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Abstract

Recent years have seen an unprecedented increase in the adoption of distributed emergy resources (DERs) in
distribution networks around the world. In most jurisdictions the increase in DERs has been met with a fit and
Jorget” network management approach whereby grid planners accommodate these resources by expanding the
capacity of the network with conventional technologies. However, the continued use of a “fit and forget” network
management approach will lead to large ingfficiencies compared to a network management approach in which
DERs play an active role in the planning and operation of distribution networks. The transition to actively
managed distribution networks, however, will require the development and deployment of a variety of new
technologies and systems, and a sea change in the roles of electricity distribution utilities and in the ways in which
utilities are regulated.

The objective of this thesis is to equip regulators and network planners with a set of tools that, if adopted, will aid
these organizations in transitioning from a passively managed to an actively managed network management
paradigm. First, tools are presenied for enabling network utilities to invest in the least-cost mix of conventional
and unconventional network resources. These include regulatory tools for equalizing incentives for operational and
capital expenditures, as well as a quantitative methodology that can aid planners in assessing the least-cost mix of
conventional and unconventional investments. Second, regulatory tools are presented for enabling network utilities
to adequately invest in specific outcomes that are not directly linked to economic efficiency but that will nonetheless
be important for the transition to actively managed networks. Finally, regulatory tools are presented for
encouraging distribution utilities to engage in long-term innovation — that is, investment in demonstration
projects, as well as the technological learning that emerges from those projects and dissemination of knowledge and
best practices between network utilities, technology providers, technology users, and other market participants.
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1 A NEED FOR NEW DISTRIBUTION NETWORK MANAGEMENT
PARADIGMS

Recent years have seen an unprecedented increase in the adoption of distributed energy resources

(DERs) — including distributed solar photovoltaics (PV), electric vehicles, demand side management

systems, distributed battery storage, and gas-fired distributed generation — in electricity distribution

networks around the world. These resources are characterized by relatively small capacities (a few

kilowatts to a few megawatts), and are connected to lower voltage electricity distribution grids (as

opposed to transmission and high voltage distribution systems).!

Among distributed energy resources, distributed solar PV has seen particularly robust deployment. In
Italy, in 2015 the installed capacity of distributed solar PV reached nearly 19 gigawatts (GW),
approximately equal to total off-peak electricity demand in all of Italy (Lo Schiavo, 2016). In Germany
at the end of 2015, the installed capacity of solar PV was 40 GW, representing 1.5 million distributed
power plants and with a total potential output that is about half of Germany’s peak electricity demand
(Fraunhofer, 2016; RAP, 2015). In the United States, the numbers are smaller but are nonetheless
significant (and increasing). In California, where one in ten homes now has rooftop solar PV, the
installed capacity of distributed PV is about 3.2 GW. In Hawaii, where one in four homes now has

rooftop solar PV, the installed capacity of distributed PV is about 500 megawatts (MW) (EIA, 2016).

Other distributed energy resources are also significant and growing. In the United States demand side
management resources have achieved significance in the PJM Interconnection (the largest electricity
market in the United States). In PJM’s 2019/2020 capacity market auction, nearly 11 GW of demand-
side resources were cleared, representing about 6% of the total capacity that was cleared in the auction
(PJM, 2016). In addition, roughly 450 MW of demand-side resources provided secondary operating
reserves in PJM’s ancillary services markets in 2015. In all, flexible demand-side resources in PJM
earned roughly $825 million in revenues from participating in PYM’s various markets in 2015. PIM is
not the only electricity market that is home to significant quantities of demand side resources (NYISO,
ISO-NE, CAISO, MISO, and ERCOT all utilize these resources) but it is by far the largest. It is
expected that these resources will play an even more significant role in electricity markets in the years

to come.

Deployment rates of distributed storage and electric vehicles (EVs) are also expected to increase in the
coming years. For instance, while the deployment of behind-the-meter storage has been small in recent
years (e.g. in the US, less than 50 MW of behind-the-meter storage capacity was installed in 2015, and

the amount of energy deployment from behind-the-meter storage was less than 100 MWHh), it is

! In this thesis wind power that is connected in high voltage distribution networks are not considered to be a distributed
application, although these systems are certainly more “distributed” than traditional coal or natural gas plants.
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expected that the installed capacity of behind-the-meter storage could increase to more than 600 MW
by 2020 as a result of declining storage costs and subsidy support for behind-the-meter storage (GTM
Research, 2015). Likewise, EV deployment rates are low but increasing. Year-over-year global demand
for EVs increased by 80% in 2015. It is projected that EVs could reach 20% of new global vehicle sales
by 2030 and 35% by 2040 (BNEF, 2016). This implies that 16 million EVs could be traveling U.S. roads
by 2030 (of a total of more than 280 million light duty vehicles), comprising on the order of 1,000
gigawatt-hours (GWh) of battery storage capacity. Some pioneering countries have already achieved
these levels of deployment in percentage. For example in Norway, nearly 19% of all new light duty

vehicle sales in 2015 were EVs and conventional vehicle sales will be banned by 2025.

In summary, electricity resources are becoming increasingly distributed — that is, DERs are
increasingly the providers of a range of electricity services that were traditionally provided by
centralized resources, as well as locational services that were traditionally provided by distribution
network utilities: This has been facilitated by the increasing digitization of the power sector through the
deployment of information and communications technologies (ICTs), advanced metering infrastructure
(AMI), real-time sensors, and a variety of other technologies and systems that contribute to the
automation of distribution networks and enable the participation of DERs in the operation and planning
of the system (for a concise taxonomy of these so-called “smart grid” technologies and their functions,

refer to Appendix A).
1.1 New distribution network management paradigms and the changing role of the utility

The integration of DERs into electricity distribution networks necessitates a sea change for the
planning and operation of these networks. Distribution planning and operation has historically been
carried out independently by the distribution network utility as largely independent tasks. Long-term
network planning has entailed forecasting regional peak demands over a planning horizon and
reinforcing the grid accordingly. The main goal of this process was to ensure that no physical
constraints were violated during the real-time operation of the system. Within this framework, during
real-time operation the network utility has required relatively low levels of monitoring and control to
ensure that services that are critical to the smooth functioning of the network (e.g. maintaining voltage
levels within a certain band, minimizing electrical losses, ensuring adequate levels of reliability, etc.) are
maintained.? This paradigm is sometimes referred to as “passive management” or a “fit and forget”

approach (Eurelectric, 2013; Pérez-Arriaga et al., 2013).

2 While planning and operation have historically been largely independent, some degree of coordination has nonetheless
usually occurred between the two. For example, the operation department typically indicates impending network investment
needs to the planning department, while the planning department tries to reproduce the operating conditions when estimating
future planning scenarios.
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In many jurisdictions, the fit and forget approach has simply been applied to accommodate increased
penetrations of DERs; the network is reinforced by the distribution utility whenever the existing grid
capacity is insufficient to ensure that even the most extreme conditions can be accommodated. Due to

these reinforcements, the real-time operation of the network remains a largely passive exercise.

However, while the traditional network management paradigm has proven to be effective and cost-
efficient in a conventional centralized context, it will not be cost-efficient in a future with high
penetrations of DERs. For example, a recent analysis estimated the cost of distribution network
investment required to accommodate DERs in the United Kingdom in the year 2050, under different
scenarios of DER penetrations, and under different network management paradigms (EA Technology,
2012). The analysis found that regardless of the level of DER penetration in 2050, under a business as
usual (BAU) network management paradigm, where only conventional investments are made (i.e. a fit
and forget management approach), total network costs associated with accommodating increased DER
penetrations are significantly higher than if innovative distribution grid solutions are deployed
alongside conventional network upgrades either in an incremental fashion or in an aggressive (“top-
down”) fashion. These results are shown in Figure 1. One of the reasons for this result is that high
penetrations of passively managed DERs lead to situations that occur relatively infrequently (e.g.
extremely high levels of solar irradiation that occur a few times per year) but that necessitate costly grid

reinforcements that could be substituted by lower-cost innovative solutions.

Figure 1. Total distribution network investment costs in different scenarios
about DER penetration in the UK. in 2050, and under different network

management paradigms (EA Technology, 2012)
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It is imperative, therefore, that the electricity distribution network management paradigm shifts from

one in which increasing penetrations of DERs are accommodated by conventional network upgrades
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and do not participate in real-time operation, to one in which DERs actively participate in both the
planning and operation of networks. Under this new, “active network management” paradigm, network
planning and operation will be coupled so that network constraints are managed not only at the
planning and connection stage but also during real-time operation. This active network management
approach ultimately relies on the extensive utilization of ICT-enabled monitoring and control

capabilities.

Under the active network management paradigm distribution utilities will no longer manage the
network alone, but rather will facilitate the participation of DERs in the planning and operation of the
distribution grid. Distribution utilities will likely continue to bear the responsibility of the smooth and
efficient operation of distribution networks, but will become “market platform providers” for various
electricity services and will become agnostic with respect to the technologies deployed for the delivery
of services and the market participants that deploy them, as long as cost minimization is achieved.
Moreover, distribution utilities will be required to become much more savvy with respect to real-time
monitoring and operation of distribution networks, since the planning and operation of these networks

will become more coupled and therefore the built-in capacity margins in networks will be smaller.

More specifically, these new roles will require three fundamental shifts in the incentives and activities of
distribution utilities. First, to ensure economic efficiency in the short- to medium-term, distribution
companies must be inclined to deploy the economically efficient mix of conventional network solutions
versus unconventional solutions. That is, regulatory incentives must be set such that the distribution
company, when trying to maximize its own benefit, contributes to the maximization of global social
welfare by deploying the least-cost mix of network solutions. Companies must also possess the requisite
analytical tools for making assessments about the optimal mix of conventional and unconventional
resources. Second, distribution companies should be incentivized to deliver specific outputs that are not
directly related to economic efficiency but that will contribute to incremental innovation and to the
transition to actively managed electricity networks. Third, distribution companies must be incentivized
to engage in long-term innovation, that is, demonstration projects whose outcomes are inherently
uncertain but that will contribute to new technical knowledge and to long-term (dynamic) economic

efficiency.

The objective of this thesis is to equip regulators and network planners with a set of tools that, if
adopted, will aid these organizations in transitioning from a passively managed to an actively managed
network management paradigm. This thesis presents a compilation of regulatory best practices from the
United States and Europe that can be adopted by regulators to promote innovation in distribution
networks and that will contribute to the transition to actively managed networks. Moreover, this thesis
presents a novel quantitative methodology that can help network planners determine the economically

efficient mix of conventional and innovative resources for network planning needs.
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The thesis proceeds as follows. First, the remaining introductory Chapter discusses why it is important
for the distribution utility to adopt new roles, and the fegulatory and other challenges associated with
adopting these new roles. These Chaptér sections are focused on utility’s roles in: 1) deploying the
economically efficient mix of conventional and unconventional resources (Chapter 1.2); 2) delivering
specific outputs that are not directly related to economic efficiency but that could contribute to the
transition to actively managed networks (Chapter 1.8); and 3) promoting long-term innovation via

demonstration projects and the new technical knowledge that such projects result in (Chapter 1.4).

Chapters 2, 8, and 4 are focused on specific regulatory and other solutions that will be required in order
for network utilities to adopt these new roles and for the transition to actively managed networks.
Chapter 2 presents examples of state-of-the-art regulatory approaches for equalizing utility incentives
to invest in operational expenditures (OPEX) and capital expenditures (CAPEX). Chapter 2 also
presents a novel quantitative methodology that can be used by network planners to help assess the
economically efficient mix of conventional and unconventional resources. Chapter 3 is focused on
regulatory approaches for the promotion of investments in outcomes that are not directly linked to
economic efficiency but that are nonetheless important for driving incremental innovation. Finally,
Chapter 4 is focused on state-of-the-art regulatory practices for the promotion of long-term innovation

in electricity distribution networks.
1.2 Utilities must become agnostic with respect to conventional and unconventional solutions

In order to ensure short- to medium-term economic efficiency, i.e. maximization of global social welfare,
distribution utilities must be agnostic with respect to least-cost network management solutions,
whether those solutions are conventional or unconventional. The emergence of DERs and smart grid
capabilities will heighten tradeoffs between capital expenditures (CAPEX), such as investments in new
distribution lines or substations, and operational expenditures (OPEX), such as active system
management programs or contracts with DERs to avoid or defer network investments.® For example,
distribution utilities can achieve important cost savings by adopting an active system management
approach, especially as DER penetration increases (Cossent et al., 2010, 2009; Eurelectric, 2018; Olmos
et al., 2009; Poudineh and Jamasb, 2014; Pudjianto et al., 2014; Strbac et al., 2012; Trebolle et al., 20 10).
Setting up ICT and advanced grid management infrastructure that allows distribution utilities to more
actively manage distribution network configuration and make use of DERs for their daily grid
operations will entail substantial upfront CAPEX. However, such investments will in turn enable

distribution utilities to increasingly contract with or procure system operation services from DER

3 These operational expenditures are sometimes referred to as “non-wires” alternatives, in contrast to traditional investments in
distribution “wires” and other network assets.
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owners or aggregators, including CAPEX deferral, volt-var support, loss reduction, congestion
management, or reliability improvement (Meeus and Saguan, 2011; Meeus et al., 2010; Poudineh and
Jamasb, 2014; Trebolle et al., 2010). These contractual arrangements or new markets for distribution
system services can increase utility OPEX while reducing CAPEX. Alternatively, CAPEX related to
new smart grid capabilities can enable an improved workforce and reduce truck rolls, leading to OPEX
savings. In short, the most efficient tradeoff between CAPEX and OPEX is likely to change

significantly and evolve over time.

Both traditional cost of service and price- or revenue-cap approaches to the economic regulation of
distribution companies will need to be updated to fully exploit new opportunities to effectively balance
increasingly important tradeoffs between these two expenditure categories. Under cost of service
regulation, utilities traditionally only earn a regulated return on capital investments. Allowed returns
are calculated based on the utility’s “rate base” or regulated asset base which includes the cumulative,
non-depreciated share of capitalized expenditures. Under cost of service regulation, utilities can thus be
discouraged from reducing CAPEX, as this may impact their rate base and allowed returns. At the same
time, the intrinsically poor incentives for cost saving under cost of service approaches make it unlikely

that firms will fully exploit the most efficient tradeoffs between capital and operational expenditures.

While multi-year revenue trajectories or revenue caps will reward firms for efficiently reducing total
costs, this form of regulation can also distort incentives between savings achieved via reductions in
CAPEX versus OPEX. While incentive regulation will reward the utility equally for saving a dollar of
CAPEX or a dollar of OPEX, if only CAPEX is capitalized into the utility’s regulated asset base, then
that dollar in reduced CAPEX will also involve a reduction in the regulated asset base and thus a
reduction in the allowed return on equity and a corresponding decline in net profit for shareholders.
This decline in net profit will offset some portion of the efficiency-related income, distorting tradeoffs
between OPEX and CAPEX and potentially encouraging over-investment (Ofgem, 2013a, 2009).
Conversely, if only CAPEX is capitalized and the rate of return on CAPEX is very low, and OPEX
costs are fully remunerated, the utility may have an incentive to spend on OPEX to avoid investments
in CAPEX that would incur a loss (e.g. to meet a reliability target). This, too, would distort tradeoffs
between OPEX and CAPEX. Regulatory strategies for addressing this challenge are discussed in

Chapter 2.1.

Additionally, regulators and planners will need quantitative methodologies to assess the efficient mix of
conventional and non-conventional resources to meet future network needs. Expected changes in
network use — i.e. changes in distribution generation and changes in electricity demand — may require
investments in either conventional network reinforcements (e.g. transformers, copper wires, etc.) or
non-conventional solutions that have the same effect as conventional network reinforcements (e.g.

active management technologies that can increase DG hosting capacity, demand response solutions that
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can curtail load, etc.). In order to determine the economically efficient mix of conventional and non-
conventional resources, regulators and planners will need quantitative methodologies that can help
assess the relative costs of these two classes of resources, and the optimal mix of the two. A novel

analytical methodology that can be used for this purpose is presented in detail in Chapter 2.2.
1.3 Utilities must deliver specific outcomes that are conducive to active management

In addition to being agnostic about least-cost network management solutions, which will contribute to
ensuring short- to medium-term economic efficiency in networks with high penetrations of DERs,
distribution utilities must also be incentivized to deliver specific outcomes that are not directly related
to economic efficiency but nonetheless that drive incremental innovation and contribute to the
transition to active management. These outcomes include traditional ones such as improving the quality
of electrical service, reducing energy losses, ensuring workplace and public safety, and others. They may
also include non-traditional outcomes that are more directly related to the transition to actively
managed networks, such as deploying smart grid technologies, increasing DER hosting capacity, and

reducing the time that a distributed generator must wait to be connected to the network.

These outcomes are generally not achieved via economic efficiency incentives, since achieving them may
impose additional costs on distribution companies, and therefore may be at odds with cost-saving
economic efficiency measures. Therefore, many regulatory authorities have created additional incentives
of one form or another to maintain and improve upon these critical outcomes. Best practices for the

design of these types of incentives are discussed in Chapter 3.
1.4 Need for increased levels of long-term innovation

Finally, to keep pace with a rapidly evolving electricity landscape, electricity distribution utilities will
need focus on harnessing increased long-term innovation — that is, investment in demonstration
projects, as well as the technological learning that emerges from those projects and dissemination of
knowledge and best practices between network utilities, technology providers, technology users, and
other market participants. Uncertainty about how networks will evolve implies that the technological
solutions that will lead to the greatest levels of productive efficiency in the medium- to long-term (i.e. in
periods that extend beyond the regulatory period) are also uncertain. The technologies and systems that
will be most efficient for facilitating active network management in distribution networks with high
penetrations of DERs are simply not known today. Therefore there is a need for greater investment in
demonstration projects and accelerated knowledge sharing or “spillovers” between utilities, technology
provides, and technology users. This will involve undertaking experimental projects whose potential

cost savings are inherently uncertain and may only be realized in the medium- to long-term, if at all.
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Despite the need for increased levels of long-term innovation, spending on research, development, and
demonstration (RD&D) by network utilities has been declining (Meeus and Saguan, 2011). Today’s
regulatory frameworks, including both cost of service and incentive regulation, do not adequately

incentivize these types of risky projects and the technological learning that emerges from them.

Under cost of service regulation, utilities are only incentivized to engage in innovation to the degree
that short-term cost savings can be retained by the utility until the next regulatory review or rate case
(Bailey, 1974; Malkin and Centolella, 2014). Since this period of “regulatory lag” generally lasts for up
to a few years at most, utilities are only rewarded for very low-risk measures that can generate savings
quickly — hardly the kind of long-term innovation required in an evolving electricity landscape. In some
jurisdictions, regulators allow longer-term RD&D costs to be capitalized into the utility’s rate base,
allowing companies to earn a rate of return on these costs, providing an additional incentive to engage
in innovation. However, in practice regulators do not blindly accept all costs (Joskow, 1989) and many
innovative projects are unlikely to be approved during the regulatory process due to their inherent
riskiness. Indeed, the majority of regulatory authorities in cost of service jurisdictions are risk averse,
contributing to low levels of RD&D expenditures amongst electric utilities in those jurisdictions (NSF,

2011).

When multi-year revenue-cap, or RPI-X, regulation, was first proposed (Beesley and Littlechild, 1989),
the assumption was that the multi-year revenue trajectory established under this form of regulation was
superior to cost of service regulation both in promoting short- and long-term productive-efficiency
(Armstrong et al., 1994; Clemenz, 1991; Littlechild, 2006). Nonetheless, the actual results of incentive
regulation on promoting long-term innovation are ambiguous (Kahn et al.,, 1999). Unlike with cost of
service regulation, under a revenue cap, the company is exposed to more risk: the company bears the
cost of a failed RD&D investment. Therefore the company is more inclined to engage in incremental
innovations that are very likely to lead to cost savings within the regulatory period rather than higher-
risk but potentially higher-reward innovations that may take longer to bear fruit. Moreover, under this
form of regulation, companies benefit if they outperform the revenue trajectory set by the regulator.
Companies are thus incentivized to minimize costs in the short term, which may incentivize reductions
in RD&D expenditures as well. The result is that the short-term productive efficiency that can be
stimulated by incentive regulation may work against long-term productive efficiency improvements that

can be achieved by RD&D investments (Bauknecht, 2011).

In summary, additional mechanisms must be implemented within the regulatory framework to
adequately incentivize network utilities to invest in RD&D projects that are inherently risky and
uncertain but that are necessary for achieving dynamic efficiency in electric power systems. In the US
and Europe a small number of jurisdictions are deviating from the trend by encouraging network

utilities to propose innovative projects that will be included in their regulated asset bases. Chapter 4

13
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presents the case studies of three of these pioneering jurisdictions: the United Kingdom, Italy, and New

York.

2 LEVELING THE PLAYING FIELD BETWEEN CONVENTIONAL AND
UNCONVENTIONAL RESOURCES

2.1  Regulatory strategies for equalizing incentives for operational and capital expenditures

Regulatory frameworks must be updated to incentivize network planners to invest in an efficient mix of
network resources. Specifically, regulatory mechanisms should take care to avoid distorting a utility’s
incentives to invest in capital assets rather than operational expenditures. As discussed in Chapter 1.2,
utilities z;re facing increased tradeoffs between traditional capital investments in network assets and
novel operational and network management strategies that harness DERs. To encourage utilities to find
the most efficient combination of capital and operational expenditures, financial incentives related to

CAPEX and OPEX need to be equalized.

Incentives are typically skewed by conventional regulatory approaches, which add approved capital
expenditures directly to a utility’s regulated asset base or rate base, while operational expenditures are
expensed annually. Even if utilities are properly incentivized to pursue cost-savings via a profit sharing
incentive, under this financial framework, a dollar in reduced CAPEX will also involve a reduction in
the utility’s regulated asset base and thus a reduction in the allowed return on equity and a
corresponding decline in net profit for the utility’s shareholders. This decline in net profit will offset
some portion of any efficiency-related income awarded by the regulator, distorting tradeoffs between
OPEX and CAPEX and potentially encouraging over-investment in conventional network assets

(Jenkins and Pérez-Arriaga, 2014; NYDPS, 2016; Ofgem, 2018b, 2009).

The regulatory authority in the UK, Ofgem, has developed one mechanism for equalizing these
incentives, known as the total expenditure or “TOTEX-based” approach (see Ofgem, 2018b, 2009).
Under a TOTEX-based approach, introduced by (Ofgem, 2009), the regulator establishes a fixed
portion of total utility expenditures (TOTEX), referred to as “slow money,” which will be capitalized
into the utility’s regulated asset base (from which depreciation and cost of capital revenue allowances
are calculated). The remainder of TOTEX is designated as “fast money,” which is treated as an annual
expense. Critically, the regulator fixes these shares at the start of the regulatory period based on an
estimate of the efficient split between CAPEX and OPEX in total expenditures. As such the share of
CAPEX and OPEX in actual utility expenditures is free to depart from this expected share without
impacting the utility’s return on equity. Under this approach, both OPEX and CAPEX savings will thus

face the same efficiency incentives —that is, a dollar of OPEX savings and a dollar in CAPEX savings
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will result in the same improvement in utility earnings — freeing the utility to fully exploit the

expanding frontier of cost-saving tradeoffs between both types of expenditure.*

Alternative measures have been enacted by the New York Department of Public Service (NYDPS, 2016,
2015a) consistent with their cost of service-based regulatory framework and U.S. accounting practices.
New York establishes allowed revenues or “base rates” based on a “forward test year” or a forward-
looking estimate of expected utility costs. This estimate is based in part on a capital investment plan
submitted by the utility and reviewed by the regulator in each rate case. Once base rates are set for a
given year, a utility could conceivably increase earnings by withholding funds from capital projects
included in the base rates. While this provides an efficiency incentive, New York regulators were
historically concerned that this incentive could lead to underinvestment and degradation of network
quality or reward utilities for inflating their estimates of future expenditures during rate cases. As such,
a “clawback” provision was established whérein regulators automatically reduce a utility’s allowed
revenues if capital expenditures fall below approved levels, returning all such earnings to ratepayers. In
contrast, New York's new “Reforming the Energy Vision” framework aims to incentivize utilities to
“pursue cost-saving DER-based alternatives to capital expenditures” (NYDPS, 2016). Recognizing the
inherent disincentive to pursue such cost-saving measures created by the clawback mechanism, the NY
DPS reformed this mechanism in 2016, explicitly pledging to allow utilities to retain earnings on capital
included in the base rates for the regulatory period, freeing the utility to pursue cost-effective
operational expenditures and DER alternatives to planned capital projects. During the next rate case,
any such DER expenses would be incorporated into base rates and the earnings associated with avoided
capital projects would be removed, allowing ratepayers to benefit from any net savings in total

expenditures achieved.

The NY DPS Commission recognizes that the clawback reform discussed herein is “not a complete
solution to issues around capital and operating expenses” and that a TOTEX-based approach that
eliminates the distinction betweén capital and operational expenditures is “a more comprehensive way to
address the potential capital bias” (NYDPS, 2016, pp. 100-101). In addition, the NY DPS restricts
waiver of the clawback mechanism specifically to cases “directly linked to a demonstration of the DER
alternative that replaced the capital project.” This implies increased regulatory risk for utilities, as they
must demonstrate, on a case by case basis, the particular measures undertaken to harness DERs in lieu
of network investments. A multi-year revenue trajectory with profit sharing incentives and a TOTEX
approach to capital bias would thus provide greater regulatory certainty, reduced regulatory burden,

and enhanced efficiency incentives.

* For additional discussion of this TOTEX-based approach and resulting incentives for utility cost-savings, see (Ofgem, 2009),
pp- 117-120, and (Ofgem, 2013b), pp. 30-32.
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Whatever mechanism is pursued, the goal is important: utilities should be freed to find the most cost-
effective combination of conventional investments and novel operational expenditures (including

payments to DERs) to meet demand for network services at desired quality levels.

2.2 A quantitative methodology for evaluating the economically efficient balance of

conventional and unconventional resources in network planning

In addition to the critical need for regulatory frameworks that equalize incentives of operational and
capital expenditures, there is a need for quantitative methodologies and tools for helping network
planners determine an economically efficient mix of conventional and innovative solutions. The
objective of the methodology described herein is to enable regulators and network planners to
determine the least-cost balance of traditional network reinforcements and innovative (“non-wires”)

solutions for a given expected peak load growth (or decline) and/or peak distributed generation growth.

The methodology itself makes use of two independently-developed quantitative tools or softwares. The
fist software is an engineering-based electricity distribution network planning tool known as a
Reference Network Model (RNM). The RNM is a computer program that takes as inputs detailed
information about the geographical and physical (electrical) characteristics of an electricity distribution
network, as well as information about expected growth (or decline) in electricity demand and distributed
generation, and constructs a network that minimizes the network equipment costs associated with
meeting those changes in demand or generation, while also meeting reliability constraints. The RNM
can be run either in “greenfield” mode, in which it builds an entirely new network from scratch, or in
“brownfield” mode, in which it builds only the incremental additions to an existing network necessary to
meet expected network demands. Importantly for the purpose of this discussion, the RNM does not
utilize innovative or “non-wires” solutions to meet new network demands. Rather, it only utilizes
conventional network equipment. Therefore, results obtained from the RNM can be likened to an
efficient outcome under a fit and forget network management paradigm but not necessarily under an
active network management paradigm. A richer description of the RNM can be found in Box 1 and in

(Mateo et al., 2011).

The second tool that this methodology employs is Matpower, a Matlab package used for solving power
flow and optimal power flow problems in electricity networks (Zimmerman et al, 2011). The
methodology proposed herein utilizes Matpower’s alternating current (AC) optimal power flow (OPF),
or ACOPF, functionality. In qualitative terms, an OPF finds the solution that minimizes the operational
costs of the network subject to standard power flow constraints and other operational constraints, such
as generator minimum output constraints, distribution/transmission stability and voltage constraints,
and limits on switching mechanical equipment. The mathematical formulation that the ACOPF in

Matpower uses is presented in Box 2.

16



M. N. Luke 2016

Upon running an OPF in Matpower on a given distribution network, if the OPF does not solve
(converge) under the initial network conditions (i.e. the initial demand and/or distributed generation in
the network), then it will attempt to shift the network conditions such that the OPF can converge. For
example, if there is a high concentration of distributed generation in a certain part of the distribution
network that would otherwise lead to a voltage violation, the OPF will shift or curtail generation in this
part of the network to relieve the voltage constraint (from this point forward I will use the phrase
“generation curtailment” to refer to both generation shifting and generation curtailment). Likewise, if
high electricity demand is leading to constraint violations in a certain part of the network, the OPF will
attempt to curtail load in this part of the network to relieve the constraint (unlike with generation, load
cannot be shifted, so the use of the phrase “load curtailment” always refers to actual load curtailment).
Importantly for the present discussion, this property of the OPF can be used to determine the amount of
curtailment (in load or generation) that would be necessary to relieve constraints that are associated
with a given increase in electricity demand or generation (respectively). In other words, the OPF
solution reveals the level of curtailment that would be necessary to avoid the conventional network
upgrades that would be required to mitigate the constraints. Moreover, as will be discussed shortly,
curtailment (in both load and generation) can be considered a proxy for any innovative or “non-wires”

solution or technology that is capable of providing load and/or generation curtailment.
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Finally, with these two tools in hand (the RNM and the Matpower ACOPF), I have built a script in
Matlab that serves as an architechture or “user interface” (UI) that enables a user to run a large variety
of experiments that can aid regulators and utilities in making decisions about the deployment of
conventional and unconventional solutions to meet future network demands. The UI is designed such
that the only inputs/parameters that a user needs to provide are done so upfront, at the beginning of the
Matlab script. After the user has specified these initial parameters, the script runs autonomously and
generates a set of outputs that correspond to the initial parameters that were specified by the user. The
initial parameters that the user must specify include parameters such as: the distribution network (or the
part of the distribution network) that the user would like to run an experiment on; change in peak
load/generation or the range of changes in peak load/generation; the distribution voltage level(s) (i.e.
low voltage and medium voltage) in which these changes occur; and others. A list of user-specified

inputs/parameters is provided in Table 1.

Box 1: How does a reference network model (RNM) work?

An RNM typically takes as input the location and power injection/withdrawal profile of all network
users as well as a catalog containing technical and cost information about available equipment,
probability of component failure, and the cost and time burden of maintenance actions. Given these
inputs, the RNM constructs a network to serve all network users while minimizing total network
costs (including capital expenditures, operational expenditures, and a specified penalty for ohmic
network losses) and meeting three specified quality of service constraints: (1) maximum system
average interruption duration index (SAIDI); (2) maximum system average interruption frequency
index (SAIFI); and (8) maximum acceptable voltage range at every node. An example of an RNM-

produced network is provided in Figure 2.

For regulatory benchmarking purposes, it is important to take into account the established layout of
the utility’s network and sunk investments in network components. The RNM should thus be run in
a “brownfield” or network expansion mode taking as inputs the existing network layout and location
of the utility’s existing network users and specifying the layout of network reinforcements and
extensions necessary to serve projected changes in network use over the regulatory period.
Therefore if regulators were to use this tool utilities would be required to report information on their
existing networks in a standard format including: the location, voltage level, contracted capacity, and
injection/withdrawal profile of all existing network connections (loads and DERs); the layout,
impedance, and capacity of the electrical lines and protection devices; and the capacity and location of
transmission interconnection substations, high voltage/medium voltage substations, and

transformers.

Box I continues on the next page.
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Box 1 (continued)

Figure 2. Example output of a reference network model (Jenkins and Pérez-Arriaga, 2011
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Upon specifying these parameters the user is prepared to run an experiment on a distribution network
or a portion of a network. The basic architecture of the proposed methodology is shown in Figure 3.
The methodology begins with the user specifying the network that she or he is performing an
experiment on and specifying the values of the inputs/parameters presented in Table 1. Aside from data
post-processing and statistical analysis, which occurs after the experiment has completed, this initial
step is the only manual function that the user must perform. What follows is a description of the
automated steps that occur between parameter specification and data post-processing. These automated

steps are shown in boxes that have borders with dashed lines in .

First, the Matlab script reads the distribution network into the Matlab workspace by reading either (or
both) a greenfield RNM network file and/or a Matpower network file that have been placed into a
specified directory prior to running the experiment. Once the network has been read into Matlab, the
Matlab script calls a recursive function that divides the network into zones, where each zone is a specific
feeder. This recursive function defines a feeder as any aggregation of consuming and/or generating
nodes for which there is only a single connection point to a MV-LV substation. Using more colloquial
terminology, the function defines a feeder as any one “tree branch” that is connected to the “tree trunk”
of the network, where the “tree trunk” is the collection of power lines that connect each of the MV-LV

substations.

After the network has been divided into zones, the Matlab script then proceeds to what is labeled in
Figure 3 as “RNM loop” and “OPF loop”. Whether the script proceeds to either or both of these loops
depends upon whether the user has set sez.runtype equal to 1, 2, or 3. Beginning with the RNM loop, the
first step is to assign each zone a new peak withdrawal and/or peak injection value(s). Whether a peak
withdrawal value, or peak injection value, or both is/are assigned will depend upon whether the user has
set set.loadgen equal to 1, 2, or 8. The first new peak withdrawal and/or peak injection value(s) that
is/are set for each zone will depend upon the value that the user has specified for set.start.load.rnm and
set.start.gen.rnm. For example, if the user has set set.start.load.rnm to 1.1 and set.start.gen.rnm to 0.1, then a
given zone will be assigned a new peak load level and peak generation level that is approximately equal
to 1.1x that zone’s pre-existing peak load level, and 0.1x that zone’s pre-existing peak load level,
respectively. To introduce some variation into this process, these zonal peak withdrawal and peak
injection values are drawn from a normal distribution with a specified standard deviation. Moreover,
depending on the values that the user has given to set.cfload and set.cf.gen (recall that these parameters
control the level of concentration of load and generation in the network, respectively), the distribution
from which the zonal peak withdrawal and peak injection values are drawn will be normally distributed
with no skewedness (set.cf = 0) or contain some degree of skewedness (set.cf > 0). The effect of drawing
from a very skewed normal distribution (e.g. setcf = 1) rather than from a normal non-skewed
distribution is that a few select zones will have relatively large loads and/or generation while the

majority of zones will have relatively small loads and/or generation.
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Box 2: Matlab alternating current (AC) optimal power flow (OPF) formulation

Matpower includes code to solve both alternating current (AC) and direct current (DC) versions of

the optimal power flow problem. The standard version of each of these takes the following form:

min, f (x) (1)
subject to
gx)=10 (2)
h(x) <0 (3)
Xmin € X < Xpmax ()

The AC version of the standard OPF problem is a general non-linear constrained optimization
problem, with both non-linear costs and constraints. In a system with n, buses, ng generators, and
n; branches, the optimization variable x is defined in terms of the ny X 1 vectors of bus voltage
angles ©® and magnitudes V and the ny X 1 vectors of generator real and reactive power injections P

and @ as follows:

]
x= l% (5)
Q

The objective function (1) is simply a summation of individual polynomial cost functions f{ and fQi of

real and reactive power injections, respectively, for each generator:

_ ny .
mineypo Xy 5 (P) + Fo(a) 6)
The equality constraints (2) consist of two sets of 1, non-linear nodal power balance equations, one

for real power and one for reactive power:
gp(el V'P) = 0 (7)
gQ(G), v, Q) =0 (8)

The inequality constraints (3) consist of two sets of n; branch flow limits as non-linear functions of

the bus voltage angles and magnitudes, one for the from end and one for the fo end of each branch:
he(0,V) <0 (9)
he(0,V) <0 (10)

(Box 2 continues on the next page)
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Box 2 (continued)

The variable limits (4) include an equality limited reference bus angle and upper and lower limits on

all bus voltage magnitudes and real and reactive generator injections:

Orer < 0; < Orepy = lpes (11)
v <y <Y, i=1..m, (12)
pIt < p <P, i=1.ng (13)
't g <, i=1..n, (18)

Here i..s denotes the index of the reference bus and ;.. is the reference ahgle.

Source: (Zimmerman et al., 2009)

Table 1. Descriptions of user-defined input parameters for the proposed quantitative methodology

Input/parameter name | Function/description

Global parameters

set.network The name of the distribution network that will be loaded into Matlab.
Depending on whether the user is running brownfield RNM, Matpower
OPF, or both, this parameter will instruct the script to load either a
greenfield RNM network file, a Matpower network file, or both, into the

Matlab workspace.

set.runtype A numerical value indicating whether the user is going to run RNM (1),

Matpower OPF (2), or both (3).

set.loadgen A numerical value indicating whether the user is going to vary peak load

(1), peak generation (2), or both (3).

set.vlvar A numerical value indicating whether the user is going to vary
load/generation in the low voltage part of the distribution network (1), the

medium voltage part of the network (2), or in both voltage levels (3).

set.pf-load A percentage value ranging from 0 and 1 (e.g. 1, corresponding to 100%)
set.pf.gen that sets the power factor for electrical loads (set.pf.load) and generators

(set.pf-.gen) in the distribution network.

set.sf-load A percentage value ranging from O to 1 (e.g. 0.4, corresponding to 40%)

set.sf.gen that sets the “simultaneity factor” for electrical loads (set.sfload) and
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. generators (set.sf-gen) in the distribution network. The simultaneity factor is

| the probability that a given network user will be operating at maximum

load or generation (for loads and generators, respectively) in a given hour.

set.cfload
set.cf.gen

A percentage value ranging from O to 1 (e.g. 0.5, corresponding to 50%)
that sets the “concentration factor” for electrical loads (set.cfload) and
generators (sel.cf.gen) in the distribution network. The concentration factor
is the concentration of large loads and/or generators in a given network
zone/feeder. For example, a given network feeder may contain 10 MW of
distributed generation. If set.cfigen is O, then this generation will be
distributed evenly throughout the feeder. Conversely, if set.cf.gen is 1, then
. the majority of the 10 MW of generation will be highly concentrated at a
 relatively small number of buses (i.e. there will be a small number of buses

with high generation and a large number of buses with low generation).

RNM-specific parameters

set.start.load.rnm

set.start.gen.rnm

set.end.load.rnm

- set.end.gen.rnm

A percentage value (e.g. 1.1, corresponding to 110%) that sets the initial

‘level of peak demand (set.startload.rnm) and peak generation

. (set.start.gen.rnm) that will be an input into brownfield RNM runs.

1 Apercentage value (e.g. 1.2, corfééponding to 120%) that sets the final level |

. of peak demand (set.start.load.rnm) and peak generation. (set.start.gen.rnm)

that will be an input into brownfield RNM runs.

 set.inc.load.rnm

set.anc.gen.rnm

A percentage value (e.g. 0.01, corresponding to 1%) that sets the increments
by which peak load (set.inc.load.rnm) and peak generation (set.znc.gen.rnm) are

| increased (or decreased) between each brownfield RNM run.

set.maxruns.load.rnm

set.muruns.gen.mm

A numerical value indicating the maximum number of RNM runs that the
user will allow for variation in peak load (set.maxruns.load.rnm) and peak
generation (set.marruns.gen.rnm). If set.mazxruns (for either load or
generation) is smaller than the number of runs that are specified via set.start,
set.end, and set.inc, then the Matlab script will randomly sample from the full

(larger) list of runs so that the total number of runs is equal to set.mazruns.

Matpower ACOPF-specific parameters

set.start.load.matpower

set.start.gen.matpower

' A percentage value (e.g. 1.1, corresponding to 110%) that sets the initial
| .
level of peak demand (set.start.load.matpower) and peak generation

(set.start.gen.matpower) that will be an input into Matpower ACOPF runs.

set.end.load.matpower

A percentage value (e.g. 1.2, corresponding to 120%) that sets the final level
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set.end.gen.matpower of peak demand (setstartload.matpower) and peak  generation

(set.start.gen.matpower) that will be an input into Matpower ACOPF runs.

set.inc.load.matpower A percentage value (e.g. 0.01, corresponding to 1%) that sets the increments
set.inc.gen.matpower by which peak load (setinc.load.matpower) and peak generation
(set.inc.gen.matpower) are increased (or decreased) between each Matpower

ACOPF run.

set.curtzone A numerical value indicating whether load and generation curtailment are
allowed to occur only in the low voltage part of the network (1), only the

medium voltage part of the network (2), or in both voltage levels (3).

Following the assignment of zonal peak withdrawal and peak injection values, the script then proceeds
to assign each node or bus specific peak injection and/or peak withdrawal values. The procedure by
which this occurs is straightforward. Simply stated, specific node or bus values are assigned in
proportion to the peak load values of those specific buses in the pre-existing network. This is best
illustrated with a simple example. Suppose that a specific network zone contains two consumers A and
B, and no generators. In the pre-existing network, consumers A and B had peak loads of 60 kilowatts
(kW) and 40 kW, respectively, and therefore a total peak load of 100 kW. Now suppose that this zone
has been assigned a new peak load value that is equal to 1.1x the pre-existing peak load value, or 100
kW x 1.1 = 110 kW. In this case, since customer A’s peak load in the pre-existing network accounted
for 60% of that zone’s total peak load, customer A’s new peak load is 0.6 x 110 kW = 66 kW, whereas
customer B’s peak load is 0.4 x 110 kW = 44 kW. The procedure for distributing new peak generation is
exactly the same as the procedure for distributing new peak load so I will not provide an analogous

example.

After each node has been assigned new peak load and/or generation value(s), the next step is to run
brownfield RNM with these new peak load and/or generation value(s). As previously described in this
section, the function of brownfield RNM is to reinforce an existing network in a manner that is
sufficient to accommodate new peak load and/or peak generation growth, and to do so in the most cost-
effective way using only conventional network equipment. The output of RNM is a series of data tables
detailing the network costs associated with these reinforcements. Therefore, after brownfield RNM has
run, the Matlab script automatically compiles the relevant cost data from the RNM output and sends
this data to a specified output directory. Finally, after brownfield RNM has performed an initial run
using the values that the user has specified for set.start.load.rnm and set.start.gen.rnm, the Matlab script
returns to the step in which new zonal peak withdrawal and injection values are set, but this time using
values that are incrementally higher than set.start.load.rnm and set.start.gen.rnm (the increments by which

this loop proceeds will depend upon the values that the user has set for set.inc.load.rnm and
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set.inc.gen.rnm). The loop will continue until it reaches the end values (which are also user defined),
set.end.load.rnm and set.end.gen.rnm. The user will be left with a data set that contains the costs of
conventional network expansion associated with incremental increases in peak load and/or peak
generation and/or combinations thereof. An example of such a cost curve will be presented in the

following section.

Figure 3. Architecture of proposed quantitative methodology
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OPF loop

The OPF loop proceeds in a nearly identical manner to the RNM loop, but the input parameters that
end in “ram” replaced with new, analogous parameters that end in “matpower’. The critical difference
between the OPF loop and the RNM loop, of course, is that instead of building network reinforcements
to accommodate new load and/or generation, the OPF loop utilizes load curtailment and generation
curtailment to avoid constraint violations that would otherwise occur if curtailment were not possible.
Therefore, just as the RNM loop generates a cost curve associated with a range of increases in peak load
and/or generation, the OPF loop provides an analogous “curtailment curve” associated with that same
range of increases in peak load/and or generation. Therefore, these two curves together can be thought
of as substitutable: for a given level of increase in peak load and/or peak injection, a network planner
may either invest in conventional network upgrades at a given cost (RNM cost curve) or invest in non-
wires alternatives that are capable of providing a given level of load and/or generation curtailment

(Matpower OPF curtailment curve). This concept will be explored further in the following section.
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The final step shown in Figure 8, which I will not discuss at length, is the manual post-processing and
statistical analysis that the user will conduct following the experiment. For example, the user may want
to define a statistically sound function for both the RNM cost curve(s) and the load and generation
curtailment curves so that substitutions between the two functions can be easily performed and/or so
that the results of the experiments can be condensed into simplified functions that can serve as inputs

into other models and processes. The user may also wish to visualize the curves for presentation.

2.2.1 A illustrative case study of how the proposed methodology can generate insights

In this section I present a hypothetical case study that illustrates how the quantitative methodology
presented in Chapter 2.1 can generate insights for a network planner/utility to help assess the least-cost
mix of conventional and unconventional (innovative) resources to meet the needs of future growth in
peak network load and peak distributed generation. The case study and the results that follow are
intended to illustrate how the quantitative methodology presented in Chapter 2.1 can provide general
insights — rather than specific ones — about how to assess the efficient mix between conventional and
‘unconventional investments. The methodology presented in 2.1 was designed as an input into a bulk
power system capacity expansion model that requires generalized functions that characterize the
relationship between increases in peak demand/peak generation, and network investment costs and
levels of load and generation curtailment. Thus, the case study that follows presents results in which
peak demand and peak generation growth have been evenly spread across an entire electricity

distribution network.

In practice, to generate insights that would be of specific relevance to a network planner, the granularity
of the methodology presented in Chapter 2.1 would need to be increased. Specifically, the methodology
would need to be able to simulate increases in peak load and peak generation in specific feeders or
network sections, and to produce network cost and network curtailment curves that are specific to these
feeders or network sections (rather than curves that apply to average growth across the entire network).
This functionality could be relatively easily implemented into the existing methodology and will be a
research priority immediately following the submission of this thesis. However, for the purposes of
illustrating the functionality of the methodology and how it might be applied at a more granular level, a

more general methodology is sufficient.

The case study makes use of a synthetic network that was developed using greenfield RNM by
researchers at the Instituto de Investigacién Tecnol6gica (IIT) in Madrid, Spain. The network in
question is a modestly sized (approximately 14,000 LV customers and 40 MV customers) semi-urban
network that was designed to be representative of other semi-urban networks in the European Union
(Prettico et al.,, 2016). The network was built for a LV peak demand of 68.56 MW and a MV peak
demand of 6 MW. Figure 4 shows the topology of this network. The thick colored lines in Figure 4 are

the MV feeders of the network, that is, the electricity lines that connect the various MV-LV substations.
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The red dots are the MV-LV substations themselves. The very thin black lines that “dangle” from each
of the MV-LV substations are the LV feeders, and each LV customer is represented by a very small
black dot. Finally, the blue triangle represents the HV-MV substation that connects this network to the

transmission system.

Figure 4. Topology of a representative European semi-urban distribution network

0 5km

Suppose that the planner of this network is anticipating significant peak load growth over the next ten
years — on the order of 10% in both voltage levels — as well as modest increases in peak distributed
generation, and would like to gain general insights with respect to deployment of conventional network
upgrades vis-a-vis more innovative solutions that integrate DERs into network operations. The planner
could utilize the methodology presented in Chapter 2.1 or one similar to it to gather such insights. The
first step that the planner would take is to compile detailed data about its network (if it did not already
have such a compilation) and organize this data into files that would serve as inputs to brownfield RNM
or a similar engineering-based distribution network planning tool. This itself would be an arduous task
if the planner did not already have detailed and organized data pertaining to the characteristics of its

network; nonetheless it is a necessary first step.

Following this initial step the network planner would be in a position to run both brownfield RNM and

Matpower ACOPF?, and therefore to construct system-wide RNM cost curves and system-wide

5 Compiling network data into formats that can be used as inputs into brownfield RNM also means that the network can be
read by and manipulated in Matlab/Matpower, since there is a version of brownfield RNM that generates a Matpower-format

distribution network as one of its outputs.
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Matpower OPF curtailment curves (by system-wide I am referring to the fact that incremental peak
load and generation growth are evenly distributed across the network; for more granular curves the
planner would increment load and generation in specific feeders). The network planner could first
estimate the amount of load and generation curtailment that would be necessary to accommodate
system-wide or average increases in peak load and peak generation, using the “OPF loop” described in
Chapter 2.1 and illustrated in Figure 8. The curtailment curves that would be obtained by the planner
are shown in Figure 5. Panel (a) in Figure 5 shows the levels of load curtailment that would be
necessary to accommodate increasing average levels of peak demand in low voltage (top curve) and
medium voltage (bottom curve); whereas panel (b) shows the levels of generation curtailment that
would be necessary to accommodate increasing average levels of peak generation in low voltage (top

curve) and medium voltage (bottom curve).

Panel (a) in Figure 5 shows that peak demand in the low voltage part of the network would have to
reach about 78 MW (representing a 14% increase in average peak demand in this part of the network)
before curtailment would be necessary. Peak load in medium' voltage would have to reach about 21 MW
(a 250% increase) before curtailment would be necessary. Moreover, panel (b) shows that peak
distributed generation would have to reach very high levels in both low voltage and medium voltage
before any generation curtailment would be necessary. Therefore, the first general insight that the
planner would glean is that the part of the network that is as most risk of becoming constrained is the
low voltage part of the network. Moreover the planner would recognize that some combination of
investments in conventional network upgrades and non-wires solutions would be required in this part of
the network in the coming decade if the planner hoped to accommodate load and maintain a significant

margin.
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Figure 5. Total curtailment necessary to accommodate increasing levels of average peak load (panel (a)) and

average peak demand (panel (b)) in the low voltage and medium voltage parts of the network

(a) Variation in peak load (b) Variation in peak generation
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In practice, at this stage, the planner would likely want to conduct a more granular investigation of the
particular low voltage feeders that are most likely to be constrained in the coming decade. This could be
achieved using a similar but more granular methodology as that proposed in Chapter 2.1. However,
since this example utilizes a more general methodology (in which increases in load and generation are
evenly distributed), we will proceed with the case study and assume that at this stage, the planner could
become interested in exploring specific solutions to accommodating expected increases in peak load
growth.t Thus, the next step for the planner would be to estimate the marginal cost of traditional
network reinforcement associated with increases in peak demand over a range of peak demand growth
scenarios that are near to the planner’s best estimate of actual peak demand growth. This could be

accomplished using the “RNM loop” described in 2.1 and illustrated in Figure 3.

The incremental network cost curve that results from this type of exercise is shown in Figure 6. Figure
6 shows how incremental network costs (vertical axis) vary with increasing average levels of peak load
in the low voltage and medium voltage parts of the network. As with the previous load and generation

curtailment curves, Figure 6 yields general insights for the network planner. The Figure shows that

6 In practice, it would not become interested in doing this until it had honed in on specific LV feeders that it expected would
become constrained in the next decade.
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increases in average LV peak demand are the most significant driver of network cost increases, but that
increases in average MV peak demand can also drive investment costs if those increases are large
enough and if there are also increases in average LV peak demand. Moreover, Figure 6 reveals that over
a range of average peak demand increases that are similar to what the planner anticipates (i.e. 10% +
2%, corresponding to about 75.8 MW + 18.7 MW in LV and about 6.6 MW t 1.2 MW in MV), the
marginal cost of network expansion is relatively linear with respect to increases in LV peak demand.
The linearity of the network investment cost curve over this range is almost certainly a result of the fact
that this is an aggregate cost curve corresponding to average system-wide increases in peak load. The
shape and smoothness of the curve would change if the planner were to investigate smaller network

sections or feeders.

Figure 6. Total distribution network costs as a function of increases in average peak demand in the low voltage

and medium voltage parts of the network
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Given that it now has an estimate of the marginal cost of conventional network expansion over a range
of expected peak load growth, the planner might now be interested in comparing these conventional
network costs to the costs of “non-wires” or innovative solutions that are capable of curtailing LV load.
Assume for the present example that the network cost curve displayed in Figure 6 is indeed the cost
curve associated with increases in peak load in a particular set of feeders rather than average increases
across the entire network. With the information that the planner had about the marginal cost of

conventional network expansion associated with peak load increases in these feeders, the planner could
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animate a market for innovative solutions by sending a price signal to market participants (technology
providers) that is equal to the marginal cost of network expansion at the expected level of future peak
load. If the planner was effective in sending this signal, technology providers with solutions that cost
less (per MW of peak load curtailed) than the marginal cost of network expansion (per MW of peak load
added) would ostensibly respond to the price signal to offer those solutions to the planner. One way in
which the planner could animate these markets is through the use of a competitive bidding or auction
process. The planner could submit a competitive tender for technology solutions that were capable of
curtailing LV peak load. The planner would accept a set of proposals totaling no more than the total
amount of load curtailment that it expected would be required for mitigating the constraints in the
feeders, and would only accept proposals with per-MW costs lower than the marginal cost of network

expansion.

Figure 7 illustrates what the outcome of such an auction might look like. The vertical axis of Figure 7
corresponds to the per-kW cost of either the marginal network investment or a given “non-wires”
solution or technology. The red horizontal line gives the marginal cost of network expansion at the
level of expected peak load in the problematic feeders. The solid blue lines give the marginal costs of
each of the specific “non-wires” projects that might submitted to the network planner in the auction
(note that in this example the marginal cost of network investment, and of each of the projects, is
constant, but this need not be the case). Suppose that in total five projects were submitted but only four
had marginal costs that were lower than the marginal cost of network expansion. In this case, the
market-clearing price would be P*, the marginal cost of Project 4, whereas the market-clearing quantity

would be Q%.

Figure 7. Price and quantity outcomes of a theoretical auction in which four “non-wires” solutions provide a

quantity Q* of peak shaving resources at a price of P*
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Further suppose that Q*, the market clearing quantity of peak shaving resources provided by “non-wires”
solutions, is shy of the amount of peak load reduction that the planner would need to accommodate expected peak
demand growth. In this case, the planner would accommodate the remaining necessary amount with conventional
network upgrades at the marginal cost of network investment. This case is shown in Figure 8. The red shaded
area in Figure 8 is the total cost of conventional network upgrades, whereas the area between the horizontal
dashed green line and the horizontal axis is the total cost of “non-wires” or innovative solutions. The cost savings
associated with partially relying upon “non-wires” solutions to meet network planning needs, relative to a scenario
in which only conventional network upgrades were used to meet planning needs, is the area between the

horizontal dashed green line and the horizontal red line (the marginal cost of network investment).

Figure 8. Efficient mix of “non-wires” solutions and conventional network investment
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As discussed, the case study provided herein utilizes results from a modeling run in which increases in
peak load and peak generation were spread evenly across an entirely distribution network. In practice,
network planners would be more interested in applying this methodology in more granular areas of the
distribution network (such as a neighborhood) that they expected might become constrained in future
years. As previously mentioned, the methodology presented in this chapter could relatively easily be
adapted for this purpose, and this will be an imminent research priority. Nonetheless, the illustrative
case study in this section has demonstrated how the methodology might be used to aid planners in the
assessment of the optimal mix of wires and non-wires solutions. Moreover it has illustrated that a more
general methodology — in which increases in peak load and peak generation are evenly spread across an

entire network — can also lead to value insights.
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3 PROMOTING SPECIFIC OUTCOMES THAT ARE CONDUCIVE TO THE
TRANSITION TO ACTIVELY MANAGED NETWORKS
In addition to network management solutions proposed in Chapter 3, which will contribute to ensuring
short- to medium-term economic efficiency in networks with high penetrations of DERs, distribution
utilities must also be incentivized to deliver specific outcomes that are not directly related to economic
efficiency but nonetheless that drive incremental innovation and contribute to the transition to active
management. These outcomes include traditional ones such as improving the quality of electrical
service, reducing energy losses, ensuring workplace and public safety, and others. They may also
include non-traditional outcomes that are more directly related to the transition to actively managed
networks, such as deploying smart grid technologies, increasing DER hosting capacity, and decreasing

the amount of time that distributed generators must wait before being connected to the network.

This Chapter is focused on best practices for the design of economic incentives, hereafter referred to as
“outcome-based performance incentives”, for achieving such outcomes. The Chapter focuses on four
performance areas: commercial quality, continuity of electrical supply, voltage quality (which together
comprise quality of service), and energy loss reduction, drawing from best practices in Europe and the
U.S. Moreover the Chapter also discusses examples of two jurisdictions — the UK and New York — that
have incorporated (or are planning to incorporate) outcome-based performance incentives into their
regulatory frameworks as a critical part of the transition to actively managed networks. Before delving
nto specific performance areas, however, the Chapter first presents some general considerations for the

design and implementation of outcome-based incentives, which will be useful for the discussion ahead.
8.1  General considerations for the design and implementation of outcome-based incentives

The basic regulatory design elements and stages of implementation of outcome-based performance
incentives are illustrated in Figure 9.7 The left part of the Figure enumerates the basic regulatory

elements that may 