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Challenges and prospects for negawatt trading in
light of recent technological developments
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With the advancement of the smart grid, the current energy system is moving towards a future where people can buy what they
need, can sell when they have excess and can trade the right of buying to other proactive consumers (prosumers). Although
the first two schemes already exist in the market, selling the right of buying — also known as negawatt trading — is something
that is yet to be implemented. Here we review the challenges and prospects of negawatt trading in light of recent technological
advancements. Through reviewing a number of emerging technologies, we show that the necessary methodologies that are
needed to establish negawatt trading as a feasible energy management scheme in the smart grid are already available. Grid
interactive buildings and distributed ledger technologies, for instance, can ensure active participation and fair pricing. However,
some additional challenges need to be addressed for fully functional negawatt trading mechanisms in today's energy market.

stem from the energy sector'. This creates a substantial

opportunity for prosumers — participants in the energy grid
who both consume and produce energy — who can buy renewable
energy when needed, sell any excess to other consumers and trade
their right to buy energy to other prosumers in the network. Such
actions allow prosumers to contribute to combating global climate
change while saving money. The first two phenomena of managing
energy are well established and reported in many existing studies in
the literature (for example, see refs. >*). However, trading the right
to buy energy — also known as negawatt trading’ — is something
that is yet to be implemented.

The concept of negawatt was first introduced in the mid-1980s>°
as a technique of energy management. It can be defined as an energy
customer’s right to buy energy, which is produced due to a change
in their energy consumption behaviour. For example, an energy
customer may choose to either reschedule their energy-related
activities to another time or decide to not use energy for some
activities and sell their right to buy the saved energy to other entities
within the energy network. Note that different demand response
programmes, such as direct load controls, demand bidding pro-
grammes, demand buyback programmes, emergency demand
response programmes, capacity market programmes and interrupt-
ible programmes’, also involve reduction in demand from energy
consumers. However, the rules and decisions of these programmes
are set by the grid with very limited inputs from customers. Such
incapacity to contribute to pricing decisions has long been a barrier
to customers reaping their expected reward from their provision
of flexibility to the network. This is due to rules around minimum
bid size and difficulties for aggregators to get market access. In
contrast, negawatt trading provides prosumers with flexibility and
independence in deciding when to reduce their demands, at which
price they can sell their right to buy energy and with whom they
want to trade their right of buying, that is, whether with the grid
in the national market or with other prosumers within the network
through a peer-to-peer platform. Thus, prosumers can reap their
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expected rewards from their provision of flexibility to the network
by participating in negawatt trading.

The concept of negawatt trading is also fundamentally different
from peer-to-peer energy trading®. Peer-to-peer trading is a method
of energy trading between two parties within an electricity network
without the need for any intermediate entity with possible detri-
mental impacts on the network if strict constraints on the physi-
cal transfer of energy are not maintained”'’. Negawatt trading, on
the other hand, is a specific trading mechanism for the trading of
the right to buy energy instead of any physical exchange of energy.
Therefore, negawatt trading has no detrimental impacts on the elec-
tricity network. Furthermore, it can be traded either with the grid
with the involvement of intermediate entities or with other custom-
ers within a network through a peer-to-peer trading platform with-
out any intermediate entity.

Thus, negawatt trading offers an unprecedented opportunity
to prosumers to participate in the energy market by trading their
right to buy energy as opposed to energy demand. However, while
advances in the information and communication technology indus-
try have made extraordinary progress in developing energy-efficient
devices'!, pricing mechanisms'’, building energy management",
local energy trading®, energy market structure' and energy pol-
icy'*'¢, negawatt trading has remained elusive — a concept without
any serious development. Key reasons have been attributed to the
lack of innovation in necessary technologies and a limited under-
standing of the social, economic and environmental implication of
trading the right to buy energy.

Nevertheless, in light of recent developments, negawatt trading
is starting to be seen as a reality. For example, in Japan, a number
of industries have participated in the Yokohama Smart City Project
to demonstrate the effectiveness of negawatt hour trading in the
future”. Similar initiatives for demonstrating the feasibility and
conceptual architecture of negawatt trading are also being under-
taken in the United States* and Australia'®"®. These demonstration
projects clearly establish that the technology era with the capacity to
enable feasible operation of negawatt trading is finally here.
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Considering these recent technological developments, the focus
of this study is to provide a multidisciplinary perspective on the fea-
sibility of negawatt trading in energy markets, which will ultimately
contribute to improving the energy efficiency of the smart grid.
Note that energy efficiency is not a part of wholesale markets and, at
present, there is no mechanism to reward energy efficiency directly
for providing cost savings to consumers. However, in some states
in the United States, energy efficiency is taken into account when
undertaking cost-benefit analyses and calculating the appropriate
amount of energy efficiency investment by utilities. In the rest of
this Review, first, we discuss the early challenges that have hindered
the large-scale adaptation of negawatt trading in the energy mar-
ket. Second, we provide a well-grounded evaluation of the recent
developments in technologies, which are critically contributing to
the feasibility of negawatt trading. Finally, we present a number of
outstanding challenges for future research that need to be addressed
to ensure the widespread deployment of negawatt trading, followed
by some concluding remarks.

Challenges for wide-scale adaptation

To enable trading negawatt, a typical energy system should have
a number of elements, including active participants, appropriate
communication facilities, secure information systems, suitable mar-
ket mechanisms and fair pricing techniques. The main limitations
in the capabilities of each of these network elements that have pre-
vented negawatt trading from wide-scale implementation are sum-
marized in the following.

Active participants. In a network, negawatt needs to be exchanged
or traded between different prosumers, that is, negawatt sellers and
negawatt buyers. Negawatt sellers are the house or building owners
who are willing to reduce their energy consumption to trade their
rights of buying energy with negawatt buyers. Thus, clearly, for a
successful negawatt trading market, prosumers need to actively
participate in the exchange. Unfortunately, until very recently, the
participation of prosumers has been insufficient due to a number of
reasons as discussed below.

Inadequate technical facilities. For trading negawatt, each partic-
ipating building or house must have enough flexible load, the capac-
ity to monitor energy demand and supply in real time, capability to
interact with its appliances as well as with other buildings, and the
ability to make intelligent decisions based on real-time and historic
information without compromising on convenience. Unfortunately,
the vast majority of buildings in the world today are equipped
with inefficient appliances and have no, or very limited, building
controls. Consequently, lights are turned on and off manually and
air-conditioning systems are controlled with local room-to-room
switches and thermostats. Building management system solutions
are also highly expensive and, thus, difficult to justify for use in
small- and medium-size buildings*'.

Limited prosumer-focused management system. To enable pro-
sumers to create enough negawatt relies on the capabilities of the
energy management system of the building. Most existing energy
management systems are technology focused, rather than prosumer
focused. However, it is critical that the technology integrates with
the users’ experience and positively affects prosumers’ energy usage
behaviour without creating any notable inconvenience?. Owing to
different types of prosumer and their diverse preferences, it is dif-
ficult to develop one single energy management platform that cap-
tures all prosumers’ preference within a network.

Increased concern for privacy and security. Smart energy meters
are necessary for most environmental and energy-saving initiatives,
including trading negawatt. However, smart meters can also be used
as surveillance tools”. For example, the data collected by a smart
meter can easily reveal how many showers the occupants in a house
have had, when they are cooking, and when they are in and out of
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the home. Thus, concerns for privacy and security arising from the
use of such smart energy solutions has been a critical issue* that
prevents prosumers from participating in negawatt or other energy
exchange programmes.

Lack of education. Education can have a profound impact on
changing people’s behaviour in combating climate change” and
their energy use®, for example, by motivating people to use renew-
able energy, to adopt a lifestyle that helps reduce energy demand and
to share renewable energy with one another. Nevertheless, environ-
mental education has not been emphasized in either secondary or
post-secondary studies. Hence, most prosumers are not motivated
to change their energy usage behaviours, which has been a barrier
for adopting environmental solutions such as negawatt trading in
the energy market. Similarly, wider communication and education
about the likely financial benefits of trading energy by household
prosumers has been largely absent from the discussion.

Social engagement. Social engagement and relationships are
important in shaping individual and group decisions and actions
about energy consumption. Key elements include social and per-
sonal norms”, social identity”® and trust”. We know that when
individuals are faced with making decisions around energy con-
sumption, they will be influenced by expectations of their peers
about what is acceptable, the likely consequences of their choices, as
well as their trust in the actors and institutions involved™. For exam-
ple, when people gather at social events, they may discuss their use
of energy and why they consume in the ways they do and weigh up
whether there is any motivation or peer pressure to change or adopt
new behaviours®. Reference’ also stressed the importance of social
relationships in shaping energy behaviours, including those with
friends and family, agencies and community groups, and who they
identify with. However, the impact of social relations on energy use
has often been neglected in the design of energy markets. Failing
to cultivate relationships or understanding the social motivations
that exist across energy consumers can be detrimental for enabling
negawatt sharing between prosumers.

Appropriate communication facilities. For trading negawatt, pro-
sumers need to communicate with one another as well as differ-
ent energy stakeholders within the network. Therefore, a suitable
communication facility is a major requirement for negawatt trad-
ing. While there are many communication infrastructures that have
been reported in the literature, including structured, unstructured
and hybrid architectures®, the choice of a communication architec-
ture that fulfils the performance requirements of latency, through-
put, reliability and security for negawatt trading is critical.

Secured information system. A critical element of an energy net-
work, to facilitate negawatt trading between different prosumers, is
a well-functioning secure information system. The information sys-
tem needs to enable all participants to be integrated with the mar-
ket mechanism, and provide participants with access to the same
accurate information about the price, energy status (supply and
demand), ancillary market information and environmental condi-
tions. Importantly, the information system needs to be secured as
well as conforming to the privacy requirements of participants.

Suitable market mechanism. Market mechanisms consisting of
market allocation, payment rules and clearly outlined pricing for-
mats play a central role in negawatt trading platforms. The main
purpose of a market mechanism is to help participants to achieve
their desired revenue (or cost reduction) by matching the selling
and buying of orders in real time. Each negawatt seller can influence
the maximum availability of negawatt within the market through
its demand-reduction capacity and subsequent pricing. Different
market mechanisms may need to be created and made to co-exist to
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Fig. 1| Challenges of negawatt trading. A number of prosumers, such

as grid efficient buildings, are located in a community that wants to
participate in negawatt trading. Now, to enable these buildings to trade
negawatt among themselves, a number of challenges at different aspects
of the negawatt trading framework need to be addressed. Prosumers need
to be actively involved in the negawatt trading, for which educating them
about the benefit of such participation is essential. Prosumers also need to
be socially interactive to reap the maximum benefit of negawatt trading.
There should be appropriate communication facilities for prosumers

within the energy network to securely communicate with one another
without compromising their privacies. Furthermore, all information
exchange and monetary transactions should be done through a secured
information system. All participants should have equal access to the
market mechanism and the price per negawatt that each participant will
receive should be decided in a fair manner. Finally, the regulation of the
region should be environmentally friendly and support the establishment of
negawatt trading to integrate negawatt trading into the existing market and
supply system. Images are from https://pixabay.com/.

generate and trade enough negawatt at each stage of market opera-
tion, which is yet to be implemented.

Fair pricing mechanism. Pricing mechanisms are designed to effi-
ciently balance the energy supply and demand within the network.
However, pricing mechanisms for creating and selling negawatt
could be different compared with the pricing of traditional energy
markets. This is because creating negawatt will not have any mar-
ginal cost. Hence, participants may acquire more financial benefits
from selling their right to buy energy. However, creating negawatt
does involve scheduling and regulating energy usage-related activi-
ties, which may cause additional inconvenience to the negawatt
sellers. This inconvenience needs to be taken into account when
developing fair pricing mechanisms for negawatt trading. At the
same time, the availability of negawatt should influence the set price
per unit of negawatt. For example, a higher availability of negawatt
within the network may lower the trading price and vice versa.

Environmental friendly regulation. The decision of the trad-
ing of negawatt in the future electricity market will most likely be
governed by regulation and energy policy. Thus, the legislation
in a country governs what kind of market design will be allowed,
whether there will be any taxes or fees for such trading, and how the
negawatt market will be integrated into the existing energy market
and supply systems. Governments could provide new policies for
system operators, network companies and utilities to support nega-
watt trading. For example, distribution system operators could be
motivated by new revenue streams and incentives to engage in nega-
watt trading. Network companies could consider negawatt solutions
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alongside supply-side options (network upgrades, for example), and
the utility could earn a portion of the savings from negawatt trading
within the network™.

An overview of challenges in different aspects of a negawatt trad-
ing framework is shown in Fig. 1.

Evaluation of enabling technological developments

To address these challenges, substantial technological innovations
and developments have been made to establish negawatt trading —
an interdisciplinary technology with relevance to energy engineer-
ing, Internet of Things (IoT), optimization, economics and human
behaviour — as a feasible practice in energy markets. What fol-
lows is an overview of technologies that have laid the pathway
for negawatt trading among prosumers and between prosumers
and the grid.

Grid-interactive efficient buildings. Grid interactive efficient
buildings (GEBs)** are a new concept, in which buildings have the
capacity to monitor and control their real-time energy generation
and dispatch as well as optimize their energy usage for service,
occupant needs and preferences, and cost reduction (or, revenue
maximization) in an integrated fashion®. The main characteristics
of a GEB that would enable it to participate in negawatt trading
include the following.

Reliable and low latency communication facility. Each GEB is
equipped with equipment that supports two-way connectivity and
communication with devices, appliances within the buildings as
well as with other GEBs within the network and the grid. Equipment
should have the capacity to monitor, report and provide flexibility
to shed, shift or modulate consumption in response to the control
signal sent by the management system of the building.

Intelligent management system. The management system of a
GEB can monitor, incorporate, predict and learn from occupant
needs and preferences, outdoor conditions (weather), and from
other GEBs’ needs and grid requirements. Based on such prediction
and learning, it can coordinate and execute complex control strat-
egies that adapt to changing conditions over multiple timescales.
Furthermore, the management system can quantitatively estimate
and verify the energy and demand savings from different strategies.
It can optimize across a choice of multiple strategies to balance effi-
ciency with flexibility and occupancy comfort.

Interoperable, secured and trusted system. Finally, the overall
system responsible for negawatt trading of a GEB should be interop-
erable and have the capacity to effectively exchange data and con-
trol signals among devices, appliances, management systems, and
between different GEBs and the grid in a secure fashion. Data secu-
rity and protection should be resilient against any cyber attack from
unauthorized sources, and as a trusted system, a GEB may need to
enforce different specified security policies for performing applica-
tions in different contexts.

Distributed ledger technology. Distributed ledger technology
(DLT) is a digital, shared and distributed database for recording
transactions of assets, and has proven capabilities to improve the
efficiency of current energy practices and processes>*. In particular,
recent advancements in DLT, including blockchain, smart contracts,
consortium blockchain, Hyperledger, Ethereum, directed acyclic
graph, Hashgraph, Holocahin and Tempo® can contribute to nega-
watt trading due to a number of useful characteristics.

For example, DLT can realize automated billing for prosum-
ers and help negawatt traders with micropayments, pay-as-you-go
solutions and payment platforms for pre-paid meters. DLT, in con-
junction with artificial intelligence techniques, can identify pro-
sumers’ energy usage behaviour patterns, and subsequently manage
negawatt trading according to individual preferences, energy pro-
files and environmental concerns. DLT-enabled distributed trading
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<> Negawatt trading within communities
Negawatt trading between communities

Fig. 2 | Market for peer-to-peer negawatt sharing. Prosumers can share their negawatt with one another through peer-to-peer sharing. In a community,
peers could be apartment buildings, individual homes with distributed energy resources, electric vehicles and community storage devices. Negawatt can
be shared within a community via a community manager such as a distribution system operator. However, it is also possible to share negawatt among
different communities. In such cases, community managers need to coordinate with one another to decide on the trading parameters, including the price
and the amount of negawatt to be traded. A third-party entity such as an independent system operator (ISO) can facilitate this coordination among
different community managers to trade negawatts across communities. Images are from https://pixabay.com/.

platforms also have the capacity to be part of market operations,
such as wholesale market management, commodity trading trans-
actions and risk management. It enforces trust within the system
without the requirement for intermediaries through the use of a
distributed ledger, consensus algorithm and token. Further, DLT
has the capacity to improve the control of a decentralized system™.
Thus, the adoption of blockchain in the local negawatt trading mar-
ket can increase behind-the-meter activities such as production of
negawatt through regulating self-consumption. Furthermore, DLT
can be used for communication of smart devices, data transmission
or storage*, which is very important to enable negawatt trading. It
can also assist network management of decentralized networks via
flexible asset and service management. Finally, DLT has the capabil-
ity to protect privacy, data confidentiality’® and identity manage-
ment”. The immutable records and transparency provided by DLT
can substantially improve auditing and regulatory compliance of
negawatt trading®.

Peer-to-peer sharing. In peer-to-peer sharing, the participants of
an energy network can share some of their own resources with one
another. These shared resources provide the service and content
offered by the network and can be accessed by other peers directly,
without the intervention of intermediary entities®. Furthermore,
in a peer-to-peer network, any entity can be removed or added,
if necessary, without the network suffering from any loss of
network service.

Over the past few years, a large number of findings have been
reported on the advancement of peer-to-peer sharing in the elec-
tricity network. These results cover the aspects of energy cost
reduction via peer-to-peer sharing, balancing of supply and
demand of energy*, engaging prosumers in peer-to-peer shar-
ing®, developing appropriate pricing mechanisms*, identifying
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uncertainties in peer-to-peer sharing®, transaction security’® and
demonstration of pilot projects®. Learning from these studies has
the potential to substantially advance the research and deployment
of negawatt trading within energy systems. For example, negawatt
sharing could be thought of as an alternative version of peer-to-peer
trading, in which prosumers’ willingness to buy energy, that is,
negawatt, is shared among the participants within decentralized
markets*, community-based markets* and composite markets™,
instead of watts. An example diagram of such a trading paradigm
is shown in Fig. 2.

High-speed communication. For successful negawatt trading in
energy markets, a critical requirement is a high-speed communi-
cation service that is capable of enabling immersive remote opera-
tions and interactions with a physical world with low latency. The
fifth-generation communication networks (5G) will be fundamen-
tal to fulfilling this requirement with their capacity to support a
wide range of highly demanding services and applications, pushing
the network capabilities to provide extreme performance benefits.
This includes the support of massively interconnected devices, and
providing necessary services to enable operations and manipulation
of physical objects over distance with reliability and low latency,
described as the tactile Internet in ref. *'.

Essentially, the 5G network will provide several interdependent
tools that will be able to offer the flexibility to enable negawatt trad-
ing. For example, 5G networks will be highly programmable and
built on network function virtualization®'. Thus, more of the net-
work functionality could be implemented in software executed in
virtual environments on general purpose hardware, and less spe-
cialized hardware built and optimized specifically for certain net-
work functions. A key enabler for a flexible and programmable
5G platforms is the distributed cloud. As a result, the software can
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Fig. 3 | loT for prosumers decision-making. loT facilitates interconnection between the physical systems of the prosumers via the Internet and enables
them to send and receive data over the virtual cloud-based system. Examples of such physical systems include household appliances and distributed
energy resources. By converting the physical system into its digital twin, loT leverages the negawatt trading platform to sense the environment,

collect data, monitor energy usage and generation, and predict and control the use of flexible loads within a building. Thus, loT enables prosumers to
opportunistically participate in both intra-community and inter-community negawatt sharing with appropriate market mechanism and pricing schemes.

Images are from https://pixabay.com/.

be deployed and executed at an optimal place within the network.
The software can then become a virtual network function or an
end-user application software, for example, building management
system of a building, with bidirectional communication for nega-
watt trading purposes.

Internet of Things. IoT is essentially the interconnection between
computing devices embedded in our everyday life via the Internet,
which enables them to send and receive data. It consists of multiple
layers, including the device layer, network layer, cloud management
layer and application layer. While the device layer is responsible
for sensing the environment, collecting data and controlling flex-
ible loads within a building, the purpose of the network layer is to
connect the devices to the application layer. The application layer
provides services to the end-users by controlling flexible loads.
Examples of such services include demand management, dynamic
pricing, energy management and home security services. The cloud
management layer ensures user authentication, along with user and
data management. More details of IoT can be found in ref. **.

For participating in negawatt trading, it is important for build-
ings to be aware — in real time — of energy production, demand,
and possibilities of scheduling or throttling of flexible devices
through sophisticated sensing and control capabilities. Recent
advances in integrated data acquisition and control systems based
on open architectures and cloud-enabled IoT allow building own-
ers (or managers) to monitor and sense buildings’ environmental
parameters, collect relevant human activity information, estimate
energy usage, and then, based on the available energy supply, direct
building management systems to manipulate the activities of flex-
ible loads according to expectations and specified rules’’. An over-
view of application of IoT for negawatt trading is shown in Fig. 3.

Distributed energy resources. Distributed energy resources
(DERs) include behind-the-meter generation, energy storage,
inverters, electric vehicles and controllable loads, and their associ-
ated applications. DERs offer substantial opportunities to reshape
the energy future and negawatt trading is one of them. Recent
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advances in DERs in terms of their manufacturing material, size
of the resources, artificial intelligence and computational speed
has substantially increased their affordability via cost reduction,
reliability of operation, and security and privacy. For example, the
price of storage has fallen 85% from 2010 to 2018 and is projected to
reduce by an additional 18% by 2030>°. Furthermore, with the inte-
gration of blockchain with DERs, security and privacy issues have
been substantially addressed.

Now, with artificial intelligence and novel computational
approaches, participants can simply define rules in their applica-
tions, for example, through their mobile phones, and the transactive
meters within their houses can automatically perform trading on
their behalf*. Such advances make it easy for prosumers to trade
their negawatt with one another and with the grid, and contribute
to improving environmental sustainability.

Social media platforms. Gaining public engagement in the energy
sector has been identified as a major precondition for organizations
to achieve sustainability targets. This is due to the fact that sharing
knowledge and awareness among energy users can have a substan-
tial impact on perceptions, beliefs and attitudes towards the energy
transition™. Of course, to enhance engagement, prosumers need to
communicate with one another. This has become possible, owing
to the increasing number of interactive social media platforms that
are currently available to prosumers as engagement tools. Popular
social media platforms such as Facebook and Twitter or platforms
that are built and managed by energy service providers such as Enosi
(https://enosi.io/) or Powerledger (https://www.powerledger.io/)
can substantially help promote negawatt trading across the energy
market. They do this by gathering and processing consumers’ posts
about their energy usage effectively, reducing risks related to mis-
information, building strong relationships between prosumers, and
engaging a greater number of prosumers in trading by encouraging
proactive behaviour.

Behavioural economics. Negawatts are a result of reducing
demand. While prosumers are gaining greater awareness of the
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value and need for sustainable energy practices like negawatts,
many prosumers still fail to take noticeable steps towards energy
efficiency measures due to a substantial discrepancy between peo-
ples’ self-reported knowledge, values, attitudes and intentions, and
their observable behaviour®. With the emergence of the applica-
tion of behavioural economics in the area of smart grid and energy
management”’, it is becoming possible to reduce such ‘knowledge-
action’ and ‘value-action’ gaps. For example, feedback interventions
using digital technologies can be very effective at promoting energy
conservation behaviour. In particular, real-time feedback on spe-
cific and energy-intensive information such as energy usage, nega-
watt demand in the network, energy price and potential revenue
for negawatt selling may induce considerable behavioural change
and production of negawatts®. Furthermore, energy education and
behavioural programmes on the potential impact of negawatt pro-
duction on energy savings and environmental sustainability could
also impact people’s energy savings behaviour in the long run. A trial
conducted in ref. ** has shown that youth education can potentially
influence environmental and/or knowledge, attitudes and behav-
iour towards energy demand reduction, and that children’s energy
behaviour also affects that of their parents. Furthermore, prosum-
ers’ perceptions of savings, for example, to generate negawatts, are
affected by cognitive processes such as the recall of previous bills®,
and, in the case of negawatt trading, recall of previous economic
benefits obtained via trading negawatts with other participants in
the energy network.

Computational approaches. Substantial work has been done in
terms of exploiting computation techniques for trading and sharing
resources across energy networks. Examples of such computational
approaches include game theory, double auction, constrained opti-
mization and artificial intelligence.

Game theory. Game theory is a mathematical tool that analy-
ses the strategic decision-making process of a number of players
in a competitive situation, in which the action taken by one player
depends on and affects the actions of other players®. It has been used
extensively in recent years to balance energy supply and demand,
develop pricing schemes, increase prosumers’ engagement and pro-
vide network services. It has substantial potential to be utilized for
sharing energy resources, including both watts and negawatt, within
an energy network™.

Double auction. Double auction involves a market of a num-
ber of buyers and sellers seeking to interact with one another to
trade or share their resources®. Both buyers and sellers need to
truthfully report their bids for efficient and sustainable opera-
tion of the market. Double auction has been used in the energy
market for demand-supply balance, network services and prosum-
ers engagement®.

Constrained optimization. Resource sharing in the energy mar-
ket has been heavily captured via various constrained optimization
techniques, including linear programming, nonlinear program-
ming, mixed-integer linear programming and alternating direction
method of multipliers. For instance, applications of these optimi-
zation techniques can be found in storage management®, energy
management® and scheduling of flexible loads®.

Artificial intelligence. More recently, artificial intelligence
techniques have found many applications in learning the energy
usage behaviour of flexible loads and subsequently controlling
their energy consumption strategies to achieve certain objectives.
Examples of such objectives may include demand-response via
reinforcement learning®, building management through deep learn-
ing®” and energy cost reduction through artificial neural network-
based approaches®.

Indeed, the advancement of these computational techniques
would also be valuable in capturing the decision-making processes
of prosumers, for example, see ref. , in trading their negawatt,
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while simultaneously optimizing their household activities without
affecting their preferences. For instance, computational approaches
can be utilized for market settlement, pricing mechanisms, forecast-
ing of reduction in demand for individual participants, enabling
strategic interaction between different participants (for trading in
peer-to-peer (P2P) platforms) and between the retailer and partici-
pants (for trading in the retail-based market), and for capturing and
quantifying participants’ convenience based on each participant’s
unique circumstances and parameters. Furthermore, by integrating
design thinking® and motivational techniques’ with the designed
schemes, the computational approaches can be made more pro-
sumer centric, with the potential to attract more participants to
actively involve in trading negawatt in the energy market.

Remaining challenges and future research

Despite recent technological advances and efforts, a large number
of challenges have yet to be addressed before the successful deploy-
ment of techniques that can facilitate wide-scale negawatt trading
in the energy market can occur. Below is a summary of chal-
lenges that need to be addressed for successful implementation of
negawatt markets.

Appropriate pricing schemes for negawatt trading. As the pro-
duction of negawatt relies on managing demand of prosumers, it
requires prosumers to either schedule their energy-related activities
or regulate the energy consumption of the loads. Therefore, there
are possibilities that prosumers may experience inconvenience
to produce enough negawatt within the network. To compensate
such inconvenience and encourage prosumers to participate in
negawatt trading markets, suitable pricing schemes are necessary.
Furthermore, inconvenience is not quantifiable like energy and
can vary extensively for different energy customers due to differ-
ent circumstances of generation, demand, preferences and views
of environmental sustainability. As a consequence, the same price
per unit of negawatt may not reflect the true reward for all nega-
watt producers to participate in such trading. Therefore, appropri-
ate price discrimination will need to be introduced to ensure a fair
and incentive-compatible revenue for all negawatt traders within
the market.

Network security with low computational expenses. Two critical
factors for negawatt trading are trust and security. While identity
check and verification might be necessary for prosumers to partici-
pate in trading, the security of data injection needs to be ensured
in an inexpensive way. At present, blockchain is being considered
as the most appropriate trading platform due to its capability to
ensure secured and trusted transactions. However, as detailed in
ref. 7!, providing secured trading transactions via blockchain is very
computationally expensive. Thus, adopting such a computation-
ally expensive technique will require extensive power to serve the
participants. As a consequence, participants will need to share the
cost of this service, which will make the trading of negawatts very
expensive. Hence, for the sustainability of the market in terms of
cost, security and trust, new and computationally less expensive
platforms will be required for the wide-spread realization of nega-
watt trading.

Comfort and convenience. Since the production of negawatt relies
substantially on the scheduling of activities of flexible loads, there
is a high chance that it would affect the comfort and day-to-day
activities of building occupants. Hence, algorithms for regulat-
ing the schedule of different appliances needs to be data driven.
Furthermore, innovation is required in developing the artificial
learning algorithms to take into account the diverse behavioural pat-
terns of users, and subsequently schedule flexible loads within houses
such that prosumers’ comfort and regular day-to-day activities
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are not affected. An example of such a model for regulating heating,
ventilation and air conditioning’s temperature control can be found
in ref. 72,

Data accessibility with privacy. To improve prosumers’ decisions
about negawatt trading, statistically relevant and accurate energy
transaction and usage data need to be made available across commu-
nities. However, this accessible data also need to provide privacy to
each prosumer. Therefore, demonstrated private data anonymization
needs to be facilitated for the necessary data sharing, while simulta-
neously providing sufficient accuracy for interrogation of data.

A unified framework for both watt and negawatt trading. A
suitable peer-to-peer network is necessary for negawatt trading
between prosumers. With extensive use of DERs, it is reasonable to
expect that a prosumer will be able to participate in both energy and
negawatt trading within the energy system. Hence, enough flexibil-
ity needs to be ensured within the decision-making framework of
prosumers so that each prosumer can switch its role as a participant
between the negawatt and energy market based on available market
information and its existing state of energy. Furthermore, the net-
work should also possess sufficient interoperability to facilitate such
switching between markets for a very large number of participants.

Defining the roles of different stakeholders. Clearly, different
stakeholders would be interested in exploiting negawatt trading to
deliver different services to their customers and maintain network
security. For example, generators may want to use it for reducing
production volatility, distribution network service providers may
want to use it for demand constraint and retailers may want to com-
bat energy imbalances. Nevertheless, these goals could conflict with
one another. Hence, negawatt trading schemes need to be designed
such that they do not affect participants’ independence and benefits.

Conclusion

While the concept of negawatt trading is not new, this Review con-
firms that until recently, there have been a number of barriers that
have prevented its deployment. These range from social to technical
to economic. However, amid growing concerns of increasing green-
house gas emissions, energy prices and energy security, it seems
the time may now be ripe for widespread deployment of negawatt
trading. This has been enabled through improvements in commu-
nication and technological advances that were not present in the
1980s when the concept was first introduced. Despite these devel-
opments, there remain a number of challenges that will need to be
addressed to ensure successful implementation of such a scheme.
These include establishing a framework that recognizes the impor-
tance of appropriate pricing schemes, market mechanisms, trust,
security concerns and low barriers to entry. As more successful case
study examples are implemented, negawatt trading should become a
socially accepted norm as part of any energy market platform.
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