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Abstract

Decarbonizing power grids is an essential pillar of global efforts to miti-
gate climate change impacts. Renewable energy generation is expected to
play an important role in electricity decarbonization, although its variabil-
ity and uncertainty are creating new flexibility challenges for electric grid
operators that must match supply with constantly changing demand. Dis-
tributed energy resources (DERs)—including distributed generation, de-
mand response, and distributed energy storage—can play an important role
in providing the flexibility needed to integrate high penetrations of renew-
able energy. This article examines federal and state enabling policies and
regulations for DER, market strategies and business models that have facil-
itated DER expansion, and key emerging challenges for DER in the United
States. Based on a review of the US experience, the article offers lessons for
other countries, focusing on the role and limits of policy, the facilitative role
of utility regulatory reform, the need to balance different interests in tar-
iff design, the benefits of DER participation in wholesale markets, and the
importance of proactive interconnection policies.
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1. INTRODUCTION

A growing body of evidence suggests that the electricity sector will play a pivotal role in achieving
carbon-neutral energy systems by approximately the middle of this century, in line with the Paris
Agreement’s 1.5°C target (1–4).Globally in 2018, 30%ofCO2 emissions were a result of coal-fired
generation (5).Decarbonizing electricity systems tomeetmid-century carbon neutrality goals will,
therefore, likely require a rapid increase in nonfossil electricity generation over the next decade (1).
Across many countries, renewable energy resources are expected to be the most scalable near-term
sources of nonfossil generation (1–4), although their integration into power systems continues to
pose market and operational challenges (6–8).

Globally, renewable energy is already playing a significant and growing role in electricity
systems. The world’s renewable energy power generation capacity more than doubled from
1,223GW in 2010 to 2,532GW in 2019 (9).Wind and solar account for most of the recent growth
in renewable generation. The installed capacity of wind energy increased from 181 GW in 2010
to 622 GW in 2019 while the installed solar photovoltaic capacity increased significantly from
40 GW in 2010 to 579 GW in 2019 (9).

The United States is among the world’s fastest-growing countries in terms of both renewable
installed capacity and power generation (10).Renewable electricity generation in theUnited States
doubled from 2008 to 2018, with wind and solar generation accounting for the majority of growth
(11). As a result of rapid growth, the share of nonhydro renewable generation rose from 3% of
US electricity generation in 2008 to 10% in 2018 (11, 12). The share of renewable generation is
expected to continue to grow in order to meet state-level renewable energy targets and state and
federal climate goals.

Approximately half of the growth in renewable energy deployment in the United States can be
attributed to state-level renewable energy targets (13). As of 2019, 13 states as well asWashington,
DC, and Puerto Rico had either enacted legislation or issued executive orders with a commitment

350 Shen • Kahrl • Satchwell

A
nn

u.
 R

ev
. E

nv
ir

on
. R

es
ou

r.
 2

02
1.

46
:3

49
-3

75
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
- 

B
er

ke
le

y 
on

 0
1/

14
/2

2.
 S

ee
 c

op
yr

ig
ht

 f
or

 a
pp

ro
ve

d 
us

e.
 



VRE: variable
renewable energy

DER: distributed
energy resource

FERC: Federal
Energy Regulatory
Commission

WI: 10% by 2015

NV: 50% by 2030

TX: 5,880 MW by 2015

PA: 18% by 2021

ME: 84% by 2030
IA: 105 MW by 1999 

MD: 50% by 2030

RI: 38.5% by 2035

HI: 100% by 2045

AZ: 15% by 2025

NY: 70% by 2030MT: 15% by 2015

DE: 25% by 2026

DC: 100% by 2032

WA: 15% by 2020

NH: 25.2% by 2025

IL: 25% by 2026

VT: 75% by 2032

MO: 15% by 2021

OH: 8.5% by 2026 
MI: 15% by 2021

State/territory with 
renewable energy targets

State/territory without 
renewable energy targets

CA: 60% by 2030

CO: 30% by 2020 (IOUs)
20% by 2020 (co-ops)

10% by 2020 (municipal 
utilities)

NM: 80% by 2040 (IOUs) 
80% by 2050 (co-ops)

OR: 50% by 2040 (large IOUs)
5–25% by 2025 (other utilities)

MA: 41.1% by 2030 +1%/year

MN: 26.5% by 2025 
Xcel: 31.5% by 2020

NC: 12.5% by 2021 (IOUs)
10% by 2018 (co-ops and 
municipal utilities)

VA: 100% by 2045 (Dominion) 
or 2050 (Appalachian)

NJ: 54.1% by 2031
CT: 44% by 2030

Figure 1

Renewable energy targets in US states and territories. Target percentages represent the sum total of all renewable portfolio standard
(RPS) resource tiers, as applicable. In addition to the RPS policies shown on the map, voluntary renewable energy goals exist in
numerous US states, and both mandatory RPS policies and voluntary goals exist among US territories (American Samoa, Guam, Puerto
Rico, US Virgin Islands). RPS policies exist in 30 states and DC, which applies to 58% of total US retail electricity sales. Figure adapted
from Reference 13 with permission. Abbreviations: IOUs; investor-owned utilities; co-ops, electric cooperatives; MW; megawatt.

to achieving either 100% renewable energy or 100% clean energy goals (14).1 Figure 1 shows
state-level renewable energy targets adopted across the United States by the end of 2019.

Despite ambitious renewable energy targets, major obstacles must be overcome to enable fu-
ture energy systems to economically and reliably operate with high penetration of variable renew-
able energy (VRE). As the US Department of Energy points out, “[o]ne of the greatest challenges
to integrating VRE lies in managing its effects (variability, uncertainty, location specificity, non-
synchronous generation, and low capacity factor) on grid operations and planning” (15, p. 61).
With the large-scale deployment of wind and solar generation on both the grid side and customer
side, transmission system operators and distribution utilities face new operational challenges. Dis-
tributed energy resources (DERs) are emerging as a potential solution alongside traditional gen-
eration, transmission, and distribution infrastructure for addressing these challenges.

As the US Federal Energy Regulatory Commission (FERC) points out, there is no uniform
definition of DERs, and the definition keeps changing (16). The US National Association of Reg-
ulatory Utility Commissioners (17, p. 45) broadly defines DERs to reflect their diversity:

A DER is a resource sited close to customers that can provide all or some of their immediate electric
and power needs and can also be used by the system to either reduce demand (such as energy efficiency)
or provide supply to satisfy the energy, capacity, or ancillary service needs of the distribution grid. The

1For example, Hawaii was the first state to pass legislation for 100% renewable electricity by 2045. California
has committed to increasing its renewable-powered electricity use to 60% by 2030 and achieving a 100%
carbon-free electricity by 2045.Washington,DC, has the most aggressive target of achieving 100% renewable
energy power supply as early as 2032.
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PV: photovoltaic

DR: demand response

DG: distributed
generation

resources, if providing electricity or thermal energy, are small in scale, connected to the distribution
system, and close to load. Examples of different types of DER include solar photovoltaic (PV), wind,
combined heat and power (CHP), energy storage, demand response (DR), electric vehicles (EVs), mi-
crogrids, and energy efficiency (EE).

DERs have seen rapid growth in the United States. Distributed PV installations grew from
0.4 GW in 2010 to 10.5 GW in 2017 (18). According to data from the US Energy Information
Administration (19, 20), the total existing small-scale storage power capacity connected to the US
distribution network increased from 66 MW in 2016 to 234 MW in 2018. Among the capacity
in 2018, 97% were behind-the-meter installations, and the share in the commercial, residential,
and industrial sectors were slightly higher than 50%, 31%, and 15%, respectively. Demand re-
sponse (DR), which is a program aimed at adjusting electricity demand “in response to price,
monetary incentives, or utility directives so as to maintain reliable electric service or avoid high
electricity prices (21, p. i),” has been active in the United States over the past five years. Between
2015 and 2019, the number of customers enrolled in DR programs increased from 9 million in
2015 to almost 11 million in 2019. At the same time, the actual peak demand savings averaged
12.2 GW per year, and the average annual power savings was 1357.4 GWh (22). Advanced meter-
ing infrastructure (AMI) is the foundation for the expansion of distributed energy systems. AMI is
“an integrated system of smart meters, communications networks, and data management systems
that enables two-way communication between utilities and customers” (23, p. 4). The number of
advanced meters increased from 58.5 million in 2014 to 86.8 million in 2018. Its penetration rate
(the proportion of advanced meters in the total number of meters deployed in the United States)
jumped from 38.8% to 56.4% in the same period (24).

The role of DERs as an electricity system resource has evolved over time. Historically, most
DERs in the United States were demand-side management programs funded and administrated
by utilities with the goals of cost-effectively reducing demand and enhancing utilities’ interactions
with their customers. These traditional programs focused primarily on energy efficiency and in-
terruptible load management programs oriented around peak reliability needs.

Advanced DER applications go beyond traditional power system reliability needs to serve cus-
tomers’ growing interests in new, customer-sited applications such as distributed generation (DG),
energy storage, load response, and managing electric vehicles while helping address emerging
power system challenges. These challenges include the need to balance a large amount of solar
and wind energy output that is neither constant nor fully predictable and the need to more actively
operate distribution systems that have growing penetrations of customer-sited resources.Through
bidirectional power flow, advanced system control, and real-time information flow,DERs are well
suited to provide flexible resources to enable dynamic load adjustments to real-time operational
conditions, thus improving the stability of the grid and enhancing grid flexibility for integrating
VRE (25).

DERs offer numerous services and provide value to three different power system
perspectives—regional system operators, utilities, and customers (see Table 1). Many of
these services are critical for operating a stable and flexible electricity system powered by VRE
(26). In addition to the benefit of grid flexibility, DERs could also play an increasingly critical role
in improving power system resilience to deal with significant disruptions resulting from severe
weather, deadly wildfires, and other extreme events (27).

This article examines US regulatory policy and implementation experience in deploying
DERs to offer insights for the design of energy and climate policies and the potential role
and challenges of DERs in decarbonization and improved power system resilience, in both the
United States and other countries. The remainder of the article is organized as follows. Section 2
presents the framework through which this article reviews the US experience and lessons learned
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Table 1 DER services and value among different power sector stakeholders (15–17, 26, 28, 29)

Stakeholders Services and value
Regional system operators � Energy arbitrage

� Lower wholesale market prices
� Spinning/non-spinning reserves
� Frequency regulation
� Ramping
� Voltage support
� Black start

Utility and transmission owners � Resource adequacy
� Dispatchable resources, on both the utility and the customer side of the meter
� Transmission congestion relief
� Avoidance or deferral of new generation, transmission, and/or distribution investments
� Peak demand shift or shed
� Load following
� T&D efficiency improvement due to reduced power losses
� Reduced grid disturbances via islanding

Customers � Reshaping of customer load profiling
� Time-of-use bill management
� Self-supply of energy
� Demand charge reduction
� Compensation from DER program participation and performance, including net electricity

exports
� Backup power

Abbreviations: DER, distributed energy resource; T&D, transmission and distribution.

in adopting enabling policies and creating effective markets and business models for DER.
Section 3 focuses on the role of specific federal and state policy measures in the United States
in driving DER deployment. Section 4 discusses various market strategies and business models
adopted in the United States in facilitating DER expansion. Section 5 describes major challenges
and lessons learned thus far that may inform possible solutions in both the United States and
elsewhere. Section 6 concludes the article with insights for other countries.

2. REVIEW FRAMEWORK

The literature on DER roles, policy, and integration is broad, covering the links between DER
adoption and energy policy, permitting and interconnection rules, tariffs, and utility ownership
structure (30–35); DER business and regulatory models (36); DER cost shifting implications and
potential solutions (33, 37); and the role of DER in integrating renewable energy and enhancing
grid flexibility (26, 38).Althoughmany studies have focused on specific aspects and issues related to
DER deployment in the United States, there is still a lack of a systematic review and organization
in the existing literature on the use of enabling policies, market expansion strategies, and business
model development for DERs. This article attempts to fill this gap.

Figure 2 shows an overall framework of the article. It starts by discussing enabling policies
for DERs at the federal level, through changes in wholesale markets and federal research and
development efforts, and at the state level, through resource planning and procurement, retail rate
design, and changes in utility regulation. Next, the article examines effective market strategies
and new business models that have been adopted in the United States for DER deployment
that include DER monetization through power markets, reform of utility business models, and
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Enabling policies

Federal-level policies

State-level policies

Changes in 
wholesale markets

Research and 
development

Resource planning
and procurement

Change to utility
regulatory models

Reform of utility 
business model

Capture of business 
opportunities via 
DER aggregation 

Market strategies 
and business models

DER monetization 
through power markets

Power system 
flexibility for 

integrating variable 
renewables

Interconnection 
standards

Performance-based 
regulation

Regulatory accounting
treatment of utilities

expenditures

Fixed cost recovery

DER adoption

Net energy metering

Retail rate design Time-varying tariffs

Figure 2

Illustration of review framework of distributed energy resources (DER).

capture of business opportunities through DER aggregation. The article concludes with lessons
learned from the United States and insights for other countries to enable a wide DER adoption
that helps enhance power system flexibility for integrating VRE. The remainder of the article is
organized around this framework.

3. ENABLING POLICIES FOR DISTRIBUTED ENERGY RESOURCES

Federal and state energy policy and regulation in the United States evolved over many decades,
resulting in a system of concurrent jurisdiction and a patchwork of state-level regulatory frame-
works. For the electricity sector, regulatory jurisdiction is largely defined by wholesale and retail
electricity markets. FERC has jurisdiction over wholesale electricity markets and high voltage
transmission systems, whereas retail electricity markets and distribution system regulation are left
to the states. The growth of renewable energy and DERs has occurred in both the wholesale and
retail markets, creating jurisdictional challenges. However, states have greater jurisdiction over
the regulation of distribution networks, where barriers to DER deployment are likely to be more
pronounced.

Because of this split regulatory jurisdiction, enabling policies for DER have come from both
a federal level, through changes in wholesale markets regulations and federal research and devel-
opment efforts, and a state level, through changes in resource planning and procurement, utility
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ISO: independent
system operator

RTO: regional
transmission
organization

NWA: non-wires
alternative

regulation, and retail tariffs. The evolution in electric utility regulatory policy to accommodate
DERs highlights, in part, the inherent flexibility of US electric utility regulation (39).

3.1. Federal-Level Policies

In the United States, federal policies have been adopted with a series of foundational FERC orders
and federal legislation to support the emergence and growth of DERs. FERC orders generally
unbundled transmission from generation services and required nondiscriminatory transmission
access. FERC orders also established independent system operators (ISOs) and regional trans-
mission organizations (RTOs) to operate regional wholesale markets, effectively creating com-
petition in generation and transmission markets and encouraging nonutility (e.g., independent
power producer) participation. Furthermore, FERC orders specific to DERs have removed bar-
riers to participation of DERs in wholesale power markets and facilitated DERs through more
open and coordinated planning and requirements to consider non-wires alternatives (NWAs) in
transmission planning. Table 2 lists key federal legislation and regulations that have paved the
way for an accelerated deployment of DERs.

Although not specific to regulation or policy, the US federal government has also addressed
barriers to increased DER deployment through long-standing research and development efforts
at the Department of Energy. These include the SunShot Initiative to reduce the total costs of

Table 2 List of federal legislation and regulations

Legislation and regulation (year) Outcomes
Energy Policy Act of 1992 (1992) Started the process of deregulating the US power industry; enabled independent power

producers to participate in wholesale markets
FERC Order 888 (1996) Mandated open and fair access to power transmission systems
FERC Order 2000 (1999) Led to the formation of ISOs as operators of regional wholesale markets
Energy Policy Act of 2005 (2005) Removed unnecessary barriers to participation of DERs in energy, capacity, and ancillary

markets by customers and/or load aggregators at the retail or wholesale level; also
required utilities make NEM available to customers

FERC Order 890 (2007) Established an open, transparent, and coordinated transmission planning process; together
with FERC Orders 888 and 2000, helped open transmission access to a broader range of
market participants

FERC Order 719 (2008) Opened up the opportunities for the participation of DR in wholesale markets; specially
permitted load aggregators to bid DR on behalf of retail customers directly into
organized markets

FERC Order 745 (2011) Required that DR be compensated at the same market prices as generation resources
FERC Order 755 (2011) Removed discriminatory and preferential frequency regulation compensation practices

from RTO/ISO tariffs; frequency regulation resources compensated based on the actual
service provided

FERC Order 1000 (2011) Mandated that transmission owners must establish procedures to identify transmission
needs that are public policy driven, bringing impacts on RE/DERs, as promotion of these
resources are largely driven by federal/state energy policies

FERC Order 841 (2018) Opened wholesale power markets to energy storage to allow it to participate in organized
power markets as long as they are technically capable

FERC Order 845 (2018) Reformed standardized generator grid interconnection process with revised definition of
generating facility to explicitly include electricity storage

Abbreviations: DER, distributed energy resource; DR, demand response; FERC, Federal Energy Regulatory Commission; ISO, independent system oper-
ator; NEM, net energy metering; RE, renewable energy; RTO, regional transmission organization.
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solar and achieve a utility-scale solar cost of $1/W (40), the Duration Addition to electricitY
Storage program to develop innovative energy storage technologies possible for stored energy
to power an electrical grid for up to 100 hours (41), the Grid-interactive Efficient Buildings
Initiative to reduce building consumption and improve building capabilities to provide grid
resources (42), and the Energy Storage Grand Challenge that coordinates research effort targeted
at storage-related technology development, technology transfer, and manufacturing and supply
chains, among others (43).

3.2. State-Level Policies

Regulations governing retail electricity markets and distribution systems are established through
state legislation and utility regulation.As a result, state-level regulatory and policy drivers of DERs
are more fragmented and reflect states’ different economic and legal frameworks. State-level poli-
cies for DERs broadly fall into three categories and address particular barriers to DER deploy-
ment. The three categories are resource planning and procurement, retail rate design, and utility
regulation.

3.2.1. Resource planning and procurement. DERs tend to be disadvantaged relative to utility
generation investments due to their smaller scale and deployment that is typically on the customer
side of the meter. Regulators have developed and implemented a range of policies for more equal
consideration of DERs with traditional utility resources in planning and procurement.More than
three dozen states have integrated resource planning (IRP) or long-term planning requirements
that specify the supply- and demand-side resources to meet future electricity demand (44). Many
states have requirements that DERs be considered in utility IRPs (45, 46). In pace with rapid
expansion of DERs, states are also increasingly paying attention to distribution-level resource
planning.Utility regulators in Connecticut,Missouri, andMinnesota, for example, have proposed
or started developing an integrated distribution energy planning process (47).

States have also established procurement or resource targets that help promote DER. A
renewable portfolio standard (RPS) is a state policy widely used in the United States to require
a certain percentage of the electricity sold by utilities to come from renewable sources in order
to increase the deployment of renewable energy. Renewable energy certificates (RECs), which
represent 1 MWh of renewable energy generation, are utilized to verify that utilities meet their
targets (48). As a part of their RPS policy, some states have developed specific mechanisms such
as REC multipliers, which offer more than one (or less than one) REC credit for electricity
produced by certain technologies to target specific applications related to DER. For example,
four states—Arizona, Nevada, Oregon, Washington—target distributed renewables in their
credit multipliers, whereas Colorado and Maine focus their credit multipliers on community
energy (49). Arizona and New York are among states that enacted an energy efficiency resource
standard obligating electric utilities to achieve a mandated energy savings level. Several states
have developed or are developing frameworks that require utilities to consider third-party-owned
DERs as a NWA for conventional distribution infrastructure upgrades (50).

3.2.2. Retail rate design. This section provides an overview of recent policy efforts regarding
retail rate design intended to address fixed cost recovery and compensation for net electricity
export for DER systems.We discuss remaining challenges in Section 5.

3.2.2.1. Fixed cost recovery. Retail rate design in the United States has historically relied on
flat, average volumetric energy charges to recover fixed and variable costs. DERs deployed on the
customer side of the meter reduce utility energy sales and raise concerns among utilities about
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NEM: net energy
metering

fixed cost recovery and revenue sufficiency (51). To address this challenge, regulators and utilities
are beginning to offer residential customers three-part rates that include demand charges, along
with volumetric energy charges and fixed customer charges as a means to address fixed cost re-
covery concerns and providing customers an incentive to manage their demands (52). There are
many states that have proposed or adopted measures including raising residential customers’
monthly fixed charges, placing minimum bills, or imposing a residential demand and solar charge.
Notable examples include Arizona Public Service’s voluntary residential demand charge rate op-
tions and Salt River Project’s three-part rate for residential DG customers (53).

3.2.2.2. Net energy metering. The recent growth in distributed PV installations in the United
States is attributed, in part, to net energymetering (NEM),which allows exportedDERgeneration
at one time to be netted against electricity consumption at a different time, thus compensating
exported generation at the full retail rate (53). Certain states have instituted mandatory NEM
thresholds or caps. For example, the State of Washington has required, as part of its clean energy
legislation enacted in 2019, utilities to offer NEM to qualified customers until the cumulative
power generation of connected systems equals 4% of peak utility demand (54). California also
established a cap for NEM at 5% of aggregate peak electricity demand in 2013 for the state’s
three investor-owned utilities. However, two of them reached the thresholds in 2016 due to fast
growth of DG installation (55).

NEM reforms have been prompted by states reaching statutory caps on NEM or concerns
about cost-shifting between customers with and without DG.The cost-shifting is caused by com-
pensating DG-exported generation at full retail rate during times when it is not providing utility
system benefits commensurate with full retail electricity costs (56). Net billing that retains the
netting feature of NEM but compensates exported DG generation at a price other than full retail
rate has been the most common NEM alternative in the United States, and states have started
developing more granular methodologies to properly value the DER contribution to the power
system (51).

For example, Michigan has adopted a new cost of service–based DG program tariff, under
which new NEM customers will be subject to an inflow/outflow billing mechanism and compen-
sated at the utility-avoided cost rate for excess generation put back on the grid while they pay the
full retail rate for the power purchased from the grid (57). The regulator in Hawaii has created
price signals to link DG compensation to the value it provides to the grid by crediting DG owners
depending on time of day. Under Hawaii’s Smart Export program, energy exported to the grid
during the daylight hours (9 am–4 pm) receives no compensation, whereas energy exported at
other times (4 pm–9 am) is compensated (58). Programs like Smart Export will likely stimulate
the market growth for distributed renewable plus storage combinations. New York has taken a
step further to propose transitioning NEM to a new Value of DER tariff that compensates the
DER’s exported electricity based on its Value Stack, which focuses on the range of benefits DERs
provide to the New York utilities’ distribution networks (e.g., location-based marginal electricity
price, capacity, environmental benefits) (59).

3.2.2.3. Time-varying tariffs. In the United States, regulators and utilities have developed
time-based retail tariff programs to create clear price signals to enhance customers’ load respon-
siveness to power system conditions and more closely align DER value with its value to the power
system (60).Table 3 describes various types of retail rate aimed at triggering load response from
simple to more complex design.

3.2.3. Changes to utility regulatory models. Many states are exploring changes to existing
utility regulatory models in response to increasing DER deployment as a means of minimizing

www.annualreviews.org • Decarbonization with Distributed Energy 357

A
nn

u.
 R

ev
. E

nv
ir

on
. R

es
ou

r.
 2

02
1.

46
:3

49
-3

75
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
- 

B
er

ke
le

y 
on

 0
1/

14
/2

2.
 S

ee
 c

op
yr

ig
ht

 f
or

 a
pp

ro
ve

d 
us

e.
 



Table 3 Time-varying retail rate designs in the United States

Programs Description
Time-of-use (TOU) rate TOU is a rate plan whereby electricity rates change based on the time of day or the season to better

align the costs of operating the power system with power use. Utilities are starting to implement
default residential TOU rate plans across the United States.

Critical peak pricing (CPP) CPP is a more dynamic form of TOU price. It is event-based and in effect only when utilities
anticipate high wholesale market prices or power systems experience emergency conditions.
Utilities may call critical peaking events during a specified time period, and the electricity price
during these events is substantially high.

Participating customers are often offered a discount on their regular summer electricity rates in
exchange for a higher price on a small number of CPP event days during the year.

Some CPP programs allow customers to self-select a certain amount of capacity (in kW) to be
exempted from the high price during a CPP event by paying a fixed monthly Capacity
Reservation Charge upfront. During a CPP event, power usage protected under the customer’s
capacity reservation will not be subject to the CPP, whereas usage during a CPP event that is not
reserved will be billed at the CPP.

Variable peak pricing Variable peak pricing is a hybrid of TOU and RTP where the TOU periods are defined in advance
but the price for the on-peak period varies by power system and power market conditions. It is
different from TOU rates in that both the periods and rates for each period are predetermined
and fixed.

Programmable thermostats are often used by customers to better manage electricity use with
variable peak prices, allowing customers to effectively respond to the price signals from the utility
based on their preset preferences.

Real-time pricing (RTP) Under RTP, customers are charged for the electricity use on an hourly basis, corresponding to
hourly wholesale market prices. To participate in RTP, customers must have a smart meter
installed that is capable of recording hourly power usage.

the potential disruption to grid operations (61) and realizing benefits to utilities and customers.
These alternative utility regulatory models shift the roles, responsibilities, profit motivation,
and profit achievement of electric utilities from building new, centralized generation assets to
encouraging extracting value from existing assets to offer a range of energy services to customers
(39). Section 5 discusses challenges in implementing alternative utility regulatory models.

3.2.3.1. Interconnection standards. Generation and storage that connect to the distribution
system must be interconnected by a distribution utility. Distribution utilities typically do not have
a natural incentive to interconnect customer-owned or third party–owned DG and storage re-
sources because these resources may compete with utility resources, reduce utility revenues, or
create reliability issues on the distribution system. Responding to these economic and reliability
concerns, utilities may use the interconnection process to limit growth inDERs, by delaying inter-
connection or restricting access to the distribution system altogether (62). In the United States, a
growing number of state regulatory commissions have established detailed rules and interconnec-
tion standards governing the timing and requirements of the distribution interconnection process
(63, 64).

3.2.3.2. Performance-based regulation. State regulators across the country have proposed or
implemented performance-based regulation to help align utility investment with policy goals and
improve utility performance in specific areas, including DER investments, while also providing
new utility earnings opportunities (65). For example, regulators in Minnesota established several
performance metrics for guiding utility investment, including affordability, reliability, customer
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Reforming the
Energy Vision
(REV): policy
initiatives launched in
the State of New York
to spur investment in
energy efficiency,
renewable energy,
DERs, and smart grid

service quality, environmental performance, and cost-effective alignment of generation and
load (66). Nevada regulators have started a ratemaking process focusing on measures such as
performance incentives, decoupling mechanisms, and earnings-sharing mechanisms that help
stimulate utility investment toward meeting the state’s 100% clean energy goal (67). New York
State’s Reforming the Energy Vision (REV) allows distributed utilities to earn additional revenue
on top of their cost-of-service earnings for enhancing distribution system performance with
DERs and using them to replace conventional power grid investments (68). Specifically, the state
has created earning adjustment mechanisms to incentivize utilities based on (a) power system
efficiency assessed by a combination of peak reduction and load factor improvement, (b) energy
efficiency that meets higher targets beyond the current one, (c) satisfaction of renewable DER
providers in utility assistance in grid interconnection, and (d) customer engagement tied to
customer uptake in specific programs (69).

3.2.3.3. Regulatory accounting treatment of utilities expenditures. In the United States, tra-
ditional cost-of-service ratemaking has allowed regulated utilities to earn a return only on capital
expenditures. DERs can replace capital expenditures, reducing utilities’ total investment returns
under existing ratemaking. To allow utilities to capture new opportunities in integrating DERs
and earning a return on them, some US state regulators have started to address regulatory ac-
counting treatment of utilities expenditures. Specifically, some regulators are allowing expenses
that can cost-effectively offset capital investments to be treated as regulatory assets, thus eliminat-
ing utility disincentive in pursuing more cost-effective options (70) and delivering better value to
customers.

For example, the Illinois Commerce Commission initiated a rulemaking process to establish
regulatory accounting for regulated utilities that would create more equitable treatment for new
service solutions, such as software as a service, platform as a service, and infrastructure as a service
(71). New York created NWA shareholder incentives that treat a utility’s costs of acquiring third-
partyDERs as a regulatory asset and allow utilities to recoup the costs. In addition to cost recovery,
utilities in New York are also offered a shareholder incentive that amounts to 30% of the differ-
ence between the net present benefits of DERs and the traditional solutions replaced by NWA
(72). California created a DER Adder enabling regulated utilities to receive 4% on expenses each
year for missed earnings on traditional infrastructure assets (73). The above-discussed change of
regulatory accounting treatment and other regulatory changes create new utility business models,
discussed below, that could further facilitate DER expansion.

4. EFFECTIVE MARKET STRATEGIES AND NEW BUSINESS MODELS
FOR DISTRIBUTED ENERGY RESOURCES

4.1. Monetizing Distributed Energy Resources Through Power Markets

In the United States, federal rulemakings (i.e., FERC Orders 719, 745, and 841) have opened
wholesale power markets to DERs, allowing these resources to participate in organized power
markets, as long as they are technically capable, and to be compensated at the same rate for other
competing generation resources. As FERC pointed out, technology advances have transformed
DERs from a “passive do no harm” resource to an “active support reliability” resource to support
the bulk power system (16).

There are numerous existing and emerging ways for DERs to participate in ISO markets, and
this varies across the country, depending on the design of each ISO/RTO market. For example,
this may involve participating in capacity markets, energy markets, or ancillary service markets.
Thesemarket opportunities have had an important influence onDER growth in theUnited States.
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T&D: transmission
and distribution

Many DER providers in wholesale markets in the United States are compensated through
a capacity payment in the capacity markets that includes a fixed monthly payment plus a pay-
for-performance compensation for delivering the committed resources. Capacity markets may
create more certain value for DERs due to the upfront payment (74). DERs can also participate
in the energy market but the requirement of more frequent dispatch and lower payment in the
energy market than in capacity markets make it much less attractive for DER providers. Ancillary
services require rapid response and generation-grade telemetry, thus limiting the pool of capable
DER providers without automated control (75).

It is worth paying attention to the interactions and differences between different markets. The
capacity market equipped with pay-for-performance compensation and nonperformance penalties
helps address system peak and enhance overall power system reliability and price stability, but it
may also bring down energy and ancillary service market prices, reducing the value for flexible
resources, such as DERs, whose values rely heavily on short-term operational fluctuations and
price volatility (76). Concepts and proposals for a new framework for ancillary service markets has
been discussed in order to better value flexible resources (77).

It should also be noted that whether DERs participate directly or not in RTO/ISO markets
could have different impacts on the operations and planning of the bulk power system (78). As
pointed out by FERC (16), DERs participating indirectly through retail net metering may lead
to a lack of real-time visibility of DERs in the bulk power system—lack of both static data on the
location, size, and technological capabilities of DERs and DER telemetry data such as output—
which may prevent RTOs/ISOs from accurately evaluating bulk power system conditions and
behind-the-meter generation in real time. Challenges like this are reviewed further in the DER
wholesale market integration discussion in Section 5.2.

DER providers can also findmarket opportunities by participating in utility wholesale procure-
ments. For example, California has piloted a Demand Response Auction Mechanism program,
which allows utilities to meet their resource adequacy obligations by competitively soliciting DR
system capacity, local generation capacity, and flexible capacity at megawatt scale from third parties
who can then bid their aggregated DERs directly into the California wholesale market (79).

4.2. Reforming Utility Business Models

In the United States, increased penetration of DERs has resulted in noticeable changes in
utility business models to better align utility profits with public policy objectives and energy
transition efforts. With regulatory reforms that would allow utilities to earn a regulated rate of
return onDERs, new utility business models are emerging or being proposed. For example, nearly
a dozen investor-owned or municipal utilities directly own and operate DERs—mainly rooftop
PV. Compared with customer or third-party ownership, the utility ownership model has multiple
benefits. For example, utilities maintain a higher level of electricity sales and collected revenues
while receiving additional earnings from rooftop solar investment that more than offsets reduced
earnings from generation and transmission and distribution (T&D) capital expenditure deferral.
The siting flexibility also allows utilities to target specific geographic locations that could lower
utilities’ costs of meeting customer loads or provide better services to underserved communities.
In addition, the utility ownership model enables utility planners and operators to have better vis-
ibility and control over DER assets, thereby improving grid operation efficiency (80).

Under other models, utilities would operate the distribution grid as a market-facing service
platform, “akin to an air traffic controller that coordinates and facilitates the deployment of vari-
ous distributed energy resources (DERs) on the grid” (81). The platform would allow customers
and third-party DER service providers to build and operate DERs to enhance the reliability and
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flexibility of the power grid with high renewable penetration while creating better value for utility
customers and delivering new revenue streams for utility shareholders.

One of the most comprehensive changes to utility business models is occurring in New York.
Under the state’s REV framework, regulated utilities would transition their role from a distribu-
tion network operator to a distributed system platform provider with three types of functions:
(a) responsible for integrated system planning aimed at supporting the development of DER al-
ternatives to help meet current and future power system requirements; (b) in charge of distri-
bution network operations to integrate DERs into the current electricity delivery system for an
optimized, secure, and more flexible power system; and (c) being a single and uniformmarket plat-
formof linking customers andDERproviders and facilitating retail interactions with thewholesale
market as an aggregator of aggregators (82).

To allow utilities to better provide platform services and increase DER integration, several
state regulatory commissions (e.g., California and New York) have required regulated utilities to
develop interactive hosting capacity maps that illustrate where utilities can accommodate newDG
on the distribution system without upgrading the existing infrastructure and made this tool and
information available to DER system owners (83). These efforts are intended to provide insight
into the location-specific DER integration and to encourage third-party DER providers to target
those areas.

With the large-scale deployment of smart metering infrastructure, continuing grid moderniza-
tion, rapid development of Internet-of-things, and widespread use of artificial intelligence, utilities
are in a strong position to take advantage of tremendous amounts of customer data and leverage
connectivity across their service territories to continuously create new revenue streams.

4.3. Capturing Business Opportunities from Distributed Energy
Resource Aggregation

With expectation of continued growth, many thousands of behind-the-meter DER systems will
need to be aggregated and coordinated with the support of advanced information, communication,
and automation technologies to provide capacity and ancillary services needed by the distribution
grid. In the United States, third-party DER aggregators have emerged to serve as intermediaries
between end-use customers and the utility to play a significant role in effectively managing sev-
eral individual DER systems to form a sizeable grid resource—often referred to as virtual power
plants—that can be bid into the wholesale power markets or procured by distribution utilities.

There are numerous revenue-generating opportunities that have recently emerged for DER
aggregators. DERs that consist of various resources, including DG, energy storage, and DR—
when used in combination—can deliver a variety of values to the power system. Aggregating these
resources to stack services can create multiple value streams for the aggregators while benefiting
the power grid, distribution utilities, and customers (84, 85). Combined use of various DER tech-
nologies with complementary capabilities helps mitigate limitations caused by relying on individ-
ual technologies alone.

In the United States, third-party DER aggregators can partner with utilities in providing grid
services. Specific to DR programs, for example, aggregators are able to pool DR resources across a
large number of customers and coordinate these resources in a way that ensures a specific level of
energy and/or capacity is available to a utility or grid operator. In providing DR services to utilities
(at the retail level) or grid operators (at the wholesale level), DR aggregators have a contractual
obligation to deliver a certain amount of capacity if dispatched. They are responsible for all roles
from customer acquisition,marketing, sales, retention, support, and event notification to customer
resource dispatch, settlement, and compensation payments. Customers authorize the aggregators
to act on their behalf with respect to all aspects of DR services offered to utilities (75).
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In other cases, aggregators are not responsible for operational aggregation but only on the in-
stallation and packaging (e.g., software control) side, with utilities responsible for the operational
part. An example of this role played by third-party aggregators is a residential housing develop-
ment project under construction in Utah. The project, which is owned by a real estate developer,
is so far the country’s largest residential virtual power plant project that bundles DG,DR, electric
vehicles (EV), and battery storage and is controlled and dispatched to the grid by the local utility as
needed. “[T]he planned community’s 22 buildings will have 600 apartment units with 12.6 MWh
of battery storage, 5.2 MW of solar panels, 150 stalls of EV chargers and an overriding focus on
energy efficiency. . . .The 600 batteries can all work together as a hive to push the power that the
grid needs at any given moment. . . will turn the complex into a grid resource” (86). This project
could serve as a model of aggregated DER use in other areas.

According to data from the US National Renewable Energy Laboratory, 49% of households
and 48% of businesses cannot install their own on-site photovoltaic solar systems because they live
in leased properties or lack suitable roof space (87). The community shared solar projects that are
connected to the distribution system help increase deployment of distributed solar. They attract
customers who are unable to accommodate solar systems due to unsuitable roof space or cannot
install solar systems due to living in a multi-unit building or renting properties and people who
cannot afford the large upfront costs of solar systems. For participants (subscribers), the shared
solar opportunity gives them the chance to invest in distributed solar projects by owning or leasing
a portion of a community solar system located elsewhere and receive credits on their monthly
electricity bills for their portion of the electricity generated by the community system (88). These
projects could be developed and operated by various types of entities such as developers, landlords,
homeowner associations, nonprofit organizations, etc., who could serve as an aggregator to offer
services to utilities.

The PV subscription model can bring significant benefits to communities and utilities (36, 89,
90). For the former, the model expands the solar PV access to more people, enhancing affordabil-
ity by sharing costs among numerous subscribers. The model can also help minimize inefficiency
by preventing individuals from installing smaller solar systems to meet only their own needs and
separately handling building codes, zoning restrictions, and other administrative burdens. In ad-
dition, the model offers participants great flexibility, allowing them to invest at the level that best
suits their budget or to transfer the subscription to others when they move out or no longer want
to own the subscription (90). For the latter, grid operators can take advantage of siting flexibility to
install DERs at locations that have supply constraints or high price of electricity, thus optimizing
grid operations (91). Such flexibility is made possible by the application of virtual net metering.
Community shared solar can also enhance the efficiency of operating distribution networks by
allowing network operators to coordinate community-scale DERs in a more streamlined manner
compared to managing many smaller, dispersedly located individual DERs.

Despite their benefits, however, community DERs still need to tackle multiple issues, such as
potential liability imposed by federal security regulation if the community system subscription
is identified as a securities asset (92), as well as the challenge in acquiring PV investment tax
credits and fairly allocating renewable energy credits with the complicated system ownership
structure (93).

5. KEY CHALLENGES AND LESSONS LEARNED

Continued deployment of DERs in the United States—and ultimately the transition to a more
active and flexible distribution system—currently faces several challenges. This section describes
key challenges and lessons learned thus far that may inform possible solutions, in both the
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United States and elsewhere. DER deployment challenges and lessons learned can be broadly
grouped into three interrelated categories: (a) access and interconnection, (b) operations and
markets, and (c) tariffs.

5.1. Distribution System Access and Interconnection

Even in states that have detailed DER interconnection rules, many aspects of DER access to
the distribution system remain unresolved. Enabling more competitive access to the distribution
system will require ongoing efforts to address institutional, organizational, and jurisdictional
obstacles.

5.1.1. Key challenges. DER interconnection has historically been guided by two assumptions:
(a) Utilities should not actively manage resources on the distribution system, or, phrased dif-
ferently, exports from nonutility-owned DG and storage to the distribution system should not
be dispatched by utilities; and, relatedly, (b) the distribution system should have the capability
to allow all output from customer-owned DG and storage to be delivered to the distribution
system.

As DER penetrations increase, upgrading distribution infrastructure to allow full resource de-
liverability will often not be the lowest cost solution. A more straightforward solution will be for
distribution utilities to conduct some form of DER dispatch. For instance, for a PV system whose
exports would lead to thermal limit violations in a small number of hours, downward dispatch
(via curtailment or storage) would be a more cost-effective strategy than distribution upgrades.
If utilities are able to effectively dispatch DERs, new DER customers can interconnect to the
distribution system even if the system cannot accommodate their entire output.

Allowing distribution utilities to dispatch DERs will require some form of open access rules,
akin to those that govern the transmission system in the United States. Open access rules for the
distribution system would cover five key areas (94) (Table 4).

An open access framework would also entail significant changes in distribution system plan-
ning. Distribution infrastructure has historically been planned based on expected load growth.
The emergence of dispatchable resources on the distribution system will require changes in plan-
ning methods and criteria.

Lack of clear regulatory jurisdiction between the federal and state governments is a key
challenge in developing open access rules for the distribution system. As discussed above, in-
terstate wholesale transactions are under the federal jurisdiction of FERC, while regulation of
distribution utilities is generally under the jurisdiction of state regulatory commissions in the
United States. Without clear jurisdiction, neither FERC nor state commissions have a clear
motivation to develop open access tariffs at the distribution level.

Table 4 Key areas covered by distribution open access rules

Key areas Related questions
Access and interconnection What are the costs and eligibility, technical, and credit requirements for interconnection?
Roles and responsibilities What are the rules of conduct and standards for participants and operators?
Operations What are scheduling/dispatch procedures, market products, and distribution dispatch rights?
Settlement and billing What prices are used for distributed energy resource settlement, and how are transmission and

distribution system billing coordinated?
Market oversight and
dispute resolution

What organization(s) oversees distribution operations, and how are disputes between parties
resolved?
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DSO: distribution
system operator

5.1.2. Lessons learned. Some key lessons learned from the US experience in open access to
and interconnection with distribution networks include the following:

� It is important to establish clear and detailed rules that govern interconnection timelines,
costs, and technical standards.

� It is important to establish effective rules for access to distribution networks that clarify
how distribution system operators (DSOs) will interconnect, dispatch, and settle nonutility-
owned DERs connecting to the distribution system.

� Jurisdictional conflicts over distribution system regulation must be resolved, in order to
provide better regulatory incentives for government agencies to develop proper access rules.

5.2. Operations and Markets

Distribution utilities in the United States have historically actively managed DERs only on a
limited basis, primarily through interruptible load management programs. DERs have not been
well-integrated into ISO markets. With rising DER penetration, there is a need for more active
management of DERs through distribution operations and better integration of DERs into ISO
markets.

5.2.1. Key challenges. Two key challenges for distribution operations and ISO market inte-
gration are basic control architecture (ISO-DSO) and ISO market design. Figure 3 shows three
potential options for DER operational architecture. In the first approach, all DERs participate
directly in ISO markets through load aggregators who act as a DSO. The California Independent
System Operator distributed energy resource provider program is an example of this approach.
With higher DER penetration, this approach requires extensive coordination between the ISO
and DSO (78), to ensure that DER schedules do not lead to operational violations on both the
transmission system and the distribution system.

In the second approach, the DSO acts as a super aggregator, conducting security constrained
economic dispatch for the distribution system and managing operational control and settlement
at the ISO-DSO interface, rather than having the ISO extend its control and settlement into

Approach 1
DER participates 

directly in ISO markets

Approach 2
DSO manages/ 

settles DER

Approach 3
Distribution utility 

passively manages DER

ISO

DSO

DER

ISO

DSO

DER

ISO

DSO

DER
System operators

DER aggregators 
or owners

Figure 3

Three potential approaches to DER operational architecture: Interactions Between an Independent System Operator (ISO), a
Distribution System Operator (DSO), and Distributed Energy Resources (DER).
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TOU: time of use

the distribution system (95). In the third approach, distribution utilities only manage DERs in
emergency (reliability violation) situations and settle DERs at retail rather than wholesale tariffs
that apply to the first two approaches. Which of these three approaches will become the industry
standard is still unclear, and different jurisdictions may take different approaches.

Having the DSO act as a scheduler and settler for DERs (the second approach) will require
several changes in market design. These include changes in the following:

� Intraday energy market design that allows loads to change their schedules within the day,
relative to the status quo where ISOs clear real-time markets with their own forecasts of
demand;

� Settlement that allows at least some loads (DER customers) to be settled at locational
marginal prices (LMPs), relative to the status quo where most customers are settled at ag-
gregated LMPs;

� Capacity market design that provides tractable approaches to account for a large amount
of small-scale resources, relative to current capacity markets that were designed for larger
resources.

These changes are complex, requiring more sophisticated forecasting, control, market, and
settlement systems. The United States is still in the early stages of developing and deploying
these systems.

5.2.2. Lessons learned. The following are some key lessons learned from the US experience
in integrating DERs into ISO markets:

� Developing operational control and market designs to support higher DER penetration is
complex and will create significant challenges.

� Considering and implementing a vision for DERs in wholesale market design can lead to
better outcomes, relative to attempting to retroactively adapt market design to DERs.

Creating new frameworks for valuing electric reliability will be important to enhance the value
of DERs.

5.3. Tariffs

Utilities often act as wholesale market intermediaries for DERs, buying services from DERs and
paying either on an average avoided cost basis (e.g., for cogeneration or DR) or using NEM
(e.g., for distributed PV). Many DER customers are treated as retail, rather than wholesale, cus-
tomers, with bundled tariffs—tariffs with supply (generation), delivery (T&D), and administrative
(accounts, billing) charges rolled into flat volumetric ($/kWh), simple time-of-use (TOU) (on-
peak/off-peak), tiered rates, or, for larger customers, volumetric and demand charges. Reconciling
the wholesale and retail dimensions of DERs will require changes in tariff design.

5.3.1. Key challenges. For utilities, cost recovery is a primary concern for tariff design. DERs
can reduce generation output and capacity factors for utility-owned generation, leading regulators
to question the prudence of utility investments. DERs can also lead to bypass of generation and
T&D charges, where customers reduce their T&D charges by reducing load or shifting it to
other time periods. Because these costs are fixed, bypass leads to short-term cost under-recovery
for utilities, before tariffs can be adjusted to account for lower demands, and longer-term cost
shifting to other customers. Paying for DER exports to the grid using average avoided costs can
also lead to overpayment, in cases where the value of DERs is less than wholesale costs.
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However, DERs can also have broad benefits for consumers by enhancing dynamic and pro-
ductive efficiency. Economic bypass, where customers reduce loading on bulk generators and the
T&D system during periods when the power system is constrained, is beneficial for all consumers
because it improves dynamic efficiency—reducing long-run marginal costs via reducing the need
for new generation andT&D investments—and productive efficiency—reducing system-wide op-
erating (energy and ancillary services) costs.

Across the United States, there is a trend in shifting toward more accurate and sophisticated
tariff designs, although the process has been contentious because of the potential for cost shifting
between producers and consumers. Real-time data on customer use allows regulators to consider
and propose more sophisticated rate designs. With higher DER penetrations, tariff design will
require significant changes to balance utility cost recovery and the economic efficiency benefits of
DERs (94, 96). These changes may include the following:

� Treating DER customers that export to the grid as wholesale customers that are settled
using unbundled (separate generation, delivery, and administrative) wholesale tariffs, with
the generation portion of the tariff set using market-based or marginal cost-based rates;

� More sophisticated, multi-part T&D rates for DER customers that include fixed network
charges ($/month), to collect some historical costs, and fixed and volumetric charges that
provide incentives for DER customers to change marginal consumption.

Historically, customers were not able to respond to more sophisticated tariff designs due to
lack of enabling technologies. However, emerging information and communication technologies
that enable customer response in real time have reached or will soon reach commercialization.

5.3.2. Lessons learned. The following are some key lessons learned from the US experience
in designing more effective tariffs for DERs:

� Addressing tariff designs for DERs before penetration of these resources begins to rise can
avoid creating entrenched interests and resistance to changes in tariff design.

� It is important to develop tariff designs that balance the economic efficiency benefits of
DERs with fair utility cost recovery.

6. CONCLUSIONS AND INSIGHTS FOR OTHER COUNTRIES

DERs have the potential to transform existing electricity systems, thereby reducing power system
infrastructure and operating costs, improving power system reliability and resilience, and increas-
ing power systems’ ability to integrate VRE (26, 97). The United States has seen rapid growth
in DERs over the past several years, propelled by federal and state policies and regulations. State
policies have been diverse, ranging from DER target setting to resource planning, changes of
utility regulation, interconnection to the distribution system, net metering, and building codes,
whereas federal policies have focused on facilitating opening access of DERs to wholesale markets.

Globally, several countries have set ambitious goals for renewable energy development in the
next ten years. For example, the European Union pledged to achieve a 32% renewable energy
target by 2030. The Indian government has committed to using renewable energy to meet half of
the country’s electricity demand by 2030, while China has pledged to increase the total installed
capacity of wind and solar energy from 415 GW in 2019 to 1,200 GW by 2030, so that nonfossil
energy accounts for 25% of the country’s primary energy consumption (98–100). Many countries
face challenges that are similar to those in the United States in enhancing the flexibility of their
power systems to integrating high penetrations of renewable energy.
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This article distills five key insights from the US experience with DER policy and deployment.
The discussion below highlights examples of these shared challenges, as well as instances where
developments in other countries may have valuable lessons for the United States.

The first insight is that policy (including mandates and targets) can be a useful initial driver
for DERs, but ultimately growth in DERs should be sustained by well-functioned power markets
and efficient retail tariffs. Policies ideally address specific barriers to DER deployment, including
resource planning that explicitly considers DERs, DER-specific procurement targets, and retail
rates that advance DERs. Legislation and regulation can help remove barriers to participation of
DERs in power markets and facilitate DERs through more open and coordinated planning. In
China, for example, Electric Power Planning Administrative Measures issued by the National Energy
Administration (101) provides a useful blueprint for the power sector planning process in the coun-
try. However, planning guidelines do not incorporate demand-side resources into China’s power
sector planning processes, which should play a critical role in assessing cost-effective alternatives
to conventional infrastructure, including NWAs, and coordinating generation and transmission
investments and investments in demand-side resources.

In addition, coordination between national and local regulation may be needed to support
DERs, requiring effective cooperation among regulatory agencies and between national and sub-
national governments. For example, devolving decision-making powers to local levels to serve as
the default service provider or purchase and operate the distribution system has enabled municipal
energy companies to actively promote DERs in Germany and Great Britain (102).

Second, it is important to reform existing utility regulatory models to shift the roles, respon-
sibilities, and incentives of electric utilities away from building more traditional generation and
grid infrastructure and incentivize them to extract value from existing assets to meet customer
needs. European countries face a similar challenge because the recovery of capital expenditures
is determined by the regulatory asset base under the existing cost recovery mechanism. The re-
duction of capital investment leads to a decrease in the asset base, which will directly affect the
return on investment (97). Efforts to change utility incentives have been underway in some Euro-
pean countries formore than a decade and could provide valuable lessons for theUnited States and
other countries.TheUnited Kingdom’s RIIO framework—Revenue= Incentives+ Innovation+
Outputs—which is a comprehensive performance-based regulatory system that motivates utilities
to achieve desired results, is a prominent example of this (103). In addition, clarifying the roles and
responsibilities of other market players such as an aggregator is essential to facilitate active partic-
ipation of DER in the electricity system. Aggregators are also beginning to emerge as important
intermediaries in other countries as well (104).

Third, tariff design is critical for balancing utility, consumer, and DER provider interests. In-
creasingly, tariffs will become more sophisticated, facilitating a more active and responsive dis-
tribution system and customer load. Retail tariff design, in areas such as NEM and time-based,
dynamic prices,must effectively value DERs’ contribution to power systems and create clear price
signals to enhance customers’ responsiveness to power system conditions. These issues are not
unique to the United States. Studies focusing on NEM in India (105, 106) underscore the need
for creating a more sustainable net metering policy that is economically viable for developing
countries. A report on the integration of DER in the European Union points out that the value of
flexibility is not always reflected in the market prices and that existing regulatory and institutional
arrangements prevent the value of flexibility from being passed on to end customers (97).

Furthermore, tariff design needs to consider the rate impact of increasing DER deployment
on customers that do not adopt DER. In Thailand, for example, increasing adoption of rooftop
solar PV is estimated to have a significant financial impact on utilities and customers, leading to
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the loss of revenue for utilities and higher costs for nonsolar customers (107). Tariffs need to be
carefully designed to avoid shifting costs from DER customers onto customers that do not adopt
DER.

Fourth, allowing DER to participate in capacity markets, energy markets, and ancillary service
markets has enabled DER to provide reliability and flexibility services. However, different con-
ditions in different countries shape the extent to which DER values can be monetized through
power markets. In Germany, for example, it is currently not practical to optimize the use of DER
through an open market because no market participation model has been established for dis-
tributed system operators (108). In China, the newly released work plan for improving the mar-
ket compensation mechanism for ancillary services (109) may offer new market opportunities for
demand-side resources and energy storage in providing ancillary services. However, the construc-
tion of the country’s power markets is still in its infancy, especially the spot market and ancillary
service market, creating fewer opportunities for DER (110). In addition, in countries like China
where overcapacity of power supply is significant (111), capacity values may be low. As China ac-
tively promotes electrification, especially in the industrial and transportation sectors, the situation
may change (75).

Fifth, the proactive designs of DER interconnection policies and distribution open access rules
are critical for increasing grid penetration of DERs. In countries such as China, however, there
have been noticeable regulatory, policy, and technical barriers to grid interconnection of DER
and distribution network access (112). The UK Open Networks Project is an example of national
efforts to standardize processes and customer experiences in connecting DERs to the distribution
networks that have valuable lessons for other countries (113).

DERs can play a significant role in supporting the development of future renewables-based
power systems. Further studies are needed to continue examining the operational and economic
impacts of DER at different penetration levels and on different layers of the power systems—
generation, transmission, distribution, and end use. Better understanding the impacts of DER
changes on the power system will help address potential future power system reliability challenges
posed by high penetration of DERs on the grid.

SUMMARY POINTS

1. With the large-scale deployment of wind and solar generation on both the grid side and
customer side, transmission system operators and distribution utilities face new opera-
tional challenges. These challenges include the need to balance a large amount of solar
and wind energy output that is neither constant nor fully predictable and the need to
more actively operate distribution systems that have growing penetrations of customer-
sited resources.

2. DERsmeet customers’ growing interests in new, customer-sited applications such as dis-
tributed generation, energy storage, load response, and managing electric vehicles while
providing flexible resources to enable dynamic load adjustments to real-time operational
conditions, thus improving the stability of the grid and enhancing grid flexibility for in-
tegrating VRE.

3. In the United States, changes have been made at the federal level to regulate the
wholesale power markets to promote the development of DER; at the state level,
resource planning and procurement, retail price design, and public utility regulations
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are measures adopted to expand DER. In addition, the United States has also formu-
lated market strategies and created new business models, including DER monetization
through power markets, reform of utility business models, and DER aggregation to
capture opportunities to increase DER deployment.

4. Mandates and targets can be a useful initial driver for DERs, but ultimately growth in
DERs should be sustained by well-functioned power markets and efficient retail tariffs.

5. It is important to reform existing utility regulatory models to shift the roles, responsibil-
ities, and incentives of electric utilities away from building more traditional generation
and grid infrastructure and incentivize them to extract value from existing assets to meet
customer needs.

6. Tariff design is critical for balancing utility, consumer, and DER provider interests. Re-
tail tariff design, in areas such as NEM and time-based, dynamic prices, must effectively
value DERs’ contribution to power systems and create clear price signals to enhance cus-
tomers’ responsiveness to power system conditions. Tariff design also needs to consider
the rate impact of increasing DER deployment on customers that do not adopt DER.

7. Allowing DERs to participate in power markets has enabled DERs to provide reliability
and flexibility services. However, different conditions in different countries shape the
extent to which DER value can be monetized through power markets.

8. The proactive designs of DER interconnection policies and distribution open access
rules are critical for increasing grid penetration of DERs.

FUTURE ISSUES

1. What would be the operational and economic impacts of DER at different penetration
levels and on different layers of the power systems—generation, transmission, distribu-
tion, and end use?

2. What open access rules are needed to allow distribution network operators to effectively
dispatch DERs?

3. How to achieve an active management of DERs through distribution operations and
better integration of DERs into regional markets and the bulk power system?

4. What tariff design changes should be made to balance utility cost recovery, the economic
efficiency benefits of DERs, and sustainable growth in DER adoption?

DISCLOSURE STATEMENT

The authors are not aware of any affiliations, memberships, funding, or financial holdings that
might be perceived as affecting the objectivity of this review.

ACKNOWLEDGMENTS

The authors would like to thank the Energy Foundation for its support under Lawrence Berkeley
National Laboratory Contract No. DE-AC02-05CH11231.

www.annualreviews.org • Decarbonization with Distributed Energy 369

A
nn

u.
 R

ev
. E

nv
ir

on
. R

es
ou

r.
 2

02
1.

46
:3

49
-3

75
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
- 

B
er

ke
le

y 
on

 0
1/

14
/2

2.
 S

ee
 c

op
yr

ig
ht

 f
or

 a
pp

ro
ve

d 
us

e.
 



LITERATURE CITED

1. IPCC (Intergov. Panel Clim. Change). 2019. Global Warming of 1.5°C. An IPCC Special Report on the
Impacts of Global Warming of 1.5°C Above Pre-Industrial Levels and Related Global Greenhouse Gas Emission
Pathways, in the Context of Strengthening the Global Response to the Threat of Climate Change, Sustainable
Development, and Efforts to Eradicate Poverty, ed. V Masson-Delmotte, P Zhai, H-O Pörtner, D Roberts,
J Skea, et al. Geneva: IPCC. https://www.ipcc.ch/site/assets/uploads/sites/2/2019/06/SR15_Full_
Report_High_Res.pdf

2. Williams J, Jones R,Haley B,KwokG,Hargreaves J, et al. 2021.Carbon-neutral pathways for theUnited
States. AGU Adv. 2(1):e2020AV000284

3. European Commission. 2018. A clean planet for all: a European strategic long-term vision for a prosperous,
modern, competitive and climate neutral economy. Commun. 773, Eur. Comm., Nov. 28. https://eur-lex.
europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:52018DC0773&from=EN

4. Liu Q, Chen Y, Teng F, Tian C, Zheng X, Zhao X. 2017. Pathway and policy analysis to China’s deep
decarbonization. Chin. J. Popul. Resour. Environ. 15:39–49

5. IEA (Int. Energy Agency). 2019. Global energy & CO2 status report 2019: the latest trends in energy and
emissions in 2018. Rep., IEA, Paris. https://www.iea.org/reports/global-energy-co2-status-report-
2019

6. Seel J, Mills AD, Wiser RH. 2018. Impacts of high variable renewable energy futures on wholesale electricity
prices, and on electric-sector decision making. Rep. LBNL-2001163, LBNL (Lawrence Berkeley Natl. Lab.),
Berkeley. https://emp.lbl.gov/publications/impacts-high-variable-renewable

7. Joskow P. 2019. Challenges for wholesale electricity markets with intermittent renewable generation at
scale: the US experience. Oxf. Rev. Econ. Policy 35(2):291–331

8. ECECP (EU-China Energy Coop. Platf.). 2020. Integration of variable renewables in the energy sys-
tem of the EU and China. Rep., ECECP, Beijing. https://ec.europa.eu/energy/sites/default/files/
res_integration_report_en.pdf

9. IRENA (Int. Renew. Energy Agency). 2020. Renewable energy statistics 2020. Rep., IRENA,
Abu Dhabi, UAE. https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2020/Jul/
IRENA_Renewable_Energy_Statistics_2020.pdf

10. IEA (Int. Energy Agency). 2021. Data and statistics. Paris: IEA. https://www.iea.org/data-and-
statistics?country=USA&fuel=Energy%20supply&indicator=RenewGenBySource

11. EIA (Energy Inf. Adm.). 2019.U.S. renewable electricity generation has doubled since 2008.Washington,DC:
EIA. https://www.eia.gov/todayinenergy/detail.php?id=38752

12. EIA (Energy Inf. Adm.). 2020. Electricity explained: electricity generation, capacity, and sales in the United
States. Washington, DC: EIA. https://www.eia.gov/energyexplained/electricity/electricity-in-the-
us-generation-capacity-and-sales.php

13. BarboseG. 2021.U.S. renewables portfolio standards: 2021 status update: early release. Rep.,Lawrence Berke-
ley Natl. Lab., Berkeley. https://eta-publications.lbl.gov/sites/default/files/rps_status_update-
2021_early_release.pdf

14. Bird L, Clevenger T. 2019. 2019 was a watershed year for clean energy commitments from U.S. states
and utilities.World Resources Institute Insights, Dec. 20. https://www.wri.org/blog/2019/12/2019-was-
watershed-year-clean-energy-commitments-us-states-and-utilities

15. DOE (Dep. Energy). 2017. Staff report to the secretary on electricity markets and reliability. Rep.,
DOE, Washington, DC. https://www.energy.gov/sites/prod/files/2017/08/f36/Staff%20Report%
20on%20Electricity%20Markets%20and%20Reliability_0.pdf

16. FERC (Fed. Energy Regul. Comm.). 2018.Distributed energy resources: technical considerations for the bulk
power system. Staff Rep. AD18-10-000, FERC, Washington, DC. https://www.ferc.gov/sites/default/
files/2020-05/der-report_0.pdf

17. NARUC (Natl.Assoc.Regul.Util.Comm.). 2016.NARUCmanual on distributed energy resources rate design
and compensation. Rep., NARUC,Washington, DC. https://pubs.naruc.org/pub.cfm?id=19FDF48B-
AA57-5160-DBA1-BE2E9C2F7EA0

370 Shen • Kahrl • Satchwell

A
nn

u.
 R

ev
. E

nv
ir

on
. R

es
ou

r.
 2

02
1.

46
:3

49
-3

75
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
- 

B
er

ke
le

y 
on

 0
1/

14
/2

2.
 S

ee
 c

op
yr

ig
ht

 f
or

 a
pp

ro
ve

d 
us

e.
 

https://www.ipcc.ch/site/assets/uploads/sites/2/2019/06/SR15_Full_Report_High_Res.pdf
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:52018DC0773&from=EN
https://www.iea.org/reports/global-energy-co2-status-report-2019
https://emp.lbl.gov/publications/impacts-high-variable-renewable
https://ec.europa.eu/energy/sites/default/files/res_integration_report_en.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2020/Jul/IRENA_Renewable_Energy_Statistics_2020.pdf
https://www.iea.org/data-and-statistics?country=USA&fuel=Energy%20supply&indicator=RenewGenBySource
https://www.eia.gov/todayinenergy/detail.php?id=38752
https://www.eia.gov/energyexplained/electricity/electricity-in-the-us-generation-capacity-and-sales.php
https://eta-publications.lbl.gov/sites/default/files/rps_status_update-2021_early_release.pdf
https://www.wri.org/blog/2019/12/2019-was-watershed-year-clean-energy-commitments-us-states-and-utilities
https://www.energy.gov/sites/prod/files/2017/08/f36/Staff%20Report%20on%20Electricity%20Markets%20and%20Reliability_0.pdf
https://www.ferc.gov/sites/default/files/2020-05/der-report_0.pdf
https://pubs.naruc.org/pub.cfm?id=19FDF48B-AA57-5160-DBA1-BE2E9C2F7EA0


18. Cook J, Ardani K, O’Shaughnessy E, Smith B,Margolis R. 2018.Expanding PV value: lessons learned from
utility-led distributed energy resource aggregation in the United States. Tech. Rep. NREL/TP-6A20-71984,
Natl. Renew. Energy Lab., Golden, CO. https://www.nrel.gov/docs/fy19osti/71984.pdf

19. EIA (Energy Inf. Adm.). 2020. Battery storage in the United States: an update on market trends.
Rep., EIA, Washington, DC. https://www.eia.gov/analysis/studies/electricity/batterystorage/pdf/
battery_storage.pdf

20. EIA (Energy Inf. Adm.). 2018. U.S. battery storage market trends. Rep., EIA, Washington, DC. https://
www.eia.gov/analysis/studies/electricity/batterystorage/archive/2018/pdf/battery_storage.pdf

21. FERC (Fed. Energy Regul. Comm.). 2007. 2007 assessment of demand response and advanced metering. Staff
Rep., FERC, Washington, DC. https://www.ferc.gov/sites/default/files/2020-04/09-07-demand-
response.pdf

22. EIA (Energy Inf. Adm.). 2021. Annual electric power industry report: Table 10.8. Demand response - yearly
energy and demand savings. Washington, DC: EIA. https://www.eia.gov/electricity/annual/html/epa_
10_08.html

23. DOE (Dep. Energy). 2016. Advanced metering infrastructure and customer systems: results from the Smart
Grid Investment Grant program. Rep., DOE, Washington, DC. https://www.energy.gov/sites/prod/
files/2016/12/f34/AMI%20Summary%20Report_09-26-16.pdf

24. FERC (Fed. Energy Regul. Comm.). 2020. 2020 assessment of demand response and advanced metering.
Staff Rep., FERC, Washington, DC. https://cms.ferc.gov/sites/default/files/2020-12/2020%
20Assessment%20of%20Demand%20Response%20and%20Advanced%20Metering_
December%202020.pdf

25. Tascıkaraoglu A, Erdinc O, eds. 2019. Pathways to a Smarter Power System. Cambridge, MA: Acad. Press
26. Obi M, Slay T, Bass R. 2020. Distributed energy resource aggregation using customer-owned equip-

ment: a review of literature and standards. Energy Rep. 6:2358–69
27. NARUC (Natl. Assoc. Regul. Util. Comm.). 2019. The value of resilience for distributed energy resources: an

overview of current analytical practices. Rep., NARUC, Washington, DC. https://pubs.naruc.org/pub/
531AD059-9CC0-BAF6-127B-99BCB5F02198

28. IRENA (Int. Renew. Energy Agency). 2019. Innovation landscape brief: market integration of distributed
energy resources. Rep., IRENA, Abu Dhabi, UAE. https://www.irena.org/-/media/Files/IRENA/
Agency/Publication/2019/Feb/IRENA_Market_integration_distributed_system_2019.pdf?la=
en&hash=2A67D3A224F1443D529935DF471D5EA1E23C774A

29. RMI (Rocky Mt. Inst.). 2015. The economics of battery energy storage: how multi-use, customer-sited bat-
teries deliver the most services and value to customers and the grid. Rep., RMI, Basalt, CO. https://rmi.
org/wp-content/uploads/2017/03/RMI-TheEconomicsOfBatteryEnergyStorage-FullReport-
FINAL.pdf

30. Zhai P. 2013. Analyzing solar energy policies using a three-tier model: a case study of photovoltaics
adoption in Arizona, United States. Renew. Energy 57:317–22

31. Schelly C, Louie EP, Pearce JM. 2017. Examining interconnection and net metering policy for dis-
tributed generation in the United States. Renew. Energy Focus 22–23:10–19

32. Darghouth NR, Wiser RH, Barbose G, Mills AD. 2016. Net metering and market feedback loops: ex-
ploring the impact of retail rate design on distributed PV deployment. Appl. Energy 162:713–22

33. Boampong R, Brown D. 2020. On the benefits of behind-the-meter rooftop solar and energy storage:
the importance of retail rate design. Energy Econ. 86:104682

34. Foster N,Orrell A,Homer J, Tagestad J. 2020. The “perfect storm” for distributed wind markets.Renew.
Energy 145:1033–39

35. Stephens JC,Kopin DJ,Wilson EJ, Peterson TR. 2017. Framing of customer engagement opportunities
and renewable energy integration by electric utility representatives.Util. Policy 47:69–74

36. Hess D, Lee D. 2020. Energy decentralization in California and New York: conflicts in the politics of
shared solar and community choice. Renew. Sustain. Energy Rev. 121:109716

37. Hess D. 2016. The politics of niche-regime conflicts: distributed solar energy in the United States.
Environ. Innov. Soc. Transit. 19:42–50

38. Martinot E. 2016. Grid integration of renewable energy: flexibility, innovation, and experience. Annu.
Rev. Environ. Resour. 41:223–51

www.annualreviews.org • Decarbonization with Distributed Energy 371

A
nn

u.
 R

ev
. E

nv
ir

on
. R

es
ou

r.
 2

02
1.

46
:3

49
-3

75
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
- 

B
er

ke
le

y 
on

 0
1/

14
/2

2.
 S

ee
 c

op
yr

ig
ht

 f
or

 a
pp

ro
ve

d 
us

e.
 

https://www.nrel.gov/docs/fy19osti/71984.pdf
https://www.eia.gov/analysis/studies/electricity/batterystorage/pdf/battery_storage.pdf
https://www.eia.gov/analysis/studies/electricity/batterystorage/archive/2018/pdf/battery_storage.pdf
https://www.ferc.gov/sites/default/files/2020-04/09-07-demand-response.pdf
https://www.eia.gov/electricity/annual/html/epa_10_08.html
https://www.energy.gov/sites/prod/files/2016/12/f34/AMI%20Summary%20Report_09-26-16.pdf
https://cms.ferc.gov/sites/default/files/2020-12/2020%20Assessment%20of%20Demand%20Response%20and%20Advanced%20Metering_December%202020.pdf
https://pubs.naruc.org/pub/531AD059-9CC0-BAF6-127B-99BCB5F02198
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2019/Feb/IRENA_Market_integration_distributed_system_2019.pdf?la=en&hash=2A67D3A224F1443D529935DF471D5EA1E23C774A
https://rmi.org/wp-content/uploads/2017/03/RMI-TheEconomicsOfBatteryEnergyStorage-FullReport-FINAL.pdf


39. Satchwell A,Cappers P. 2015.A framework for organizing electric utility regulatory and business models.
Electricity J. 28(8):119–29

40. Off. Energy Effic. Renew. Energy. 2021. The SunShot Initiative. Department of Energy. https://www.
energy.gov/eere/solar/sunshot-initiative

41. ARPA-E (Adv. Res. Proj. Agency–Energy). 2021. Duration Addition to electricitY Storage (DAYS)
overview. Doc., ARPA-E. https://arpa-e.energy.gov/sites/default/files/documents/files/DAYS_
ProgramOverview_FINAL.pdf

42. DOE (Dep.Energy). 2020.Grid-interactive Efficient Buildings: Projects summary.Department of Energy.
https://www.energy.gov/sites/prod/files/2020/09/f79/bto-geb-project-summary-093020.pdf

43. DOE (Dep. Energy). 2020. Energy Storage Grand Challenge overview workshop. May 1. https://www.
energy.gov/sites/prod/files/2020/07/f76/ESGC_Overview_Deck_May2020_Final_508.pdf

44. Wilson R, Biewald B. 2013. Best practices in electric utility integrated resource planning. Regula-
tory Assistance Project. https://www.raponline.org/knowledge-center/best-practices-in-electric-
utility-integrated-resource-planning/

45. Wilson R, Biewald B. 2013. Best practices in electric utility integrated resource planning: examples of state reg-
ulations and recent utility plans. Rep., Regul. Assis. Proj., Montpelier, VT. https://www.synapse-energy.
com/sites/default/files/SynapseReport.2013-06.RAP_.Best-Practices-in-IRP.13-038.pdf

46. Kahrl F,Mills AD,Lavin L,RyanN,Olsen A. 2016.The future of electricity resource planning. Rep. LBNL-
1006269, LBNL (Lawrence Berkeley Natl. Lab.), Berkeley. https://emp.lbl.gov/publications/future-
electricity-resource-planning

47. Girouard C. 2018. Top 10 utility regulation trends of 2018—so far. Greentech Media, July 27. https://
www.greentechmedia.com/articles/read/top-10-utility-regulation-trends-of-2018-so-far

48. Shields L. 2021. State renewable portfolio standards and goals. National Conference of State Legislatures.
https://www.ncsl.org/research/energy/renewable-portfolio-standards.aspx

49. Lips B. 2018. Credit multipliers in renewable portfolio standards. Rep., RPS Collab., Clean Energy States
Alliance, Montpelier, VT. https://www.cesa.org/wp-content/uploads/RPS-Multipliers.pdf

50. Schwartz L. 2020. PUC distribution planning practices. Presented at Distribution Systems and Planning
Training for Southeast Region, March 11–12. https://eta-publications.lbl.gov/sites/default/files/
12_-_schwartz_puc_distribution_planning_practices.pdf

51. Satchwell A, Cappers P. 2018. Recent developments in competition and innovation for regulated electric
utilities.Util. Policy 55:110–14

52. Darghoutha NR, Barbose G, Zuboy J, Gagnon PJ,Mill AD, Bird L. 2020. Demand charge savings from
solar PV and energy storage. Energy Policy 146:111766

53. Satchwell AJ, Cappers PA, Barbose GL. 2019. Current developments in retail rate design: implications for
solar and other distributed energy resources. Rep., Lawrence Berkeley Natl. Lab., Berkeley. https://emp.
lbl.gov/publications/current-developments-retail-rate

54. Washington State Legislature. 2019. SB 5223 - 2019-20 concerning net metering. Bill SB 5223, Wash-
ington State Legis., Olympia. https://app.leg.wa.gov/billsummary?BillNumber=5223&Initiative=
false&Year=2019

55. CPUC (Calif. Public Util. Comm.). 2021. Net energy metering rulemaking (R.)14-07-002. California
Public Utilities Commission. https://www.cpuc.ca.gov/General.aspx?id=3934

56. Eid C, Guillén JR, Marína PF, Hakvoort R. 2014. The economic effect of electricity net-metering with
solar PV: consequences for network cost recovery, cross subsidies and policy objectives. Energy Policy
75:244–54

57. MPSC (Mich. Public Serv. Comm.). 2018. MPSC adopts distributed generation billing method.
News Release, MPSC, April 18. https://mi-psc.force.com/sfc/servlet.shepherd/version/download/
068t00000022KjgAAE

58. HSEO (Hawaii State Energy Off.). 2018. Hawaii energy facts & figures. Rep., Dep. Bus. Econ. Dev.
Tour., HSEO, Honolulu. http://energy.hawaii.gov/wp-content/uploads/2018/06/HSEO_2018_
EnergyFactsFigures.pdf

59. NYPSC (New York Public Serv. Comm.). 2017. Order on net energy metering transition, phase one of
value of distributed energy resources, and related matters. CASE 15-E-0751/CASE 15-E-0082, NYPSC,

372 Shen • Kahrl • Satchwell

A
nn

u.
 R

ev
. E

nv
ir

on
. R

es
ou

r.
 2

02
1.

46
:3

49
-3

75
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
- 

B
er

ke
le

y 
on

 0
1/

14
/2

2.
 S

ee
 c

op
yr

ig
ht

 f
or

 a
pp

ro
ve

d 
us

e.
 

https://www.energy.gov/eere/solar/sunshot-initiative
https://arpa-e.energy.gov/sites/default/files/documents/files/DAYS_ProgramOverview_FINAL.pdf
https://www.energy.gov/sites/prod/files/2020/09/f79/bto-geb-project-summary-093020.pdf
https://www.energy.gov/sites/prod/files/2020/07/f76/ESGC_Overview_Deck_May2020_Final_508.pdf
https://www.raponline.org/knowledge-center/best-practices-in-electric-utility-integrated-resource-planning/
https://www.synapse-energy.com/sites/default/files/SynapseReport.2013-06.RAP_.Best-Practices-in-IRP.13-038.pdf
https://emp.lbl.gov/publications/future-electricity-resource-planning
https://www.greentechmedia.com/articles/read/top-10-utility-regulation-trends-of-2018-so-far
https://www.ncsl.org/research/energy/renewable-portfolio-standards.aspx
https://www.cesa.org/wp-content/uploads/RPS-Multipliers.pdf
https://eta-publications.lbl.gov/sites/default/files/12_-_schwartz_puc_distribution_planning_practices.pdf
https://emp.lbl.gov/publications/current-developments-retail-rate
https://app.leg.wa.gov/billsummary?BillNumber=5223&Initiative=false&Year=2019
https://www.cpuc.ca.gov/General.aspx?id=3934
https://mi-psc.force.com/sfc/servlet.shepherd/version/download/068t00000022KjgAAE
http://energy.hawaii.gov/wp-content/uploads/2018/06/HSEO_2018_EnergyFactsFigures.pdf


Albany, March 9. http://documents.dps.ny.gov/public/Common/ViewDoc.aspx?DocRefId=%7b
5B69628E-2928-44A9-B83E-65CEA7326428%7d

60. Faruqui A, Hledik R, Tsoukalis J. 2009. The power of dynamic pricing. Electricity J. 22(3):42–56
61. Kind P. 2013. Disruptive challenges: financial implications and strategic responses to a changing retail electric

business. Rep., Edison Elec. Inst., Washington, DC. https://www.ourenergypolicy.org/wp-content/
uploads/2013/09/disruptivechallenges-1.pdf

62. Orans R, Kahrl F, Aas D. 2016. Envisioning the electric utility in 2030: “fat” or “skinny”? Rep., En-
ergy Environ. Econ, San Francisco. https://www.ethree.com/wp-content/uploads/2017/03/E3_
Envisioning-the-Electric-Utility-in-2030.pdf

63. Ardani K,Davidson C,Margolis R,Nobler E. 2015.A state-level comparison of processes and timelines for dis-
tributed photovoltaic interconnection in the United States. Tech Rep. NREL/TP-7A40-63556, Natl. Renew.
Energy Lab., Golden, CO. https://www.nrel.gov/docs/fy15osti/63556.pdf

64. ACEEE (Am. Counc. Energy-Eff. Econ.). 2018. State and local policy database: interconnection standards.
ACEEE: Washington, DC. https://database.aceee.org/state/interconnection-standards

65. Lowry MN,Woolf T. 2016. Performance-based regulation in a high distributed energy resources future. Rep.
LBNL-1004130, LBNL (Lawrence Berkeley Natl. Lab), Berkeley. https://emp.lbl.gov/publications/
performance-based-regulation-high

66. MPUC (Minn. Public Util. Comm.). 2019. In the matter of a commission investigation to identify
performance metrics, and potentially, incentives for Xcel Energy’s electric utility operation. Docket E-
002/CI-17-401, MPUC, St. Paul, Sept. 18. https://www.edockets.state.mn.us/EFiling/edockets/
searchDocuments.do?method=showPoup&documentId={0082456D-0000-CA1F-9241-
23A4FFF7C2FB}&documentTitle=20199-155917-01

67. PUCN (Public Util. Comm. Nev.). 2021. State of Nevada Public Utilities Commission. Docket 19-06008,
PUCN, Carson City, July 8, 2019–Jan. 15, 2021. http://pucweb1.state.nv.us/PUC2/DktDetail.aspx

68. NYPSC (New York Public Serv. Comm.). 2016. Order adopting a ratemaking and utility revenue model
policy framework. Case 14-M-0101, NYPSC, Albany, May 19. http://documents.dps.ny.gov/public/
Common/ViewDoc.aspx?DocRefId={D6EC8F0B-6141-4A82-A857-B79CF0A71BF0}

69. NYPSC (New York Public Serv. Comm.). 2016. Public Service Commission approves restructuring of utility
regulations to combat climate change & achieve nation-leading clean energy goals. Press Release 16028,NYPSC,
Albany, May 19. http://www3.dps.ny.gov/pscweb/WebFileRoom.nsf/ArticlesByCategory/9B4FB
5513905CB5985257FB8006DAD48/$File/pr16028.pdf?OpenElement

70. Averch H, Johnson L. 1962. The behavior of the firm under regulatory constraint. Am. Econ. Rev.
52:1052–69

71. AEE (Adv. Energy Econ.). 2017. Illinois Commerce Commission on its own motion. Docket 17-0855, AEE,
Washington, DC, Dec. 6. https://powersuite.aee.net/dockets/il-17-0855

72. AEE (Adv. Energy Econ.). 2018. Optimizing capital and service expenditures: providing utilities with finan-
cial incentives for a changing grid. Rep., AEE,Washington, DC. https://info.aee.net/hubfs/PDF/Opex-
Capex.pdf

73. CPUC (Calif. Public Util. Comm.). 2018. Actions to limit utility costs and rates. Rep., CPUC, San
Francisco. https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=2ah
UKEwjhorDWsPjoAhWEvJ4KHXRbANEQFjABegQIAxAB&url=https%3A%2F%2Fwww.
cpuc.ca.gov%2FWorkArea%2FDownloadAsset.aspx%3Fid%3D6442457283&usg=AOvVaw3t_
ivaGB8p_oFjs0OVkGCC

74. Lambin X. 2020. Integration of demand response in electricity market capacity mechanisms.Util. Policy
64:101033

75. Dupuy M, Kahrl F, Weston F, Shen B, Satchwell AJ, et al. 2017. Power consumption, demand and compe-
tition cooperation: recommendations for the pilots in Guangdong, Jilin, Jiangsu, and Shanghai. Rep., LBNL
(Lawrence Berkeley Natl. Lab), Berkeley

76. Hogan M, O’Boyle M, Aggarwal S. 2015. Do pay-for-performance capacity markets deliver the grid
resiliency outcomes we need? Greentech Media, Apr. 28. https://www.greentechmedia.com/articles/
read/do-pay-for-performance-capacity-markets-deliver-the-outcomes-we-need

www.annualreviews.org • Decarbonization with Distributed Energy 373

A
nn

u.
 R

ev
. E

nv
ir

on
. R

es
ou

r.
 2

02
1.

46
:3

49
-3

75
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
- 

B
er

ke
le

y 
on

 0
1/

14
/2

2.
 S

ee
 c

op
yr

ig
ht

 f
or

 a
pp

ro
ve

d 
us

e.
 

http://documents.dps.ny.gov/public/Common/ViewDoc.aspx?DocRefId=%7b5B69628E-2928-44A9-B83E-65CEA7326428%7d
https://www.ourenergypolicy.org/wp-content/uploads/2013/09/disruptivechallenges-1.pdf
https://www.ethree.com/wp-content/uploads/2017/03/E3_Envisioning-the-Electric-Utility-in-2030.pdf
https://www.nrel.gov/docs/fy15osti/63556.pdf
https://database.aceee.org/state/interconnection-standards
https://emp.lbl.gov/publications/performance-based-regulation-high
https://www.edockets.state.mn.us/EFiling/edockets/searchDocuments.do?method=showPoup&documentId={0082456D-0000-CA1F-9241-23A4FFF7C2FB}&documentTitle=20199-155917-01
http://pucweb1.state.nv.us/PUC2/DktDetail.aspx
http://documents.dps.ny.gov/public/Common/ViewDoc.aspx?DocRefId={D6EC8F0B-6141-4A82-A857-B79CF0A71BF0}
http://www3.dps.ny.gov/pscweb/WebFileRoom.nsf/ArticlesByCategory/9B4FB5513905CB5985257FB8006DAD48/$File/pr16028.pdf?OpenElement
https://powersuite.aee.net/dockets/il-17-0855
https://info.aee.net/hubfs/PDF/Opex-Capex.pdf
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=2ahUKEwjhorDWsPjoAhWEvJ4KHXRbANEQFjABegQIAxAB&url=https%3A%2F%2Fwww.cpuc.ca.gov%2FWorkArea%2FDownloadAsset.aspx%3Fid%3D6442457283&usg=AOvVaw3t_ivaGB8p_oFjs0OVkGCC
https://www.greentechmedia.com/articles/read/do-pay-for-performance-capacity-markets-deliver-the-outcomes-we-need


77. ERCOT (Electr. Reliab. Counc. TX). 2013. Future ancillary services in ERCOT. Concept Pap.,
ERCOT, Austin. http://www.ercot.com/content/committees/other/fast/keydocs/2014/ERCOT_
AS_Concept_Paper_Version_1.1_as_of_11-01-13_1445_black.doc

78. NERC (N. Am. Elect. Reliab. Corp.). 2017. Distributed energy resources: connection modeling and reliabil-
ity considerations. Rep., NERC, Atlanta. https://www.nerc.com/comm/Other/essntlrlbltysrvcstskfrc
DL/Distributed_Energy_Resources_Report.pdf

79. CPUC (Calif. Public Util. Comm.). 2019.Decision addressing auction mechanism, baselines, and auto demand
response for battery storage. Decis. 19-07-009, CPUC, San Francisco, July 11. http://docs.cpuc.ca.gov/
PublishedDocs/Published/G000/M309/K713/309713644.PDF

80. Barbose G, Satchwell AJ. 2020. Benefits and costs of a utility-ownership business model for residential
rooftop solar photovoltaics.Nat. Energy 5:750–58

81. Bade G. 2016. REV in 2016: the year that could transform utility business models in New York. Util-
ity Dive, Jan. 20. https://www.utilitydive.com/news/rev-in-2016-the-year-that-could-transform-
utility-business-models-in-new-y/412410/

82. NYPSC (New York Public Serv. Comm.). 2015. Proceeding on motion of the commission in regard to Re-
forming the Energy Vision: order adopting regulatory policy framework and implementation plan. Case 14-
M-0101, NYPSC, Albany, Febr. 26. http://documents.dps.ny.gov/public/Common/ViewDoc.aspx?
DocRefId=%7B0B599D87-445B-4197-9815-24C27623A6A0%7D

83. NYDPS (New York Dep. Public Serv.). Hosting capacity maps and useful links. Doc., NYDPS, Albany,
NY. https://www3.dps.ny.gov/W/PSCWeb.nsf/All/6143542BD0775DEC85257FF10056479C?
OpenDocument

84. Forrester SP, Zaman A, Mathieu JL, Johnson JX. 2017. Policy and market barriers to energy storage
providing multiple services. Electricity J. 30:50–56

85. Hledik R,LuekenR,McIntyre C,BishopH.2017.Stacked benefits: comprehensively valuing battery storage in
California.Rep.,Brattle Grp.,Boston.https://brattlefiles.blob.core.windows.net/system/news/pdfs/
000/001/302/original/stacked_benefits_-_final_report.pdf?1505227794

86. Gheorghiu I. 2019. The future of energy storage is here: an inside look at RockyMountain Power’s 600-
battery DR project. Utility Dive, Sept. 30. https://www.utilitydive.com/news/virtual-power-plant-
utah-sonnen-rocky-mountain-power-future-of-storage-distributed-energy/563734/

87. Feldman D, Brockway AM, Ulrich E, Margolis R. 2015. Shared solar: current landscape, market potential,
and the impact of federal securities regulation. Tech. Rep. NREL/TP-6A20-63892, Natl. Renew. Energy
Lab., Golden, CO. https://www.nrel.gov/docs/fy15osti/63892.pdf

88. SEIA (Solar Energy Ind.Assoc.). 2016.Residential consumer guide to community solar.Rep., SEIA,Washing-
ton, DC. https://www.seia.org/sites/default/files/Residential%20Consumer%20Guide%20to%
20Community%20Solar%20-%20FINAL.pdf

89. Solar Energy Technologies Office, DOE (Department of Energy).Community solar basics. https://www.
energy.gov/eere/solar/community-solar-basics

90. Gilbert M. 2020. Perspectives on community solar policy adoption across the United States. Renew.
Energy Focus 33:1–15

91. Augustine P. 2015. The time is right for utilities to develop community shared solar programs.Electricity
J. 28(10):107–8

92. Booth S. 2014. Here comes the sun: how securities regulations cast a shadow on the growth of commu-
nity solar in the United States.UCLA Law Rev. 760:760–811

93. Coughlin J, Grove J, Irvine L, Jacobs JF, Johnson Phillips S, et al. 2010. A guide to community solar:
utility, private, and non-profit project development. Rep., Off. Energy Effic. Renew. Energy, Dep. Energy,
Washington, DC. https://www.nrel.gov/docs/fy11osti/49930.pdf

94. Kahrl F, Patel K, Orans R. 2019. Distributed utility 2.0: re-envisioning the electric distribution util-
ity. Public Utilities Fortnightly, Aug. https://www.fortnightly.com/fortnightly/2019/08/distributed-
utility-20

95. Kristov L, De Martini P, Taft JD. 2016. A tale of two visions: designing a decentralized transactive elec-
tric system. IEEE Power Energy Magazine, May/June. https://ieeexplore.ieee.org/stamp/stamp.jsp?
arnumber=7452738&casa_token=n7_SvGT22U8AAAAA:VMNUJwlcXeu-CZzALLPpdba0lz
MMwj51-dRUMeQtvds6N6xszS3GPoOahiKvil8df60imeNKxpA&tag=1

374 Shen • Kahrl • Satchwell

A
nn

u.
 R

ev
. E

nv
ir

on
. R

es
ou

r.
 2

02
1.

46
:3

49
-3

75
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
- 

B
er

ke
le

y 
on

 0
1/

14
/2

2.
 S

ee
 c

op
yr

ig
ht

 f
or

 a
pp

ro
ve

d 
us

e.
 

http://www.ercot.com/content/committees/other/fast/keydocs/2014/ERCOT_AS_Concept_Paper_Version_1.1_as_of_11-01-13_1445_black.doc
https://www.nerc.com/comm/Other/essntlrlbltysrvcstskfrcDL/Distributed_Energy_Resources_Report.pdf
http://docs.cpuc.ca.gov/PublishedDocs/Published/G000/M309/K713/309713644.PDF
https://www.utilitydive.com/news/rev-in-2016-the-year-that-could-transform-utility-business-models-in-new-y/412410/
http://documents.dps.ny.gov/public/Common/ViewDoc.aspx?DocRefId=%7B0B599D87-445B-4197-9815-24C27623A6A0%7D
https://www3.dps.ny.gov/W/PSCWeb.nsf/All/6143542BD0775DEC85257FF10056479C?OpenDocument
https://brattlefiles.blob.core.windows.net/system/news/pdfs/000/001/302/original/stacked_benefits_-_final_report.pdf?1505227794
https://www.utilitydive.com/news/virtual-power-plant-utah-sonnen-rocky-mountain-power-future-of-storage-distributed-energy/563734/
https://www.nrel.gov/docs/fy15osti/63892.pdf
https://www.seia.org/sites/default/files/Residential%20Consumer%20Guide%20to%20Community%20Solar%20-%20FINAL.pdf
https://www.energy.gov/eere/solar/community-solar-basics
https://www.nrel.gov/docs/fy11osti/49930.pdf
https://www.fortnightly.com/fortnightly/2019/08/distributed-utility-20
https://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=7452738&casa_token=n7_SvGT22U8AAAAA:VMNUJwlcXeu-CZzALLPpdba0lzMMwj51-dRUMeQtvds6N6xszS3GPoOahiKvil8df60imeNKxpA&tag=1


96. Patel K, Allen D, Schneiderman B, Jones R, et al. 2016. Full value tariff design and retail rate choices. Rep.,
Energy Environ. Econ., San Francisco. http://documents.dps.ny.gov/public/Common/ViewDoc.
aspx?DocRefId=%7BA0BF2F42-82A1-4ED0-AE6D-D7E38F8D655D%7D

97. Sweco. 2015. Study on the effective integration of distributed energy resources for providing flexibility
to the electricity system: a final report to the European Commission. Rep. Proj. 54697590000, Sweco,
Stockholm. https://ec.europa.eu/energy/sites/ener/files/documents/5469759000%20Effective%
20integration%20of%20DER%20Final%20ver%202_6%20April%202015.pdf

98. European Commission. Renewable energy directive. https://ec.europa.eu/energy/topics/renewable-
energy/renewable-energy-directive/overview_en

99. Pyper J. 2021. How India’s renewable energy sector survived and thrived in a turbulent 2020.
Greentech Media, Jan. 6. https://www.greentechmedia.com/articles/read/india-solar-energy-
transition-pandemic-2020

100. Xi JP. 2021. Carrying on the past and opening up a new journey of global response to climate
change: speech at the Climate Ambition Summit. Xinhua Net, December 12. http://www.xinhuanet.
com/politics/leaders/2020-12/12/c_1126853600.htm (From Chinese)

101. NEA (Natl. Energy Adm.). 2016.Electric power planning administrative measures. Doc. 139,NEA, Beijing.
http://zfxxgk.nea.gov.cn/auto84/201606/t20160606_2258.htm

102. Brinker L, Satchwell AJ. 2020. A comparative review of municipal energy business models in Germany,
California, and Great Britain: institutional context and forms of energy decentralization. Renew. Sustain.
Energy Rev. 119:109521

103. Girouard C. 2019. UK RIIO sets out to demonstrate how a performance-based regulatory model
can deliver value. Utility Dive, May 30. https://www.utilitydive.com/news/uk-riio-sets-out-to-
demonstrate-how-a-performance-based-regulatory-model-ca/555761/

104. Stede J, Arnold K, Dufter C, Holtz G, Roon S, Richstein J. 2020. The role of aggregators in facilitating
industrial demand response: evidence from Germany. Energy Policy 147:111893

105. Thakur J, Chakraborty B. 2016. Sustainable net metering model for diversified India. Energy Procedia
88:336–40

106. Thakur J, Chakraborty B. 2019. Impact of compensation mechanisms for PV generation on residential
consumers and shared net metering model for developing nations: a case study of India. J. Cleaner Prod.
218:696–707

107. Chaianong A, Bangviwat A,Menke C,Darghouth N. 2019. Cost–benefit analysis of rooftop PV systems
on utilities and ratepayers in Thailand. Energies 12(12):2265

108. Luhmann T, Wieben E, Treydel R, Stadler M, Kumm T. 2015. An approach for cost-efficient grid
integration of distributed renewable energy sources. Engineering 4:447–52

109. NEA (Natl. Energy Adm.). 2017. Notice of improving power ancillary services compensation (market) mech-
anism work plan. Doc. 67, NEA, Beijing. http://zfxxgk.nea.gov.cn/auto92/201711/t20171122_3058.
htm

110. Guo PP, Yang D, Chen C. 2020. Development status and analysis of demand response in China.Heneng
Net, August 10. http://www.heneng.net.cn/index.php?mod=news&article_id=46331&action=
show&article_id=59999 (From Chinese)

111. Feng Y,Wang SJ, Sha Y,DingQZ,Yuan JH,GuoXP. 2018.Coal power overcapacity in China: province-
level estimates and policy implications. Resour. Conserv. Recycl. 137:89–100

112. Zeng M, Ouyang SJ, Shi H, Ge YJ, Qian QQ. 2015. Overall review of distributed energy development
in China: status quo, barriers and solutions. Renew. Sustain. Energy Rev. 50:1226–38

113. Energy Netw. Assoc. 2021.Open Networks.Energy Network Association. https://www.energynetworks.
org/creating-tomorrows-networks/open-networks

www.annualreviews.org • Decarbonization with Distributed Energy 375

A
nn

u.
 R

ev
. E

nv
ir

on
. R

es
ou

r.
 2

02
1.

46
:3

49
-3

75
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
- 

B
er

ke
le

y 
on

 0
1/

14
/2

2.
 S

ee
 c

op
yr

ig
ht

 f
or

 a
pp

ro
ve

d 
us

e.
 

http://documents.dps.ny.gov/public/Common/ViewDoc.aspx?DocRefId=%7BA0BF2F42-82A1-4ED0-AE6D-D7E38F8D655D%7D
https://ec.europa.eu/energy/sites/ener/files/documents/5469759000%20Effective%20integration%20of%20DER%20Final%20ver%202_6%20April%202015.pdf
https://ec.europa.eu/energy/topics/renewable-energy/renewable-energy-directive/overview_en
https://www.greentechmedia.com/articles/read/india-solar-energy-transition-pandemic-2020
http://www.xinhuanet.com/politics/leaders/2020-12/12/c_1126853600.htm
http://zfxxgk.nea.gov.cn/auto84/201606/t20160606_2258.htm
https://www.utilitydive.com/news/uk-riio-sets-out-to-demonstrate-how-a-performance-based-regulatory-model-ca/555761/
http://zfxxgk.nea.gov.cn/auto92/201711/t20171122_3058.htm
http://www.heneng.net.cn/index.php?mod=news&article_id=46331&action=show&article_id=59999
https://www.energynetworks.org/creating-tomorrows-networks/open-networks


EG46_FrontMatter ARjats.cls September 29, 2021 9:56

Annual Review of
Environment
and Resources

Volume 46, 2021
Contents

I. Integrative Themes and Emerging Concerns

Land Use and Ecological Change: A 12,000-Year History
Erle C. Ellis � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 1

Anxiety, Worry, and Grief in a Time of Environmental and Climate
Crisis: A Narrative Review
Maria Ojala, Ashlee Cunsolo, Charles A. Ogunbode, and Jacqueline Middleton � � � � � � � � � � �35

II. Earth’s Life Support Systems

Greenhouse Gas Emissions from Air Conditioning and Refrigeration
Service Expansion in Developing Countries
Yabin Dong, Marney Coleman, and Shelie A. Miller � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �59

Insights from Time Series of Atmospheric Carbon Dioxide and
Related Tracers
Ralph F. Keeling and Heather D. Graven � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �85

The Cold Region Critical Zone in Transition: Responses to Climate
Warming and Land Use Change
Kunfu Pi, Magdalena Bieroza, Anatoli Brouchkov, Weitao Chen,
Louis J.P. Dufour, Konstantin B. Gongalsky, Anke M. Herrmann,
Eveline J. Krab, Catherine Landesman, Anniet M. Laverman, Natalia Mazei,
Yuri Mazei, Mats G. Öquist, Matthias Peichl, Sergey Pozdniakov,
Fereidoun Rezanezhad, Céline Roose-Amsaleg, Anastasia Shatilovich,
Andong Shi, Christina M. Smeaton, Lei Tong, Andrey N. Tsyganov,
and Philippe Van Cappellen � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 111

III. Human Use of the Environment and Resources

Energy Efficiency: What Has Research Delivered in the Last 40 Years?
Harry D. Saunders, Joyashree Roy, Inês M.L. Azevedo, Debalina Chakravarty,
Shyamasree Dasgupta, Stephane de la Rue du Can, Angela Druckman,
Roger Fouquet, Michael Grubb, Boqiang Lin, Robert Lowe, Reinhard Madlener,
Daire M. McCoy, Luis Mundaca, Tadj Oreszczyn, Steven Sorrell,
David Stern, Kanako Tanaka, and Taoyuan Wei � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 135

vi

A
nn

u.
 R

ev
. E

nv
ir

on
. R

es
ou

r.
 2

02
1.

46
:3

49
-3

75
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
- 

B
er

ke
le

y 
on

 0
1/

14
/2

2.
 S

ee
 c

op
yr

ig
ht

 f
or

 a
pp

ro
ve

d 
us

e.
 



EG46_FrontMatter ARjats.cls September 29, 2021 9:56

The Environmental and Resource Dimensions of Automated
Transport: A Nexus for Enabling Vehicle Automation to Support
Sustainable Urban Mobility
Alexandros Nikitas, Nikolas Thomopoulos, and Dimitris Milakis � � � � � � � � � � � � � � � � � � � � � � � � 167

Advancements in and Integration of Water, Sanitation, and Solid
Waste for Low- and Middle-Income Countries
Abishek Sankara Narayan, Sara J. Marks, Regula Meierhofer, Linda Strande,
Elizabeth Tilley, Christian Zurbrügg, and Christoph Lüthi � � � � � � � � � � � � � � � � � � � � � � � � � � � 193

Wild Meat Is Still on the Menu: Progress in Wild Meat Research,
Policy, and Practice from 2002 to 2020
Daniel J. Ingram, Lauren Coad, E.J. Milner-Gulland, Luke Parry, David Wilkie,
Mohamed I. Bakarr, Ana Benítez-López, Elizabeth L. Bennett,
Richard Bodmer, Guy Cowlishaw, Hani R. El Bizri, Heather E. Eves,
Julia E. Fa, Christopher D. Golden, Donald Midoko Iponga, Nguyễn Văn Minh,
Thais Q. Morcatty, Robert Mwinyihali, Robert Nasi, Vincent Nijman,
Yaa Ntiamoa-Baidu, Freddy Pattiselanno, Carlos A. Peres, Madhu Rao,
John G. Robinson, J. Marcus Rowcliffe, Ciara Stafford, Miriam Supuma,
Francis Nchembi Tarla, Nathalie van Vliet, Michelle Wieland,
and Katharine Abernethy � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 221

The Human Creation and Use of Reactive Nitrogen: A Global and
Regional Perspective
James N. Galloway, Albert Bleeker, and Jan Willem Erisman � � � � � � � � � � � � � � � � � � � � � � � � � � � � 255

Forest Restoration in Low- and Middle-Income Countries
Jeffrey R. Vincent, Sara R. Curran, and Mark S. Ashton � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 289

Freshwater Scarcity
Peter H. Gleick and Heather Cooley � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 319

Facilitating Power Grid Decarbonization with Distributed Energy
Resources: Lessons from the United States
Bo Shen, Fredrich Kahrl, and Andrew J. Satchwell � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 349

From Low- to Net-Zero Carbon Cities: The Next Global Agenda
Karen C. Seto, Galina Churkina, Angel Hsu, Meredith Keller, Peter W.G. Newman,
Bo Qin, and Anu Ramaswami � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 377

Stranded Assets: Environmental Drivers, Societal Challenges, and
Supervisory Responses
Ben Caldecott, Alex Clark, Krister Koskelo, Ellie Mulholland, and Conor Hickey � � � � � � � 417

Transformational Adaptation in the Context of Coastal Cities
Laura Kuhl, M. Feisal Rahman, Samantha McCraine, Dunja Krause,
Md Fahad Hossain, Aditya Vansh Bahadur, and Saleemul Huq � � � � � � � � � � � � � � � � � � � � � � 449

Contents vii

A
nn

u.
 R

ev
. E

nv
ir

on
. R

es
ou

r.
 2

02
1.

46
:3

49
-3

75
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
- 

B
er

ke
le

y 
on

 0
1/

14
/2

2.
 S

ee
 c

op
yr

ig
ht

 f
or

 a
pp

ro
ve

d 
us

e.
 



EG46_FrontMatter ARjats.cls September 29, 2021 9:56

IV. Management and Governance of Resources and Environment

Locally Based, Regionally Manifested, and Globally Relevant:
Indigenous and Local Knowledge, Values, and Practices for Nature
Eduardo S. Brondízio, Yildiz Aumeeruddy-Thomas, Peter Bates,
Joji Carino, Álvaro Fernández-Llamazares, Maurizio Farhan Ferrari,
Kathleen Galvin, Victoria Reyes-García, Pamela McElwee,
Zsolt Molnár, Aibek Samakov, and Uttam Babu Shrestha � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 481

Commons Movements: Old and New Trends in Rural and Urban
Contexts
Sergio Villamayor-Tomas and Gustavo A. García-López � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 511

Vicious Circles: Violence, Vulnerability, and Climate Change
Halvard Buhaug and Nina von Uexkull � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 545

Restoring Degraded Lands
Almut Arneth, Lennart Olsson, Annette Cowie, Karl-Heinz Erb, Margot Hurlbert,
Werner A. Kurz, Alisher Mirzabaev, and Mark D.A. Rounsevell � � � � � � � � � � � � � � � � � � � � 569

How to Prevent and Cope with Coincidence of Risks to the Global
Food System
Shenggen Fan, Emily EunYoung Cho, Ting Meng, and Christopher Rue � � � � � � � � � � � � � � � � 601

Forests and Sustainable Development in the Brazilian Amazon:
History, Trends, and Future Prospects
Rachael D. Garrett, Federico Cammelli, Joice Ferreira, Samuel A. Levy,
Judson Valentim, and Ima Vieira � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 625

Three Decades of Climate Mitigation: Why Haven’t We Bent the
Global Emissions Curve?
Isak Stoddard, Kevin Anderson, Stuart Capstick, Wim Carton, Joanna Depledge,
Keri Facer, Clair Gough, Frederic Hache, Claire Hoolohan, Martin Hultman,
Niclas Hällström, Sivan Kartha, Sonja Klinsky, Magdalena Kuchler, Eva Lövbrand,
Naghmeh Nasiritousi, Peter Newell, Glen P. Peters, Youba Sokona, Andy Stirling,
Matthew Stilwell, Clive L. Spash, and Mariama Williams � � � � � � � � � � � � � � � � � � � � � � � � � � � � 653

V. Methods and Indicators

Discounting and Global Environmental Change
Stephen Polasky and Nfamara K. Dampha � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 691

Machine Learning for Sustainable Energy Systems
Priya L. Donti and J. Zico Kolter � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 719

viii Contents

A
nn

u.
 R

ev
. E

nv
ir

on
. R

es
ou

r.
 2

02
1.

46
:3

49
-3

75
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
- 

B
er

ke
le

y 
on

 0
1/

14
/2

2.
 S

ee
 c

op
yr

ig
ht

 f
or

 a
pp

ro
ve

d 
us

e.
 


