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• Conduct comprehensive literature review of U.S. microgrid development in the recent decade.

• Discuss U.S. progress on microgrid policies, demonstration projects, control methods, and software tools.

• Summarize key successful experience of U.S. microgrid development.
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A B S T R A C T

Microgrids have become increasingly popular in the United States. Supported by favorable federal and local
policies, microgrid projects can provide greater energy stability and resilience within a project site or com-
munity. This paper reviews major federal, state, and utility-level policies driving microgrid development in the
United States. Representative U.S. demonstration projects are selected and their technical characteristics and
non-technical features are introduced. The paper discusses trends in the technology development of microgrid
systems as well as microgrid control methods and interactions within the electricity market. Software tools for
microgrid design, planning, and performance analysis are illustrated with each tool’s core capability. Finally, the
paper summarizes the successes and lessons learned during the recent expansion of the U.S. microgrid industry
that may serve as a reference for other countries developing their own microgrid industries.

1. Introduction and background

Microgrids have become increasingly popular in the United States.
About 34% of the world’s microgrid projects are located in the United
States and North America area – drivers for this fast growth could in-
clude the country’s aging electricity megagrid and end-use customers’
increasing desire for greater security and reliability [1]. In the past
decade, the U.S. government and industry have established supporting
policies, demonstration projects, control systems research, and the de-
velopment of software tools. This paper reviews U.S. efforts on micro-
grid development from early 2000 up to now, summarizing successful
experience.

Noticeably, besides North America, microgrid projects are ex-
panding rapidly in the rest parts of the world, especially in Asia Pacific
region, which takes about 40% of the world total microgrid capacity.
Various policies drive microgrid development in different countries and

regions. In the EU, microgrid development is accompanied with com-
prehensive R&D efforts supported by a series of EU’s Framework
Programs (FPs) [2]. Demonstration projects are developed starting in
FP 5 to now with focuses on island and remote microgrid system, utility
scale multi-microgrid, control and operation. In Asia, Japan is a leader
in microgrid research. New Energy and Industrial Technology Devel-
opment Organization (NEDO) has funded many microgrid research and
demonstrations around the world [3]. The goals of these demonstra-
tions are often related with alternative new energy solution, new
technologies, and controls for better reliability and resilience. Japan’s
demonstration projects show excellent performance under disasters,
particularly the successful operation Sendai Microgrid after the “311
Great Easter Japan Sumani” [4,5]. China started its microgrid devel-
opment through the 12th Five Year Plan (FYP, from 2011 to 2015). The
primary goal is to find a distributed clean energy way which can relieve
China’s dependence on centralized coal power, reduce low emission,
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and improve air quality. Chinese central government targeted to build
30 microgrid demonstration projects in the 12th FYP and this work is
further extended to the 13th FYP (from 2016 to 2020). In order to
support the national development projects, microgrids are further de-
fined as three types – island, remote and city microgrids, with each type
including recommendations of energy system configuration applicable
in China [6,7].

The definition of a microgrid depends on perspectives: the dis-
tributed energy resources point of view differs from the control per-
spective [3,8,9]. The U.S. Department of Energy (DOE) provides the
following definition of a microgrid [10]:

“A microgrid is 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. A remote microgrid is a variation of a microgrid that op-
erates in islanded conditions.”

Similarly, a microgrid definition is given by The International
Council on Large Electrical Systems (CIGRE) [11]:

Microgrids are electricity distribution systems containing loads and dis-
tributed energy resources (such as distributed generators, storage devices,
or controllable loads,) that can be operated in a controlled, coordinated
way either while connected to the main power network or while islanded.

Both definitions point out that microgrids have important char-
acteristics. First, a microgrid is an integration of distributed energy
resources and loads; second, a microgrid system must be a controllable
entity that can operate in either grid-connected or island mode. These
two definitions are limiting: not all projects can operate in either grid-
connected or island mode. Other definitions of microgrids [12] focus on
the distributed generation and end-use load sides and not on grid-
connected or islanding operating modes. However, in order to eliminate
confusion regarding island microgrids, U.S. DOE later added a sentence
to their definition to include island microgrids as a variation of a mi-
crogrid.

Of the many demonstration projects developed in the United States,
low natural gas price is a primary driver for early demonstrations [13].
For regions where electricity prices are relatively high, projects make
use of the spark spread of distributed natural gas power generation. The
use of renewable and clean energy is another driver for U.S. microgrid
development. Many microgrid projects have set up high targets for
renewables and low-carbon footprints. Also, high renewable penetra-
tion has become one goal in federal and local government support. The
distributed energy resources that microgrids host are valuable assets in
the electricity market. Participating electricity market ancillary services
provide additional values and motivations for microgrid development
[14]. More recently, system-level reliability and resilience have become
key drivers for microgrid construction. Hurricanes on the U.S. East
Coast have drawn public attention to the pressing need for improved
power system reliability. Microgrids are recognized as a way to
strengthen power system reliability and increase local resilience.

To support the microgrid demonstration projects described pre-
viously, U.S. federal, state, and local policies play a vital role. Support
for microgrids comes from research and development (R&D) programs
at federal and state levels, software and tools, grants and funding
support to incentivize demonstration projects, and tax and financial
incentives for the installation of distributed energy [3,8,9,12]. Such
programs are often complimented by local utilities that value the in-
terconnection of microgrids with the utility grid as well as possible
ancillary services that microgrids can provide [15].

Control systems are essential to ensure that microgrids coordinate
distributed energy resources effectively [16]. The U.S. DOE has iden-
tified several core areas for microgrid controls: (1) frequency control,
(2) Volt/volt-ampere-reactive control, (3) grid-connected-to-islanding
transition, (4) islanding-to-grid-connected transition, (5) energy

management, (6) protection, (7) ancillary service, (8) black start, and
(9) user interface and data management [17]. In line with DOE’s mi-
crogrid control requirements, standards and protocols have been de-
veloped to maintain a microgrid system’s stability and improve resi-
lience. The Consortium for Electric Reliability Technology Solutions
(CERTS) provides a way to control distributed resources in an ag-
gregated fashion to main local power and heating/cooling reliability
and security needs [18]. Through the CERC definition, many widely
used control approaches are adopted including real and reactive power
control [9], voltage regulation through droop [19], fast-load tracking
and storage [20], frequency droop for power-sharing [21], and others.
Besides fundamental control methods, control systems in microgrids
often exhibit hierarchical structures made up of two or three levels of
controllers [22–24]. High-level controllers are often involved in mi-
crogrid decision-making, including economic operations and interac-
tions with the megagrid for demand response [25]. Recent development
in microgrid stability and resilience is often associated with control
systems and methods, especially during critical events (such as black-
outs) to ensure that microgrids continue to operate in island mode
when the grid is down [26].

Software tools are developed as a key part of microgrid research.
Most tools developed focus on design and planning, as well as opera-
tion, with focus of distributed energy resources technologies integration
[27–29]. Most tools can accommodate renewable technologies such as
wind, photovoltaics, storage technologies, and dynamic matching en-
ergy generation and storage with energy loads. Some tools are devel-
oped with greater focus on technologies performance; others focus on
the system’s economic performance, minimizing system investment and
operation costs. More recently, software tools have tended to focus on
combining cost with reliability.

This paper first reviews the federal, state, and local level policies in
the United States that drive microgrid development (Section 2). De-
monstration projects developed under different level of policy are
evaluated in Section 3. Then, technologies and control system com-
monly found in U.S. microgrid demonstration projects are elaborated in
Section 4. Finally, software tools that support microgrid design and
operation are reviewed based on their technical capacities in Section 5.

2. Overview of U.S. Microgrid policies and development

2.1. Federal level activity

Federal policy efforts promote the research and development of
microgrids, aiming to provide more reliable, flexible, efficient, resilient,
affordable, and secure power systems. The Office of Electricity Delivery
and Energy Reliability (OE) within the U.S. DOE is the core organiza-
tion in supporting microgrid R&D activities. Over the last decade, DOE
has funded a broad portfolio of activities in microgrid design and
economic analysis tools, system testing, and demonstration programs,
many of which are in conjunction with the U.S. Department of Defense
(DOD) [30].

OE’s first major program, the Renewable and Distributed Systems
Integration (RDSI) program, began in 2008 [31]. The nine projects
initiated in 2008 are shown in green in Fig. 1.1 Projects totaling
$100M, typically with 50–50 DOE - co-funder financing, were pri-
marily intended to achieve a minimum of 15% peak-load reduction,
which is generally required by an RDSI program [31]. Two California
projects, Santa Rita Jail and Borrego Springs, received subsequent Ca-
lifornia Energy Commission (CEC) funding, became exceptional mi-
crogrid examples, and are still operating [30,32]. They are described in
more detail below (Section 3). Another two RDSI projects, the Fort

1 Other funded projects in later years can be found at the official website:
https://www.smartgrid.gov/recovery_act/overview/renewable_and_
distributed_systems_integration_program.html.
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Collins, Colorado, demonstration of mixed distributed resources, and
the Illinois Institute of Technology’s never-failing perfect power pro-
totype, are also discussed in more detail in Section 3 [33].

The Smart Power Infrastructure Demonstration for Energy
Reliability and Security (SPIDERS) programs began in 2010 [34].
Jointly funded by DOE and DOD, these projects (in red2 in Fig. 1) aim to
provide highly reliable and resilient power to military bases, which are
often in remote locations and are poorly served by the megagrid. The
first three SPIDERS demonstrations were at Hickam Air Force Base and
Camp Smith, in Hawaii and Fort Carson, Colorado, respectively (more
in Section 3). Later on, microgrid principles were rapidly adopted and
have been applied at many sites, effectively making them the default
power system for military facilities [35].

Another major federal investment that has facilitated microgrid
development in the United States is the American Recovery and
Reinvestment Act of 2009 (ARRA). The approximately $4-billion ARRA
smart grid program has catalyzed many projects including the RDSI
Borrego Springs project and a neighboring project, the University of
California Irvine campus microgrid, both described below in Section 3.
Many of these projects demonstrated technologies critical to microgrids
(e.g., battery storage); however, only one complete microgrid project
was executed under ARRA—this was a Portland Gas and Electric project
in Salem, Oregon, that was part of the Pacific Northwest Smart Grid
Demonstration Project [36–38].

In order to achieve OE’s goals to develop next-generation com-
mercial-scale microgrid systems capable of reducing the outage times of
required loads by >98%—to be cost-competitive to non-integrated
baseline solutions, to reduce emissions, and improve system energy
efficiencies—OE has moved from demonstrations towards systems in-
tegration. Systems integration is particularly focused on microgrid
controllers and standards for advanced microgrids [39,40]. This pivot
coincided with a desire for microgrid standardization to speed de-
ployment, and for more sophisticated operations, as described in an
influential 2014 report from Sandia National Laboratory [17]. OE
funded eight microgrid controller projects covering a wide range of
microgrid types and geographic areas in the United States (see Navy
Yard project in Section 3 as an example).

In addition to the supporting microgrid demonstration and system
integration projects described above, DOE’s Loan Guarantee Program,
which provides loan guarantees to accelerate the deployment of in-
novative clean energy technology, added $1 billion in additional loan
guarantees in 2015 to fund qualified distributed energy projects (e.g.,
solar photovoltaics, wind, combined heat and power, and storage),
pursuant to Title XVII of the Energy Policy Act of 2005 [41,42]. The
U.S. federal government also provides investment tax incentives for
customers installing microgrid technologies. The incentives cover a
wide range of technologies from solar photovoltaics, combined heat and
power, and electric vehicles. Technical assistance is also provided. For
example, DOE's combined heat and power Technical Assistance Part-
nerships (CHP TAPs) promote and assist in transforming the market for
CHP, waste-heat-to-power, and district energy technologies/concepts
throughout the United States [43]. Key services of the CHP TAPs in-
clude market opportunity analyses, education and outreach, and tech-
nical assistance. A summary of these policies and associated distributed
energy technologies are provided in Appendix A, Table A1.

2.2. State and local activity

While the federal programs described above were the main engine
of early U.S. microgrid research and development, there has always
been significant activity at the state and local levels—often arising from
self-generation projects, typically at large commercial, campus,

medical, or industrial sites. The driving forces in microgrid develop-
ment at the state and local levels include renewable energy require-
ments as reflected in renewable portfolio standards (RPS) in 29 states
and Washington, DC; renewable portfolio goals in eight states; and in-
creasing concerns regarding power system resilience due to growing
extreme climate events [44–46]. Approaches that states have taken to
provide incentive for microgrid R&D include funding opportunities for
microgrid demonstrations, tax incentives for installation of distributed
energy, and innovative business models (e.g., Solar Power Purchase
Agreement and the Property Assessed Clean Energy) for application of
distributed energy.

The 2011–2012 period was a pivotal year in microgrid develop-
ment. During the Great East Japan Earthquake in March 2011, two
Japanese microgrid projects (the longstanding Sendai microgrid and
the Roppongi Hills district of Tokyo project) performed magnificently,
reorienting microgrid research in the area towards resilience [4]. In late
October of the following year, Superstorm Sandy hit the northeastern
United States. In a similar manner, some existing microgrids performed
well, and state policymakers took notice, leading to a similar reor-
ientation of research in that part of the United States [47]. Interest by
state and local government in the resilience benefits of microgrids has
spawned microgrid programs of varying size and complexity in all of
the states affected by Sandy. The State of New York’s Prize (NY Prize)
program, managed by the State Energy Research and Development
Administrations (NYSERDA), is the most extensive. The NY Prize is an
ambitious $60-million grant program with additional leverage oppor-
tunities designed in three stages. The first, Feasibility Study stage,
completed in 2016, produced 83 studies of possible microgrids to
protect public facilities, especially emergency services [48]. Interest-
ingly, New York uses a microgrid definition that reflects its resilience
focus: microgrids are local energy networks that are able to separate
from the larger electrical grid during extreme weather events or
emergencies, providing power to individual customers and crucial
public services such as hospitals, first responders, and water treatment
facilities [49].

Outside of the northeast, other states have also achieved notable
microgrid research and demonstration successes, notably California.
The state’s RPS provides a major impetus for microgrid development,
which has a target of obtaining 50% of the state’s electricity from eli-
gible renewable energy resources by 2030. California state building
codes also set goals for 100% zero-energy buildings by 2020 for all new
residential buildings and 2030 for new commercial buildings. To
achieve these goals, California has been very successful leveraging re-
sources at the state, federal, and local utility levels to develop microgrid
projects (Appendix A, Table A1).

California’s microgrids grew from the CEC’s Renewable Energy
Secure Communities program [50]. To support California’s energy and
greenhouse gas policies, CEC devoted $45 million for microgrid de-
monstrations that provide successful and repeatable prototypes for
commercially viable microgrids. Nine projects have been awarded and
each of which will last 3–4 years starting in July 2018 [51].

State-level tax incentives are also available for customers that install
microgrid technologies. For example, a state sales tax incentive is
available to solar photovoltaic systems that are used to provide elec-
tricity to farm equipment and machinery. Financial incentives, such as
solar power purchase agreements (SPPA) and property assessed clean
energy (PACE), are also available to encourage distributed energy in-
stallation in residential and commercial buildings in California. SPPAs
are financial agreements where a third-party developer owns, operates,
and maintains the photovoltaic system on the property of a host cus-
tomer who purchases the system's electric output from the solar services
provider. The rate that the host customer pays to the developer is ty-
pically lower than the retail rate of the local utility. SPPAs are also
widely applied in other states including Arizona, Colorado, New York,
and New Jersey [52]. The PACE model is a way of financing energy
efficiency or renewable energy installations on residential, commercial,

2 For interpretation of color in Fig. 1, the reader is referred to the web version
of this article.
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and industrial properties. About 40 states in the United States have
enabled PACE [53]. Table A1 in Appendix A provides some examples of
PACE projects in California.

Most of California’s investor-owned utilities (IOU) also provide net
metering feed-in tariffs for photovoltaic solar-generated power (more
details in Section 2.3). In addition, CEC is developing a state-level mi-
crogrid roadmap through research and demonstration [54]. The goals
of this research are to develop commercial-scale demonstrations that
provide a clear, repeatable configuration with measurable benefits and
a higher probability of future commercial success with focuses on
military bases, port areas, tribal communities, and disadvantaged
communities. The demonstration emphasizes reliability and other
monetary benefits.

2.3. Utilities and independent system operator (ISO) activity

Utilities have developed their own microgrids, sometimes called
milligrids (e.g., Borrego Springs, which is discussed in the next section)
[55]. Under their regulation regimes, IOUs provide financial incentives
and rebates for some microgrid technologies, notably for small-scale
renewables and batteries, or through programs like California’s Self-
Generation Incentive Program (SGIP) for various technologies (Ap-
pendix A, Table A1) [56].

Renewable feed-in tariffs are commonly used for the development of
small-scale renewable energy projects (such as solar, wind, or biomass
up to 1–3 megawatts or MW) within the service area of the utilities. For
example, the renewable market adjusting tariff (ReMAT) is a feed-in
tariff program for small renewable generators less than 3MW in size,
applicable in Pacific Gas & Electric, Southern California Edison, and San
Diego Gas & Electric service areas [57]. The program provides a fixed-
price contract to eligible projects, which will provide electricity to these
three IOUs.

Another way to provide financial incentives is the net metering
program, which allows a customer-generator to receive financial credit
for power generated by their onsite system and can be used to offset the
customer's electricity bill [58]. Net metering programs enable micro-
grid users to sell excess energy, although the terms vary widely across

states. Open electricity markets in much of the United States interact
with microgrids by encouraging demand response and ancillary services
provision to the megagrid. Because of their wide spectrum of energy
technologies and (often) advanced control systems, microgrids can
participate in a variety of markets (e.g., ancillary services such as fast
frequency response).

An example of rebate programs is the California Solar Initiative
(CSI). The CSI provides cash back for California consumers with solar
energy systems on existing homes, as well as existing and new com-
mercial, industrial, government, non-profit, and agricultural properties
within the service territories of the three IOUs: Pacific Gas and Electric,
Southern California Edison, and San Diego Gas & Electric. CSI is ad-
ministered by the IOUs and overseen by the California Public Utilities
Commission (CPUC), which also provides funding to CSI [59]. Laun-
ched in 2007, CSI committed a total budget of $2.167 billion until
2016, signaling California’s serious commitment to solar energy
[56,59].

CPUC developed the SGIP to allow IOUs to provide incentives for
qualifying distributed energy systems installed on the customer's side of
the utility meter, including wind turbines, waste heat-to-power tech-
nologies, pressure reduction turbines, internal combustion engines,
microturbines, gas turbines, fuel cells, and advanced energy storage
systems. It was created initially in response to the electricity crisis of
2001 to reduce energy use, and then modified by the requirements of
eligible technologies to focus on GHG emission reductions in 2009 [60].
Since its establishment in 2001, SGIP has been continuously adminis-
tered and current budget is scheduled towards the end of 2019 [61,62].
By the end of 2015, SGIP provided more than $656 million in incentives
to 1144 completed projects, representing more than 440MW of rebated
capacity (excluding solar projects) [60].

3. Microgrid case studies

As described, microgrid development and deployment have been
accelerating in recent years as a result of initiatives from federal pro-
grams, institutions, and private sectors. These demonstration projects
share the common objectives of verifying the microgrid benefits and

Fig. 1. Select U.S. Federal microgrid assessment and demonstration projects.
Source: OE.
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reducing implementation risks, and, in general, further improving the
reliability and resilience of the grid to ensure a sustainable energy fu-
ture for the nation [30,63]. These goals have been pursued in several
ways [63]: (1) development and demonstration of key microgrid
technologies, such as distributed generation and storage, demand-side
management, advanced control software, and planning/analysis tool-
sets; (2) demonstration of commercial-scale microgrid systems (capa-
city of less than 10MW) by experimenting with a variety of business
models, ownership, and partnership structures; (3) follow-up on and
increased collaboration among existing microgrid projects to create
shared knowledge of lessons learned and best practices. Table 1, below,
depicts the landscape of existing microgrids in the United States. The
table shows range in funding body and ownerships, primary functions
(e.g., residential, commercial, industrial, and public utility), and tech-
nology and operation modes (e.g., grid-connected or islanded).

Funded by DOE, Alameda County, and the CEC over the past
decade, the Santa Rita jail demonstrates CERTS technology, which al-
lows the jail to disconnect from the grid seamlessly and quickly and run
islanded for extended periods [32]. It also demonstrates a viable ap-
proach to further integrate renewable and clean distributed energy
resources such as photovoltaics, which covers most of the cellblocks
and was the largest such in the United States during its construction in
spring 2002. The jail microgrid was constructed with best-suited,
commercially available technology for all major components (battery
storage, power conversion, and static disconnect switch). For example,
the jail microgrid is equipped with a large Li-ion battery (2 MW and 4
MW-h) embedded with CERTS technology, in addition to a point of
common coupling (PCC) device with reverse power relay and over-
current protection capabilities, which allow the jail to complete seam-
less islanding in 8ms or less. Lawrence Berkeley National Laboratory
(Berkeley Lab’s) tool DER-CAM has been used during both the design
phase (e.g., to assist with the selection of a battery vendor) and the
operation phase (e.g., to find optimal charge-discharge schedules
minimizing its bill and meeting its other objectives). The jail has also
undergone a series of efficiency improvements to further reduce con-
sumption (e.g., the peak demand in the jail is approximately 3MW).
Under the terms of the DOE grant, the jail must contract with Pacific
Gas & Electric to reduce the peak load on the local feeder by 15%.
Reliability is also a major concern, particularly having enough energy
to maintain full service during the break between a blackout beginning
and the back-up diesel generators reaching full power, which spans
typically a few minutes. Because of these multiple objectives, a complex
optimization needs to be solved to also account for real-world un-
certainty (e.g., neighboring feeder loads and outages). Overall, the jail
microgrid is able to reduce the peak load of utility distribution feeder,
increase grid efficiency and security, and meet critical customer relia-
bility requirements.

Owned and operated by the University of California, Irvine (UCI),
the campus microgrid aims at testing how microgrids operate internally
as well as how they interface with the rest of the future smart grid. UCI
has recently partnered with Southern California Edison to test advanced
smart gridtechnologies, such as phasor measurement units to enable
transmission substation-level situational awareness [64]. More than
100 advanced meters have been installed to obtain high-resolution load
data, which are streamed through MelRoK’s EnergiStream software to
UCI’s microgrid model for real-time decision making. The campus has
installed eight Coulomb Technologies level 2 chargers that are open for
public use. Under the Zero Emission Vehicle-Network Enabled Trans-
port program, a fleet of 77 advanced vehicles (e.g., battery electric,
plug-in hybrid, or fuel cell hybrid-powered vehicles) have been re-
cruited for research purposes or ride sharing. The microgrid is also
equipped with Demand Response (DR) capabilities, allowing it to op-
erate as a smart power and demand response asset for the California
Independent System Operator (CAISO). UCI has participated in the

Better Buildings Challenge through the OE, launched in December 2011
to reduce the energy consumed across the campus by 20% by 2020. The
campus has nominated 700 kW (kW) of DR so far, which has been
achieved in various ways involving the steam turbine, heat recovery
steam generator, chiller plant, and thermal energy storage tank. In the
future, UCI also has plans to extend DR to the building level.

The Borrego Springs microgrid, supported by DOE and San Diego
Gas and Electric (SDG&E), OE, and the CEC serves a community of 2800
customers and exemplifies an “unbundled utility microgrid,” where
distribution assets are owned by the utility, but the distributed energy
resources are owned by independent power producers and customers
[65]. The community is in a somewhat isolated area fed only by a single
sub-transmission line. Prior to the microgrid instalment, the community
already had many rooftop solar photovoltaic systems installed. The goal
of the project is to provide a proof-of-concept test as to how information
technologies and distributed energy resources can increase utility asset
utilization and reliability. The total microgrid installed capacity is
about 4MW, mainly supported by two 1.8-MW diesel generators, a
large 500-kW/1500-kWh battery at the substation, three smaller 50-
kWh batteries, six 4-kW/8-kWh home energy storage units, and about
700 kW of rooftop solar photovoltaics. The project incorporates the
supervisory control and data acquisition (SCADA) system on all circuit
breakers and capacitor banks, feeder automation system technologies
(FAST), outage management systems, and price-driven load manage-
ment at the customer level. This enables SDG&E to explore the possi-
bilities of price-driven DR via interaction with in-home storage, electric
vehicles, and smart appliances using the areas installed smart meters
and home area network devices. A detailed cost-benefit analysis of the
project will be conducted by SDG&E using a methodology developed by
the Electric Power Research Institute for the DOE, which classifies
benefits into four categories: economic, reliability and power quality,
environmental, and security and safety [66]. If the Borrego Springs
microgrid proves to be cost-effective, then SDG&E will likely seek out
future microgrid projects.

The historic Philadelphia Navy Yard base now owned and operated
by the Philadelphia Industrial Development Corporation (PIDC) ranks
among the largest non-municipal distribution systems in the nation in
terms of area served and electricity consumption. Also, being a former
federal facility, the Navy Yard is exempt from price regulation. In 2014,
PIDC began an upgrade of the energy infrastructure at the Navy Yard to
improve the management of power delivery. PIDC has engaged a con-
sortium of partners, including PECO, Penn State, GE Grid Solutions,
PJM, DTE Energy, and several additional private sector partners to
establish the Navy Yard as a national center for emerging smart grid
and distributed generation policies, practices, and technologies. The
current commercial and industrial campus holds over 120 companies
and three Navy activities with more than 10,000 employees [67]. The
Navy Yard microgrid features 2MW photovoltaics, 9MW gas/diesel
turbines, and 600 kW fuel cells, with coordinated distributed control
and automatic DR capabilities. The microgrid is expected to undergo
dynamic growth from its current capacity of 34–70MW by 2022.

The Fort Collins Microgrid in Colorado is part of a larger DOE-
funded project known as the Fort Collins Zero-Energy District
(FortZED), where the district plans to create as much thermal and
electrical energy locally as it uses [68]. The main goals are to develop
and demonstrate a coordinated and integrated system of mixed dis-
tributed energy resources for the City of Fort Collins, to reduce peak
loads by 20–30% on two distribution feeders, and to deliver improved
efficiency and reliability to the grid and resource asset owners. The
larger FortZED project represents about 10–15% of Fort Collins Uti-
lities’ entire distribution system, with a peak load of 45.6 MW across
more than 7000 customers. Technologies in the Fort Collins microgrid
include solar photovoltaics (345 kW), combined heat and power
(700 kW), microturbines (60 kW), fuel cells (5 kW), thermal storage,
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and diesel-based backup generators (2.7MW) typically deployed for
emergency power. Through the SCADA system and building controls, it
enables various heating, cooling, and ventilation rescheduling for DR. It
is considered to be very innovative for a small municipally owned
utility.

Fort Carson in Colorado Springs is one of several microgrid projects
underway on U.S. military bases under the SPIDERS program [34]. This
is a large military base with about 14,000 residents, covering 550 km2

with additional firing ranges nearby. The microgrid project is intended
to keep a group of central base facilities operating without grid power
as an island in the event of grid failure. The microgrid consists of a 1-
MW photovoltaic array, three diesel generators with a total power of
3MW, and five electric vehicles with V2G capability deployed to sta-
bilize the microgrid and provide DR and ancillary services. The base has
a plan to become a net-zero facility using huge photovoltaic resources
(potentially over 100MW), as well as wind, ground-source heat pumps,
biomass, and solar water heating.

Last but not least, the Illinois Institute of Technology microgrid was
designed and built under the $14 million RDSI Perfect Power initiative
in 2008 to be the world’s first self-healing and efficient smart microgrid
distribution system with enhanced reliability, new sustainable energy
sources, and smart building automation technology [63]. The microgrid
features a high-reliability distribution system (HRDS) design, which
replaces the old radial distribution system with a new redundant looped
system and incorporates automated distribution system breakers and
switches to ensure power to all in the event of a failure. In addition to
advanced metering infrastructure installed in every building for DR, an
advanced system for sensing distribution system conditions and auto-
matically reconfiguring the system to respond to disturbances has been
installed to provide volt/volt-ampere-reactive management, service
restoration, emergency response, and integration of distributed gen-
eration resources. The Illinois Institute of Technology microgrid is also
equipped with an array of technologies to enhance its service cap-
abilities such as the Intelligent Perfect Power System Controller (IPPSC)
to interface, coordinate, and control the actions of building controllers,
HRDS controllers, and distributed generation controllers; two retro-
fitted 4-MW turbines to achieve fast-start capability for peaking service
and islanding; large-scale battery storage systems for daily peak load
shaving, load shifting, and the integration of distributed energy re-
sources; electric vehicle charging stations integrated with the battery
systems and coordinated for DR; a wind turbine unit that demonstrates
the integration of distributed small wind generation into a microgrid;
and substation automation to make them compatible with the HRDS
and the IPPSC.

Several key technology trends have been exhibited in these de-
monstration projects, with emphases on: (1) reduction in cost, volume,
and weight (e.g., advanced power electronics technologies in the
Illinois Institute of Technology microgrid); (2) long-term maintain-
ability and reliability (e.g., switch technologies to enable frequent
connection/disconnection from grid in UCI microgrid); (3) integration
of various power resources and energy vectors (e.g., thermal and
electrical co-generation in UCI, Fort Collins, and Fort Carson micro-
grids); (4) fault diagnosis, recovery, and protection capabilities (e.g.,
fault current limiting devices at PCC); (5) universal standards and
protocols to enable device-to-device communication and coordination
(e.g., CERTS); (6) enhancement of economics through planning, ana-
lysis, and operation optimization (e.g., DER-CAM utilized for Santa Rita
Jail microgrid). These key components have been targeted in existing
projects to ensure both grid-connected and islanding modes of opera-
tions [69].

Many existing microgrids face dynamic growth in energy demand in
the next ten years. Philadelphia Navy Yard microgrid is one example
[70]. PIDC has developed a Strategic Energy Master Plan to increase
capacity, reduce demand, minimize capital investment, improve energy

pricing, and reduce carbon footprint. It is a challenge that requires new
business models to finance the expansion and achieve high return on
investment, mutual strengthening of economic development and sus-
tainable generation technologies, and, above all, close collaboration
with a multitude of stakeholders such as utilities (PECO, DTE, PGW),
owners (PIDC, U.S. Navy), developers (Liberty property trust), agencies
(PUC, PJM), and institutions (PSU, Drexel). From a technology per-
spective, it is foreseeable that future microgrids will be a functional
system with a hybrid combination of centralized/distributed power
sources and multi-level control architectures that enables seamless in-
teraction with the megagrid and enhances power reliability. On the
other hand, the development and operation of microgrids also involve
economic trade-off and regulatory incentives/barriers. It is important to
delineate requirements based on customer and utility needs during
planning, leverage experiences from business models to technology
implementation, and establish guidelines and best practices for multiple
approaches to achieve long-term maintainability and reliability [69].

4. Control system and methods in microgrids

4.1. CERTS definition

The goal of the CERTS program is to conduct research to improve
power system reliability, test the performance of emerging technolo-
gies, and understand microgrid system economic, regulatory-institu-
tional, and environmental influence [14]. A defining factor of CERTS
requires a microgrid to be a self-controlled entity that can be operated
as a single aggregated load [18]. This feature of a CERTS project is in
line with microgrid definitions from DOE and CIGRE, as discussed in
Section 11. CERT defines three critical functions in a microgrid struc-
ture: microsource controller, energy manager, and protection. To
achieve these requirements, distributed energy resources technologies
should have simple “plug-and-play” capabilities requiring little custom
engineering for interconnection. To facilitate such interconnection,
CERTS has included standards such as the IEEE 1547 series for inter-
connecting distributed resources [71]. Basic distributed energy re-
source control methods are included in CERTS as introduced in Section
1. CERTS also defines events in normal grid-connected mode and island
mode. Microgrid testbeds are developed based on CERTS concepts
[72–74]. The CERTS testbed demonstrates the integration of small en-
ergy resources into a microgrid. The testbed can perform core microgrid
functions such as: seamless switch between grid-connection mode and
island mode, electrical protection for fault currents, and self-controlled
system voltage and frequency stability. Even though the original CERTS
microgrid and testbed was established for small capacity (e.g., a few
hundred kW) distributed energy resource connections, it was later
successfully applied to a large-scale microgrid demonstration with a
few MW distributed energy resource capacity [75].

4.2. Microgird control architecture and application

Microgrid control is a complex multi-objective problem that deals
with issues from different technical areas at multiple timescales and
physical levels [76]. It is responsible for providing control, regulation,
and optimization services to microgrids during different modes of op-
eration (e.g., grid-connected model, islanded mode, and the transitions
between them). Functions that the microgrid control should provide are
classified by IEEE p2030.7 Working Group into three categories [77]:

(1) Device-level control (a.k.a. primary control)—voltage/frequency
control, local control of DG units, energy storage, loads, and fault
protection.

(2) Local area control and supervisory control (a.k.a. secondary con-
trol)—load and energy management, economic dispatch in grid and
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islanded mode, automatic generation control, spinning reserve, fast
load shedding, and resynchronization.

(3) Grid-interactive control (a.k.a. tertiary control)—market partici-
pation, power flow from utility to microgrids, multi-microgrid co-
ordination.

These controls have different domains of operation. Hence, a more
complicated and hierarchical control structure needs to be developed to
address each categorical requirements [78,79]. The relationship be-
tween different levels of control is illustrated in a hierarchical structure,
as shown in Fig. 2.

The primary control at the device level acts within the micro-sec-
onds to seconds range. Based on local measurements for control de-
termination, it aims at stabilizing the voltage and frequency within the
microgrid. Strategies in response to frequency and voltage droops are
discussed extensively in the literature [23]. While the conventional
droop method is simple and reliable, it has some drawbacks such as its
weak transient performance. Hence, several modifications have been
proposed (e.g., adjustable load sharing method [80] and adaptive droop
control [81]. The flexibility of ESSs and flexible loads can also be le-
veraged to enhance the inertia of the MG for stability benefits [82,83].

The secondary control, such as local area control and supervisory
control, typically operates in the seconds to days range and is re-
sponsible for reliable, secure, and economical operations of microgrids
in both grid-connected and stand-alone modes [78]. The secondary
control schemes can be categorized into centralized or decentralized
structures. The key feature of the centralized secondary control is that
decisions are made primarily by the microgrid operator. Presented with
relevant microgrid status information, the operator schedules routing
schemes and determine optimal microsource controller setpoints [84].
Using a centralized control system, the Santa Rita Jail microgrid can
achieve its economic goal while meeting reliability requirements in
either grid-connected or island modes [85–87]. Technologies have been
developed at the National Renewable Energy Laboratory, CERTS,
Sandia National Laboratory, Berkeley Lab, and other institutions to
address the problems of economic dispatch and frequency/voltage
regulation [88–90]. Decentralized control has become popular nowa-
days with its roots in multi-agent system theory [84]. The core idea is to
coordinate several agents to collaborate in assigned tasks and achieve
the overall system objectives [91]. A report by Sandia National La-
boratory presents the application of multi-agent technology to micro-
grid control. Using the Sandia-developed technology, a distributed

Fig. 2. Microgrid controller—time frame and action domain.

Table 2
Microgrid software comparison.

DER-CAM/DEEP HOMER GridLAB-D MDT SGCT

Algorithm MILP Optimization Simulation, Optimization Agent-based simulation MILP Optimization, simulation, Genetic Algorithm searching Calculation
Linear Linear Linear, non-linear Linear, non-linear Yes Yes
Climate data User-input Yes Yes No No
Cost Yes Yes Yes Yes Yes
Equipment data Some Yes Yes Some Some
Island mode Yes Yes Yes Yes Yes
Power Quality No No Yes Yes Yes
Thermal quality No No No No No
Demand Response Yes Yes Yes Yes Yes
Steady state Yes Yes Steady-state & Transient Yes Yes
Multi-objective Yes Yes No Yes Yes
Stochastic/Sensitivity Yes Yes No Yes Yes
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agent coalition has been prototyped [92]. The advantages of using the
multi-agent system technology for MG control has been experimentally
validated in the laboratory microgrid in the National Technical Uni-
versity of Athens [93].

Tertiary control lies in the domain of multi-microgrid collaboration
and interaction with the megagrid as a cluster of entities. Core activities
at this level are related to energy markets for profit pursuit (e.g., import
or export energy and ancillary services). Main issues of multi-microgrid
control arise from information barriers and the necessity of commu-
nication among individual entities. Some key aspects of multi-microgrid
operation has been demonstrated in microgrid described in research by
Madureira et al. [94] and Resende et al. [95]. Furthermore, the multi-
microgrids with MV-grid-connected DG units can participate in the
provision of ancillary services.

Hierarchical control architectures have been demonstrated in sev-
eral microgrids. In the Illinois Institute of Technology-Bronzeville mi-
crogrid, hierarchical control architecture is used to facilitate frequency
regulation. The lower-layer controllers regulate frequencies and vol-
tages in individual microgrids, while the upper-layer controllers reg-
ulate power exchange between networked microgrids [96,97]. In the
Philadelphia Navy Yard microgrid, a controller has been designed to
optimize the operational cost and energy efficiency with a mix of dis-
tributed generators and storage. A hierarchal control system is planned
for the future [98,99]. Schweitzer Engineering Laboratories (SEL) has
developed a microgrid control system (MGCS) that includes functions
such as intertie protection, local power factor control, distributed
generation sharing and optimization, load shedding, load management,
bidirectional power flow management, peak shaving, grid decoupling,
grid auto synchronization, monitoring, and alarming [100]. The de-
veloped MGCS has been successfully installed and is in service world-
wide. Furthermore, the National Renewable Energy Laboratory has
selected a microgrid control system from SEL for installation in their
Energy Systems Integration Facility [100].

5. Software and tools developed in U.S. Microgrid research

Software and tools are developed in the United States to support
microgrid project development and operations [101]. Demonstration
projects often require simulation to determine microgrid investment,
construction, and operation strategies. This section reviews some key
microgrid software developed by U.S. research institutes, focusing on
the tools’ capabilities, functions, and strength. Software discussed in
this section are tools often found in public domain and have been
widely applied. Many other modeling tools have been developed out-
side of the United States and are not in the public domain for microgrid
research [36,101–103].

5.1. DER-CAM and DEEP

DER-CAM (Distributed Energy Resource, Customer Adoption
Model) is a microgrid optimization software tool developed by Berkeley
Lab [104]. Its derivative version, DEEP, and MODER, further modeled
district-scale heating and cooling, adding features such as demand re-
sponse [105]. DER-CAM is developed using mixed integrated linear
programming and coded on the GAMS platform. It can simulate the
optimal technology configuration of a microgrid system, integrating
distributed resources and loads for electricity, heating, and cooling. As
an economic-driven model, its main objective functions are expressed
as minimizing system cost or carbon emission. Multi-objective optimi-
zation is feasible by trading off cost and CO2 emission [106]. The model
is developed in a static-state fashion where inputs and outputs are often
calculated in minutes or hourly time steps. Transient and short-term
system behaviors are not included in DER-CAM, nor does it capture the
thermal and power quality change in microgrids. DER-CAM requires

users to input weather and technologies data. It does not simulate load
profiles, which can be obtained through user inputs or a reference
building database it developed using DOE prototype building models.
Even though it is a linear model, segmented linearization is often used
in DER-CAM to capture some non-linear effects in a microgrid system
[107]. DER-CAM can simulate both grid-connected and island modes,
and power and thermal energy can be imported to or exported from a
microgrid. More recent developments in DEEP and MOD-DR allow a
microgrid to be an independent retailer who can interact with the
megagrid to acquire energy from the wholesale market and sell energy
to end users. Different business models can be simulated using these
developments to capture the energy system’s dynamics through
wholesale and retail transactions [105,108].

5.2. HOMER

HOMER (Hybrid Optimization Model for Multiple Energy
Resources) is a microgrid simulation software developed by the
National Renewable Energy Laboratory. The model is developed to
evaluate a small-scale micropower (microgrid) system equipment op-
tions with constraints [109]. The overall modeling methodologies for
HOMER are similar to those used in DER-CAM: to minimize microgrid
system investment and operation life-cycle costs [102]. HOMER can
perform both simulation and optimization for one-year performance
analysis. In the simulation, variable time-steps can be chosen based on
users’ application [110]. Power transmission and distribution networks
can also be modeled in HOMER to account for losses from source to
load. At the distribution level, DC and AC feeders can be modeled
heterogeneous power quality, and controls can be set up for different
end-user devices [111,112]. For microgrid system controls, HOMER is
implemented with rule-based strategies to optimize system operation
with time-steps [111]. Sensitivity analysis is commonly used in HOMER
for users to compare techno-economic performance microgrids design
[113]. HOMER can simulate demand response in a microgrid and cal-
culate the economics through balancing load reduction with distributed
energy resource generation [114]. HOMER itself is an electricity mod-
eling-oriented focus software; technologies for heating and cooling, and
heating and cooling loads calculations, are not included. As one of most
popular microgrid modeling software, HOMER has been developed into
several versions with different functions and license types. Its user-
friendly interface also makes microgrid modeling illustrative. Another
important feature of HOMER is that it comes with comprehensive
technology libraries, which enable users to simply “drag-and-drop”
elements to model their microgrid system.

5.3. Microgrid design toolkit

The Microgrid Design Toolkit (MDT) is a software tool developed by
the Sandia National Laboratory. MDT is a new effort supported by
DOE’s microgrid research [29]. The tool is designed to provide early-
stage decision-making for microgrid system planning [115]. MDT gives
users the capability to search a variety of microgrid technology con-
figurations to provide alternative design decisions on microgrid system
costs, performance, and reliability. The model has two major cap-
abilities. The microgrid sizing capability is a mixed-integer linear pro-
gramming optimization to determine microgrid technology sizing. The
second capability calculates microgrid performance in the island mode
through two components: (1) technology management optimization—a
genetic algorithm searching model and (2) the performance reliability
model—a simulation model for reliability [116]. Unlike other DOE
tools, MDT’s strength lies in its microgrid reliability calculation, pro-
viding trade-off analysis between cost and reliability. MDT has been
widely used in DOE demonstration microgrid projects such as the SPI-
DERS program introduced in Section 2 [13].
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5.4. Smart grid computational tool

The Smart Grid Computation Tool (SGCT) is software developed by
the Electric Power Research Institute through DOE’s ARRA funding
[38]. SGCT was developed to support ARRA’s smart grid demonstration
projects and to provide cost-benefit analysis. The tool requires users to
define the power distribution asset. The SGCT has embedded about 20
common assets (e.g., electric storage devices) which are commonly used
in smart grid and microgrids [117]. Then, the tool provides 15 common
functions of a smart grid technology. Then, mechanisms are needed to
define what action a function can bring to the grid system. The benefit
module will calculate the actual monetary values of a smart grid system
can bring over a time horizon. Then, finally, the net present value cost
is calculated and compared with the benefit calculation. Unlike other
tools described above, the SGCT is a techno-economic analysis tool
focusing on long-term system cost-benefit analysis, rather than tech-
nology energy balance-based simulation or optimization.

5.5. GridLAB-D

GridLAB-D is an agent-based smart grid simulation software devel-
oped by the Pacific Northwest National Laboratory. It can simulate and
solve large-scale independent devices in a smart grid or microgrid
network [118–120]. The software is designed to be flexible for modular
development to allow users to develop and model customized grid
technologies. GridLAB-D can not only simulate distributed power net-
works, but also simulate the transmission network power flow. It can
model power system components such as transmission and distribution
lines, transformers, voltage regulators, fuses, switches, shunt capacitor
banks, and so on. The agent-based characteristics enable GridLAB-D to
simulate a microgrid’s component-level performance, which many of
the other, previously mentioned models cannot provide [121].
GridLAB-D can be used to conduct many of the microgrid-related si-
mulation including, but not limited to: demand response [122], voltage
level regulation [123], microgrid resilience simulation [124,125], dis-
tributed battery storage and control [126], microgrid energy manage-
ment, and peak load reduction [127]. GridLAB-D can be integrated with
other simulation environment such as MATLAB and Volttron to perform
grid integration control or hardware-in-the-loop control simulation
[124,128].

Table 2, below, compares software reviewed above for microgrid
and smart grid research. Tools are compared based on their following
features: computational algorithm (e.g., simulation, optimization),
linear or non-linear model, climate data, cost information, equipment
data, island mode simulation, power and thermal quality modeling,
demand response, steady-state or transient simulation, multi-objectives
modeling, and stochastic/sensitivity simulation.

In general, U.S. microgrid tools development has demonstrated
some trends. First, microgrid simulation has evolved from traditional
power system-based simulation and optimization to comprehensive
power and thermal energy integration modeling. The integration of
power with simulation modeling provides users systematic modeling
capabilities in a microgrid system to address complex energy demand
and generation requirements. The second trend is that software tools
have evolved from energy system engineering-based simulation to

techno-economic analysis. The cost-benefit calculation enables the si-
mulation to provide microgrid design and operation feasibility re-
commendations and fulfills the needs of different levels of the control
system. Finally, microgrid system reliability modeling has become an
important area. Trade-off and sensitivity analysis between system cost-
benefits and reliability or resilience are critical for microgrid project
development. This requires software tools to provide computational
analysis capability beyond the scope of energy and cost.

6. Conclusion

In summary, microgrid development in the United States show that
it needs active government policies at different levels, programs fea-
turing funding and demonstration projects to showcase technological
and economic feasibility, advanced research on distributed energy re-
source technologies and controls, and software tools to assist in design
and performance analysis.

Many other countries are striving for microgrid development and
demonstration. The following recommendations can be made based on
lessons learned from the U.S. microgrid industry. First of all, microgrid
policies and demonstration programs should be set up with clear tar-
gets. A variation of targets for different purposes can be established
with feasible technology solutions. Second, the social and economic
benefits of microgrids should be accurately defined when setting up
research and demonstration projects. It is also important that these
benefits make microgrid projects economically viable and facilitate
long-term system operation. Finally, it is important to avoid a pure
technological focus for demonstration projects, even though technolo-
gies are core elements of a microgrid system. Demonstration projects
should also include feasible market mechanisms to help scale-up mi-
crogrid development in the long run. The experience summarized from
this research on policies, demonstrations, control and software tools in
the U.S. can be used for microgrid construction in the rest of the world.

There are still a lot of research needed in microgrids. The current
trends on resiliency research require multiple microgrids to interact
with each other to improve the overall system resiliency. Such inter-
action often requires trade-offs between economic benefits and resilient
performance. With more and more direct current (DC) technologies
such as renewables, storage and end use, DC microgrid becomes at-
tractive to deliver distributed energy to end use devices more effi-
ciently. The emerging interest in DC microgrids requires a new set of
development on standards, safety and protection, and controls. With
the end use devices become efficient and intelligent, using commu-
nication DC power network to transmit energy and signals gets a lot
attentions. This kind of “Nanogrid” with communication network will
make microgrid more and more intelligent. All of the research can make
a smart, efficient and reliable future for microgrids.
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