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Abstract

Microgrids are an increasingly common component of the evolving electricity grids with the potential to
improve local reliability, reduce costs, and increase penetration rates for distributed renewable generation.
The additional complexity of microgrids often leads to increased investment costs, creating a barrier for
widespread adoption. These costs may result directly from specific needs for islanding detection,
protection systems and power quality assurance that would otherwise be avoided in simpler system
configurations. However, microgrids also facilitate additional value streams that may make up for their
increased costs and improve the economic viability of microgrid deployment. This paper analyses the
literature currently available on research relevant to value streams occurring in microgrids that may
contribute to offset the increased investment costs. A review on research related to specific microgrid
requirements is also presented.
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1 Introduction

Understanding the process behind the design of a microgrid requires defining what a microgrid is.
Decentralized energy systems are not new, nor is the concept of on-site generation, backup, or emergency
systems. However, it was not until recently that the currently accepted concept of microgrid was clearly
defined as a cluster of small sources, storage systems, and loads, which presents itself to the main grid as
a single, flexible, and controllable entity [1], [2].

By introducing on-site generation, storage, and bidirectional power flow, microgrids can be seen as a
valuable resource to the grid, while also being more independent from it. This creates the settings for
flexible operation conditions, albeit at a cost: Microgrids are complex energy systems that require specific
infrastructure, resource coordination, and information flows, as well as added protection and power
guality assurance. Guaranteeing all of these conditions can potentially jeopardize the economic viability
of microgrids, making it vital that design steps account for all different revenue streams, both direct and
indirect, that result from microgrid deployment.

This paper conducts a review on research relevant to the economic analysis of microgrid design, including
the technical challenges in microgrids that can potentially increase their economic burden. This is
followed by review of potential revenue streams that can offset investments and business-as-usual costs,



and how the state-of-the-art is addressing each of these monetization elements. The key value streams
identified in this review are given below, with details of each value stream outlined in Section 3.

Participation in Demand Response programs

Export of on-site generation to the electricity grid

Reduced costs due to added resiliency against outages and lost loads
Participation in local microgrid energy markets

2 Technical Requirements

A cluster of interconnected loads and distributed energy resources (DER) does not qualify as a microgrid
by itself unless several technical requirements are met, among which are the ability to operate in grid-
connected and islanded mode, the ability to transit smoothly between the two modes with minimal load
disruption under intentional and unintentional conditions, proper relaying and protection, and power
guality assurance [3]-[5]. It is only when these requirements are met that a microgrid is effectively
implemented and its benefits can be obtained.

2.1 Islanding detection

Fast islanding detection in microgrids is especially important, since the microgrid control method depends
on the microgrid operation mode: being grid-connected or islanded. In the grid-connected mode, the
microgrid frequency and the point of common coupling (PCC) voltage are dominantly determined by the
main grid. Hence, DERs do not actively participate in voltage or frequency regulation and the main goal
of the microgrid controller is to maximize the optimal use of DERs to support local objectives. In
contrast, in the islanded mode the microgrid controller must carry out voltage and frequency regulation by
controlling DER and load set-points [5], [6].

Authors in [5] and [7] review islanding detection methods in microgrids, and classify them into remote
and local methods. Remote methods detect islanding through communication with the main grid and
monitoring of the circuit breaker status. Local methods determine the operation mode based on measuring
local variables such as voltage and frequency, and are further categorized as active and passive methods.
While passive methods only measure local variables, active methods inject small disturbances into the
microgrid and monitor their impact on local variables. Effectiveness of microgrid islanding methods can
be measured and compared using performance indices such as non-detection zone, detection time, error
detection ratio, and impact on power quality.

2.2 Relaying and protection

Current electrical distribution systems have been mostly designed and built for unidirectional power flow
in radial networks towards distribution loads. The integration of DERs into distribution systems and
microgrids changes this paradigm, and complicates the problem of distribution system protection, by
changing the fault current levels, disrupting the previous protection coordination, changing fault current
flow paths, and generating bidirectional fault power flows [8]. Proper protection of microgrids
(downstream the PCC) is also a challenging task, since fault current magnitudes in the system depend on
the microgrid operation mode, and may vary significantly between grid-connected and islanded modes.
Moreover, the fault current magnitudes in the system, especially in the islanded mode, greatly depend on
the types of DERs being connected during the fault occurrence, since directly-connected DERs contribute
to short-circuit currents much more than inverter-based DERs [9].



Several papers in the literature review existing microgrid protection schemes [8], [10]-[13]. Mirsaeidi et.
al. [11] divide microgrid protection schemes into the following categories: (a) adaptive protection
schemes automatically adjust the microgrid protection rely settings when fault current levels significantly
change due to a change in operation mode or changes in the types of connected DERs; (b) differential
protection schemes protect a particular zone in the microgrid and will operate if the difference between
the input and output currents into and from the zone exceeds a pre-determined threshold; (c) admittance
protection schemes that use distance relays; (d) voltage-based protection schemes that rely on monitoring
the voltage across different locations in the microgrid; (e) protection schemes that change the short-circuit
levels in the network by utilizing fault current limiters or energy storage devices; and (f) protection
schemes that use over-current protection relays. Moreover, the work presented in [12] divides protection
coordination strategies in microgrids into (a) time-grading-based and (b) communication-based
approaches.

2.3 Power quality

Harmonic contents and voltage unbalance are the two main power quality problems in microgrids [7],
[14]. The presence of power electronic devices such as switch mode power supplies, variable frequency
drives, and DER inverters in microgrids injects harmonic contents into the microgrid as well as the main
grid. Significant harmonic currents can cause overheating, excessive transmission and component losses,
malfunctioning of protection relays and tripping of circuit breakers, and communication errors [13].
Voltage imbalance in the network is mainly due to connecting unbalanced loads, and can negatively
impact sensitive loads such as induction motors, power electronic converters, and variable frequency
drives [14]. To protect both the microgrid and the main grid against these power quality problems, several
codes and standards define acceptable thresholds for voltage unbalance and voltage/current harmonic
distortion, e.g. [15], [16].

References [7], [10], [13] review some of the existing microgrid power quality enhancement methods in
the literature. Even though these methods include a wide variety of flavors, they mainly rely on
leveraging existing DER power electronic interfaces or utilizing active power filters. Some of the
proposed methods are suppression of circular currents [17], use of active filters [18], [19], use of
optimally controlled shunt and series inverters [20], [21], cooperative harmonic filtering [22], and
injection of negative sequence voltage [23] or current [24] to compensate for voltage unbalance.

While determining the economic burden introduced by these requirements is highly dependent of the
exact microgrid system configuration, it is clear that it poses a barrier to widespread microgrid
deployment. Failing to understanding the full spectrum of microgrid revenue streams will bias the
analysis.

3  Value Streams

This section highlights the major value streams enabled or enhanced by microgrid functionality, as
identified through a review of existing literature. These include both current and mature value streams as
well as those that are projected to emerge as microgrids become a more common feature within the
broader electricity grid. Table 1 outlines these value streams with details provided in subsequent sections.



Table 1 — Summary of microgrid value streams

Value Stream Description

Demand Response The local control over load and DER output within a microgrid makes it well
suited for demand response participation, wherein the microgrid responds to
instructions or incentives from a utility (or other entity) to reduce net
consumption and provide support to the broader electricity grid.

Electricity Export Electricity generated within a microgrid can be exported to the electricity grid
under a variety of agreements with utilities. The overall value of exports is
highly situation dependent.

Outage Resiliency On-site generation and storage resources create redundancy and back-up power
to mitigate economic losses due to unserved loads in the event of planned and
unplanned outages in the electricity grid.

Local Energy Markets | Local energy markets emerge when microgrids become sufficiently common to
interact with one another. By trading between microgrids, local markets may
create more favorable conditions for distributed renewable generation
increasing value for microgrid owners.

3.1 Demand Response

Demand response (DR) can be defined as changes in electric usage by end-use consumers from their
normal consumption patterns in response to changes in the price of electricity over time, or to incentive
payments designed to induce lower electricity use at times of high wholesale market prices or when
system reliability is jeopardized [25]. Essentially, this can be done by reducing energy consumption
through load curtailment strategies such as peak shaving, or by shifting energy consumption to different
time periods, both achievable by either altering end-use loads directly or by taking advantage of onsite
generation and storage resources [26]. Given their DER and control infrastructure, microgrids are well
suited for DR participation.

3.1.1 Price-based programs
Existing demand response programs can be classified according to the distinction between Incentive or
Event-Based (or Dispatchable), and Price-based programs (Non Dispatchable) [25]-[27].

Price-based DR programs feature time-varying electricity rates to motivate customers to adjust their
consumption patterns that aim at flattening the demand curve by offering higher price during peak periods
and lower prices during off-peak periods. Such programs include Time-of-Use (TOU) rates, Critical Peak
Pricing (CPP) and Real Time Pricing (RTP). TOU rates vary by daily periods (typically including off-
peak, shoulder, and peak hours) with fixed predetermined prices. CPP rates include a pre-specified extra-
high rate for peak hours that is triggered by the utility. RTP rates vary continuously during the day
reflecting the wholesale price of electricity. In this case, participants are informed of the prices on day-
ahead or hour-ahead basis. Price-based programs are distinct from the participation in incentive or event-
based DR programs in the sense that there is no direct request for DR from the utility.

One of the key economic benefits available to microgrids is participation in price-based DR programs,
given the microgrid’s ability to control electricity imports using on-site generation and storage resources.




The economic impact of this value stream can be particularly high in scenarios where utility TOU rates
consist of both volumetric and power charges. Such tariffs are typically very strong incentives to enable
both load leveling and peak shaving, as illustrated in Figure 1. In this case, an optimized load profile
would theoretically be capped by a dynamic maximum demand level that follows the different time-of-
use periods established in the utility tariff. This would minimize both volumetric and power demand
charges.

Microgrid deployments with multiple generation or storage resources can be highly effective at capturing
peak shaving and load leveling value streams, which enhance their overall economic performance and
viability.
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Figure 1 - Load shifting and peak shaving under time-of-use rates

The literature available on the economic analysis of load leveling and peak shaving benefits can
generically be divided in two categories, depending on whether on-site generation is considered or not.
Because battery energy storage systems alone can be operated in order to capture both of these revenue
streams [28], it is often the case that methods are developed specifically for battery energy storage
systems, and examples can be found in applications ranging from residential to large industrial microgrid
scales.

The survey conducted on methods for the economic analysis of peak shaving and load shifting suggests a
process where a demand limit is set and a battery energy storage system control algorithm is used to
charge and discharge the storage systems depending on the availability of generation resources and
demand levels in the calculation step. The definition of demand limits is subject to different approaches
and control algorithms of different detail levels.

Namely, a method to assess the peak shaving potential of battery storage systems in the residential sector
is presented in [29], and results show up to 50% peak load reductions when sizing batteries to offset a
demand limit target set to the highest 1.5% of electric loads. The suggested method consists of simulating
different battery capacities and charging cycles to minimize costs by setting demand limits as a soft
constraint. While the economic feasibility is not directly considered in this study, a similar methodology
to analyze the economic benefit of batteries is used in [30] and [31], where separate load-shifting and
peak-shaving oriented algorithms are presented. A wide number of battery technologies are analyzed, and
the suggested economic returns represent up to 39% or 48% of the annual household electricity cost
depending on the exact control strategy, tariff, and battery technology used. In these studies, however, the
definition of the demand limit target is endogenous to the method, as it is determined from the tradeoff
between the cost of additional battery capacity and failing to meet the demand limit target.



Analyzing larger industrial microgrid applications, a method is presented in [32] to find the optimal
battery energy storage system size while taking into account the economic benefit of peak shaving. The
authors propose the use of a control algorithm based in dynamic programming to dispatch batteries of
different sizes, constrained by preventing loads from exceeding a demand limit set arbitrarily. Battery
energy storage systems were found to be cost effective, and up to 8% economic savings were realized
from the different cases analyzed.

Despite the large economic potential for battery energy storage systems to provide load leveling and peak
shaving, literature suggests that this is highly dependent on local settings, as it is made clear in [33]. In
this study, the time-of-use tariffs contain only a volumetric component, and it is shown that economic
viability of battery energy storage systems for load leveling and peak shaving is highly dependent of
additional economic policy incentives, given that no TOU power demand charges are considered.

Alternative methods to account for the economic benefit of peak shaving and load leveling can be found
in the form of large scale optimization models, where MILP models are most commonly found. In the
work presented in [34]-[36] a large MILP model (DER-CAM) is used to dynamically schedule on-site
generation and storage resources both deterministically and using stochastic methods. Results suggest
potential savings of up to 28% of monthly utility bills. These studies focus on microgrid scenarios where
photovoltaic panels, fuel cell units and BESS are present, and unlike the methods mentioned above, a pre-
established demand limit target is not required as this limit is a direct result of the optimization process
and is dynamically determined according to the utility tariffs and the minimization of total energy costs.

It can be concluded from the available literature that while technically load leveling and peak shaving
may easily be attainable through the coordination of on-site generation and storage resources, the
economic potential varies greatly with the applicable utility tariffs, site loads, and available resources,
with a greater suggested potential in applications where peak to base load ratios are higher.

3.1.2 Event-based programs

Incentive or Event-based DR programs reward customers for reducing their electric loads upon request, or
for giving the program administrator some level of control over the customer's electricity-using
equipment. Examples include Emergency Demand Response Programs (EDRP), Capacity Market
Programs (CM), Directly Controllable Loads (DLC), Interruptible/Curtailable rates (I/C), or Ancillary
services (AS) and Demand bidding/buyback programs. In EDRP, customers receive incentive payments
for load reductions when there is a need to ensure reliability of the power system, typically at peak times
when demand can exceed supply. Customers who enroll in DLC and I/C programs are offered some
incentives in exchange of the reduction of their loads to some pre-defined values. An example of 1/C
program is Pacific Gas & Electricity (PG&E) Base Interruptible Program [37] in which medium to large
businesses receive a monthly incentive starting at $8/kW for reducing their load by a pre-selected
'Potential Load Reduction' upon 30 minutes advance notice. Failure to curtail load is penalized by a
$6/kWh charge of uncurtailed energy. In case of DLC, the utility has direct control over some of the
customers' electric appliances such as heating, ventilating, and air conditioners (HVACs). For instance,
PG&E SmartAC program for residential customers pays a $50 incentive for residents who allow the
utility provider some control over their air conditioners during summer high peak days [38]. AS programs
reward customers with payments for committing to curtail load when needed to support operation of the
grids (e.g. voltage and frequency control). Customers participating in Demand Reduction Bid Programs
bid load reductions in wholesale electricity markets. For example customers enrolled in the PG&E
Demand Bidding Program receive a $0.50/kWh incentive for a load reduction bid after a day-ahead notice
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from the utility [39]. Microgrids are ideal candidates for such DR programs, due to their potential to
enable participation in DR programs without service interruption, provided on-site generation and storage
resources are leveraged on.

3.1.3 Economic benefits of demand response

DR has been widely lauded in the literature for its potential to increase power system flexibility and
reliability, allowing a more efficient use of system assets and resources [40]. These benefits occur both
directly to utilities and DR participants and indirectly to the broader customer base.

Direct benefits

From a utility perspective, DR can increase short-term capacity using market-based programs which
result in avoided or deferred capacity costs [41]. Indeed, by flattening the demand curve, DR reduces high
peak-hour capacity demand and therefore avoids significant costs associated with additional peak capacity
requirements, both operating and investment costs. This contributes to important savings as peaking
devices are usually flexible but expensive and inefficient conventional technologies such as open cycle
gas turbine units [40]. An additional benefit from demand response may include reduction of greenhouse
gas emissions released by such peaking generation. Furthermore, in the extreme case of generation or
distribution outage risk, short-notice Emergency Demand Response Programs can help return to pre-
contingency levels by reducing electricity demand, and therefore, avoiding potential costs associated to
high-priority unserved loads, which can be defined through concepts like the Value of Lost Load [42].

Furthermore, by making the demand more flexible and facilitating balance of supply and demand, DR
reduces costs associated to capacity reserves. A central benefit of many load types is that their power
consumption can be adjusted instantaneously, allowing a much larger effective ramping rate from the
aggregate DR resource than what can be achieved by larger generating plants. By supplanting slow or
inefficient generation with flexible, responsive and inexpensive DR resources, microgrid-enabled DR
reduces both the costs associated to operating generating plant at part load and cycling costs [40]. By
decreasing the costs of capacity reserves DR facilitates the increased penetration of renewable energy
resources, which typically require additional spinning and standing reserve generation due to their
intermittency. In [43], an optimal integrated market participation model of wind and PV energy including
DR, storage devices, and dispatchable distributed generations in microgrids is presented. A stochastic
programming approach is considered to propose bidding strategies for microgrids producers and loads. In
a six days simulation of the model, it is shown that the total profits are increased by an average of 7.7%
when considering demand bidding, made possible by the added microgrid flexibility. In [42], a stochastic
energy and reserve scheduling method for a microgrid which considers various types of DR programs is
proposed. All types of customers and three types of DR programs are considered: demand reduction
bidding, ancillary services market programs, and Directly Controllable Loads. The uncertainties related to
renewable distributed generation are modeled by probability distribution functions. The results of
simulations show that the participation in DR programs enabled by the microgrid reduce the operating
costs by 8.6%. In [44] an economic evaluation of a microgrid that operates in island mode and is supplied
by a gasification power plant is conducted. Results are then compared to microgrids relying on other
generation technologies. DR is considered by integrating a demand bidding program similar to three
current standard programs in the USA. The study concludes that using DR resources to balance the
generation of the biomass power plant and the consumption within a microgrid is much more profitable
than producing this energy by conventional technologies using fossil fuels: the avoided cost for the
system is calculated to be 33.1% or 43.9% depending on the on-site generation technology used.
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It is worth noticing that, unlike in a standard power system where only commercial and industrial
customers participate in demand bidding, in a microgrid paradigm even if the generation and demand
levels are relatively low, the potential for residential consumers to participate in the market bidding is still
high [45].

In [46] and [47] two examples can be found for microgrid participation in ancillary services for frequency
and voltage control. They are a good alternative from using costly conventional power plant or storage
devices. Specifically, in [46] a comprehensive central DR algorithm entitled Central Direct Load control
is presented, based on an adaptive hill climbing strategy. Results indicate the ability to regulate the system
frequency and voltage in an islanded microgrid, while minimizing the amount of manipulated responsive
loads needed to keep the frequency within the desired range. More recently, a new framework for the
coordination of distributed energy resources and DR for voltage and frequency support for islanded
microgrids is presented in [47]. The loads are classified in controllable and non-controllable, and the
process is formulated as a multi-objective problem solved by particle swarm optimization. Results show
that the proposed control strategy can employ DERs and DR to effectively support the voltage and
frequency of the islanded microgrids for different generation and consumption patterns. Furthermore, a
new method is developed in [48] to improve a microgrid resilience in the moment subsequent to
unplanned islanding. The microgrid features distributed energy resources, energy storage and electric
vehicles, and a DR strategy consisting of curtailing pre-defined low-priority loads to ensure microgrid
stability in terms of energy balance and frequency control while minimizing the amount of load curtailed
by taking into account the available on-site resources. This method was proven effective for short periods
of islanding.

Looking into the potential of small resource aggregation in microgrids, [49] addresses the use of data
centers and electric vehicle (EV) aggregators as demand-response resources, and a new model for the
operation of a microgrid that includes distributed generation (DG) units, EV fleets and the data center’s
storage systems is proposed. In this example, the use of two distinct electricity storage technologies are
considered to minimize energy costs by optimally charging or discharging according to the variations of
electricity price from the grid and power output from the PV panels. The effectiveness of the proposed
non-linear constrained optimization model was demonstrated by means of numerical applications.

In [50] the authors present a simulation-based optimization approach for the design of an Energy
Management System in grid-connected photovoltaic-equipped microgrids with heterogeneous occupancy
schedule. This EMS optimizes aggregated multi-objective criteria that take into account both the energy
cost and the thermal comfort of the occupants of the microgrid, modelled with Fanger’s concept of
Predicted Percentage of Dissatisfied People. The proposed algorithm, the Parameterized Cognitive
Adaptive Optimization, intelligently and automatically changes the energy demand of each building’s
Directly Controllable Loads (in this case HVAC) according to the electricity supply and the occupants’
behaviour. Here, it is interesting to see that the Value of Lost Load is modelled by the occupants’
discomfort as an added term of the optimization cost function.

Indirect economic benefits

The widespread participation of responsive demand resources in power markets has the potential to
generate systemic economic benefits [26], [40], [41]. By reducing on-peak demand, and consequently
from the avoided use of expensive peaking units, microgrid-enabled DR resources can contribute to



reduce average wholesale prices, as well as the volatility of peak prices. This provides benefits to
customers regardless of their participation in DR programs or microgrid status.

While literature suggests that the individual benefits of participating in DR programs are highly
dependent on the specific customer, it is also suggested that even when looking only at the residential
sector, societal benefits, as reduced costs, can be achieved [40], [51], [52].

It is worth mentioning that incentive-based programs are also beneficial to utility companies as the price
paid to customers participating in the different DR programs is lower than the cost of generating
additional power to supply the load [44].

3.2 Power Exports and Net Metering

Along with the participation in different types of DR programs, one of the most promising sources of
revenue from the implementation of microgrids is the export of power back to the utility grid. There are
several methods for determining the value of excess power generation from a microgrid, including net
metering and feed-in tariffs. Net metering is the use of a bidirectional meter to measure a customer’s net
energy consumption over the span of a billing period. If on-site generation exceeds consumption, the
meter runs backward. With feed-in tariffs (FIT), a payment is received for all electricity generated and
injected back into the main grid. Both net metering and feed-in tariffs are highly dependent on local
incentives, and are typically subject to specific eligibility rules.

Both net metering and feed-in methods have seen varying success in different regions on a national and
global level. For example, while net metering is commonly found in the USA due to a favorable
regulatory environment, FIT have been very successful in Germany due to strong support from the
German government. Both mechanisms provide a simple way to monetize the investment made for on-
site generation equipment, while providing valuable support to the grid and generally promoting the
dissemination of more efficient and renewable technologies. However, these varying regulatory structures
along with other drivers, prevent comprehensive quantification of the benefits of power export programs,
resulting in highly situation-based evaluations. While the existing literature, such as [53], [54], [55],
suggests that net metering is the most popular and simplest method for microgrids, a method for
determining whether net metering or the feed in tariff is the most beneficial one in terms of social welfare
and electricity rates is presented in [54]. Using a simple microeconomic model, the study concludes that
the most favorable feature for social welfare is the adoption of net metering, provided there is a
significant reduction in the measured consumption, or FIT when this is not the case.

While literature looking directly at the pricing of microgrid power exports is limited, [55] analyzes the
use of feed-in tariffs and net metering for microgrids. Since net metering programs are primarily focused
on incentivizing customers to conserve net energy usage, they often neglect effective management of the
energy supplied back to the grid. Further, it is suggested that current tariff schemes could easily be
applied to microgrids containing only renewable energy sources; however, those containing nonrenewable
sources such as CHP may require an adaption of both net metering and FIT.

A case study presented in [53] looks at the impact of PV systems and legislation on the renewable energy
sector. While this case study highlights some of the benefits through using net metering, it also shows that
net metering is not the best economic option as increased liberalization of the renewable energy sector
and a lack of significant government subsidies may dramatically decrease the impact net metering has.



While net metering has been mostly used for PV, recent changes in public policy and improved
technological improvements have increased the viability and usage of fuel cell based micro-CHP systems.
The case studies in [56] analyze different policy frameworks for residential fuel cell power exportation
such as ownership structures and promotion schemes using the cases of Denmark, France, and Portugal.
Through the use of a cash flow model and technological simulations, the study concludes that the overall
support levels are comparable to other systems such as PV, though the high operating and stack
replacement costs decrease the immediate attractiveness of fuel cell systems. In Denmark, where energy
consumption is high and has high consumer prices, installing micro-CHP technologies with the use of a
net metering pricing structure would be a promising solution as seen by the 30% reduction in gas prices
and 17-55% decrease in net consumption. In contrast, in France and Portugal, the use of a virtual power
plant on a day-ahead market, in which the fuel cell takes only electricity prices into account, is considered
more attractive due to fairly low consumer electricity prices. While support mechanisms vary due to
different policy structures, fuel cell systems can still provide a significant benefit to residential
households with regards to energy usage. The study supports the idea that the concept of net metering can
be applied outside of the traditional renewable energy sources successfully, making it particularly relevant
in microgrid settings where multiple on-site generation technologies may be available.

Despite the benefits of net metering, it is not without problems. Utilities often oppose net metering and
DG due to drastic decreases in income; resulting in increased cross subsidies paid for by non-DG owners
when operators raise network prices. Alternative options such as capacity charging or fixed charging, only
offer partial and inefficient solutions to this problem and still do not address one of the inherent issues
with volumetric pricing, where the simplistic pricing structure may be sufficiently effective in mitigating
disparities between electricity demand and real-time grid constraints [57]. The latter study suggests the
use of explicit incentives that support PV instead of the current implicit incentives. This method would
eliminate the practice of “netting”, thereby avoiding cross subsidization, a utility practice that raises
prices on non DG owners in order to make up for profits loss through net metering. Due to the practices
of rolling credit, where surplus energy is credited to the customer, non DG owners have to compensate for
7.8-20% of network users assuming 20% PV penetration. Furthermore, a tariff design that is capacity
based instead of energy flow based would be more cost reflective and increase cost recovery for utilities.
This demonstrates that while net metering is an effective promotional structure, it cannot be a permanent
solution in determining pricing structures for distributed generation.

In order to achieve smarter distribution, microgrids can be coupled in order to achieve self-healing and
improved reliability, as explained in [58]. Coupled microgrids increase grid autonomous features and
smooth transitions between grid-connected and islanding modes allowing for dependable power exports
and bringing significant value to the concept of microgrids. Although islanding is a crucial attraction for
microgrids, currently, microgrids provide the most value through their connection into the larger utility
grid. In order to address the planning needs and capability of microgrids, [59] utilizes a nonlinear
optimization model to develop capability diagrams which represent the active and reactive power
exchange capability between microgrids and the utility grid. These diagrams assist in planning and
understanding the potential for DG capability and the possible extent of ancillary services to the external
network.

Much of the above literature has demonstrated that although exporting power back into to the utility grid
is a strong value and revenue source, there is no definitive answer as to how this should be accomplished.
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Due to various policy regulations and technical parameters, the method for pricing the power supplied to
the grid needs further discussion.

3.3 Increased Resiliency & Value of Lost Load

An often mentioned benefit that results from the deployment of microgrids is the added reliability and
resilience to prolonged outages. Recent natural events such as hurricane Sandy on the East Coast of the
United States have served to emphasize resiliency issues, and have ultimately led to the development of
specific incentive packages, such as the NY PRIZE [60] introduced by the New York State Energy
Research and Development Authority that promote increased resiliency through the deployment of
microgrids.

These issues, however, pose the sensitive question of understanding the value of resiliency. While sites
such as hospitals, military facilities, or water treatment plants may be equipped with high levels of
redundancy and sophisticated backup and emergency generation systems, defining the economic criteria
behind the design of such systems is often a challenge, and more so when considering sites where valuing
the continuous supply of energy may be more difficult.

Microgrids can play a significant role in this aspect, as the addition of coordinated on-site generation and
storage resources can, if adequately sized, be used both in normal operation and during emergency
situations. Particularly, on-site generation capacity can be oversized beyond the cost-optimal capacity for
continuous duty so that they can meet critical loads during outage periods, and in so doing take advantage
of potential economies of scale that may be obtained.

In short, the local generation and control introduced to a site through microgrid deployment provide a
valuable resource in eliminating or mitigating adverse effects of planned or unplanned service
interruptions or interruptions due to disturbances in power quality. This reliability benefit is an important
component to consider in the planning and operation of a microgrid, but quantifying it accurately can be
difficult. Rather than quantifying the value directly, one can attempt to quantify the cost of outages as a
proxy to assess the value of reliability.

One commonly used metric for this is value of lost load (VoLL) which estimates the cost to consumers
per unit energy not delivered, or alternatively the price consumers would be willing to pay to avoid
disruptions [61]. VoLL can stem from a number of costs depending on the nature of the consumer. For
industrial and commercial consumers this can include lost production due to down time, additional costs
due to ramping up/down, or lost goods. For residential consumers, VoL L costs originate from lost leisure
time and loss of goods [62]. In addition to consumer type and the nature of their operations, many
external factors will affect VoLL, including the timing and duration of outage, season, region or location,
and whether or not advanced notice has been given. For instance, an outage during overnight hours will
not have the same adverse impact in a residential context as one in the mid-evening.

As a consequence of this, VoLL will vary significantly between contexts. Determining VoLL can be
difficult without adequate data to characterize a consumer’s damage function [63]. Historically VoLL has
been determined by a number of different methods including customer surveys, market analysis, and case
studies, with each of these methods presenting unique shortcomings [62]. More recently, a number of
novel analytical models for determining VoLL or other related metrics have been published including
[63]-[66]. A number of studies also provide estimations for VVoLL by sector. It is important to note the
contexts of these studies, as VoLL will be influenced by the conditions of its local economy. For instance,
the damage function due to lost leisure time can be related directly to effective hourly wages [67]. In any
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case it is important to note that VVoLL will always be significantly higher than the price of the undelivered
energy. In a 2006 study of the Netherlands, de Nooij et al [62] estimated an economy-wide average of
$12.62 per kWh (Note: all values presented in this section are in inflation-adjusted 2015 U.S. dollars.)
The residential sector exhibited a VoLL of $24.19 per kWh, while government and offices had a VoL L of
$49.41. These are mostly in line with VoLL estimates used by Costa and Matos [68] for residential,
commercial, and industrial contexts in Europe (2.21, 51.62, and 29.50 $/kWh, respectively). In an earlier
study, residential VoLL is estimated to vary between $2-$10 per kWh, while commercial VoLL varies
between $5-$46 per kWh [69]. Given this high level of variability, a site-specific analysis is likely
necessary to produce an accurate estimate of the reliability value of microgrid deployment in avoiding
costs due to lost loads.

3.4 Local Energy Markets

As microgrids become more common throughout the utility grid, additional value streams enabled by
local interactions become possible. For instance, instead of exporting power back to the utility grid,
microgrids could trade with neighboring microgrids. Facilitating this type of exchange between
microgrids requires the establishment of a special framework: local energy markets. A local energy
market is an auction-based online platform that allows microgrids within a distribution network to trade
energy with each other [70]. Depending on their current load profiles, microgrids submit either demand or
supply bids. Based on these bids market prices are calculated and loads allocated according to a
predefined algorithm. Many studies model electricity as the commodity traded [71]-[73], while only few
explicitly refer to energy (electricity and heat) [74]. Local energy markets are an emerging topic, so
research in this field is still at an early stage [71], [75].

The establishment of local energy markets could enable a number of value streams for their microgrid
participants. First, local markets for microgrids might produce cost savings on electricity bills [76]. For
instance, [77] shows that for stand-alone microgrids local markets can reduce power costs by almost
8.5%. In [73] a microgrid system consisting of nine homes with varying battery and PV capacity is used
to show that local energy markets can lead to cost savings for households. Second, local energy markets
can curb the market power of utilities, especially if local energy markets are implemented by privately
owned microgrids. Third, local energy markets facilitate the integration of intermittent distributed
renewable generation into the existing energy infrastructure [70]. They contribute to overall grid stability
as they provide microgrids with a platform to coordinate load requirements locally. Fourth, local energy
markets increase energy efficiency since energy is consumed close to generation and less energy lost on
long transmission lines. Given the early state of research, the value of these benefits for microgrids has
not yet been properly quantified. Additional theoretical and experimental investigations for real-world
applications are required to gain better understanding on how local energy markets perform in different
economic contexts (e.g. feed-in-tariffs vs. net metering).

3.4.1 Auction-based market design

Local energy markets are modeled using auction theory in multi-agent environments. Each auction
consists of three consecutive procedures: bidding, clearing, and pricing. Clearing refers to market clearing
which is attained in accordance to a pre-defined algorithm [72], [77]. Pricing refers to setting a price for
each allocated load (e.g. $/kWh). In wholesale electricity markets pricing programs include TOU rates,
CPP and RTP schemes (see 3.1). Two common rules for pricing in auctions theory are uniform and
discriminatory pricing [78]. The former uses a uniform price per load (market clearing price based on
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submitted bids), which in dynamic environments may change from market period to market period.
Discriminatory pricing allows each bidder to sell or buy at his or her own price. The different pricing
mechanisms have yet only seldom been compared in local markets but were studied in wholesale
electricity markets. When applied to the Californian Power Exchange Electricity Market, uniform pricing
has been found to result in lower cost for electricity purchases than discriminatory pricing [79], [80].
Discriminatory pricing appears to reduce price volatility, but to trigger collusion which then results in
increased prices for electricity [77]. Previous studies of auction-based wholesale electricity markets
provide insight for local markets since both share a similar structure. In auction-based wholesale markets
generators bid to supply electricity and distributors bid to buy electricity at a range of prices. The market
is cleared every few minutes and is subject to technical constraints (e.g. matching power generation to
demand and power flow constraints). Electricity markets are known for day-ahead and real-time auctions.
The length of a market period varies but is mostly modeled as an interval between 15 minutes and one
hour. In day-ahead auctions participants submit bids based on forecasted prices and load profiles. Based
on these bids, a day-ahead market clearing price is calculated. The real-time market complements the day-
ahead market, buffers volatility and allows generators that are available but have not been chosen in the
day-ahead market with an opportunity to supply [81].

3.4.2 Residential energy auctions

A residential energy market is modeled by [70]. The authors develop an auction mechanism for a local
reserve energy market. Reserve energy refers to energy that is provided to a household (microgrid) that
experiences an unexpectedly high demand or unforeseen outage in DER. Using microgrids and local
markets for the provision of reserve energy creates an opportunity to reduce cost and balances
interruptions close to source. In [70] the market is designed for a residential area and accommodates
special needs of non-expert producers such as private households with DER. Focus on energy auctions in
residential areas is also found in [72], which considers soft budget constraints of consumers whilst
developing a clearing algorithm using uniform pricing. In [73] it is shown that for residential solar-
powered microgrids the expected profits differ for uniform and discriminatory pricing. Finally, [74]
introduces a combinatorial double auction mechanism for the allocation and pricing of electricity and heat
in microgrids.

3.4.3 Decentralized control infrastructure

Local energy markets are primarily modeled as multi-agent systems in a decentralized control
infrastructure consisting of numerous local agents and one coordinating market agent [75], [76]. Each
agent possesses responsibilities to attain individual objectives but has limited knowledge about the other
agent’s profiles and objectives [82]. Local agents control single devices and process information that is
known to the microgrid’s owner only, e.g. capacity and cost of DER output, load profiles, cost functions,
status of storage. In [75] and [76] a hierarchically controlled microgrid is suggested, in which local agents
are controlled by a central controller. The central controller optimizes the interplay of DER, consumption
and storage in the microgrid but has no knowledge about other microgrid’s profiles. In each market period
they submit a price-per-load bid to the market agent. The market agent collects price-per-load bids of all
participants, clears the market and prices according to a predefined algorithm [83]. A system as such can
be found in [77], where the authors develop an energy management system for stand-alone microgrids
that can reduce energy costs by almost 8.5%. The system is primarily carried by two algorithms. The first
one provides day-ahead power profiles based on wholesale energy prices, hourly forecasting for DG and
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expected load demand. Day-ahead profiles are later updated with real-time profiles. In each market
period, generation units submit bids to the market agent stating either a price-per-load ($/kwh) or load
(kWh) request (offer). The second algorithm in [77] describes the local energy market. For each market
period, it calculates a market clearing price using wholesale electricity prices, the number of generation
units, as well as the total power generated and demanded.

4  Conclusion

This paper presents a literature review on aspects relevant to the economic feasibility of microgrids. It
presents an overview of the most relevant technical challenges required to establish a microgrid that may
increase the economic burden to a point that might jeopardize successful deployment. These include
islanding detection, relaying and protection, and power quality monitoring.

This is followed by a review of the most relevant revenue streams relevant to microgrids, including
several forms of DR, participation in export markets, understanding the value of resilience, and local
energy markets. The key microgrid value streams identified in this review are:

o Demand Response: DR participation represents a mature revenue opportunity for microgrids.
Depending on the characteristics of its load and DER, a microgrid could participate in one of
many DR programs available in its region.

o Power Exports: On-site generation creates an opportunity to export power back to the grid. The
overall value of this depends highly on local market and regulatory conditions, including the
presence of feed-in tariffs or net metering.

o Resilience against outages: Loss of load can create high costs for consumers; the value of
mitigating these lost loads can be very valuable, depending on the nature of the operations
occurring within the microgrid. Resiliency provided by the microgrid mitigates these potential
high costs.

e Local Energy Markets: These markets create the potential for future revenue streams when
microgrids become sufficiently common. Under such markets, microgrids trade energy amongst
themselves, rather than interacting exclusively with the grid. Local markets have the potential to
reduce cost and increase renewable penetration rates.

It can be concluded from the analyzed literature that significant economic returns can be achieved by the
deployment of microgrids, in applications ranging from residential to commercial and large industrial. It
is made clearer that the exact monetization strategy is highly dependent on the site-specific conditions,
namely in terms of the applicable tariffs, but overall there is a significant economic potential, and
considering all possible revenue streams may be fundamental in successfully enabling the widespread
deployment of microgrids.
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