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Abstract—There has been extensive work in the abstract TE
model as well as other standards based on Energy Interop, such
as the Transactive Energy Market Information Exchange
(TeMIX). However, we have yet to see a pilot demonstration that
proves the efficacy of this mechanism in the context of a
microgrid.
The output of this team's work in the TE Challenge is the
framework for an open-source, open-standards, Java-based
implementation of the TeMIX platform, from use cases and
requirements to a sample architecture for both Market
Participants and a Market Facilitator. This will provide the basis
for a live implementation of the Transactive Energy concepts in
the next phase of the Transactive Energy Challenge.
Index Terms—microgrid, TeMIX, Common Transactive
Services (CTS), Internet of Things (IoT), energy storage, Energy
Interoperation

I. INTRODUCTION

M

ICROGRID implementations, both on and off the utility
power grid, are growing at an increasing pace year after
year. This can be attributed to several factors including the
increased availability and affordability of energy storage and
renewable energy sources, advancement of interconnection
standards the proliferation of rural electrification projects, and
increasing cybersecurity requirements. The complexity of offgrid microgrids increases depending on the number and type
of energy resources, storage, and loads on the system, as well
as the increasingly complex network control systems that
maintain balance and inform the network operators. As
participants in the NIST Transactive Energy (TE) Challenge,
the Microgrids team seeks to develop a reference
implementation, including both simulation and pilot
demonstration, to show the reduction of the complexity within
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microgrid solutions through self-organization of resources by
using market principles. This reference architecture will
provide the basis for future research and demonstration
projects for a variety of grid-connected customers including
campuses, commercial spaces, households, and other members
of the Internet of Things.
II. PROBLEM
Operating a microgrid off the electric grid can be a
challenging endeavor. Traditionally, microgrids have relied
primarily, if not solely, on gas generators as an energy source.
This is a very reliable source of power as long as the fuel
source is reliable and loads are managed.
A. Introduction of Renewable Energy Sources
Renewable energy sources are beginning to replace
generators as the primary energy resource due to lowered
long-term costs as well as environmental regulation. Their
intermittent generation characteristics often force the addition
of energy storage into the microgrid installation, which can
create challenges in the operation of the grid including the
optimal scheduling of energy storage devices and the
scheduling of non-critical loads to balance the energy of the
system.
Fortunately, as the shift is occurring to use more renewable
energy, improved control of individual loads in the system is
becoming possible through the class of devices belonging to
the Internet of Things. These devices include electric vehicle
chargers, appliances, light bulbs, and plugs that are newly
addressable
using
modern,
easily
implementable
communication protocols.
B. Need for Forward Looking Operation
Traditional management of the electrical grid requires some
forward-looking operation planning to maintain the reliability
of the grid as well as for economic dispatch. Despite the
reduction in scope of a non-grid-connected microgrid,
forecasting is a vital part of optimized and reliable operation,
especially when renewable energy is the primary energy
source.
For example, a microgrid that is solar-powered should be
sized to produce power in excess of loads throughout the day.
Knowing that several overcast days are in the forecast may
change the strategy of the execution of non-critical loads, and
prioritize maximizing energy storage.
This forward operation can be done through complex
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customized controls installations as is frequently done today.
However, this team seeks to demonstrate that through the
implementation of a standards-based transactive energy
approach, the microgrid resources can self-organize to
produce optimized results with minimal integration time.
Further, the support of forward market transactions can
incentivize and minimize the risk of investments in generation
and storage assets by allowing participants to purchase long
term forward contracts with those assets.
C. Current software availability
The TeMIX [1] implementation of transactive energy
defined by Ed Cazalet was chosen in the early stages of the
project due to excellent support of forward tenders, scalability,
ease of implementation, and adherence to the OASIS Energy
Interoperation (EI) standard [2] which is widely adopted and
used in demand response and transactive energy today.
Additionally, the TeMIX specification is compatible with the
Common Transactive Services [3] defined by the TE
Challenge group which developed a simple set of services to
allow integration and mix-and-match deployment currently
available transactive energy implementations.
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TABLE I
USE CASE SUMMARY
Use Case Name
Enroll

Market Participants registered with the Market
Facilitator confirm presence in order to begin
receiving and sending tenders.

Tender tender

Submit a new tender in the expected format, or
accept/reject an existing tender as the counter
party.

Determine price

If submitting a new tender, determine the ask price;
otherwise, determine if ask price is acceptable.

Accept transaction

If price is acceptable, accept tender as a transaction
and schedule Market Participant accordingly.

Provide power

At the start time recorded in the transaction, the
Market Participant will modify operations to
provide the requested power to the local microgrid.

Accept power

At the start time recorded in the transaction, the
Market Participant will modify operations to accept
the requested power from the local microgrid

Deliver report

At the completion of the transaction or on another
agreed-upon interval, the Market Participant
reports telemetered data recording the power
generated or accepted.

III. DESIGN ACTIVITIES
An agile software engineering process that included use
case elicitation, requirements specification, formal design, and
testing procedures largely governed the activities of the team.
Completed in Phase I of the TE Challenge were steps from the
Design Phase. Implementation and testing will follow in Phase
II.
A. Use Cases
Use cases are the series of related interactions that help
users of the system to achieve a goal. Both UML Diagrams
and text-based use cases were developed in the initial phases
of the TE Challenge. The use cases developed are described
in Table I.
The three actors in the system as defined by the Microgrids
Team are the Market Participant, the Market Facilitator, and
the Market Maker.
The Market Participant can be a solar inverter, a battery
system, an electric vehicle, a IoT-enabled lightbulb, or even
another microgrid. Market Participants are usually represented
by an agent that supports market interaction.
The Market Maker is a special kind of Market Participant in
the TeMIX implementation that is not a producer or consumer
or energy. Instead, it helps to increase market liquidity by
frequently issuing a series of small buy/sell forward tenders.
The Market Facilitator’s role in the system is to allow
Market Participants to enroll in the market, determine if
tenders are valid in the current market context, record tenders
and transactions, and determine transaction settlement.
B. Requirements Specification
The defined use cases lay the groundwork for the
requirements specification. A requirement consists of the
smallest unit of individually testable work. The requirements

Description

Full
text-based
use
cases
are
available
online
at:
https://github.com/TransactiveEnergy/microgrids/blob/master/UseCases.docx

do not specify the details of the technical implementation.
However, they do lay the groundwork for the system design
and testing procedures. The developed requirements [4] were
specified in the context of all market participants within an
off-grid microgrid but most are applicable in a larger setting.
C. Software design
The design of the demonstration system is based on the
development of multiple software packages, which in turn are
composed of multiple components. Each package would be
created in the Java programming language. This software
design will be implemented in the next phase of the TE
Challenge.
The Energy Services Interface (ESI) [5] package will be
composed of two major components: a lightweight agent
interface that represents the Market Participant, and the
communications framework necessary to send and receive
transactive messages in the chosen implementation, in this
case, TeMIX.
The complexity of the creation and acceptance of the
transactive messages is to be separated from the agent
implementation to allow for the rapid development of
compliant devices that can participate in the market. The agent
interface is a minimal distillation of the technical requirements
that must be completed for a device to function effectively in
the market as a participant:
1) Price Strategy
The agent implementation for the device must be able to
provide a function or a constant to gauge the acceptability
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of a price listed in a particular tender in order for the ESI to
determine whether the tender should be accepted or
rejected. This may be a very simple function for a light bulb
or similar, or a more complex curve for an energy storage
device. If the participant were initiating the tender, the
function or constant would allow the ESI to list the
appropriate price for the time period in terms of the tender.
2) Forecasting
In order to accept or reject tenders appropriately, the agent
implementation must be able to forecast power generation
capabilities or demand. A solar inverter may implement
forecasting based on historical averages along with the
upcoming weather forecast in order to participate days in
advance, while a plug load may only be able to forecast the
need for the same quantity of power for the next forward
interval.
3) Scheduling and Control
Once a tender is accepted and a transaction is recorded, the
agent implementation must have a mechanism to ensure that
the changes in operation occur as documented. For a light
bulb, this may be as simple as turning the light on, whereas
a battery system may require a stream of constant
commands based on the voltage and current.
4) Reporting
At the completion of the transaction (or more frequently if
needed), the ESI will transmit telemetered data associated
with the scheduled activity as confirmation of adherence to
the transaction. This requires the agent implementation to
have some level of data acquisition and historian
functionality in order to adequately produce the data
necessary for the report.
A secondary code package would contain the TeMIX
implementation for the creation of binding and non-binding
tenders, transaction acceptance, and reporting. The ESI will be
developed such that interaction with the market can be
overridden to implement other transactive energy
methodologies as desired.
The Market Maker software package will use a subset of the
functionality in the ESI package. It will require only the ability
to determine the next price to include on the forward tenders,
and to do that, the ability to forecast the system demand based
on the acceptance of tenders in the various forward time
intervals.
The Market Facilitator software will be composed of
multiple software packages that may be installed locally to the
microgrid or in a cloud such as Amazon Web Services. Larger
implementations may have a distributed network of Market
Facilitators for resiliency and scalability. For the purposes of
the next phase of the TE Challenge, this will be centralized in
the cloud-based Amazon Web Services EC2 service to allow
access to multiple participants.
The Market Facilitator will be implemented in a modular
fashion such that any of the required components can be
replaced and can be developed independently. For example, in
an off-grid microgrid setting, particularly with a single owner,
the Market Facilitator implementation will not require the
complete
functionality
that
future
grid-connected
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implementations will need. These modules within a Market
Facilitator include:
1) Enrollment
The Enrollment module provides the functionality to
authenticate and authorize Market Participants in the
system. This module must implement the enrollment
mechanism outlined in the Energy Interoperation standard.
This would also include the necessary functionality for
registration, user management, and the user repository
itself.
2) Validation
Tenders and transactions submitted are subject to validation
against the market context. This may be implemented as a
simple set of conditions or as a complex rule processor
depending on the complexity of the implementation.
3) Ledger
In addition to recording upcoming tenders and transactions,
the Ledger would manage the delivery of meter data from
the Market Participants and record it within the system. The
implementation for this may range from a simple
centralized ledger to the newer block chain implementations
that allow for a more easily distributed architecture.
4) Transaction Settlement
This element would be required for any microgrid where the
assets in the system that are the Market Participants are
owned by more than one person. This module would be
responsible for using the Ledger module to determine the
settlement of the transactions.
The Market Facilitator’s modular design will allow the
implementation to evolve over time. For example, if desired,
the Validation module can be implemented as a set of
conditions in the beginning stages, and later incorporate a
formal semantic model in subsequent stages of the project.
Cybersecurity and data privacy are also technical
requirements that are central to the development of the Market
Facilitator. The system will require strong encryption in all
communications and stored data, as well as careful
authorization of users within the system to perform various
functions.
The Market Context [1][2] informs the final aspects of the
technical design of the system. The context can describe the
products transacted, the transaction interval, how often tenders
are created, and other rules that govern the system.
An off-grid microgrid may or may not offer transport as a
product, but if it is offered, a separate Market Facilitator may
be needed for each of the power and transport products
offered. A smaller 4-second transaction interval would require
more computing resources than a system with 5-minute
transaction intervals.
IV. IMPLEMENTATION
The next phase of the TE Challenge will focus on
implementation and testing of the Energy Services Interface
and reference Market Facilitator in both a simulation and
demonstration in a working microgrid.
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Outlined tasks for the Microgrids team for the TE Challenge.

As the implementation is completed in the next phase,
specific experiments will be conducted which modify aspects
of the demonstration (see Figure 1). Examples may include
updates to the market context to change the transaction
interval, evaluating nested microgrids, or the addition of
multiple market makers. The goal of these experiments will be
to illustrate the effects on liquidity and stability of the market
and the stability of the microgrid as a whole.
V. RELATED WORK
Although this TE Challenge project’s reference
implementation is in progress, there are related efforts in a
microgrid setting that we can examine as case studies.
A. Dynamic Microgrid Configurator
As an active member in the TE Challenge Microgrids
group, Tata Consultancy Services (TCS) developed a
simulation showcasing their concept of a Dynamic Microgrid
Configurator using Transactive Energy principles to
dynamically honeycomb (irregular honeycombs) the Utility's
territory into numerous Microgrid cells linked together by
smart technology [5]. This will serve as an effective tool to
implement a Microgrid Based Operation Model (MGBO).
This will be effective in: maximizing the number of customers
served under all conditions (including major contingencies) as
well as effective utilization of distributed green energy
resources
The DMC needs to be well integrated into the TE
architecture through mature interfaces based on standards such
as Energy Interoperation (EI). This treatise will propose an
interface model of the DMC to the other systems whereby the
Distribution System Operator can interact with the entities
involved (Customers, Aggregators, Other Microgrid
Operators, and other Market facing entities) to effectively
operate and manage the entire distribution service area.
The detailed implementation of DMC in progress. The
mathematical basis for the DMC algorithm is being developed
by Indian Institute of Technology Bombay (IITB) a coinnovation partner of TCS. Presently a simulation model with
limited interfaces (Event & Report) has been completed.
In the next phase, DMC and its interoperability
requirements will be tested through simulated TE scenarios

and the results will be analyzed to enhance the design.
Message structure defined in Energy Interoperation
specification Error! Reference source not found. will be
adapted with necessary extensions to realize the MGBO,
mainly to exchange information on reliability, and emergency
condition information.
B. Dynamic Market Mechanism
Since 2012 the Active Adaptive Control Lab (AACLab) at
MIT has been developing a dynamic market mechanism
(DMM) to solve the optimal power flow problem in a fast,
distributed, and adaptive way [7]. Taking advantage of the
fast timescale, recent DMMs have been developed
to regulate frequency in wide-area grids [8]. Currently, DMMs
are also being developed to manage power in combined heat
and power microgrids and to work with the active primary
control systems in microgrids.
The core technology of the DMM is an iterative primal-dual
convex optimization method. The DMMs require iterative
methods in order to be dynamic, which allows the algorithm to
incorporate new information, such as updated grid conditions
or renewable energy forecasts as it is available, even within
transactive windows.
VI. CONCLUSION
The second phase of the TE Challenge Microgrids project is
key to laying the groundwork for future Transactive Energy
demonstrations with a larger group of Market Participants
utilizing the existing power grid. The experiments and
simulations conducted as part of this work will help to guide
these future implementations, and the software product
deliverables will also provide the base for continuing work in
this area.
ACKNOWLEDGMENT
There are many other members of the TE Challenge
Microgrids group that provided their insights and time to the
group in the form of educational presentations and
contributions in our discussions, and NIST, for providing the
opportunity and guidance.

Transactive Energy for Energy Management in Microgrid Systems

5

REFERENCES
[1]
[2]
[3]
[4]

[5]
[6]
[7]
[8]

[9]

Edward G. Cazalet, PhD, “Automated Transactive Energy (TeMIX)”
TeMIX Inc. and The Cazalet Group, Los Altos, CA, Tech. Rep. TR0200 (4230-46)-3, Nov. 1988.
Energy Interoperation Version 1.0. Edited by Toby Considine. 11 June
2014.
OASIS
Standard.
Available
at
http://docs.oasisopen.org/energyinterop/ei/v1.0/os/energyinterop-v1.0-os.html.
William Cox, Edward Cazalet, Alexander Krstulovic, William Miller,
and Wilco Wijbrandi, "Common Transactive Services," in Transactive
Energy Systems Conference, Portland OR, 2016
TE Challenge Team, Working Requirements Specification,
https://github.com/TransactiveEnergy/microgrids/blob/master/TEC%20
Control%20for%20EM%20in%20%C2%B5G%20Systems%20Requirements.xlsx
“Facility Smart Grid Interface and a Demand Response Conceptual
Model”, NIST Technical Note 1832, August 2014. Available from http:/
/dx.doi.org/10.6028/NIST.TN.1832
Microgrids for Resilience, Krishna VP, Energybiz, Winter 2015
Arman Kiani and Anuradha M. Annaswamy. Wholesale energy market
in a smart grid: Dynamic modeling, and stability. IEEE Transactions on
Smart Grid, September 2014.
D.J. Shiltz, M. Cvetkovic, A.M. Annaswamy, “An Integrated Dynamic
Market Mechanism for Real-time Markets and Frequency Regulation”,
IEEE Transactions on Sustainable Energy, Special Section: Reserve and
Flexibility for Handling Variability and Uncertainty of Renewable
Generation, April 2015
Morgen
E.
Peck,
A
Microgrid
Grows
in
Brooklyn,
ScientificAmerican.com,
April
22,
2016.
Available
at
http://www.scientificamerican.com/article/a-microgrid-grows-inbrooklyn/

Jennifer M. Worrall has over 10 years of experience in the
energy sector. Most recently, she served as the Director of
Information Engineering for CleanSpark LLC, where she was
responsible for the design and implementation of their
solutions architecture, cyber-physical integration, and
cybersecurity policies and procedures. At her prior position at
Southern Company Transmission, she was a Senior Technical
Architect for their Energy Management System and related
applications.
Jennifer co-inventor of the patent-pending FractalGrid
architecture (US 2015/0288183 A1) which is the blueprint for
Camp Pendleton’s FractalGrid Demonstration.
Edward Cazalet is a leader in the design of transaction
services for electricity, the commercialization of electricity
storage, and the analysis of energy decisions. Ed is the
founder and CEO of TeMix Inc., a transactive energy services
company and a founder and VP of MegaWatt Storage Farms
Inc., a grid storage advisory firm. He was previously a
Governor of the California Independent System Operator
(CAISO). He was also the founder and CEO of Automated
Power Exchange (APX), the first on-line, wholesale power
exchange.
Dr. Cazalet has extensive experience in designing, building
and operating high-speed, reliable transaction systems for
electric power that interface with existing transaction systems
and markets. Dr. Cazalet was also co-chair of OASIS Energy
Market Information Exchange Technical Committee. Dr.
Cazalet holds a Ph.D. from Stanford University focused on
economics, decision analysis and power systems. He also
holds BS and MS degrees in engineering from the University
of Washington.

William Cox is a leader in commercial and open source
software definition, specification, design, and development..
He is co-chair of the OASIS Energy Interoperation and Energy
Market Information Exchange Technical Committees, past
Chair of the OASIS Technical Advisory Board, and a member
of the WS-Calendar and oBIX Technical Committees. He
participates in related IEC standards work.
He has developed enterprise product architectures for Bell
Labs, Unix System Labs, Novell, and BEA, and has done
related standards work in OASIS, the Java Community
Process, Object Management Group, and IEEE.
He earned a Ph.D. and M.S. in Computer Sciences (minor
in Electrical and Computer Engineering) from the University
of Wisconsin-Madison.
He is Chief Technology Officer of The Energy Mashup
Lab, Inc), an open source transactive energy foundation, and
Principal of Cox Software Architects LLC, a consulting
software architecture firm.
Narayanan Rajagopal has over 25 years’ experience in the
area of power system. As a Senior Scientist in TCS, he is
extensively engaged in Smart grid solutions conceptualization,
Analytics development, Evaluation of Smart grid
technologies. He is a certified SGMM Navigator. He has
earlier worked in product development, system application,
test system development, customer trainings, application
engineering of substation and distribution automation systems
(SA and DA). He is actively engaged in forums such as IEEE,
Power and Energy Society, Smart Grid Interoperability Panel
and Bureau of Indian Standards.
Thomas Nudell graduated from Kalamazoo College magna
cum laude in Physics, and received a MS and a PhD, both in
Electrical Engineering, from North Carolina State University.
He is currently a postdoctoral associate in the Active Adaptive
Control Lab at the Massachusetts Institute of Technology. Dr
Nudell is a member of the IEEE and Phi Beta Kappa honor
societ. His research goals include actualizing the rapid and
widespread integration of renewable and energy efficient
resources through transactive energy.
Paul Heitmann currently serves as Director of Operations
for Energy Output Systems at Merit Global Energy, modeling
and developing optimized solutions for electric generation, gas
compression, and microgrid management. Paul has been active
for 12 years in the field of Distributed Energy resources and
smart grid, including distributed storage and alternative fueled
vehicles, holding key business development and grid
integration solution development positions at Comverge,
Ecotality, and Chargepoint. Prior to his work in the field of
Distributed Energy resources, Paul spent 16 years in AT&T in
a series of solution development and system integration roles.
Paul is also actively supporting the IEEE 1547, and 2030
standards development. Paul also serves on the board of NJ
Clean Cities Coalition.

