with relatively less friction2 .
Similarly, sub-systems such as market operations, grid management3 , grid infrastructure4 can be
decentralized by analyzing the existing processes in place and the degree to which these existing
processes pose resistance towards complete decentralization.
Given the complexities associated with decentralization of energy systems, it is best approached
using systems theory. United Nations Development Programme aptly deﬁnes this approach to decentralization as “whole systems perspective, including levels, spheres, sectors and functions and seeing
the community level as the entry point at which holistic deﬁnitions of development goals are from
the people themselves and where it is most practical to support them. It involves seeing multi-level
frameworks and continuous, synergistic processes of interaction and iteration of cycles as critical for
achieving wholeness in a decentralized system and for sustaining its development." [24]. Therefore,
in this work, we have taken a systems approach to design the framework, for the grid’s operations
domain, with the aim of decentralizing the market operations rooted in prosumer-centric paradigm.
Within the operations realm/domain, there are three distinct dimensions that come together to enable operations of P2P energy markets (shown in Figure 3.1). This work focuses on design of the
decision-making algorithm within the market sphere.

1

examples of sub-systems within energy systems: grid operations, grid infrastructure build-out and maintenance,
market operations, etc.
2
can be accomplished using technology like Blockchain
3
involves economic dispatch and unit commitment considering transmission and distribution grid constraints
4
involves building, operating, and maintaining the assets such as generation plants, transmission system including
high voltage lines, transformers, substations, distribution system, etc.
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Figure 3.1:
P2P Energy Markets are actuated by the marriage of three technological spheres.

3.2

Existing Challenges and Gaps in the Literature

The growing momentum towards empowering the bottom-up approach to manage and operate the
electricity grid calls for inventing approaches to minimize the friction between long existing top-down
and latterly growing bottom-up approach to grid operations and management. Though there have
been a number of works in the literature that tackle peer-to-peer energy market design as well as
VPP operations - the decentralization concept has not been dealt with a systems approach which
considers the incumbents in the industry (i.e. existing wholesale markets, load serving entities, etc.)
and position the design of P2P markets such that their inevitable interactions with the central grid
(i.e. top-down operations approach) are accounted for. By positioning the design of P2P markets,
we mean devising their operational scheme such that the objectives of agents (i.e. prosumers) in
the markets are not in disharmony with the objectives of the agents upstream (utilities, load serving
entities, aggregators, etc.).
At the same time, in order to satisfy top-down economic constraints5 that are in place to conduct
the globally cost-eﬀective operations of the grid, prosumers shouldn’t be kept from operating their
DERs to maximize their individual cost savings. In other words, the maximization of prosumer savings, unrestricted by the top-down economic constraints, is the ultimate goal of bottom-up approach
to energy systems operations that we seek to actualize through the proposed framework. It is imperative that given the nature of the electricity sector, this goal is subjected to the physical limits of
the underlying power systems infrastructure. The proposition of designing bottom-up approach such

5

Non-dispatchable demand response programs are largely fashioned around economic operations of the utility grid
as opposed to the dispatchable demand response programs which are designed for helping with reliability needs.
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that the primary objective is prosumer beneﬁt maximization while also accounting for the harmonious interactions with the upstream grid operations through ancillary market participation as the
secondary objective, to the author’s best of the knowledge, has not been put forth in the literature.
Equally important to eﬀective design of P2P markets is the scaling capabilities of the market
framework. As the number of peers in a single marketplace explodes, the performance (speed of
convergences of trade, in our use-case) of the system gets negatively impacted. One eﬀective strategy
for overcoming this scaling challenge is partitioning markets such that local peers are placed in single
module or unit. These modules can then be interconnected in a hierarchical scheme such that diﬀerent
P2P markets are functional at diﬀerent layers of the hierarchy. These P2P markets (on diﬀerent
layers) are then designed to prudently interact with each other. We elucidate on their interaction
scheme in the following sub-sections. We employ this tactic of orchestrated compartmentalization in
our framework to endow it with reasonable scalability potential.
Now, the diﬃculty in instituting such interconnected hierarchical energy markets is their interoperability in all three technological spheres (physical, market, and cyber as shown in Figure 3.1).
Physical interoperability is, in part, facilitated by the interconnected web of the power distribution
lines which provide the physical path for the power to ﬂow between the participants that are part of
diﬀerent layers of the hierarchical markets. Orderly power ﬂow convergence completes the physical
interoperability equation. Market interoperability calls for designing P2P trade mechanisms such
that it is feasible to conduct inter and intra market trades within and between diﬀerent layers of the
hierarchical framework.
Interoperability in the cyber domain, on the other hand, requires exchange of needed information
to solve the power ﬂow as well as market mechanisms to securely enter and store information6 at
various phases of trading process (bidding, clearing, and settlement) along with providing a smooth
interface for information retrieval. The topic of cyber interoperability is out-of-scope for this work.

3.3

Integrated Hierarchical Framework - Empirical Design

The overarching theme behind the proposed design scheme is re-imagining the operations of DERs
and the role of prosumers such that the bottom-up approach to electricity grid operations and management is prioritized above the top-down approach, yet ensuring that their operational objectives
are not diametrically opposite. In the same vein, for addressing the challenges listed in the previous
sub-section, our framework is designed to bring together various existing smart grid concepts (DERs,
microgrids, VPPs) and synergize their operational objectives to create prosumer-centric P2P energy
markets that gel well with the wholesale markets such that prosumers have the option to oﬀer their
DERs’ services at wholesale level as well.
The key to truly decentralized energy systems operations is prosumer-centric decisions — which
means having the ability to make decisions with greater autonomy about the use of the energy that’s
produced or stored on-site. This setup entails that at any point in time, prosumers should have all
the choices available to them simultaneously (shown in Figure 3.2).

6

Market info: energy generation, consumption, price bids, bilateral contracts. Power ﬂow info: voltages and angles
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Figure 3.2:
Prosumer-centric framework: choices to be made available to prosumers

When the prosumers are free to choose any of the options listed above, they can then plan their
operations with the objective of minimizing their energy costs while maintaining their consumption
patterns and preferences. For establishing such a prosumer-centric model of electricity sector’s operational planning, the existing notion of top-down operational planning needs to be challenged to
make space for the bottom-up operational plans to exist. We explain this concept in the following
paragraphs.
As per the existing process, the overall power systems planning process starts with the capacity
planning (i.e. utility-scale generation, transmission and distribution infrastructure build out) for
3-10 years horizon. Capacity Markets mainly operate at this level. The generation entities that
get into a ﬁnancially-binding agreements with ISOs to provide generation capacity in the future are
compensated through the Capacity Markets. After that, the operational planning starts with looking
months into the future to ensure the reliability of the supply while accounting for the major planned
outages (centralized power plants or high-voltage transmission line or transformer maintenance and
upgrades). The bilateral transactions between large-scale market players, without the ISOs/RTOs
acting as mediator, happen in this time horizon (months in advance). In bilateral transactions, the
two parties know each other’s identities. The Financial Transmission Rights Market also operate in
this horizon where the transmission capacities are booked to assist the ﬂow of energy that’s been
committed in the bilateral transaction process.
The Energy Markets are then planned and run on day-ahead (unit commitment) and hour-ahead
(economic dispatch) basis. As it gets closer to real-time, Ancillary Markets are at play to ensure
the reliability of the supply. The most basic requirement of power systems operations – maintaining
the supply-demand balance on micro-second near-real-time basis – can be met either by adjusting
the generation or the load. The generation side adjustment mechanisms were explained in section
4. As per the load side adjustment mechanisms, the top-down approach gets the prosumers to
adjust their consumption patterns in favor of monetary gains. The process is termed as termed a
Demand Response. The DERs (which also encompass ﬂexible loads) are called upon to decrease their
consumption in order to maintain the supply-demand balance. It is here that we propose to make
the paradigm shift by raising this question —
Instead of being driven by top-down operational choices to make adjustments to their own schedules
(through economic incentives), why can prosumers not schedule their DERs’ dispatch based on their preferences and yet not have to (metaphorically) leave money on the table (which the top-down demand response
program’s economic incentive would otherwise oﬀer)?

The above question is at the heart of the bottom-up approach to grid operations. If
we were to raise this question a decade ago, it wouldn’t have stood much ground because the future
of DERs didn’t seem as certain as it seems today. But in present context, when more and more
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DERs are being deployed – the decentralization of power systems is arguably is the optimal path to
a low-carbon future. The underlying principle of decentralization concept is indeed about individuals
having choices and also the ability to make their own decisions given those choices. Therefore, we
propose that through the mechanisms such as P2P markets and not-for-proﬁt digital aggregators
such as VPPs, the operational planning of DERs (owned by prosumers) should be done much like
top-down operational planning.
However, we do not propose this bottom-up approach as a replacement for top-down approach,
we instead oﬀer a coordinated operational planning scheme that helps the two co-exist. Figure 3.3
depicts the proposed scheme. The inverted ﬁrst triangle summarizes the existing power systems
planning procedure based on the horizon of planning – both infrastructural as well as operational
planning. In current distribution systems operations, the second operational planning triangle is
non-existent, which meant DERs would only respond to the demand response signals sent by the
utility or the aggregator. But in our proposed scheme, the prosumers (individual microgrids) get to
plan their operations (including the selling or buying energy) well in advance (30-min ahead) and
then interact with the demand response programs (non-dispatchable kind) if they ﬁnd it cost-eﬀective
via VPP’s aggregation platform (15-min ahead).

Figure 3.3: Marriage of top-down and bottom-up approaches to electricity grid operations

The following sub-section describes the above operational scheme at all three layers of the hierarchical framework in detail.

3.4

Integrated Hierarchical Framework:
Relational Operations Planning

In the proposed framework, the bottom triangle from Figure 3.3 shows the hierarchy of dispatch
decisions that starts with the individual prosumers’ choices (prosumer choice model depicted in Fig16

ure 3.2). In the ﬁgure (3.3), it is the bottom-most layer of the bottom triangle. Here the prosumers
(microgrids in our setup) participate in the 30-min ahead P2P energy markets operating at the feeder
level. The VPPs, acting as a semi-autonomous digital platform for the prosumers to interact, then
calculates the overﬂow from the 30-min ahead P2P markets and oﬀer that aggregated energy (i.e.
overﬂow) into the Ancillary Markets that run in 15-min ahead time horizon (the green arrow in the
diagram). The third layer in the bottom-up operational planning scheme is P2P energy markets
between various VPPs, operating at 5-min time horizon. This P2P energy market basically acts as
a bottom-up secondary market for the VPPs. When VPPs are not able to provide the promised
energy (in the 15-min ahead ancillary markets) due to ﬂuctuations in the ﬁrst layer (P2P between individual microgrids), they conduct bilateral transactions between each other to meet their obligations
in the 15-min ahead Ancillary Markets. Figure 3.4 depicts the proposed operational planning scheme7

Figure 3.4:
Hierarchical Framework: the dotted lines represent the energy trades within and among diﬀerent VPPs. The VPPs
are also connected to the wholesale markets on Layer II.

3.4.1

Layer I - Localized Peer to Peer Markets for Individual Microgrids

In our framework, individual microgrids are the behind-the-meter resources which means the
energy consumption and injection is measured at the point of interconnection between the distribution
grid and the microgrid’s main meter. The DERs assets within the boundaries of the microgrid site
are operated and dispatched at the prosumer/owner level. This means that the objective of the
intelligent microgrid controller is to minimize the energy cost by taking external price information8
and internal consumption and preferences9 as input to the optimization problem.
These microgrids (we call them prosumers here by) are the participants of the P2P energy markets
at Layer I (bottom most layer in the inverted triangle of ﬁgure 3.4). Planning their dispatch 30-min
ahead, they make buy or sell oﬀers in the P2P energy markets that are digitally conducted in the
cyber sphere. Each feeder, with multiple prosumers, has a P2P market conducted using the bilateral
contracts mechanism.

7

The energy trades , represented by the dotted lines in the diagram, are diﬀerent from physical energy flows. These
ﬂows are dealt with , primarily in the physical sphere, while the market sphere manager the trades.
8
utility energy price, P2P market buy/sell prices, compensation for committing energy to VPP for ancillary market
9

ﬂexible and inﬂexible consumption predictions, battery state of charge, etc.
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The steps involved in conducting such organized P2P energy trades is summarized in ﬁgure 3.5.
This arrangement is an involved interplay of sequential processes that span over all three spheres
of energy systems operations (physical, cyber, and market). It starts with prosumers interacting
with the market sphere to place bids (for buy or sell) and then cyber sphere recording the data10 .
The third step is power ﬂow which is conducted to ensure the reliability of the power ﬂow in the
feeder and upstream network. Once the energy ﬂow at a speciﬁc point in time has occurred, the
measurements are then read and recorded in the cyber network. As the last step, settlements are
done after the fact.

Figure 3.5: Layer I - P2P Energy Markets Design and Operations

One notable feature in the process ﬂow (from Figure 3.5) is that the market sphere leads the
overall P2P trading mechanism. The power ﬂow analysis, on the other hand, is serving as an
auxiliary process that has the objective of ensuring that any reliability concerns are not overlooked
(for example, persistent voltage violations) within the feeder. The results from the power ﬂow can
raise red ﬂags which can then be used by the VPP platform (explained in Layer II subsection below)
to send signals to the prosumers to increase/reduce the energy they are injecting in the distribution
grid. How much and at what price does a prosumer want to buy/sell their energy is not being
determined by the power ﬂow per se. This kind of arrangement between the market sphere and the
physical sphere can be aﬀorded in this setup because of the small-scale nature of the energy ﬂow and
transactions in Layer I.
Another noteworthy feature of Layer I P2P Market design is that it is operating largely independent of the upstream market operations. That is to say, it is truly grass-root approach where the

10

The detailed modeling of cyber sphere, aimed at ensuring the data security and prosumer privacy, is out of scope
for this work. However, it is worth nothing that blockchain technology is a promising candidate for designing such a
robust cyber sphere.
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front line prosumers are having the opportunity to make their energy production and consumption
decisions without any direct inﬂuence of the top-down wholesale or retail market operations11 . And
so it follows that the price determination mechanism for Layer I P2P energy markets, which can be
reasonably assumed to be free markets12 , can be eﬀectively done using game theoretic approach.

3.4.2

Layer II - Participation in Ancillary Markets: Feeder Level Virtual
Power Plants

The second layer of our proposed framework is essentially serving as a bridge between the topdown and bottom-up market operations. It oﬀers the mechanism for the individual prosumers to
participate in the wholesale markets, thereby joining the sub-set of market participants who are
‘price-setters’ - which is one of the core qualities of decentralization paradigm. The decision-makers
in Layer II are VPPs. VPPs, which we deﬁned as semi-autonomous non-proﬁt digital platforms, are
designed with the operational objective of maximizing the energy cost savings of Layer I participants
(a note on the ownership structure of VPPs13 ).
As per the functionality, Layer II is primarily managing the over-and/or-under spill of the energy
from Layer I P2P energy markets. It then utilizes the over ﬂow of energy to make bids in the 15-min
ancillary services markets. The operations of VPP platform’s market and cyber sphere are highly
intertwined because VPP is constantly monitoring the status of Layer I P2P markets, based on which
it decides the amount and price of the bids it places into the ancillary markets. It also participated
in the physical sphere of the operations by housing and running the power ﬂow program. While
running the power ﬂow, if any reliability issues is ﬂagged by the outcome, VPP communicates this
information to the participants of the Layer I P2P markets and suggests corrective measures. The
functionality of the VPP platform is summarized the ﬂow chart below (Figure 3.6).
The choice of time horizons for Layer I (30-min) and Layer II (15-min) in this framework is
noteworthy. Layer I operates with 30-min ahead bids for increments of 30-min time slots. Layer
II operates with 15-min ahead window for increments of 15-min time slots such that it can make
re-adjustments to its bidding strategy in the 15-min ancillary markets based on the measured underor-over spill of the energy from Layer I. In this process, Layer II is assisting Layer I participants (i.e.
individual prosumers) extract more value for their energy by selling it in the wholesale (ancillary)
markets. The time-horizon of this layer, thus, is shorter than Layer I.

11

We specify it to be direct inﬂuence because indirectly the price point of the Layer I P2P market will be inﬂuenced
by the prices upstream because prosumers do have the choice of either buying the energy from the utility or from P2P
market. So, this competitive market setup will have second and third order causalities. However, determination of
such causalities is out of scope for this work.
12

By deﬁnition, free market is an economic system in which prices are determined by unrestricted competition
between privately owned businesses (prosumers in our use-case).
13
The capital cost of setting up VPPs digital infrastructure is a Layer I community expense. By making it a
community-owned platform, VPPs are not serving as a third-party aggregators trying to maximize their own proﬁts
by having Layer I participants sign up for ﬁnancially binding dispatchable and non-dispatchable demand response
programs. Instead, they are serving as an intelligent semi-autonomous agents working for the Layer I community to
represent them into the wholesale markets by performing the aggregation of the assets owned by the prosumers in the
community.
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Figure 3.6:
Functionalities of the semi-automated VPP platform - Layer II Decision Maker

3.4.3

Layer III - Peer to Peer Markets for VPPs

Layer III is operating P2P energy markets between the VPPs, with the shortest time-horizon
(5-min). The objective of P2P markets at Layer III is to manage the under-and-over spill from Layer
II. That is to say, if a VPP commits a certain amount of energy in the ancillary market for a 15-min
time slot (which is 15-min into the future) and later ﬁnds out that the under spill from the Layer
I P2P energy market will make it impossible for the VPP to deliver the committed energy in the
ancillary market, it can then procure the needed amount of energy by participating in the Layer III
P2P market. In other words, Layer III P2P market is designed to be the secondary market for the
VPPs to buy energy in 5-min increment so that the penalty charges by the ancillary markets can be
avoided.
Figure 3.7 tabulates the operations of the three layers of the framework.
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Figure 3.7: Hierarchical P2P Energy Markets - Establishing bottom-up approach

3.5

Merits of the Proposed Framework

The framework is designed by considering the bottom-up operational scheme’s timescales to ensure
that the decision-making hierarchy indeed ﬂows from bottom most layer. The operation of Layer I
is scheduled 30-minutes in advance because the primary objective is to ensure that prosumers can
make their own operational decisions without having to necessarily follow the top-down signals of
modifying their usage (for example, demand response signal sent with 5-min advance notice). The
VPP, functioning as a non-proﬁt semi-autonomous mediator platform, operates at 15-min timescale
so that it can accommodate the over and under ﬂow of the energy from layer (where P2P energy
markets operate with 30-min timescale). Layer III of the framework, on the other hand, operates
with 5-min timescale because its function is to assist VPPs in meeting their energy needs for the the
bids they have places in the ancillary markets - thereby, accommodating the over and underﬂow of
the energy from Layer II operations.
Though the design of the framework is primarily optimized for prosumer preferences and costsavings, it’s utility is enhanced because of its compatibility with the existing distribution grid operations which are traditionally rooted in the top-down approach. The framework encompasses majority
of the smart grid constituents (microgrids, DERs, VPPs, etc.) and meticulously re-frames their objectives and functionalities to bring these technologies together to serve the vision of bottom-up
smart grid operations.Moreover, it oﬀers a eﬀective mechanism to get DERs to participate in wholesale markets, making FERC Order 2222’s execution relatively frictionless. The salient features of the
framework can be summarized as follows:
• On a meta-level, our framework is oﬀering a credible path forward to holistically decentralize
energy systems operations - this is an eﬀective answer to the question of energy equality.
• Designs comprehensive decentralized operational paradigm - seemingly diversiﬁed smart grid
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technologies like DERs, microgrids, VPPs are brought together to work in tandem for creating
a truly prosumer-centric bottom-up approach to energy systems operations.
• Delineates the diﬀerences between and the roles of market, physical, and cyber spheres – within
the context of P2P market operations domain. And also maps out the convoluted interactions
between these spheres for establishing eﬀective the P2P energy market mechanisms.
• Eﬃcacious in coordinating centralized and decentralized energy markets - utilizing VPPs as
the connecting link between the two.
• Instead of acting as a third-party aggregator, VPPs are modeled as semi-autonomous non-proﬁt
entity. There by, eﬀectively beneﬁting the prosumers.
• Scalable: The hierarchical framework equips the proposed P2P energy markets to scale eﬃciently.
• Interoperable14 : The interoperability of diﬀerent layers is designed to overcome the potential
time-scale conﬂicts that would arise in operational planning of diﬀerent layers in the hierarchy.

4

Conclusions and Future Work

Traditionally designed for unidirectional ﬂow of power from centralized power plants, the grid
now experiences bidirectional ﬂow as the power generated by DERs is injected back in to the grid.
With DER deployment, consumers, who were considered passive users of electricity, are becoming
‘prosumers’. They undertake a proactive behavior by managing their consumption, production,
and energy storage. The DERs are the primary fuel for the growing localized generation trend.
These DERs are considered behind-the-meter (BTM) sources; the deployment of BTM DERs is
primarily being driven by individual commercial, industrial, and residential customers rather than
the utilities or regulators. Localized generation, also termed as DERs, is advantageous in multiple
ways for fulﬁlling the objectives of the transforming energy system including i) Preventing losses
from long-distance transfer of power; ii) Integration of more clean energy on the grid (e.g. rooftop
solar) resulting in reduced carbon footprint; iii) Increased resilience - ability to sustain site’s critical
load during utility grid outages; iv) Reduction in upstream generation & transmission capacity
requirements (which is a considerable capital expense for both the aging grid in developed nations
and the grid which is yet to built in the developing nations); v) Decentralization of the electricity
production and supply mechanism decreases the vulnerability of society towards utility grid outages,
which is, otherwise the only source of power for majority of the population.
Though localized generation undoubtedly has numerous beneﬁts, incentivizing end-users to invest
in deployment of DERs requires their individual beneﬁts to outweigh the costs. Moreover, the traditional utility revenue generation models do not gel well with the DERs’ concept of selling power back
to the grid. To sustain their operations going forward with the wide-spread DER deployment trends,
utilities have begun to restructure their business models that previously relied to the traditional
unidirectional energy ﬂow value chain. Along with these ﬁnancial and economic considerations, from
a technical perspective, the uncertain and distributed nature of these DERs pose challenges to reliable and eﬃcient grid operations. This is because, in the past, the grid operations mechanisms were
designed for centralized large scale power plants to generate electricity and send it over high-voltage
transmission network. The design was suitable for maintaining reliability of the electricity supply

14

Scalability and interoperability are two important characteristics that determine the real-life deployment potential
of the proposed decentralized P2P energy markets design
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using fossil-fuel powered generation plants to meet the uncertain demand. However, the inherent
intermittency and uncertainty associated with renewable energy based DERs renders the traditional
operation mechanism less eﬃcient.
Nevertheless, owing to the numerous beneﬁts of localized renewable energy generation, it is worthwhile to solve the aforementioned challenges for facilitating their eﬀective integration with the central
grid. Hence, the way forward is to develop and implement both business and technical operations
models that harness the capabilities of DERs’ and complement their shortcomings. And that is
where the contribution of this work lies - developing a framework for bottom-up energy systems
operations that gel wells with the existing top-down operational paradigm. The framework focuses
on harnessing the synergies between the two approaches to grid-management by orchestrating the
time-horizons of dispatch-decisions of diﬀerent agents in the network. The framework is aimed at
developing the operational scheme that places prosumer’s decision making at the center while ensuring that the centralized grid-operators do get beneﬁted in the process (when VPPs participate in
the ancillary services markets). There are three distinct yet closely connected operational layers in
this framework where bottom-up P2P market dispatch decisions take place.
This work can be taken forward in the following directions (Layer-wise categorization):
• Layer I: Taking the case study forward with incorporating the scenario where the prosumers
have the additional choice of committing their energy to the VPPs for selling in ancillary
services market.
• Layer II: The semi-autonomously non-proﬁt VPP platform’s decision making can be simulated
using an optimization problem where the objective of the VPP is to maximize prosumer income
through selling their energy in the wholesale market (ancillary services) while obeying the
resource constraints posed by the individual prosumer choices that are passed down from Layer
I (the bottom most layer in the second triangle of Figure 3.1).
• Layer II: The cost-beneﬁt analysis for incorporating a community energy storage on Layer II,
managed by the VPP, can be conducted to assess the potential proﬁts that VPP platform
(acting as non-proﬁt digital mediator) can gain by bidding the stored energy into the ancillary
markets (along with the energy that’s being oﬀered by the prosumers from the Layer I).
• Layer III: Analyzing the operations of multiple VPPs, that are physically connected by distribution lines, and are conducting a separate P2P market that runs at the shortest time
horizon (5-min) with the aim of making up for the shortage or access of the energy supply that
individual VPPs have (after bidding in the ancillary markets with 15-min time horizon).
• Layer III: Analyzing the operations of multiple VPPs P2P energy markets (the case above)
without direct physical connections (i.e. distribution lines) connected all the VPPs to each
other.
All the future research directions (lying within the market sphere from 3.1) described above
are heading towards the goal of quantitatively establishing the holistic robustness of the proposed
framework by comparing it against the existing top-down approach - the indicator of supremacy being
the prosumer-savings without having to trade oﬀ their preferences such as consumption
patterns and information privacy.
Another interesting pathway to direct the future research is within the cyber sphere. Implementation of this framework requires exchange of critical infrastructure information as well as the information related to prosumer’s public and private bidding decisions that drive P2P energy market’s
price points. It also involves establishing of intelligent and autonomous decision-making modules
that reside on the servers (or on peer nodes in case of serverless digital infrastructure). Moreover,
the exchange of this information needs to be secure and fast enough to keep up with the market
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dynamics. The challenge of transmitting this information securely such that agents (who are authorized) to access the information are able to do so seamlessly is a information technology centered
conundrum. Devising mechanisms and apparatuses to facilitate digital communication, storage, and
processing is an interesting research direction to explore further.
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Appendix A
Summary of factors driving the transformation of electricity
sector globally
• Climate change (extreme heat and cold) - resulting in the pressing need to reduce carbon
footprint [25].
• Ever growing energy needs of the planet driven by population growth, urbanization, economic
development of the developing-nations. Need to ﬁnd a way to “sustainable-ly" meet this energy
demand.
• Aging infrastructure of the central grids in the developed countries - needing major capital
investments for upgrades to maintain reliability of the supply.
• Rise in low-probability high-impact events such as natural disasters (hurricanes, earthquakes,
etc.) calling for increased resilience of the power grid to sustain the critical loads in the face of
such events.
• Technological advances such as:
– Large scale Distributed Energy Resources (DER) deployment - driven by increased scales
of production and falling costs - leading to higher levels of adoption.
– Proliferation of the consumer level information and communications technologies - leading
to the Internet-of-Things (IoT) age of hyper-connectivity.
– Wide-spread deployment of measurement and sensing infrastructure- due to decreasing
sensor costs - leading to plethora of data availability.
– Growing number of electric vehicles on the roads - even higher adoption predicted in the
near future.
– Increase in grid-responsive high-performance buildings equipped with advanced analytics
and controls.

Appendix B
Whos’ Who in the Electricity Sector - Agents in Energy Systems
Designing eﬀective market operations in energy sector requires in-depth consideration of the organization and roles of diﬀerent players or agents that frequently interact in the process of bringing
the energy from generation to the end-users.
• Electric utilities are public or private entities that own and operate the transmission and
distribution lines that transport electricity and supply it to households and businesses.
• Vertically integrated utilities are electric utilities that own not only transmission and distribution infrastructure but also the power plants responsible for electricity generation. They
control every stage of the electricity production process in the areas they serve.
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• Load serving entities (or local distribution companies) deliver electric power to customers.
In some regions, load serving entities generate their own electricity, while in others they simply
provide the grid infrastructure required to deliver electricity to customers.
• Electricity retailers sell electricity to consumers in regions with deregulated electricity markets. In these regions, local distribution companies own the distribution infrastructure and
deliver electricity to customers.
• Grid operators (also known as transmission system operators) balance grid operations
by ensuring that the amount of electricity put into the grid matches the amount of electricity
used by consumers. They work with all of the utilities, generators, and retailers to ensure that
the grid is balanced and reliable: too little power can cause blackouts, while too much can
cause damage to equipment.
• In some regions, electric utilities act as grid operators. In other areas, the grid is operated by
regional transmission organizations (RTOs) or independent system operators (ISOs),
which are diﬀerent types of organizations that operate the grid but do not own the resources
and infrastructure (such as power plants and power lines) within it. Following deregulation,
RTOs replaced utilities as grid operators and became the operators of wholesale markets for
electricity. These RTOs have evolved over time.

Appendix C
Wholesale Markets and Demand Response
The three types of market mechanisms within wholesale energy markets are as follows:
Energy Markets
Energy markets are auctions that are used to coordinate the production of electricity on a day-today basis. In an energy market, electric suppliers oﬀer to sell the electricity that their power plants
generate for a particular bid price, while load-serving entities (the demand side) bid for that electricity
in order to meet their customers’ energy demand. Supply side quantities and bids are ordered in
ascending order of oﬀer price. The market “clears” when the amount of electricity oﬀered matches the
amount demanded, and generators receive this market price per megawatt hour of power generated.
Prior to selecting the least cost set of resources needed to meet the expected energy demand on a
daily basis, ISO evaluates factors such as weather forecasts, generator availability, transmission line
outages, etc. Energy markets are further divided into day ahead and real-time energy markets.
The day-ahead market schedules electricity production, ancillary services commitments and consumption before the operating day. The day-ahead energy market produces financially binding schedules for the production and consumption of electricity one day before its production and use (the
operating day). In day-ahead markets, the schedules for supply and usage of energy are compiled
hours ahead of the beginning of the operating day. The RTO/ISO then runs a computerized market
model that matches buyers and sellers throughout the market footprint for each hour throughout
the day. The model then evaluates the bids and oﬀers of the participants, based on the power ﬂows
needed to move the electricity throughout the grid from generators to consumers. Additionally, the
model must account for changing system capabilities that occur, based on weather and equipment
outages, plus the rules and procedures that are used to ensure system reliability. Generation and
demand bids that are scheduled in the day-ahead market are settled at the day-ahead market prices.
The real-time market reconciles any diﬀerences between the schedule in the day-ahead market and
the real-time load while observing reliability criteria, such as forced or unplanned outages and the
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electricity ﬂow limits on transmission lines. The real-time market is run in ﬁve-minute intervals and
clears a much smaller volume of energy and ancillary services than the day-ahead market. The realtime market also provides supply resources with additional opportunities for oﬀering energy into the
market. When the real-time generation and load are diﬀerent from the day-ahead cleared amount,
the diﬀerence is settled at the real-time price. Real-time market prices are signiﬁcantly more volatile
than the day-ahead market prices.
Capacity Markets
Electricity retailers are required by the North American Electric Reliability Corporation (NERC),
an independent organization that ensures grid reliability, to support enough generating capacity to
meet forecasted load plus a reserve margin to maintain grid reliability. Some RTOs run a capacity
auction to provide retailers with a way to procure their capacity requirements while also enabling
generators to recover ﬁxed costs, i.e. those costs that do not vary with electricity production, that
may not be covered in the energy markets alone. Capacity markets are meant to provide ﬁnancial
incentives for suppliers to keep generation assets online and to induce new investment in generation.
Capacity markets are generally forward markets to have generation capacity online and ready to
produce electricity at least one year ahead of time.
The capacity market provides incentives that stimulate investments in the maintenance of the
existing generation as well as development of the new sources of capacity to ensure the future reliability of the power system. The capacity market auction works as follows: generators set their bid
price at an amount equal to the cost of keeping their plant available to operate if needed. Similar to
the energy market, these bids are arranged from lowest to highest. Once the bids reach the required
quantity that all the retailers collectively must acquire in order to adequately meet expected peak
demand plus a reserve margin, the market “clears”, or supply meets demand. At this point, generators that “cleared” the market, or were chosen to provide capacity, all receive the same clearing
price which is determined by the bid price of the last generator used to meet demand. Capacity
markets provide two fold beneﬁts: i) They provide a mechanism for ensuring longer term reliability
by securing enough power to meet the needs of electricity consumers a few years (3 as an example)
in the future and ii) The payments to generators in the capacity market are essentially a reward for
that generator being available to operate and provide electricity if needed, ensuring medium-term
reliability of the supply. Consequently, if generators are unavailable to operate during a time when
they are called upon, they may face fees under capacity performance requirements.
Ancillary Markets
Ancillary Services Markets allow the ISO/RTO to maintain a portfolio of backup generation in case
of unexpectedly high demand or if contingencies, such as generator outages or a transformer failure,
arise on the system. This way ancillary markets support both supply reliability and transmission of
the electricity. These services are produced and consumed in real-time, or in the very near term.
There are many diﬀerent types of ancillary services, corresponding to the speed with which the
backup generation needs to be dispatched. The minimum amount of each ancillary service required
to maintain the grid reliability are established by NERC and regional entities. They can be divided
into two major types: i) Regulation and ii) Operating Reserves. Regulation matches generation
with very short term changes in load by moving the output of the selected resources up and down
via an automatic control signal, typically every few seconds. The changes to output are designed
to maintain system frequency at 60 Hertz. Operating reserves, on the other hand, are additional
ancillary services that are needed to restore load and generation balance when a supply resource
trips oﬀ line. Operating reserves are further classiﬁed into i) Spinning; ii) Non-spinning; and iii)
Supplemental reserves based on the speed with which they can start supplying electricity when the
dispatch signals are released.
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Wholesale Market Pricing
Owing to the deregulated nature of the electricity markets, most the wholesale markets today
rely upon competitive market forces to set prices1 . In this research work, our focus is on studying
the interactions of the distribution grid level coordinated DERs with the wholesale markets based
power systems operations (In the U.S., FERC Order 2222 has enabled DERs to participate alongside
traditional resources in the regional organized wholesale markets through aggregations [20] ). In
competitive markets, the factors driving the supply and demand are reﬂected in the prices. The
supply side of the electricity wholesale market equation incorporates both generation and transmission. Both these components must function adequately to meet the demand from all the end-users
simultaneously, instantaneously, and reliably.
Consequently, key supply factors like fuel costs, capital costs, transmission capacity and associated
constraints, and the operating characteristics of power plants aﬀect the prices. So do the changes on
the demand side. In real time operations, demand is changing all the time. And when the DERs are
added into the mix of demand-side changes, they further add to the uncertain nature of the electricity
demand. ISOs have established the concept of Locational Marginal Pricing (LMP) to account for
the factors described above.
Locational Marginal Pricing
Locational marginal pricing is a way for wholesale electric energy prices to reﬂect the value of
electric energy at diﬀerent locations, accounting for the patterns of load, generation, and the physical
limits of the transmission system. The RTO/ISO markets calculate a LMP at each location on the
power grid. The LMP reﬂects the marginal cost of serving load at the speciﬁc location, given the
set of generators that are being dispatched and the limitations of the transmission system. LMP has
three elements: an energy charge, a congestion charge and a charge for transmission system energy
losses. LMPs are calculated every ﬁve minutes in majority of the ISOs. The LMP at a load-zone is
a weighted average of all the nodes within the load zone.
If the system were entirely unconstrained and had no losses, all LMPs would be the same, reﬂecting
only the cost of serving the next increment of load. The generator with the lowest-cost energy oﬀer
available would serve that incremental megawatt of load, and electric energy from that generator
would be able to ﬂow to any node on the transmission system. LMPs diﬀer generally among locations
because transmission and reserve constraints prevent the next-cheapest megawatt (MW) of electric
energy from reaching all locations of the grid. Even during periods when the cheapest megawatt
can reach all locations, the marginal cost of physical losses will result in diﬀerent LMPs across the
system.
“Price-taker" vs “Price-maker" Nodes in Wholesale Markets
The generation units and the Load Serving Entities (LSE) that bid in the market for selling and
buying energy respectively, are considered the price-maker nodes. Both these types of ﬁrms have a
say in the market clearing price that ISO/RTO calculates while ﬁnding the point of intersection of
the supply and the demand curve. On the other hand, DERs that reside behind a customer meter
are not able to participate in the wholesale market and hence are considered price-takers. That is,
a market participant that is not able to dictate the prices in the a market. Price-taker models, in

1

Also, note that not all the territories in a region or country have wholesale markets operated by the Independent
System Operators either. Canada, for example, has some provinces like Manitoba which are operating on the traditional
vertically integrated structure where large monopoly provides of bundled electricity services dominate the market.
Prices in such arrangement are set based on the service provider’s cost of service. On the other hand, Alberta’s
electricity sector is based on market competition.
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the power systems, a called “behind-the-meter" resources. These limitations of DERs are discussed
in details in the following sections.
The electricity bill that gets generated for the end-user (considered largely “price-taker" nodes)
has a number of components that determine the total cost. These price components vary with
diﬀerent region and operators. The three major constituents for the price of electricity are: i) cost
of generating electricity; ii) cost of transmitting electricity over long distance using high-voltage
transmission network; and iii) cost of distributing electricity by the retailers using the low-voltage
distribution network.

Demand Response
Electricity demand is generally insensitive to price, meaning that demand does not typically fall
when prices rise. This occurs for several reasons, including that most end use consumers of electricity are not exposed to real-time electricity prices. However, some utilities and grid operators
have developed ways to stimulate a response from consumers through demand-response programs.
Demand response (DR) is a short-term, voluntary decrease in electrical consumption by end-use customers that is generally triggered by compromised grid reliability or high wholesale market prices.
In exchange for conducting (and sometimes just committing) to curtail their load, customers are
remunerated. Figure 4.1 aptly summarizes the types of demand response programs.

Figure 4.1: Classiﬁcation of demand response programs [26]

Diﬀerent types of demand response programs are administered by both retail and wholesale entities
including market operators, utilities, load serving entities, third party aggregators. In this work, we
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focus on the non-dispatchable type of demand response because the primary objective is to empower
the prosumers to make their energy use and trade decisions (under peer-to-peer market setup, while
also staying connected to the central grid).
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