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[Tepiinyn

H epappoyn g evepyelokng mOAMTIKNIG TOL CLUYNPIoUOD TOPAYOYNS (O POTOPOATAIKA
(®B) ovomjuata) kot Kotaviioong Poaciletor oTIC SWOTIUACELS AMVIKNG TAOANGCTG
NAEKTPIGUOV. Xvykekpiéva, ot ocvuyneiopevor katavoarwtés (ZK), yvootol ot
BBloypapio wg prosumers, dniadr ot KOToVOA®TES Ol OTOI0L HPOVV KOl MG TAPOYWYOol
péow tov 1k tov OB cvomudtov toug, £(0vv To OIKOIMUO VO, OVIOAAAGGOVY TV
evépyeto mov €£AyoVV KOTA SLOGTAIATO GTO OIKTLO WE 1GOTOCT EVEPYELN TTOV OITOPPOPOVV
Ao TO OIKTLO G€ AALEG YPOVIKEG OTIYHES. AVTN 1] TPAKTIKT CUUYNPIOUOD EVOL YVOOTH G
EVO-TPOG-EVOL KOL 1) OTAT), KOTOVONTH OO TG EXEL AEITOVPYNGEL LEYPL GTIYUNG TOAD BETIKG
OTNV TPOGEAKLON ENMEVOVGEMV o€ Kataveunuévn mopaywyn (KII) ardé @B cvotiuota ot
Oebvég emimedo. [ avtdv akpPdg tov Adyo, avopévetatl 6To £yyHg aAAG KOl GTO OmMTEPO
HEALOV Ol TPOKTIKEG CLUUYNPIGLOL VO TOPOUEIVOUV GTO TPOGKNVIO ®G TO HUEGOo mov Ba

EMPEPEL TEPUTEPM eMEVOVGELC 6 DB cuatuata 6to 6ikTvo Slovoung.

[Taporo avtd, vTapyovV peYOAES avnovyies omd TV TAELPE TV TPoundevTOV Kat, KAt
EMEKTACT), TOV PLOUCTIKOV OPYDOV EVEPYELNS GYETIKA LE TNV OKOVOUIKY Ploctpudtnra
TETOOL  €100VG TPOKTIKAOV KOl NG EMOPACNG TOVG GTOV UNYOVICHO €6000V TOV
npoundevtarv. H xvuprotepn avnovyia evromiletonr 610 yeyovdg 611 o1 XK amopedyovv va
GUVEWSQEPOVY GTO KOGTN YPNONG TOL OKTLOL (Ta omoio oyetilovtor dueco pe Ta
mhywo/otafepd KOGTN TOL OIKTUOV) WHEC® TOV CLUYNEWOUEVOV AOYOPLIGUAOV TOVG.
Enopévmg, ot mpounBevtég odnyovvion o PEI®ON TOV OVTIGTO®V £600®MV TOVS Kol KOTA
GUVETELD LETAKVAIOVV T, KOGTY] TOL 0V avaKTOVUV amtd Tovg LK 6T0ou¢ VTOAOUTOVG TEAATEG
Toug (Tov dgv givar copyMEWLOUEVOL). ATOTOKO TOL YEYOVOTOG OLTOV £ivol 1 ELOAVION
dtemdotoemv HeTaED Tov XK kot Tov vToAoIt®V, anAdv kKatovalotov. H enidpacn avt)
TOV TPOKTIKOV COUYNEIoUoD gival yvoot) otn Biproypaeio oc to electricity rate death
spiral kot €yel SMGEL TO EVOLGHO Y10 GYETIKEG GLLNTNOELS TOV APOPOVV TN UAKPOYXPOVIO
Blrooidmra TV TPAKTIKOV oVTOV Kot TV Thovov Tpémev eEopBoroyicruod Tovg 6To

UEALOV.

Ouwg, extdg TV TOPOTAVE, LIAPYOVV EMITPOGHETES EMMAOKES OYETIKAL LUE TIC TPOUKTIKES
CUUYNEIGHOV Ol Oomoieg dev €yovv AdPel TV amoapoitntn TPocoyn akoun. Avtéc ot
emmAoké oyetilovrol pe to HeETOPANTA KOGTN TV TPOUNBELTAOV Kol ETOPOVV TOCO GTA
£€6000 TOVG OAAG Kot GTNV OKOVOULKY] PLoctpdtnTo Tov enevovcemy o OB cuotuota amd

™V onTikn yovia tov XK.



[Two cvykekpuéva, ol SIOTIUNGELS TEMKNG YPNONG EVEPYELNG EEQPTAOVTOL AUETO OTTO TIG TUUES
KOVGiHov ot omoieg eivor petaforiOpeveg HECH GTO XPOVO KOl OG €K TOVTOL EMUPEPOVY
afePordmra otic enevovoelg oe copymeopevo @B cuotipato. Zuvenms, ot VTOYNHPLOL
YK Oa mpémer (Bavikd) vo Aappdvovv vroyn tovg ot peréteg Prooudtnrag Tomv

EMEVOVGEDMY TOVG TETOLOL £100VG ploKaL.

Emiong, éva emumhéov €l00g «kpu@ng» OlEmdoTons petald tov XK Kot Tov oamiov
KOTAVOAWTOV GYeTI(ETOL HE TIC SLodIKAGIES KATAVOUNG TOV OTMOAEIDV TOL OIKTLOL OTOV
EVOOUOTOVOVTAL 6€ 0TO XK. Xuykekpluéva, o1 TEPLOPIGUEVES SUVATOTNTES TNG LETPTTIKNG
VTOOOUNG OTO EMIMESO SLOVOUNG EMPEPOVV EMMPOGHETEC TPOKANGELS, OYETIKEG UE TIG

TPOCTAOEIEG KOGTOGTPEPOVS EVEMUAT®ONS TV LK 08 GUCTNUOTO NAEKTPIKNG EVEPYELOG.
Bdaoel tov mapondve, o okomdg avtng e dtatpiPng elvan 61TToc:

o Ilpdrta, yivetan evdereyng avaivomn g afefatdTnTog TOV TPOKAAOVY Ol SOTIUNCEL
(o¢ péoo amolnuimong towv XK) otig enevovoeic DB cvomudrev. ['a tov okond
avtd, axolovbeitan o kdOetn, amd mAvw @WPOS TO KATW TPOCEYYION KO
LOVTEAOTTOINGT NG UETAPANTOTNTOC OV TAPOLGLALOVY Ol OIATIUNCELS KOl TNG
emidpacng Toug otV a&io g €E0IKOVOUNGONG TOV EMTVYYXAVETAL OO L0 ELEVOLON
oe ovopyneopevo OB cvotnua. Tlépav g avaivong tov tpdmov ypémong Twv
npounfevtav, divetor Wiaitepn EUPAOT GTN HLOVIEAOTOINGT TNG CLVIGTAOGOS TMV
TILOV Kovoipgov 1 omoia dpa ®G Ho. TOAD onuavtiky] mnyn ofefordmrag oty

eEowovounon mov emruyydvel évag LK péocm tov OB cvotipotdg Tov.

o g 0e0TEpN OAoM, M OTPPN AT OVOAVEL TEPUMTMGELS KOTA TIG omoieg ot XK
TPOKAAOVV GTO GUGTNUA TEPIGGOTEPES AMMAELEG OO OTEG TOV OVOKTOVTOL LEGH
TOV COUYNELOUEVOV AOYOPLIGUAOV TOVG. AVTO OVATOQELKTO EMPEPEL EMTAEOV
k6ot ta omoia. mpokaiovvtor omd Tovg XK oAAd ta emwpilovtor ot amAiol
KOTOVOAWMTEG. KOOGS, AoV, elval va yivel pia ETGTAREVN AVOADOT TG «KPLONGH»
OLTNG EMUTAOKNG TNG TPOKTIKNAG CLUYNOIOUOD EVO-TPOG-éva. 2T GULVEXELD,
TpoTEIvETal €vaG EVOALOKTIKOG TPOTOG KOTOVOUNG TMV OTOAEWOV OAAG Kot
CULYMPIGLOV TNG TOPy®YNS Kot Katavdiwong tov XK. Oo npénel va avagepbel
ot épav Tov Khaoowkdv XK, eEetdlovtar Kot ot mBavEG EMTAOKES TOV EMUPEPEL
pa véa katnyopia XK, toug omoiovg ovopalovpe 6to TA0icto avtng TG oaTping
g storsumers. Ot storsumers €& opiGpov cuvovLAlovV Oyl LOVO TNV TOPUYMYT] OALAL
Kot TNV omofnkevon evépyelag pe v Kotavaioon tovg. Kat’ avtdév tov 1pomo,

emdEKVOoLV avénuévn aveEaptnoia Kot ELeYX0 TG 0180paGNG TOVG LE TO SIKTVO.



Abstract

Net Energy Metering (NEM) practices that support rooftop Photovoltaic (PV) systems rely
on compensation through retail tariffs. This is because NEM prosumers receive a one-for-
one credit for the electricity they export to the grid against their future, time-diversified
consumption that is imported from the grid. The term prosumers (i.e. wordplay between the
words “producers” and “consumers”) is currently widely adopted to describe a class of
electricity customers that simultaneously act as PV energy producers and grid-energy
consumers. NEM practices have been particularly successful in attracting demand-side
investments in distributed generation (DG) applications and, to this extent, are currently

adopted on a global scale in order to spur further growth of DG penetration.

Nevertheless, even though NEM practices are appealing to prosumers, mainly due to their
relatively simple and understandable form, there exist major concerns regarding these
practices’ impact on utilities’ revenue collection mechanisms. The primary concern is that
NEM practices entail incurred costs that are not recovered through the net bills of NEM
customers. Relevant studies have demonstrated this financial implication —also known as the
electricity rate death spiral— on utilities’ fixed costs recovery. Therefore, a debate is currently
taking place at an international level relating to the long-term sustainability of NEM

practices and potential future evolution pathways.

Still, there exist subsequent implications relating to NEM schemes that have received no
thorough attention yet. These implications relate to the variable utility costs that may
moderate NEM investments’ viability but also affect the utilities’ revenue collection

mechanism.

Specifically, the fact that retail rates are dependent on the underlying fossil fuel prices and,
consequently, are subject to volatility over time can be a major source of uncertainty relating
to NEM investments. Hence, potential customers-investors would ideally take into account

such embedded risks in their investment appraisals.

Furthermore, a hidden cross-subsidy that may arise as NEM penetration increases pertains
to the loss allocation processes of utilities accommodating NEM prosumers (i.e. prosumers
with net-energy metered electricity bills). Specifically, the limitations imposed by metering
infrastructure at the distribution level in conjunction with traditional regulatory approaches
that do not allow locational discrimination between customers are imposing additional

challenges to the cost-reflective integration of NEM customers.

vii



Bearing the above discussion in mind, the scope of this thesis is twofold:

viii

firstly, to thoroughly comprehend the uncertainty associated with retail electricity
structures and their impact on the NEM compensation mechanism. To this end, the
work employs a top-down approach —in vertically integrated environments— to model
the volatility of electricity charges and its subsequent impact on the value of bill
savings from net-metered PV systems. Besides the utility’s pricing strategy and rate
structures, particular emphasis is given in modeling the fossil fuel mix component
that introduces a significant source of uncertainty on electricity charges and thus on

the value of bill savings of net-metered, customer-sited PV applications.

Secondly, the work further elaborates on cases where NEM prosumers cause utilities
to incur more electrical losses than those reflected in their net billing amounts. This
inevitably entails additional costs caused by NEM prosumers that are borne by
regular customers that do not have net-metered PV systems. Therefore, the objective
is to evidently disclose the hidden implication of the one-for-one credit exchange
NEM practice with regard to the recovery of losses-related expenditures of utilities
and subsequently to propose an alternative, yet pragmatic, loss allocation and NEM
practice in order to examine the sensitivity of the issue on different net billing
processes. Besides NEM prosumers, potential implications associated with an
emerging class of energy users that are labelled, for the scope of this work, as NEM
Storsumers are investigated. Storsumers fundamentally amalgamate the
simultaneous actions of “store” and “consume”. This new label is introduced to
directly distinguish this class of energy users from typical NEM prosumers which do
not have storage capabilities. Thus, NEM storsumers will exhibit an increased energy
self-reliance and controllability over their net demand profiles owing to the pairing

of their PV systems with energy storage devices.
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Chapter 1

Introduction

1.1. General remarks

Renewable energy sources are gradually taking up larger shares of the energy mix on a global
scale in an effort to de-carbonize power systems and, thus, tackle climate change concerns.
To this extent, distributed generation (DG) applications are considered paramount in this
transition due to the fact that they are embedded within the distribution network and,
therefore, located closer to the demand. The latter entails that DG, in the form of renewable
energy sources (RES) such as wind and solar technologies, is not merely able to reduce CO>
emissions but can potentially defer transmission and distribution capacity expansion as well
as reduce the total incurred losses of power systems [1].

In parallel, relevant policies have been implemented in order to steer investment towards
technologies that could be dispersed across the electric grid and facilitate the engagement of
customers in the electricity markets. Enabling the participation of retail customers in
electricity markets is currently a highly prioritized objective due to the fact that it introduces
responsiveness from the demand side thus improving market mechanisms [2]. The
introduction of competition on each side of the market (i.e. supply and demand) is envisioned
to gradually achieve lower electricity prices whilst maintaining investment incentives.
Hence, the electricity sector is undergoing a major transition towards a customer-centric
status quo whereby investment trends will be dictated by customers’ needs. The latter entails
not merely a high standard of service quality, but also other important factors such as
reducing CO2 emissions and enabling customer choices [3]. Therefore, this transition
inevitably gives rise to a series of challenges that must be addressed by both existing and

innovative infrastructure. The transformation of the traditional, unidirectional grid into an

1
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increasingly intelligent, active grid with bi-directional energy and information flows is the
keystone upon which future power grids will be molded [4], [5]. Nevertheless, in order to
achieve such high-end targets at a global scale, novel technological solutions that facilitate
the participation of the demand side in the process are considered quintessential [6], [7].
Relatedly, recent trends have established Net Energy Metering (NEM) as a means of
promoting renewable DG applications mainly through small, customer-sited PV systems
installed at the low-voltage (LV) distribution level [8], [9]. NEM is in fact an alternative
policy to traditional Feed-in Tariffs (FiTs) for the compensation of DG applications. The
key difference between the two schemes lies in the fact that NEM works through retail tariffs,
thus allowing retail customers to offset their electricity bills via the utilization of their
privately-owned generating system. Net-metered photovoltaic (PV) investments are
gradually becoming popular amongst residential customers due to the simplicity of NEM
schemes [10]. Under such schemes, the customers’ consumption is directly coupled to the
energy yielded from their privately-owned PV unit. It, thus, provides a relatively simple and
understandable form of repaying their investment by virtue of their reduced retail electricity
consumption charges.
NEM was firstly introduced around 1980°s in the United States as a simple, easy-to-
administer way to allow consumers with either small wind turbines or solar panels to obtain
compensation for their generation services. However, until recently, the NEM policy did not
receive any significant attention from stakeholders due to the minute interest of potential
investors in such applications. The latter was mainly due to the high initial costs of
distributed PV systems which could not be offset by means of reduced future electricity bills.
The traditional form of NEM, for retail customers investing in a PV system, is based on the
following premises:
= A NEM customer is allowed to generate energy with his privately-owned PV
system.
= During times when the available PV generation is not adequate to cover the NEM
customer’s demand, electricity is imported from the grid.
» During times when PV generation is in excess of the NEM customer’s individual
demand, electricity is exported to the grid.
= At the end of the billing period, if the cumulative amount of imported energy is
larger than the exported one, the NEM customer is required to pay for the net
difference between the two amounts.
= Conversely, in case the exported energy is larger than the imported energy, the
NEM customer:
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o either receives a monetary bill credit at the retail rate,
o or, receives an energy credit by rolling the net excess amount to the next billing

period against future consumption.

The above billing process —also known as the one-for-one credit— values the exported energy
at the same rate (i.e. full retail rate) as the imported energy that comes from the grid and
allows customers to benefit from reduced electricity bills that offset the upfront capital
investment for a net-metered PV system throughout its useful lifetime (e.g., 20 to 25 years).
The recent decline in capital costs of PV systems [11], [12] has sparked the rapid uptake of
solar penetration at the retail level. To this extent, NEM has given rise to a new kind of
energy users known as prosumers; a wordplay describing retail customers that act both as
“producers” as well as “consumers” [13]. Moreover, recent shifts towards alternative retail
tariff structures and NEM policy variants are gradually providing incentives for yet another
kind of retail energy users, labelled in this work as storsumers. Storsumers fundamentally
amalgamate the simultaneous actions to “store” their solar energy and “consume” it at later
times. This new label is introduced to directly distinguish this class of energy users from
typical NEM prosumers which do not have storage capabilities. Relevant research endeavors
[14]-[23] are currently being undertaken in order to benchmark the services that distributed
energy resources (DER) could offer (e.g., frequency and voltage support, automated demand
response, etc.) and assess the viability of integrating such customers at the distribution level.
Nevertheless, it should be borne in mind that the various services that DER may be able to
offer directly depend on the metering infrastructure capabilities at the distribution level and
the associated pricing/compensation mechanisms.

Thus, retail markets are required to accommodate increasing numbers of active customers
that bring about several challenges from a regulatory, planning and operational standpoint.
Based on the brief description of the NEM mechanism given above, it should be made clear
that the main drivers of the NEM policy and, consequently, of the prosumers’ and

storsumers’ growth are:
a) the associated PV and energy storage capital and operating costs,
b) the retail tariffs under which NEM customers are charged,

¢) and, the impact of the NEM policy on utility revenue collection compared to the

actual cost savings that the prosumers’ and storsumers’ integration may induce.

Therefore, to comprehensively describe the arising implications this chapter is organized as
follows: firstly, the historical PV and battery energy storage systems (BESS) cost trends will
be presented. Subsequently, a description of developing retail tariffs from first principles is

3
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provided and the NEM policy implications will be conceptually analyzed. Furthermore, the
evolution of the NEM policy through rate reforms will be discussed. Finally, the main
contributions of this thesis to existing literature will be presented.

1.2. Overview of the NEM Policy Drivers

The customers’ and utilities” perspective towards the NEM policy are a direct function of
the underlying retail tariff structures and their specific characteristics. Specifically, from the
prosumers’ perspective, investing in a net-metered PV system becomes financially viable
when the present value of the PV capital and operating costs is less than the present value of
the bill savings that the PV system will generate throughout its useful lifetime. Similarly,
from the storsumers’ perspective, the bill savings should be adequate to cover the initial

costs of both the PV and battery energy storage system (BESS).

On the other hand, the utilities’ perspective towards the viability of the NEM policy relates
to the respective revenue loss resulting from the reduced electricity bills of NEM customers,
i.e. prosumers and storsumers. If the present value of this revenue loss is less than the present
value of the cost savings (resulting from reduced generation, transmission and distribution
requirements) that the utility achieves, then the NEM policy becomes attractive. Otherwise,
the NEM policy results in a net loss for utilities. These drivers of the NEM policy will be

discussed in the following subsections.

1.2.1. PV and BESS cost trends

From the customer-investor perspective, the initial challenge for prosumers and storsumers
emanates from the commercial settings that currently apply on a global scale. These
commercial settings pertain to the initial capital costs of procuring distributed energy
resources (i.e. PV and battery systems) in conjunction with the existence (or lack thereof) of

associated incentives that steer investment towards such distributed technologies.

PV technologies are nowadays considered a mature technology due to the fact that their
expected useful lifetime is in the range of 20 to 25 years whilst their initial capital costs have
significantly declined over time [11]. As can be seen in Figure 1, residential and commercial
PV prices in 2011 are almost half of what they were in 1996. This is a strong indication of
the increased competitiveness that PV systems gradually achieve and, thus, of the

prosumers’ growth potential.
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Figure 1: Historical installed PV system prices [11].

Battery energy storage is a relatively immature, yet fast developing technology. Specifically,
the imminent electrification of transport through the use of electric vehicles has sparked a
downward trend in associated BESS costs [24]. This trend is illustrated in Figure 2.
However, BESS are also expected to act as distributed energy resources that can offer
valuable services to the grid [18], [20], [25], e.g., automated demand response. Thus, BESS
are also progressively achieving substantial capital cost reductions and increased calendar
life duration [24]. To this extent, the reliability of the storage devices also affects the related
economic dimension of the storsumers’ growth due to the fact that the frequency and/or
duration of storage unavailability time may translate into non-negligible reduction in the
received value from participating in the retail electricity market. In other words, a highly
unreliable storage device, which would exhibit an increased unavailability time, would be
more likely to result in an increased payback time. However, this also depends on the use of
the storage device (i.e. cycling strategy, allowable depth of discharge, frequency and

duration of the device’s rating violation), etc.

Based on these general remarks, it should be noted that the continuous decline in costs for
PV and BES systems is expected to spur the growth of NEM customers, i.e. prosumers and
storsumers, in retail markets. However, their compensation, which will counteract these
costs, relies on retail tariffs. To this extent, the current and future retail tariff structures will
inevitably influence the financial viability of such investments. The fundamental logic of

how retail tariffs are developed from first principles is provided in the following subsection.
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Figure 2: Historical cost of Li-lon battery packs for electric vehicles [24].

1.2.2. Retall tariffs

1.2.2.1 Microeconomic principles

Standard economic theory dictates that the most efficient pricing can be found in perfectly
competitive markets [26]-[28]. In such market environments, prices are determined by the
continuous interaction between supply and demand. Specifically, the suppliers of a good or
service submit offers that correspond to their willingness to sell a specified volume of the
product for a specified market price (therefore, supply curves are normally upward sloping).
On the other hand, consumers submit bids that correspond to their willingness to buy a
specified quantity of the product at a specified market price (therefore, demand curves are
normally downward sloping). Thus, the market clearing price is set at the intersection of the
respective supply and demand curves as shown in Figure 3 (i.e. at the short-run marginal
cost of the marginal supplier). Consequently, those customers that value their consumption
more than the respective market clearing price will consume the product whereas those
customers that value this less, will not. Therefore, marginal pricing achieves efficiency by
maximizing the total surplus of the market, i.e. the sum of producers’ and consumers’

surpluses [27]-[29].

Perfectly competitive markets are considered to achieve the lowest prices possible for
consumers whilst providing the strongest possible cost-minimizing incentives to producers
[27]. However, such market organization is not efficient when the product offered is a
natural monopoly. That is, when the respective quantity of a good or service can be produced

by a single, larger firm at a lower cost than if the same quantity were produced
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A

Total surplus = Producers’ Surplus + Consumers’ Surplus

Price

Demand curve

Consumers’ Surplus

—————— Market Clearing Price

Producers’ Surplus

Y

Quantity
Figure 3: Price determination in a perfectly competitive market.

by multiple, smaller firms [26]. The latter suggests that natural monopolies arise in cases
where perfectly competitive market outcomes fail to cover total costs, e.g., in cases when
firms incur high fixed costs. In such cases, the average cost of production declines as the

demand volume increases (within a relevant range) [30].

To this extent, the electricity business has long been considered a natural monopoly.
Therefore, power systems were designed and operated as vertically-integrated utilities; a
single firm, either publicly- or privately-owned, that was responsible for generating,
transmitting and distributing electricity to consumers. It should be mentioned that many
countries (e.g., USA, Australia, European Union members) are currently in the process of
“dis-integrating” the incumbent vertically-integrated utilities. Specifically, the efforts are
concentrated on “unbundling” the generation services (which could, in principle, be traded
in a competitive market framework) from the transmission and distribution services, which
will inevitably remain a natural monopoly [27], [28], [31]. This results from the fact that the
benefits from competitive transmission and distribution pricing could never outweigh the
costs of building, maintaining and operating duplicate transmission and distribution systems
[32].

In cases of natural monopolies, there is a need for regulating prices in order to avoid over-
pricing consumers. This is because a monopolist can exert its market power and set higher
prices in order to maximize its profits [29], [30]. Thus, regulatory authorities are responsible
for monitoring the actual total costs (i.e. both fixed and variable) of regulated utilities and

decide on appropriate prices that are eventually passed along to consumers. This is known
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as average cost pricing and is graphically illustrated in Figure 4.
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Figure 4: Average cost pricing for regulated utilities (reproduced from [30]).

As can be seen in Figure 4, regulators aim to determine prices at the point where the average
cost of a utility intersects with the electricity demand curve [30]. Average cost pricing
inevitably entails some deadweight loss, or, in other words, some loss of market efficiency
due to the fact that prices do not equal marginal costs as in the case of perfectly competitive

markets.

At this point, it should be noted that regulators generally approach the fixed cost recovery

issue in three ways:

a) Fixed customer charges: set the market price at marginal cost and recover fixed
costs as fixed customer charges,

b) Demand charges: set the market price at marginal cost and recover fixed costs as
demand-related (i.e. kVA) charges,

c) Average cost: set the market price at average cost and recover fixed costs as per
unit (i.e. quantity-based) charges.

The first approach is generally considered more efficient from an economics perspective due
to the fact that once fixed charges are paid, customers make their consumption choices based
on marginal prices. However, there are two implications that may follow when adopting this
approach; firstly, consumers may not pay any significant attention to their electricity and,
therefore, may not respond based on the marginal price of electricity that they face, but on
the average cost which includes the fixed charges as well [32], [33]. Secondly, it could lead

to cases where small, vulnerable customers may decide to leave the system due to the fact
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that they pay a very high fixed price whilst their consumption may be rather low.
Additionally, this indicates that this approach may fail to acknowledge that larger customers
usually impose increased fixed costs on utilities compared to small customers. The latter
raises fairness concerns and, therefore, large fixed customer charges have traditionally been
avoided [31], [34].

The second approach allocates and recovers fixed costs based on the quantity of power (i.e.
kVVA) that a customer demands. However, this approach is most effective when the charges
are based on the respective kVA demand of each customer during the peak demand of the
system. Otherwise, when demand charges are time-independent and rely solely on
customers’ individual peak demand during a specified period (regardless of whether or not
the system is actually stressed during that time), then this approach may lead to customers
being disproportionally charged for fixed costs [32] (even though a recent study [35] has
indicated that this implication may in cases be rather limited). To this extent, this approach
assumes that the single largest demand of a customer during a specified time period is
representative of his contribution to the capacity requirements of the system, which may or
may not be true depending on the relative coincidence of system and individual demand.
Moreover, this kind of fixed cost charging requires an extra meter that can keep record of

the respective maximum demand.

The third approach recovers fixed costs via quantity-based (i.e. volumetric) charges by
setting the market price equal to the average cost of providing the service. This approach
assumes that all customers should be allocated fixed costs in a proportional manner. For
example, a customer consuming 100 kWh will be allocated half the fixed costs that a
customer consuming 200 kWh would be allocated. This arrangement has been strong on
equity grounds and, therefore, has been the main expression of traditional retail tariffs.
Nevertheless, this approach implicitly assumes that the contribution of each customer to

fixed costs is reflected by a cumulative consumption basis, which is not always accurate.

Moreover, it should be noted that actual retail tariffs are usually developed based on
combinations or variations of the above described approaches according to the objectives of
regulatory authorities and the metering infrastructure that is available. A concise discussion
on the industry practice in terms of retail tariff development is provided in the next

subsection.

1.2.2.2 Industry practice
Retail tariffs essentially refer to the revenue mechanism, i.e. business model, of electric

utilities. To this extent, they are responsible for fulfilling multiple objectives from social and
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economic perspectives due to the fact that electricity is a service “affected with the public
interest” [36]. A seminal work on the crucial role of retail tariffs and the fundamental
characteristics that they should exhibit can be found in [36]. This work has summarized eight

desirable traits of sound retail tariff development. These are directly quoted from [36] below:

1) “The related, “practical” attributes of simplicity, understandability, public

acceptability, and feasibility of application.
2) Freedom of controversies as to proper interpretation.

3) Effectiveness in yielding total revenue requirements under the fair-return

standard.
4) Revenue stability from year to year.

5) Stability of the rates themselves, with a minimum of unexpected changes seriously

adverse to existing customers.

6) Fairness of the specific rates in the apportionment of total costs of service among

the different consumers.
7) Avoidance of “undue discrimination” in rate relationships.

8) Efficiency of the rate classes and rate blocks in discouraging wasteful use of

service while promoting all justified types and amounts of use:

(@) In the control of the total amounts of service supplied by the company;

’

(b) In the control of the relative uses of alternative types of service.’

Bearing the above remarks in mind, the traditional practice in terms of how electricity retail
tariffs are developed relies on the inclusion of both fixed and variable costs in order for
utilities to recover their total costs plus a fair rate of return [31], [34]. Utility costs can be
largely divided into customer-, capacity- and energy-related costs. Specifically, customer-
related costs represent the costs which depend on the number of customers receiving
electricity services (e.g., metering costs, billing and administrative costs, etc.). Capacity-
related costs represent those costs that are a function of the peak instantaneous power
requirements (i.e. kVA) of customers and, therefore, reflect the necessary investment costs
in appropriately-sized generation, transmission and distribution facilities in order for the
system to be able to serve its peak demand. Finally, variable costs represent all the costs that
are a direct function of the final energy output of the system (e.g., fuel costs, CO2 emission
costs, etc.). These three main cost components determine the utility’s revenue requirement

which is subsequently the basis of developing retail tariffs in order to charge consumers.
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Depending on how electricity retail tariffs are passed along to customers, they may be
characterized as one-part (i.e. customers pay no fixed customer or demand charge but merely
an energy charge set at the average cost), two-part (i.e. customers pay a fixed customer
charge that recovers a portion of the total costs whilst the rest are recovered through energy
charges), or three-part (i.e. customers pay a fixed customer charge, a demand charge and an

energy charge).

Retail rates may be time-differentiated, depending on the regulatory authority’s objectives
and available metering infrastructure. Even though the forthcoming advent of advanced
metering infrastructure (AMI) [37]-[39] is expected to progressively facilitate real-time
pricing (RTP) schemes [40] —whereby customers will directly face the time-varying,
wholesale market prices— the legacy metering infrastructure at the distribution level does not
allow the inducement of demand-side responsiveness to short-term price fluctuations.
Moreover, the actual responsiveness, i.e. price elasticity, of consumers is not straightforward
to assess as shown in [41]. In other words, the existing metering capabilities at the retail level
forces regulators and operators to treat demand as “disconnected” from the market in the
short-term [27]. In addition, regulators and stakeholders are concerned with whether the
efficiency gains and cost savings from inducing customers’ responsiveness are adequate to
justify the associated expenditures of widespread AMI roll-outs [40]. It should also be noted
that, even under RTP, fixed cost recovery remains an open issue.

Bearing in mind the capabilities of existing metering infrastructure at the distribution level,
small residential and commercial customers typically face two-part, non-time differentiated
tariffs that consist of a fixed customer charge (per billing period) plus an all-costs-inclusive
energy charge (in $/kWh) based on their respective amount of kWh consumption [31], [34].
The energy charges are mainly expressed through flat rates, or tiered rates with increasing
or decreasing block rates. The latter suggests that the energy charge ($/kWh) for each block
of energy units (kWh) may increase or decrease with the number of units (kwh) consumed
[31], [34]. Tiered pricing (also known as non-linear pricing [42]) ignores the time during
which customers place their burden on the system but differentiates them based on their
cumulative usage level within billing periods. Thus, such pricing schemes recover total costs
by offering varying marginal rates to customers for different blocks of their consumption. In
other words, tiered pricing is a variation of average cost pricing that allocates total costs

according to consumption levels.

On the other hand, time-differentiated, or, time-of-use (TOU) rates refer to the cases when
the price of electricity varies between time periods [31], [34], [43], [44]. Time-differentiated
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rates can be expressed as time-of-day (TOD) rates, critical peak pricing (CPP), peak time
rebates (PTR), and real-time pricing (RTP) [44]. However, it should be mentioned that the
applicability of the various pricing schemes rely on the metering infrastructure availability.
That is, their application relies on whether consumers have the capability of responding to
such pricing in real-time based on the information that they receive. Therefore, forward-
looking TOU rates, that aim to reflect the actual conditions of the system, require the
presence of AMI. Conversely, in cases when AMI is not present, consumers are charged
TOU rates that are set in advance. This fact entails minimal efficiency gains, especially when
compared to RTP [45], [46]. To this extent, the respective rate variation may be seasonal,
daily, etc., [47]. An important note that should be made here is that seasonal rates do not
require any additional meters other than the conventional meters that keep record of merely
the cumulative consumption amounts. On the other hand, when customers are charged
different rates for specified time periods within the day, this arrangement requires extra

meters that can keep record of the respective usage within each time period [47].

Bearing in mind the concise retail tariff analysis that was performed in this section, the effect

of the NEM policy on utility revenue collection is performed next.

1.2.3. Impact of NEM policy on utility revenue collection

It is re-iterated that NEM practices rely on compensation through retail tariffs which, as
discussed in subsection 1.2.2.2, are usually set at the average cost of providing electricity
services. In other words, the average cost includes both fixed and variable utility costs. Thus,
the traditional one-for-one credit that NEM customers receive for their exported PV
generation suggests that each kWh that is exchanged with the grid avoids contributing to the
fixed cost recovery. Therefore, even though NEM is appealing to retail customers-generators
due to its relatively unpretentious form, there exist concerns regarding its long-term
sustainability amongst stakeholders at an international level. This is reflected in recent
studies such as [48]-[52].

At this point, it should be noted that there exists an inherent connection between utility
revenue stability, NEM customers and regular customers which is dictated by the nature of
retail rate design. In simple words, if price signals are not correctly reflecting the true costs
and benefits associated with the evolution of the grid to a more heavily DER-penetrated
system, then these imbalances will affect the rest of the customer base. For example, if NEM
compensation is set too high (e.g., at full retail rate), then utilities are bound to face revenue
gaps that will weaken their financial status and their future ability to consistently remain in

the electricity business. To restrain such an effect, utilities may choose to recover these lost
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revenues through elevating electricity rates for their entire rate base. This creates a direct
cross-subsidy from regular customers to solar ones, fact which raises fairness concerns and
has the potential of leading into the electricity rate death spiral, as decorously shown in [51]—-
[54]. The electricity rate death spiral is briefly quoted from [54] below and is graphically
illustrated in Figure 5:
“...a number of residential households have a financial incentive to install rooftop
PV systems and reduce their purchases of electricity from the grid. A significant
portion of the costs incurred by utility companies are fixed costs which must be
recovered even as consumption falls. Electricity rates must increase in order for
utility companies to recover fixed costs from shrinking sales bases. Increasing rates

will, in turn, result in even more financial incentives for customers to adopt rooftop
PV..”

It is, therefore, crucial for utilities and regulatory authorities to provide the correct price
signals to customers (and potential investors) for two very important reasons. The first
reason pertains to ensuring “least-cost” system operation and expansion and, therefore, as
low prices as possible and the second (and, perhaps, most important reason) to maintain a
high level of stature and credibility in the process, in order to assure retail customers that

their exposure to regulatory risks is minimum.

In summary, it could be stated that the electricity rate death spiral is an embedded implication
of traditional, average-cost retail tariff design which is more heavily pronounced when NEM
customers are introduced in the system. The degree of this implication is directly associated
with the particular characteristics of each power system. For example, a power system with
relatively low fixed costs (as a portion of total costs) will experience a milder impact on its
revenue collection compared to a power system with relatively high fixed costs.
Nevertheless, this implication is rooted in the one-for-one credit process of the traditional
NEM practice.

An important note should be made at this point regarding the cause of the debate between
proponents and critics of the NEM policy. Capacity-related utility costs may be fixed on the
short-term but are driven by peak demand growth on the long-term. To this extent, depending
on the time horizon that one examines the NEM impact on utility revenue collection and
revenue requirements, the fact that all costs are variable on the long-run may have to be taken
into account. Specifically, proponents of the NEM policy are claiming that the distributed
nature of net-metered PV applications defers load-growth-driven expenditures of utilities;
thus, NEM may create a revenue shortage on the short-term, but this shortage is reconciled

on the long-term through reduced investment requirements.
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Figure 5: lllustration of the electricity rate death spiral [54].

On the other hand, critics of the NEM policy claim that these reductions in investment
requirements are not sufficient to justify compensating exported PV generation at the full

retail rate.

Relevant studies [55]-[57] have shown that the contribution of distributed PV to capacity
deferrals is highly sensitive to locational, PV penetration and local demand characteristics.
It is, thus, clear that the traditional retail tariff design in conjunction with the NEM policy
pose serious challenges in terms of “getting prices right”. An initial effort to
comprehensively elaborate on this issue was performed in [58]. This work incorporated a
time-varying analysis of PV generation patterns, including potential transmission congestion
relief and line losses reduction that end-user PV systems may offer to the system in order to
assess the actual market value of distributed PV systems. However, as long as AMI is not
widely rolled-out, efficient retail tariff design and, consequently, NEM compensation is not

easily attainable.

Nevertheless, bearing the above in mind, NEM practices are currently evolving from the
traditional form to alternative schemes that aim to take these implications into account. This

evolution process is presented in the following section.

1.3. Evolution of the NEM policy: from traditional NEM to rate reform
options
The NEM implementation schemes on a global scale depend on two aspects: a) the

capabilities and configuration of the metering infrastructure that is deployed, and b) the
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billing process that is applied for NEM customers. The metering implementation refers to
the type of meters that are installed at the prosumers’ and storsumers’ premises in order to
keep records of their interaction with the grid. The billing process refers to the particular
characteristics of the way that the valuation of the imported and exported energy is

performed.

1.3.1. Metering implementation

There exist three main configurations that are deployed for the metering implementation of
NEM. These are shown in Figure 6 [59]. Specifically, Figure 6-(a) illustrates the use of a
single bidirectional meter that keeps record of the cumulative amounts of imported and
exported energy. The implementation shown in Figure 6-(b) relies on the use of two separate,
unidirectional meters, one measuring the customer’s consumption and the second measuring
the customer’s PV generation. Lastly, the NEM implementation shown in Figure 6-(c)
utilizes two separate meters, one bidirectional and one unidirectional that measure the
import/export energy and PV energy respectively. An important subtlety regarding the third
configuration lies in the fact that it allows utilities to keep record of the exact amount of PV
energy that was self-consumed behind-the-meter of the NEM customer. Conversely, the
other two configurations are not able to keep an explicit record of the self-consumed PV
energy. Nevertheless, depending on the objectives of utilities and regulatory authorities, this

extra information may or may not be needed in the billing process.
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Figure 6: Metering implementation of NEM [59].

It should be noted that the most widely adopted metering implementation is the one shown
in Figure 6-(a). The second metering implementation is usually utilized in cases when the
customer’s consumption is charged entirely through the retail tariff whilst the PV generation
iIs compensated at a different rate (either lower or higher). This kind of arrangement

decouples the two energy amounts (i.e. consumption and PV generation) and, to this extent,
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is similar to how a regular distributed generator would receive compensation through a Feed-
in Tariff (this compensation process is known as the Value-of-Solar Tariff [50], [60]).
Finally, the third metering implementation is utilized in cases when the self-consumed and
exported PV energy are treated differently from a billing standpoint and/or when the total
consumption of NEM customers must be known to the utility. Table 1 tabulates which
energy amounts are directly measured or calculated under each metering implementation in

order to bill NEM customers.

Table 1: Measured and calculated energy amounts under each metering implementation

Imported Exported | Produced Self-
. Energy Net

Metering energy from | energy to PV . consumed PV

. . . consumption energy

impleme- the grid the grid energy energy

ntation (kwWh) (kWh) (kWh) (kWh) (kwWh) (kWh)
A B C D E F

Figure 6-(a) Measured Measured | Unknown Unknown A-B Unknown
Figure 6-(b) Unknown | Unknown | Measured Measured D-C Unknown
Figure 6-(c) Measured Measured | Measured A+C-B A-B C-B

1.3.2. Billing implementation

Each utility and/or regulatory authority may choose to shape its NEM billing scheme based
on a series of specific attributes [8], [9], [51], [53], [59], [61], [62]. These attributes often
pertain to whether or not NEM customers receive credit for their excess generation, the type
of credit they receive (i.e. energy, monetary or some combination of the two), and, the
credit’s banking period (i.e. the duration of the credit’s validity, e.g., hourly, monthly,

annual, etc.).

To this extent, the NEM billing scheme that is adopted directly relates to the metering
implementation. This is due to the fact that different billing schemes are applicable under
each metering configuration. It should be clear that, depending on the objectives of
regulatory authorities, numerous variants of the NEM policy can be designed that allow
utilities to reduce the potential revenue gaps that NEM customers may impose and, thus,
reduce the NEM cost-shifting impact on regular, non-solar customers. In general, these

variants can be divided into two main categories:

a) the NEM variants that are a direct function of the underlying retail tariff
b) the NEM variants that decouple PV generation compensation from the retail tariff,

also known as Value-of-Solar Tariffs.

1.3.2.1 NEM variants that are a direct function of the underlying tariff
Starting with the first category, their divergence from the traditional NEM scheme usually
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lies in one (or, potentially more than one) of the following aspects:

a) Increased fixed customer charges: increase the fixed charges that are collected

from NEM customers per billing period.

b) Introduction of demand charges: introduce NEM customers to demand charges
that will take into account whether NEM customers have decreased their peak
usage. However, this requires an extra meter that will be able to keep record of

the net peak demand.

c¢) Introduction of a capacity charge based on the installed/rated capacity of the PV
system: impose a fixed capacity charge on NEM customers based on the installed
capacity of their PV system in order to implicitly take into account that larger PV

systems offset larger amounts of consumption.

d) Imposition of quantity-based fixed cost charges (also referred to as use-of-system
charges) based on the grid-imported energy, or, on the total consumption: due to
the fact that fixed costs are usually recovered through energy charges (as resulting
from the average cost pricing regime), NEM customers could be charged based
either on their respective energy volume that was directly drawn from the grid,
or, on their total consumption volume (if that information is known from the

metering implementation and/or if it serves the regulatory authority’s objectives).

Some additional options that aim to reduce revenue gaps resulting from NEM customers’
integration are the imposition of minimum bills, the collection of a grid access or connection
fee, the imposition of a DG output fee, etc. [63], [64]. These are essentially variations of the

aforementioned rate reform options.

As elaborated in [10], the charging/compensation of NEM customers could be performed
through time-differentiated tariffs in order to more closely capture their temporal
characteristics (i.e. whether they generate during peak or off-peak periods). In principle, this
approach could be a step forward in terms of pricing efficiency. However, under existing
metering capabilities and without frequent adjustment of the TOU rates to reflect actual
system conditions, this approach cannot provide cost-reflective rates. Moreover, the fact that
fixed cost recovery is embedded in the TOU rate offered to NEM customers may under

certain conditions exacerbate the utility revenue loss instead of reducing it.

All of these options serve a common, two-fold goal; that is, to reduce the revenue loss
imposed on utilities due to the integration of NEM customers whilst preserving the simplicity

of the NEM policy. In other words, they aim to rationalize the PV compensation process
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without significantly affecting the attractiveness of the policy to retail customers.

Depending on the objectives that regulatory authorities wish to accomplish, they may choose
from this wide palette of options according to what serves them in an optimal manner. For
example, increasing fixed customers charges may be effective in yielding revenue but may
distort investment and net demand shaping incentives. The same applies for the capacity
charges that are based on the installed capacity of PV systems. Furthermore, demand charges
may be able to capture whether NEM customers reduce their peak usage but this may not
directly translate into analogous reduction in fixed cost contribution. Lastly, charging NEM
customers through volumetric energy charges for fixed costs may as well not translate into
equivalent reduction in fixed cost contribution. However, it is applicable under the existing
metering infrastructure at the distribution level and, to this extent it does not require any

extra investments other than the bidirectional meter for NEM customers.

It should, however, be re-iterated that this revenue loss in association with volumetric fixed
cost recovery is the cause of the electricity rate death spiral. Relevant research have been
recently undertaken in order to provide insights of the extent of the electricity rate death
spiral. Specifically, in [51], the authors utilize two prototypical utilities, one vertically-
integrated utility and one distribution-only utility, in order to compare the effect of NEM on
the shareholders’ return-on-equity (ROE). They find that the NEM impact on vertically-
integrated utilities is less pronounced compared to distribution-only utilities due to the
increased downward pressure on retail sales in conjunction with the fact that fixed costs are
less likely to reduce at the same rate as retail sales. Still, they find that the increase in average

retail rates for both cases may be rather modest (circa 4% in their study).

In [52], the authors evaluate how the deployment of distributed PV, energy storage systems
and demand response from commercial customers alters the revenue collection of load
serving entities (LSE). In particular, they use an existing commercial tariff and several
demand profiles of various types of commercial customers (e.g., restaurants, hotels,
hospitals, supermarkets, etc.). The retail tariff uses time-differentiated energy charges and
separate demand charges for generation, transmission and distribution usage. Their findings
suggest that the LSE is neutral in terms of the energy-related revenue loss that DER brings
about but not towards the demand-related revenue loss. They claim that all three kinds of
DER would save customers more money than what the LSE would save from reduced
wholesale market costs. However, the study refers to cases where customers are billed

through the use of multiple meters (i.e. time-of-day meters and peak demand meters).

In [53], the authors examine the effect on network (i.e. fixed) cost recovery resulting from
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different NEM billing and metering implementations. They show that depending on how
frequently the netting process takes place (i.e. annual, monthly or hourly banking periods),
the utility revenue loss may vary substantially. They also propose that the imposition of
demand charges would improve the relationship between utility revenue loss and actual
avoided costs (i.e. improve cost-causality signals). However, the imposition of demand

charges also requires the use of an extra meter that can keep record of net peak demand.

In [54], the authors investigate whether the electricity rate death spiral has a substantial effect
on the PV adoption rate from retail customers. The study’s results suggest that the adoption
rate is not heavily affected by this effect but rather from the confidence that retail customers
have towards PV technologies. Moreover, they examine the effect of the imposition of
increased fixed charges on NEM customers and find that the target PV penetration level is
reached 2 years later than the base case. The latter finding suggests that if NEM
compensation is set too low, then the investment incentive is effectively reduced thus

hindering future PV penetration.

The impact of retail rate structure on PV adoption rates is also investigated in [10]. In
particular, the authors acknowledge two feedback mechanisms that result from the electricity
rate death spiral effect on utilities. The first feedback mechanism pertains to the reduced
sales volumes that tend to increase average retail rates (both flat and time-varying). The
second feedback mechanism pertains to the difference in peak demand timing as PV
penetration gradually increases. Their findings suggest that if TOU rates are utilized and are
allowed to be adjusted regularly in order to reflect this variation in peak demand timing, then
the two feedback mechanisms may largely counteract each other, thereby lessening concerns
regarding the increase of average retail rates for regular customers.

1.3.2.2 Value-of-Solar Tariffs

The second category of NEM variants decouple the retail consumption charges from PV
generation compensation [60]. This kind of buy-sell arrangement is known as Value-of-Solar
Tariffs (VOSTs) and works similarly to traditional Feed-in Tariffs. Specifically, under such
arrangements, NEM customers would pay for all of their consumption through the retail
tariff whereas their respective PV generation would be compensated at a pre-specified rate
[8], [65]. This rate may be higher or lower than the retail tariff depending on the benefits
that this PV generation offers to the system.

The associated benefits of distributed PV generation consist of reduced fuel and CO>
emissions costs, deferred capacity requirements in generation, transmission and distribution

facilities and reduced line losses. In other words, VOSTSs aim to calculate the avoided costs
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that utilities may experience due to the integration of distributed PV generation and allocate
them to NEM customers accordingly [66]-[69]. As a general note, avoided cost is defined
as the cost that a utility would incur had it self-produced (or procured from another source)

the same service that distributed PV generation offers to the system.

However, the form under which VOSTSs have been initiated rely on estimations of their long-
term contribution (i.e. 20-25 years that correspond to the expected lifetime of PV systems)
to cost reductions which is subsequently levelized (i.e. annuitized) in order to be used as a
fixed compensation rate for PV generation volumes (see, for example, the VOST deployed
in Minnesota [70]). This entails reduced investment risks for prosumers due to the fact that
they know in advance what compensation they will be receiving for their investment. This
is thoroughly addressed in [71] where the VOST calculation methodology used in Austin,
Texas, USA, is analyzed.

Fundamentally, VOST methodologies aim to eliminate revenue gaps that create cross-
subsidies from regular to NEM customers. However, as pointed out in [60], this kind of
arrangement is based on a wide series of assumptions regarding future system conditions
(e.g., demand patterns, fuel prices, generation and penetration characteristics, etc.). To this
extent, recently the work performed in [60] proposed a Weighted Retail Rate VValue-of-Solar
Tariff (WRR-VOST) that adjusts the received compensation of PV systems based on their
penetration level in order to minimize utility revenue loss. This is achieved via the
optimization of the portions of total utility costs that should be recovered through energy,

demand and customer charges at each penetration level.

1.3.2.3 Summary of rate reform effects on prosumers’ and storsumers’ potential
Based on the concise analysis of the various rate reform options that utilities and regulatory
authorities may apply (bearing in mind the limited capabilities of legacy metering
infrastructure at the distribution level), it is re-iterated that these have mainly been initiated
due to the integration of prosumers. Therefore, decisions regarding rate reforms are merely
affecting the financial viability of prosumers, not their applicability. On the other hand, it
should be clarified that depending on the rate reform option that will actually be adopted,
the storsumers’ concept may not in cases be applicable. This is summarized in Table 2. As
can be seen from the particulars of Table 2, storsumers may seize value either a) from time-
differentiated rates (i.e. price arbitrage), b) from reducing their peak usage (if such charges
are present in the billing process), or, ¢) from increasing behind-the-meter consumption of
their privately-produced PV generation if self-consumed PV energy is allowed to offset the
full retail rate [16], [17], [22].
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Table 2: Applicability of the storsumer concept under various rate reform options.

Non-time e :
Rate reform option _ _ Time-differentiated
differentiated rates rates
Traditional NEM X

Fixed customer charges

Installed PV capacity charges

Use-of-system charges on grid-
imported energy

Demand charges

Minimum bill

VOST %

As both prosumers and storsumers gradually penetrate retail markets, “smarter” pricing
schemes are becoming necessary in order to financially integrate active customers at the
distribution level [46]. However, until AMI becomes widely disseminated, utilities and

regulators will continue to face challenges, pertaining to:

e How do retail tariff levels and structures impact on the investment viability of
prosumers and storsumers?

e How could the growing numbers of prosumers and storsumers be integrated in a
cost-reflective manner bearing in mind the limitations of legacy metering

infrastructure?

Bearing these two fundamental questions in mind, the contributions of this thesis to relevant

literature and regulatory efforts regarding NEM practices are described in the next section.

1.4.  Specific contributions of thesis

As thoroughly explained in this introductory chapter, the concerns regarding NEM practices
are mainly revolving around utilities’ fixed cost recovery. Specifically, the fact that retail
tariffs include fixed costs (which, in the short-term, are independent of the final energy
output) in their per kWh charges is the main cause of the debate regarding the sustainability
of NEM schemes.

However, NEM practices entail subsequent hidden financial implications that relate to
utilities’ variable costs, i.e. the utility costs that are dependent on the final energy output of
utilities. These implications have received no thorough attention in relevant literature and

they specifically pertain to two main pillars of research on:
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a) the impact of fossil-fuel price volatility on the NEM compensation mechanism,
and,
b) hidden, losses-related cross-subsidies between regular and NEM customers that

are embedded in net billing processes.

An important subtlety of both these implications is the fact that they relate to the variable
utility costs and, therefore, they may persist even if rate reforms that alleviate the fixed cost
recovery issues of NEM practices take place.

With regard to the first point, retail tariff levels for each power system depend on their
generation portfolio (i.e. the type of conventional units) that is used to supply the demand.
Hence, the variable cost of providing electricity is a direct function of the underlying price
of the fossil fuels that they use. However, fossil-fuel prices are subject to volatility through
time. Consequently, fossil-fuel prices’ volatility inevitably affects the variable costs that
have to be recovered from consumers and, therefore, it constitutes a key source of uncertainty

in determining retail rate levels.

Since utilities have presumably no control over this price volatility, regulators usually take
the above facts into account by including a fuel adjustment clause in retail tariffs. Fuel
adjustment clauses are responsible for appropriately amending rate levels from one billing
period to the next (without the need for a new rate case) in order for the utilities to be able
to recover their actual variable costs. However, since NEM compensation relies on the
underlying retail rate levels (which essentially determine the bill savings that their privately-

owned systems accrue), the investment of NEM customers is subject to this volatility as well.

In order to demonstrate the extent of this implication relating to NEM investments, the first
part of this thesis focuses on the customer-side financial rationale of using solar technology
and investigates the impact of future fossil-fuel price volatility on the value of bill savings
generated from residential net-metered PV systems. To this end, the approach followed
entails a thorough top-down approach for developing traditional retail tariffs from first
principles and examines the combined effect of:

a) utility pricing strategies (i.e. fixed cost recovery approach),
b) rate structures (i.e. flat or tiered),
c) and, fuel adjustment clauses embedded in retail tariffs that are usually present in order

to automatically adjust rate levels according to fuel prices.

Therefore, the work performed provides a step-by-step analysis of all the involved

calculations that result in final retail tariffs, with particular emphasis on residential
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customers. Apart from modelling both the fixed and variable cost components of utilities’
revenue requirements, fuel price volatility modelling is performed through the well-known
“Regime-Switching between two Geometric Brownian Motions” (RSGBM2) model that
statistically captures historical price movements in order to provide future price forecasts
[72].

The approach followed results in a financial risk assessment method, tailored to the
particulars of net-metered PV investments. More specifically, the final upshot of the work
performed captures the probability of such investments being viable from the NEM
customers’ perspective. The power system of Cyprus is used as a test system due to the fact
that it is heavily dependent on oil products for its electricity generation in addition to the fact
that NEM practice is currently applied for residential customers. Thus, the first part of this
work contributes to the ongoing efforts of developing risk and cost-based evaluation tools

regarding distributed PV technologies.

The second part of this work relates to a hidden implication regarding the reallocation of
energy distribution losses between regular and NEM customers when prosumers and
storsumers are integrated at the LV distribution level. Specifically, the work associates the
manner through which retail tariffs are designed to allocate and recover losses from
consumers with the impact of prosumers and storsumers on incurred losses at the LV level.
The key contribution lies in the explicit examination of a) how incurred losses are altered
from the introduction of bidirectional flows, b) the DG self-consumption effect (either direct
or indirect via the use of BESS) on the way that losses are incurred and, ¢) the way that NEM

compensation affects their reallocation between regular and NEM customers.

The latter refers to the one-for-one credit exchange that NEM customers receive for each
kWh they deliver to the grid. This exchange essentially treats each kWh produced from
customer-sited PV systems as if it were directly self-consumed. However, in doing so, it
ignores the fact that exported PV power has to travel through the network to reach nearby
loads. Thus, as will be shown, there may be cases when utilities incur more losses than those
reflected in the net billing process of NEM customers. Therefore, this would result into
increased losses amounts being allocated to regular consumers, fact which constitutes yet

another cross-subsidy between regular and NEM customers.

The specific contributions of this thesis to relevant literature are briefly summarized in Table
3. As can be seen in that table, the research performed in the framework of this thesis
includes the fixed cost-related issues of NEM practices but emphasizes the implications that

arise from NEM practices in terms of the variable utility costs. To this extent, the present
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work differs from other previously archived literature in that it explicitly investigates the
implications which spring from the practical limitations imposed by legacy metering
infrastructure, retail rate designs and NEM practices.

Table 3: Specific contributions of thesis to relevant literature

Research area Previous work This thesis

Rate structure impact on NEM v
compensation mechanism ([8], [20], [541, [59], [61], [73]-[75])

_ _ v
Impact of NEM practices on fixed cost (8], [48], [49], [51][53], [59].
recovery

[74], [76]-[85])

Fuel price impact on NEM compensation x v
mechanism
Impact of NEM practices and self- x
consumption on loss allocation methods
PV+Storage impact on losses reallocation 9

under NEM practices
1.5. Thesis organization

In order to assure that this research work’s objectives are thoroughly achieved, this thesis is

organized as follows:

Chapter 2 presents the impact of fossil-fuel price volatility on NEM investments by
developing retail tariffs from first principles and, subsequently, modelling future price
trajectories through the RSGBM2 forecasting model. The resulting investment risk
assessment is then presented in order to demonstrate the correlation between fuel prices and

NEM financial viability from the customers’ perspective.

Chapter 3 presents the way that retail tariffs are designed to allocate and recover the total
incurred losses at the distribution level on a step-by-step basis. This is subsequently coupled
with the impact of the traditional one-for-one NEM practice in two aspects; on one hand, the
impact of NEM customers’ integration on incurred losses is examined. On the other hand,
their impact on energy losses reallocation (between regular and NEM customers) is
investigated. Furthermore, an alternative, but readily applicable, net billing practice is
examined in order to assess the effect of different practices on the arising implication.
Finally, these hidden implications are re-assessed for the case when demand and DG data

are available with increased temporal resolution.

The fundamental approach of the issues discussed in Chapter 3 is then used to quantify the
arising implications based on an actual LV feeder located in the distribution system of

Cyprus. This case study is undertaken in Chapter 4 in order to allow for the comprehensive
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and pragmatic appraisal of the impact of NEM customers on the loss allocation process of

distribution systems.

Finally, Chapter 5 presents the main conclusions and policy implications that spring from
the work performed for this thesis. In addition, some insights regarding potential future work

in this area are provided.

Apart from the main body of this thesis, there exist two appendices that relate to lateral work
performed and are complementary to the main thesis’ contents. Specifically, Appendix A
details the current NEM practice in Cyprus from a fixed cost recovery perspective and
compares it with an alternative net billing process. Under this alternative NEM practice, both
the prosumers’ and storsumers’ concepts would be applicable and, to this extent, their impact
on the final revenue collection from the utility is investigated. On the other hand, Appendix
B presents a brief description of the particulars and calibration process of the RSGBM?2
forecasting model that is used in Chapter 2 for obtaining future trajectories of fossil fuel

prices.
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Chapter 2

Impact of Fossil Fuel Price Volatility on the NEM
Compensation Mechanism

2.1. Introduction

As thoroughly described in Chapter 1, NEM is an electricity policy that allows utility
customers to offset some or all of their electricity consumption by using their own generating
system, mainly rooftop photovoltaic (PV) systems. Thus, as the market for distributed PV
generation is growing and as the associated capital costs continue to decline, NEM policies

are becoming increasingly attractive to homeowners of all incomes.

However, the return on investment in such schemes is highly correlated to the volatility of
electricity retail prices as these are the dominating factors that affect the value of the net-
metered applications. The picture becomes more complex bearing in mind that the retail
tariff charges are subject to change over the life-cycle of a distributed PV system. This
introduces a further uncertainty for a ratepayer considering a long-term net-metered PV

investment.

To this end, NEM policies have induced a skepticism on a range of stakeholders due to: a)
uncertainties arising from the major shifts in the way consumers are using and, subsequently,
paying for their energy [86], [87], b) the economic impact of such policies on ratepayers that
do not participate to NEM schemes [10], [51], [54], and c) the sustainability of the existing
retail energy market structures to accommodate such policies [31], [46]. Thus, utilities and
regulatory authorities are actively searching for NEM schemes that can: a) promote
distributed PV energy penetration and b) exhibit minimal distortions to utilities’ revenue

requirements.

Itis, however, clear that electricity retail rate designs influence the customer-side economics
of net-metered PV generation both for residential and commercial customers. In particular,
anumber of recent studies have examined the influence of specific rate structures (flat, tiered

or time differentiated) on the annual bill savings of net-metered PV customers [9], [73], [86],
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[88].

Some further studies [89], [90] have discussed the impact of wholesale electricity market
characteristics (e.g., renewable energy penetration, capacity, energy and loss savings) on the
value of distributed PV systems. Within those studies, it is acknowledged that the wholesale
electricity market profile can subsequently influence the cost of retail electricity supply and
thus the value of NEM compensation mechanisms. A primary step to address the influence
of the retail price change on the value of NEM compensation mechanisms is found in [91].
The study in [91] has considered retail rate designs and NEM in parallel with potential
changes under future electricity market scenarios for California, US. It has particularly
examined: a) the influence of both high future PV and wind energy penetration, b) the
influence of high and low natural gas prices and c) the influence of carbon emission pricing

on the value of bill savings under a range of rate options and PV compensation mechanisms.

The work presented in this chapter focuses on the customer-side financial rationale of using
solar technology and investigates the impact of a key source of uncertainty in the future
value of bill savings from residential net-metered PV systems, particularly in vertically
integrated systems. The source of uncertainty rests with changes in retail electricity charges,

mainly affected from volatile fossil fuel prices.

To isolate the effect of fossil fuel varying prices in a vertically-integrated environment, on
the value of annual bill savings from PV net-metered systems, a top-down approach ranging
from residential electricity tariff formulation to fossil fuel price forecasting and net metering
compensation mechanisms is presented. Therefore, the scoping study responds to the
ongoing efforts of developing risk and cost-based decision making processes for net-metered
PV applications and investments in vertically-integrated systems. The latter suggests that the
generation, transmission and distribution facilities are owned either by private regulated
utilities or by public companies/government agencies which operate as a natural monopoly
for the supply of electricity in a given geographical area [27], [28], [32]. This type of
electricity market organization has been predominant in the past century before the
deregulation and the introduction of competition in the electricity sector (mainly at the
supply side); however it is still applicable in many occasions for various reasons [92]. In
such market environments, tariff structures aim to reflect on the fixed and variable costs
incurred by utilities to produce and transmit each kWh of energy to all electricity end-users
that receive services in their jurisdiction. Conversely, under competitive electricity markets,
customer tariffs would reflect the competitively determined energy prices derived from the

continuous interaction of multiple generating and load-serving entities [27], [28], [32].
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2.2. Approach and formulations

Under NEM, retail customers can offset their electricity purchases from the grid with energy
generated from their own rooftop PV systems. Thus, net metering values the energy
produced by these PV systems at the full retail electricity rate. The retail electricity rate
includes the cost of producing electrical energy, the costs associated with investment in and
operation of transmission and distribution facilities as well as any other costs incurred to
ensure the reliability of the system. Thus, this section provides a generic top-down approach
that includes a sample of retail electricity tariff formulations as well as their interface with

net metering compensation mechanisms.

2.2.1. Total Revenue Requirements

The Total Revenue Requirement (TRR) refers to the total revenues that must be collected
from the sale of electricity in order for utilities to recover their total prudently incurred costs
of providing the service plus a fair rate of return. Under the traditional regulation of vertically
integrated utilities, this revenue requirement is determined by inclusion of both fixed and

variable costs. A generic illustration of the TRR is given in (2.1).

TRR = FiC +VrC 2.1)

With reference to (2.1), FiC refers to the fixed cost component and comprises all the fixed
related expenditure of the utility’s total costs (e.g. levelized fixed costs from generation
down to distribution, fixed price contracts, etc.). VrC refers to the variable cost component
and represents the total variable costs (e.g., fossil fuels, CO2 emissions, operation and

maintenance, etc.) that are a function of the energy units produced.

The fixed cost component (FiC) is usually a function of the overnight costs of the generation,
transmission and distribution facilities owned by the utility plus any other associated
customer-related costs, fixed price contracts and financial obligations [11], [12]. A generic

mathematical formulation of the annual fixed cost component is shown in (2.2).
G
FiC =) [(LC, + FOM ) x P,"*]+ LC, +CuC + FO (2.2)
g=1
With reference to (2.2), G refers to the total number of generating units in a system, LCgy
refers to the annual levelized capital cost of each generating unit g, FOMg is the fixed
operation and maintenance cost and Pgmax is the rated capacity of each unit g. Moreover, LCtp

refers to the annual levelized capital costs of transmission and distribution facilities. Finally,
CuC and FO refer to the associated customer-related costs (i.e. billing, administrative and

metering costs) and any other annual financial obligation of the utility, respectively.
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Unlike fixed costs, the variable costs (VrC) are a function of the energy units produced.
These comprise fossil fuel costs, CO, emission costs as well as operation and maintenance

expenditures [11], [12]. A generic mathematical formulation for VrC is shown in (2.3).

G
VrC =Y ER, x(FC, +EMC, +VOM) (2.3)
g=1

With reference to (2.3), FCgyis the fuel cost (in $MWh), EMCgy refers to the associated CO>
emissions costs (in $MWh), whilst VOMg refers to the variable operation and maintenance
costs (in $/MWh). Finally, ERq refers to the total energy (in MWh) produced by each
generating unit g. Figure 7 illustrates how TRR is calculated for regulated, vertically-

integrated utilities.

Utility costs

l , }
Customer costs and | Capacity costs | | Variable costs |
financial obligations
Fuel v Operation &
v A 4 co Maintenance
Generation | | Transmission | | Distribution | o2
emissions
i
) 4 > <
:r\: '\/‘
N
A A 4
Fic | »(Pe vrc
A 4
TRR

Figure 7: Total Revenue Requirements of regulated, vertically-integrated utilities.

2.2.2. Generic formulation of retail tariffs

Vertically-integrated utilities aim to allocate their total revenue requirements to all of their
customers’ classes (e.g. residential, commercial, industrial, rural, etc.) that receive service
in their jurisdiction. To this aim, appropriate tariffs are designed to establish a revenue
collection mechanism. Within each tariff, the fixed and variable costs are reflected in various
ways in accordance to the cost allocating decisions of utilities and regulatory authorities.
Tariff appropriateness is evaluated using criteria that include: effectiveness of revenue
collection, fairness, economic efficiency, promotion of energy efficiency and conservation,

customers’ interpretation, etc. [31].

Short-term (e.g., hourly, daily, etc.) electricity price variations are not usually reflected in
tariffs of medium or small scale customers [31]. However, a fuel adjustment cap may be

present in their monthly bill charges, reflecting the volatile fossil fuel price variation that
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inevitably affects the cost that must be recovered [34]. Such adjustment caps, sometimes
also referred to as rate riders [34], are used by utilities as a mechanism that allows the charges
to vary (without the need for a new rate case) in order to recover unpredictable cost variations
(e.g., fuels prices) over which the utility presumably has no control. This kind of electricity
tariffs are considered partially hedged [34] and these are the main focus of the subsequent

analysis.

To this end, residential electricity rates typically consist of a monthly fixed customer charge
plus an energy charge ($/kwh) based on the amount of kWh consumption. These are
generally known as two-part retail rates, which are mainly expressed through volumetric flat
charge rates, or volumetric block charge rates with increasing or decreasing block rates. The
latter suggests that the energy charge ($/kWh) for each block of energy units (kWh) may
increase or decrease with the number of units (kWh) consumed. A generic procedure to

determine volumetric charge rates is illustrated in Figure 8.

____________________ 1
: Variable Costs Calculation (VrC) |
| | Use Thermal Generation Use System’s Load and |
| | Data of the System Renewable Energy Data |

Calculate the Annual Total Revenue Requirement of serving
the System’s Load (TRR)

v

Allocate Costs to each Customer Class (i.e. Residential,
Commercial, Industrial, etc.)

v

Determine Pricing Strategy for Revenue Collection
and Calculate Charge Rates

Figure 8: Rate design from first principles.

2.2.2.1 Flat rates

Flat-rate pricing refers to a strategy where electricity is charged at the same rate ($/kWh),
independent from the time each customer places his burden (i.e. demand) on the system.
Thus, flat rates are merely a function of the customer’s energy consumption volume within
a billing period. Customer total billing charges, under flat-rate pricing, typically consist of a
fixed customer charge (CC) plus an amount determined by a Flat Charge Rate (FCR™) and

the total amount of kWh energy consumption. These billing charges may take the form given
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in (2.4).

TB™ = CC + FCR™ xUG" (2.4)

Within (2.4), TB™ refers to the total customer bill charges and UG™ to the customer’s energy

consumption (in kwWh) within a billing period m (e.g., month).

2.2.2.2 Tiered rates

Tiered pricing is a variation of flat rate pricing. To this extent, tiered tariffs may have
inclining or declining block charges. That is, the energy charge (in $/kWh) for each block of
energy units (kWh) may increase or decrease with the number of energy units consumed.
The structure (i.e. inclining or declining), the number of blocks, the energy level of each
block and their associated energy charges depend on the utilities’ preferred pricing strategies.
A generic formulation for calculating the total customer bill charges under a volumetric

block charge rate scheme is shown in (2.5).

NB
TB" =CC+ Y B/ x[min{A,C,}]
k=1

A =max{UG" - X, ,,0}

Co =Xy =X (2.5)
X, =0

X, =m xAMC

Xyg =+©

where TB™ refers to the total customer bill for a billing period m, CC to the fixed customer
charge (in $/billing period), NB refers to the number of blocks, B," to the energy charge (in

$/kWh) of each block k, AMC to the Average Monthly Consumption of a typical residential
customer and X to the cut-off or boundary point (in kWh) of each block. Moreover, Ak, Ck
and my serve as auxiliary variables to facilitate the calculation process. In particular, my takes
the form of constant factors (%) that define the relationship of Xk with respect to AMC, thus
enabling the modeling of the cut-off point (boundary) of each block k in (2.5). To clarify the
process, Table 4 shows two indicative numerical examples of the total monthly bill
calculation (TB™) reflecting on the case of a two-tiered block rate.
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Table 4: Indicative examples of calculating the total monthly bill of a block rate with two

tiers

UG™=1000 kWh, NB=2, m;=50%, AMC=860 kWh, Xo=0, X1=430 kWh, Xo=+c0,
CC=20%/month, B;=0.10 $/kWh, B,=0.20 $/kWh

k Ax Ck min {A,Ci}
. A1 = max{UG"-X,,0} = max{1000,0} C1= X1 —Xo=430-0 = min{1000,430} =
=1000 430 430
) Az = max{ UG"-X1,0} = max{570,0} = | C2= Xz — X1 = +0-430 = | min{570, +oo} =
570 +00 570

TB"™= CC + 430 xB; + 570 xB,= 20+ 430x0.10+570x0.2 = 177 $

UG™=400 kWh, NB=2, m:=50%, AMC=860 kWh, Xo=0, X1=430 kWh, X,=4+0, CC=20
$/month, B1=0.10 $/kWh, B,=0.20 $/kWh

k Ax Cx min {Ax,Ci}
. A1 = max{UG™-Xo,0} = max{400,0} C1= X1 — Xo=430-0 = min{400,430} =
=400 430 400
5 Az = max{ UGm-xl(,JO} =max{-30,0} | Co=X2— X1 = +00-430 = ming0, 40} = 0
= +00

TB™=CC + 400xB;+ 0xB, = 20 + 400x0.10 = 60 $

2.2.3. NEM formulation

The NEM formulation realized in this analysis permits customers to offset their volumetric
charges within each monthly billing period. Therefore, the PV generation is credited based
on the bill period in which it occurs. The aggregation between residential energy demand
and PV generation is simply the subtraction of the total per month (m) energy consumption
of a residential customer (UG™) and the cumulative photovoltaic energy yield (PV™) of each
month as given in (2.6). This aggregation is hereinafter referred to as Net Customer Demand
(NCD™M).

NCD™ =UG™ — PV " (2.6)

Moreover, it is assumed that bill energy credits (CR™) will occur whenever the Net Customer
Units (NCU™) per month is negative. The associated generic formulation, shown in (2.7),
suggests that the bill credits at the end of each month are transferred to the next month’s
billing process. It is noted that under the formulation considered, any explicit fixed customer

charge (CC) per month is not being offset.

NCU™ = NCD" —CR™* (2.7)
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m

Therefore, the total customer bill (TBy,, ) per month (m) under net metering compensation

can be formulated separately for volumetric flat rates and tiered rates. These formulations
are shown in (2.8) and (2.9) respectively, by using the variables defined in (2.4)-(2.7).

TB,, =CC + FCR™ x[max{NCU ™, 0}]

(2.8)

CR™ =max{-NCU", 0}

NB
TBity =CC+ > B x[min{A,C,}]

k=1
A =max{NCU" - X,,0}
Ck = Xk - Xk—l
X,=0 (2.9)
X, =m,x AMC
Xyg =+

CR™ =max{-NCU ", 0}

2.3. Case study: modelling and data assumptions

To facilitate a numerical evaluation of the formulation process described in section 2.2, a
test system based on the vertically integrated system of Cyprus is used. The test system is
electrically isolated and relies predominantly on oil products (i.e. heavy fuel oil and Diesel)

for the generation of electricity.

2.3.1. System description

The thermal capacity of the test system embraces 11 conventional units (Table 5).
Specifically, three steam turbines (STs) burning heavy fuel oil (HFO) are used as base-load
units whilst two combined-cycle gas turbines (CCGTs) and six open-cycle gas turbines
(OCGTs) burning Diesel Oil are used as intermediate and peaking units respectively. Based
on the data specifics given in Table 5, the utility’s fixed (FiC) and variable (VrC) cost
components are calculated through the formulations presented in (2.2) and (2.3). To this aim,

the costs of transmission, distribution and customer costs of the utility are shown in Table 5.

The system’s expected peak load is 1000 MW whilst its annual load factor is equal to 56.7%.
This entails an annual energy consumption of 4.97 TWh. For simplicity in the analysis that
follows, it is assumed that all energy is consumed by a single class of residential customers.
The number of residential customers served by the system is assumed to be 482000 and the

Average Monthly Consumption (AMC) of a typical residential customer is 860 kwh.
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Table 5: Conventional generation fleet assumptions

Unit type - ST CCGT OCGT
Unit category - Base | Intermediate | Peak
Rated capacity (MW) Py 130 220 40
No. of units G 3 2 6
Efficiency (%) g 35% 46% 30%
Fuel type - HFO Diesel Diesel
Reference fuel price ($/MT) FFPgrer | 279 468 468
Net calorific value (MJ/MT) NCVy | 40800 42800 42800
Fuel cost ($/MWh) FCyrer | 70.3 85.6 131.2
Availability (%) - 98% 97% 99%
Overnight costs ($/kW) - 1800 1200 600
Priority order - 1-3 4-5 6-11
Fixed O&M cost ($/kWy) FOM, 18 12 6
Variable O&M cost ($/MWh) VOMy 3 2 1
CO, emissions cost ($/MWh) EMCq 20 15 23
Annual discount rate (%) - 10% 10% 10%
Expected lifetime (years) - 35 30 25
Capital recovery factor (-) - 0.1037 0.1061 0.1101
Levelized Fixed Generation Cost

LCq 186.64 127.3 66.1
($/kwy)
Levelized T&D Costs ($/y) LCmwp 140.000.000
Levelized Customer Costs ($/y) CuC 9.000.000
Total electricity sales (kwh) ES 4.970.000.000

Moreover, the test system benefits from renewable energy penetration, predominantly by

wind and solar technologies, which could cover approximately 13.2% of the total annual

energy needs. The further particulars of this assumption are shown in Table 6. It should be

noted that wind and solar generation is treated as negative demand (i.e. the available

generation is directly subtracted from the actual demand levels and thermal units are

responsible for covering the residual net demand).
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Table 6: Renewable energy penetration assumptions

Unit type Wind | Solar
Rated capacity (MW) 200 200
Capacity factor (%) 18% | 19.4%
Overnight costs ($/kW) 1200 | 1700
Expected lifetime (years) 20 20
Annual discount rate (%) 10% 10%
Capital recovery factor (-) 0.1175 | 0.1175
Annual Levelized Cost ($/kWy) | 141 | 199.75

2.3.2. Customer Load and PV Generation

The monthly load profile of a typical residential customer is obtained from load data
averaged over a sample of 100 residential customers. The load data were captured at a thirty-
minute interval and span through a 12-month period. Figure 9 illustrates an average

customer’s consumption pattern normalized over the assumed AMC value (860 kwWh).

140%

80% -

1 2 3 4 5 6 7 8 9 10 11 12
Month

Figure 9: Monthly consumption pattern shown as percentage of the AMC.

The rooftop PV energy generation is also monitored at a thirty-minute interval, spanning
through the same 12-month period as the customer load data quoted above and is shown in
Figure 10. The data pertain to a 1 kW, mono-crystalline PV system with an effective area of

7.03 m? located in region of annual solar potential availability of approximately 2000
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kWh/m?. The overall PV system efficiency is at 11.9%, including inverter efficiency and
relevant system losses (e.g. cabling, etc.). The above assumptions result in an annual PV

energy yield of approximately 1700 kWh/kKW,.
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Figure 10: Measured monthly PV generation shown as percentage of the average monthly PV

generation.

2.3.3. Fossil Fuel Prices Forecasting

The use of Brent and Diesel fuels is assumed in the generation mix of the example utility.
To model the uncertainty of fuel/oil prices, a method based on Markov-regime switching
models [72], [93] is used. Specifically, to forecast Brent prices (FFPgrent,m) OVer a 60-month
period, the RSGBM2 model, calibrated over the period 1978-2017, is used. The descriptions
of the modelling approach as well as a step-by-step calibration process are provided in
Appendix B. The 60-month forecasts for FFPsrentm are shown in Figure 11. For clarity, the
10" to the 90" percentile of the forecasts are displayed. For example, the 50" percentile
FFPsrentm Shows that 50% of all future forecasts are less than or equal to the values
displayed. Figure 11 also illustrates the reference FFPgrentrer Which is basically the
tabulated Brent price for March 2017.
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Figure 11: Statistical Forecasting of Brent prices (i.e. FFPgrent,m) OVer 60 months starting on
March 2017 to February 2023.

Having modeled future price movements of Brent (which is traded as a commodity on a
daily basis) through RSGBM2, it is assumed that the various oil classifications (e.g. Heavy
Fuel Oil and Diesel) are dominated by Brent’s price volatility. Therefore, a simple approach
is adopted for illustration purposes, that relies on linear regressions between Brent and HFO
historical monthly prices and between Brent and Diesel historical monthly prices in order to
obtain the prices for the particular fuel mix of the test system (as per (2.10) and Table 5).
The regression results are shown in Table 7, where, x is the intercept, 4 is the coefficient for

Brent prices and ¢ refers the zero-mean error term.

FFPirom = & + A X FFPsrenr o + Enronm

FFP

(2.10)
bieseLm = Ko + A X FFPgenr o + €oieser,m

Table 7: Regression results between Brent, HFO and Diesel.

Parameter HFO Diesel
R? 0.975 0.983
Intercept (x1, x2) -14.34 58.44
Brent Coefficient (11, 12) 0.797 1.113

2.4. Case study: results

2.4.1. Impact of fuel price volatility on energy charges
Two key pricing strategies are considered in the subsequent analysis. The main difference
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in the two strategies lies in how the revenue requirement (TRR) is recovered through the
fixed and energy customer charges. Both strategies (I & I1), consider three residential sample
tariff structures, namely: a) a volumetric flat charge rate (FCR), b) a two-block volumetric
tariff with increasing energy charge rates (IBR) and c) a two-block volumetric tariff with

decreasing energy charge rates (DBR).

2.4.1.1 Calculation of reference electricity charges

The numerical evaluation of the two pricing strategies is based on the fixed cost component
(FiC) and the variable cost component (VrC) formulations of the total revenue requirements.
The evaluation is based on the data given in Table 5 and Table 6 and on the use of a set of
reference fuel prices, which pertain to the actual market prices of Brent and Diesel fuels for
March 2017.

Using these reference fuel prices, the variable cost component is evaluated as follows. Based
on the system’s type of units and on their commitment priority order, each generating unit
(9) shown in Table 5. will deliver an expected annual energy amount (ERg in MWh). The
cost of ERg will be inevitably dependent on the fossil fuel type, each unit is using. Thus,
based on the type of fuel of each generator, the reference fossil fuel price FFPgrer (in $/MT)
is set equal to the actual market’s prices in March 2017 (see Table 5). The reference fuel
prices are concurrently used to calculate a reference total cost of fuels per MWh for each
generator (FCq rer in $/MWHh) as shown in (2.11). Within (2.11), NCVq refers to Net Calorific
Value (in MJ/MT) of each unit’s fuel type, 74 to the efficiency of each generating unit and

FFPyrer to the reference fuel prices associated to each generating unit.

FFP, ger ¥ 3600

- 2.11
GREF T g xNCV, (1D

Therefore, the formulation shown in (2.3) can be modified as in (2.12), to explicitly define
a reference variable cost component (VrCREF) based on a reference fuel cost (FCgyrer) per

MWh for each generator g.

G
VIC™ =% ER; x(FC, e + EMC, +VOM,) (2.12)

Within (2.12), ERg refers to the expected annual energy generation (in MWh) from each
generating unit g. All other terms of (2.12) are defined in Table 5.

Therefore, the fixed cost component (FiC) and the reference variable cost component
(VrCREF) are used to calculate a reference total revenue requirement (TRRrer) Which results

in some reference electricity charges as per (2.13).
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NoC x12

bx TRReer
ES

CcC

FCR™ = (2.13)

a+b=1

Within (2.13), TRRrer is the reference annual total revenue requirement, NoC refers to the
total number of customers, CC refers to the fixed monthly customer charge, FCRREF is the
flat energy charge rate and ES is the total annual electricity sales of the utility. Parameters a
and b define the ratio of TRRrer that will be recovered through the monthly customer charges
and energy charges respectively. Therefore, the average customer monthly bill (ATBREF) can
be calculated as a function of the monthly customer charge (CC), the flat energy charge rate
(FCRREF) and the Average Monthly Consumption (AMC) of a typical residential customer
asin (2.14).

ATB"F =CC + FCR™ x AMC (2.14)

Both strategies shown in Table 8, although different in their structure, result in collecting the
same amount of revenue from customers. However, these two particular pricing strategies
are deliberately selected due to the fact that they show extremities (lower and upper bounds)
of the retail rates that consumers may be offered by utilities. Specifically, if a net-metered
customer is offered the rate structure of pricing strategy I, then he actually receives
compensation only for the fuel, CO. and variable operation and maintenance costs that the
utility avoids; thus ignoring the fact that his distributed system may contribute to the overall
system generation, transmission and distribution adequacy. On the other hand, if he is
offered the rate structure of pricing strategy I, then he receives full retail rate compensation

which includes utility costs that can be only partially avoided or cannot be avoided at all.

It is noted that for the block charges, the cut-off (boundary) point between the two blocks is
assumed to be 430 kWh, which decodes into 50% of the assumed AMC. The relationship

between the energy charges of the two blocks is set to B =0.8xB} and

B =1.2x B*" for the IBR (1&I1) and DBR (I&I1) cases respectively.

11t should be noted at this point that the NEM practices elaborated in Appendix A can be perceived as
expansions of the two pricing strategies that are detailed in this chapter.
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Table 8: Reference energy charges for pricing strategies | and Il

Pricing Strategy |
FCRI1 IBRII DBR I Cut-off point:

Fixed Customer Charge (CC)
($/kWh) ($/kWh) ($/kWh) Xi=430kWh

0.0673 0.0826  BFF
62.55 $/month 0.0757
0.0841 00688  BFEF

Pricing Strategy |1
FCRI11 IBRII DBR Il Cut-off point:

Fixed Customer Charge (CC)
($/kWh) ($/kWh) ($/kWh) Xi=430kWh

01320 01620  BFF
0 $/month 0.1485
0.1650 0.1350 82REF

2.4.1.2 Adjusting reference energy charges to account for fossil fuel price variation

To model the effect of fossil fuel varying prices on the variable cost component, the
formulation shown in (2.12) is modified as shown in (2.15). The latter is used to calculate
the deviation of the monthly variable cost component (VrC™) from the reference variable

cost component (VrCREF) defined in (2.12). This is achieved through the use of a weight

FFP
factor in the form of ——2"—. This weight factor is able to adjust the variable costs as per
g,REF

the estimated fuel prices of a future month (m). Hence, the forecasts obtained through the
RSGBM2 model (FFPgm), shown in Figure 11 and their regressions (Table 7) are integrated
into the modeling process. Therefore, an updated variable cost formulation (VrC™) —-and a
consequent updated total revenue requirement (TRR™=FiC+VrC™)- is deduced according to

the monthly variation of fuel prices.

FFP
VrC" = Z(gll[ERg X (FCy per X" EMC, +VOM, )] (2.15)

0 REF
By means of (2.13)-(2.15) and based on the RSGBM2 model results and regressions, the
energy charges of the five-year evaluation period are calculated for each monthly billing
period (m) for all rate structures and pricing strategies. As an example, the flat charge rates
(FCR™) per billing period of the first year, for both pricing strategies (I and Il), are shown in
Table 9, based on the RSGBM2 50" percentile forecasting results. It should be noted that

block charges (B;") are modeled based on the reference design principles (i.e. number of

blocks, cut-off points, relationship between the block energy charges, etc.) discussed in
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subsection 2.4.1.1.

Table 9: Fuel-adjusted Energy Charges for Two Pricing Strategies
(RSGBM2 50™ Percentile Forecasting Results)

Billing period (m) | FCR" ($/kWh)  FCR{ ($/kWh)
REF 0.0757 0.1485
1 0.0759 0.1487
2 0.0761 0.1488
3 0.0762 0.1490
4 0.0764 0.1492
5 0.0766 0.1494
6 0.0767 0.1495
7 0.0769 0.1497
8 0.0772 0.1500
9 0.0775 0.1503
10 0.0777 0.1505
11 0.0776 0.1504
12 0.0778 0.1506

2.4.2. Value of bill savings from NEM PV applications under fossil-fuel price volatility

2.4.2.1 Definition of Value of Bill Savings index

The Value of Bill Savings (i.e. VBS) index is shown in (2.16). This index expresses the bill
savings on a $/kWh basis, by considering the annual reduction in the customer’s bill per each
kWh generated by his PV system [62]. As noted in [62], this is a valuable index since it
allows for a direct comparison of customers’ bills with different loads as well as a
comparison under different PV-to-Load ratios. The PV-to-Load ratio refers to the ratio of

the annual PV energy yield over the annual energy consumption of a customer.

i(ﬂam(\/rcm)—TB'N“EM (VrC™, PV™)
VBS = (2.16)

M
> pv"
m=1

As evident in (2.16), the VBS calculation embraces the total customer bill, without a net-

metered PV system (TB™(VrC™)) and the total customer bill, with a net-metered PV system
(TBRem (VrC™, PV™)). The total customer bills, TB™and TB™newm, can be obtained as given

in (2.4)-(2.5) and in (2.8)-(2.9) respectively when using the fuel-adjusted energy charges,

FCR™and By . M refers to the total number of billing periods (in months) of the evaluation.

2.4.2.2 Discussion

The subsequent VBS analysis utilizes the 1 kW PV generation data shown in Figure 10. The
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1 kWp PV size is able to offset 16.7% of the customer’s annual energy consumption shown
in Figure 9 (i.e. 16.7% PV-to-Load ratio). Moreover, a 100% PV to Load ratio scenario under
a 6 kW, PV size is also examined. Therefore, for these two PV-to-Load ratios, the VBS is
evaluated under the two pricing strategies (I and Il) and their associated rate structures (FCR,
IBR, DBR). The results are shown in Figure 12 and Figure 13.

The impact of the different fuel prices percentiles is also marked in Figure 12 and Figure 13.
In particular, the impact of the 5™, 50 and 95" percentiles of the Brent and Diesel fuels’
forecasts is illustrated. These percentiles are used to capture the extremity of the fuel prices
impact on the VBS evaluation. Moreover, the VBS under these percentiles is also
benchmarked against a reference scenario that assumes that fuel prices remain constant

throughout the evaluation period (i.e. five years).

e 5th percentile ~ * 50th percentile  a 95th percentile = Reference
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A
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Figure 12: VBS results for the 5™, 50" and 95" percentile values of the fossil fuel prices forecasts

and benchmarked against the reference scenario for a 16.7% PV-to-Load ratio.
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Figure 13: VBS results for the 57, 50" and 95" percentile values of the fossil fuel prices forecasts
and benchmarked against the reference scenario for a 100% PV-to-Load ratio.

Both Figure 12 and Figure 13 reveal that pricing strategies moderate the expected VBS.
Specifically, it is apparent that pricing strategy Il offers a larger incentive (i.e. higher VBS)
than strategy | to customers considering a net-metered PV investment. This is because, for
pricing strategy 11, the energy (per kWh) charge offered includes not only the variable but
also the fixed cost component of the total revenue requirements. Thereby, a NEM customer
avoids a larger consumption cost and benefits from this indirect subsidy. However, it should
be borne in mind that allowing NEM customers to offset all fixed utility costs may lead to
revenue inadequacies (for utilities) and perhaps increased costs for other customers that do

not participate in NEM.

In addition, the tariff structure under which the customer is charged has a considerable effect
on VBS. In particular, under the 16.7% PV to Load ratio examined, the IBR structure would
enable a NEM customer to offset a higher consumption cost compared to FCR and DBR
structures, thus significantly increasing the value of investment. Conversely, a customer
charged under a DBR structure would accrue a lower benefit for the same investment due to
the fact that DBR structures offer a lower charge rate as energy consumption increases. As
shown in Figure 12, under both pricing strategies | and 11, the profitability of the investment
(VBS) for a DBR customer is eroded. However, the rate structure impact on the value of bill

savings gradually diminishes as the PV-to-Load ratio reaches higher levels. To this end,
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Figure 13 shows that for the 100% PV-to-Load ratio all rate structures yield equal bill
savings. Moreover, Figure 12 and Figure 13 show that fuel price variation is a prevailing
factor that also controls the respective VBS of residential customers. The results clearly
suggest that the competitiveness of net-metered PV systems is counteracted by diminishing

fossil fuel prices.

2.5. Financial risk assessment for net-metered PV applications

To assess the financial risk of VBS under the calculated range of fossil fuel prices forecasts
the following formulation is considered. A VBS probability distribution is extracted through
utilizing all fuel price forecasts. Specifically, a cumulative probability distribution F(x) of
VBS values is calculated through the formulation shown in (2.16). The VBS distribution is
extracted from each of the fuels’ price percentiles (1% - 99™) obtained by the RSGBM?2
model. Table 10 illustrates the process of calculating the distribution of VBS values for the
FCR case of pricing strategy | (FCR)). Similarly, cumulative probability distributions can be
calculated for all tariff structures shown in Table 8. To this end, Figure 14 and Figure 15
show all cumulative distributions F(x) of VBS under the 16.7% and 100% PV-to-Load ratios

considered in this case study.

Table 10: VBS distribution calculation process

Cumulative probability

) Fossil fuel price percentile (RGBM2)
F(x) (in %)

1% FFPgrent 15t / FFPpieseL 15/ FFPHFO 1t
2% FFPsrent 2nd / FFPDIEsEL 2nd/ FFPHFO 2nd
99% FFPgrent ooth / FFPoieseL g9t/ FFPHFO goth

Once the VBS distributions have been calculated, their values are directly compared to a
target VBS level. By means of an example, a VBS target value equal to $0.10/kWh is
assumed. This target pertains to an estimation of the Levelized Cost of Energy (LCOE) of
PV generation. LCOE can be perceived as a stream of equal payments, normalized over the
expected energy production, which would allow a stakeholder to recover all costs over a
determined financial lifetime [62]. Thus, the financial risk of the PV investment in its first
five years of operation may be examined through Figure 14 and Figure 15 for the 16.7% and
100% PV-to-Load ratio respectively.
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Figure 14: VBS cumulative probability distribution F(x) for a 16.7% PV-to-Load ratio
under the two utility pricing strategies.
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Figure 15: VBS cumulative probability distribution F(x) for a 100% PV-to-Load ratio under the

two utility pricing strategies.

To this end, Table 11 tabulates the probability of VBS being less than the LCOE target value
set. The tabulated results confirm that pricing strategies fundamentally regulate VBS. In fact,
for pricing strategy 11, the probability of the VBS being less than the LCOE target value,
significantly decreases. Moreover, it is clear that the rate structures (in both pricing

strategies) substantially influence the VBS. In particular, under the large array of fuel
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forecasting prices, the DBR structure (in both pricing strategies) exhibits the larger
probability of not being able to meet the target value of providing a VBS in the order of the
LCOE for PV generation. Nevertheless, this effect gradually decreases as the PV-to-Load

ratio increases.

Table 11: Probability of VBS being less than the target LCOE value

Strategy | Strategy I
PV-to-Load ratio | FCR, IBR, DBR, FCRy IBRy, DBRy,
16.7% P=7273% | P=62.63% | P=80.81% | P=0% |P=0% | P=0%
100% P=7273% | P=7273% | P=7273% | P=0% | P=0% | P=0%

It is nevertheless obvious that retail charges, due to fuel prices volatility, introduce
significant uncertainty to the VBS of a net-metered PV application. This is clearly reflected
on the five-year evaluation period examined in this chapter.

2.6. Conclusions and policy implications

Net metering provisions are increasingly attracting interest as low-cost, easily
implementable schemes that play an integral role in the growth of rooftop photovoltaic
installations. The relatively simple as well as fundamental logic of their entailing policies
constitute them appealing to retail electricity customers. To this end, a number of studies
have been conducted in recent years to identify public perceptions and attitudes towards net
metering actions and policies. These studies (e.g., [75] and [83]) have provided some
important findings. In general, these studies imply that people may hold inaccurate
perceptions about their energy consumption and savings under PV net-metering applications,
mainly due to large knowledge gaps regarding electricity costs structures and underlying
business economics of utilities that are associated with investment in and operation of
transmission and distribution facilities and other costs incurred to ensure reliability and fund

public policy initiatives endorsed by utility regulators [26].

It is, however, important for potential NEM customers to understand that net metering is an
investment and as such, there may be a possibility that the actual return will be different than
expected. To this extent, the literacy lack identified in the general group of retail energy
customers constitutes a “noisy communication channel” that fails to link the intrinsic
characteristics of NEM to the underlying revenue collection practices of utilities. This
inevitably entails inaccurate financial assessments of profitability and returns on investment,

for NEM customers.

Therefore, this work has attempted to firstly reiterate the impact of the inherent uncertainty
embedded in electricity charges and retail tariffs on the return of investment expected from

net-metered residential PV systems. In particular, the retail rates’ volatility and its
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subsequent impact on net-metered PV applications were approached in a threefold manner;
volatility resulting from: i) the pricing strategy of the utility, ii) the rate structure under which
the customer is charged, and iii) rate rider clauses through fuel prices adjustment caps

depending on volatile fuel prices.

Specifically, the extremities of the utility’s pricing strategy were examined in order to
capture the upper and lower bound of a net metering compensation mechanism. These
bounds aim to highlight that the true avoided cost of the utility would lie within these values.
Thus, net metering schemes could be more suitably tailored to the specifics of each utility
through alternative pricing strategies thus minimizing cross-subsidies between NEM and
regular customers. In addition, the traditional volumetric tariff structures were thoroughly
examined in order to evaluate their effect on net-metered applications. It is clear that rate
structures can potentially have a significant effect on the bill savings generated by a net-
metered PV system due to the difference in the marginal rates offered to customers as per

their energy consumption levels.

It is also acknowledged, that the uncertainty in fuel prices changes heavily depends on the
electricity fuel mix. For example, in a country with mostly nuclear and hydro, fuel prices are
relatively stable and hence do not constitute a source of uncertainty in retail electricity rates.
In addition, renewable energy can serve to hedge fuel price-related risks. Nevertheless, the
uncertainty is highest in regions where the main fuel for electricity generation has high price
volatility, such as oil. This is particularly evident in small and isolated systems such as the

one simulated in the chapter by means of an example.

To this extent, it should also be acknowledged that regulatory uncertainties could be more
significant than that due to fuel prices. Other sources of uncertainties include elements such
as PV output, degradation and failures, feedback from PV uptake to future rate changes and
change in mix of generation in the long run. It should be noted that the influence of these

other sources of uncertainties on the return of NEM investments is equally important.

In conclusion, through adopting a flexible forecasting model -RSGBM2- and generic retail
rate formulations, this work has presented a top-down transparent method that quantifies the
financial risk of net metering (from the customer’s perspective) in a vertically-integrated
system by accounting for the combined effect of utility pricing strategies, rate structures and
fuel price volatility. To this extent, the quantification of the fuel price-related risk could in
principle be incorporated into PV adoption models and enhance the PV uptake projections

that may be of interest to regulators, planners and operators.
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Chapter 3

Fundamental Modelling for Understanding NEM
Impact on Energy Distribution  Losses
Reallocation due to Prosumers’ and Storsumers’
Integration

3.1. Introduction

Equation Chapter 3 Section 1This chapter will demonstrate the fundamental logic that
dictates the hidden cross-subsidies that arise due to the integration of NEM customers in
distribution systems. Particular emphasis will be given on the LV level where prosumers and
storsumers are most often located. These hidden cross-subsidies arise due to the reallocation

of energy distribution losses that takes place due to the presence of NEM customers.

The NEM compensation mechanisms are fundamentally based on the underlying retail
tariffs. This is because NEM customers receive a one-for-one credit for the electricity they
export to the grid against their time-diversified consumption that is imported from the grid
[1]. As discussed in Chapter 1, even though NEM practices are appealing due to their
relatively simple form, there exist major concerns regarding these practices’ impact on
utilities revenue collection mechanisms. The concern is mainly that the NEM practice entails
utility incurred costs that are in addition to the electricity costs recovered from NEM
customers. Relevant studies have demonstrated this financial implication (i.e. the electricity
rate death spiral) on utility fixed costs recovery. As a result, rate re-design endeavors are
being undertaken in order to minimize such cost-shifting issues through alternative ways of
recovering fixed costs, e.g., increased fixed customer charges or demand (i.e. per kVA)
charges. To this extent, the latter suggests that fixed cost recovery could, in principle, be

decoupled from energy consumption volumes (see Chapter 1, section 1.3.2.1).

However, a subsequent concern that has received no thorough attention yet —but will persist
even if fixed costs are recovered independently from the energy volumes of customers—

pertains to the losses-related expenditures of utilities accommodating NEM customers. This
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chapter will elaborate on this, by discussing and demonstrating cases where NEM prosumers
cause utilities to incur more losses than those reflected in their net billing amounts. This
inevitably entails additional costs that are caused by NEM customers but are borne by regular

customers.

Moreover, the aforementioned rate re-design efforts may provide incentives for the uptake
of yet another energy class of retail customers. Thus, besides NEM prosumers, potential
implications associated with the emerging class of NEM storsumers is investigated.
Storsumers fundamentally amalgamate the simultaneous actions of “storing” their excess
solar energy and “consuming” it at later times. This storsumers’ label is introduced to
directly distinguish this class of energy users from typical NEM prosumers which do not
have storage capabilities. Consequently, the key difference between prosumers and
storsumers lies in the increased controllability that the latter may exert on their net demand

shape.

It should be noted at this point that the need for defining a diligent as well as practical loss
allocation practice rests with the limitations of the existing metering and monitoring
infrastructure at the LV level. Smart grid concepts that allow real-time monitoring of line
flows, demand/generation profiles and LV distribution networks’ configuration information
to support more sophisticated loss pricing schemes, (e.g., marginal or flow-tracing methods
[94], [95]) are still far from being practically implementable. This is due to the existence of
significant computational, techno-economical, regulatory and behavioral obstacles that
tamper the optimism of rapidly migrating to the smart grid era [13]. For example, in order
for the aforementioned economically efficient loss allocation methods to be applicable, data
availability is required regarding:

a) the demand and generation profiles of each individual customer (with high
temporal resolution)
b) the exact network topology, i.e. where and how each individual customer is
connected to the grid.
Both of these aspects are not yet available to a significant number of utilities across the
globe. However, even if such data become available in the future (as part of the wide AMI
dissemination efforts that currently take place), the fact that such methods allocate varying
amounts of losses (e.g., see [95]-[100]) may not be acceptable from a regulatory standpoint
due to the fact that customers cannot choose their location on the grid. Therefore, until
advanced metering and monitoring capabilities become a factual and not a theoretical reality

[37], [40], cross-subsidies or hidden implications associated with the NEM practice will
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persist [47].

Bearing the above remarks in mind, the work performed in this chapter associates: a) the
effect —on the incurred energy distribution losses— of small-scale distributed energy
resources (DER) such as PV and storage units with b) the compensation mechanisms entailed
by the traditional NEM practice (i.e. one-for-one credit exchange). To this extent, the present
work differs from other relevant archived literature as it explicitly investigates the
implications which spring from the practical limitations imposed by traditional (i.e. legacy)
metering infrastructure, retail rate designs and NEM practices. Moreover, an alternative
NEM practice (with regard to losses allocation and net billing process) is introduced and the
main differences between the two practices are examined in order to provide a more spherical

view of the issue and its sensitivity factors.

3.2. Pro rata loss allocation fundamentals and practice

In general, power system total losses (TL) are divided into non-technical (NTL—e.g., theft,
metering errors, etc.) and technical losses [101]. Technical losses are further divided into no-
load (NLL) and load losses (LL). No-load losses refer to the incurred losses that are necessary
to keep the grid energized but are independent of power flows (e.g., transformer shunt losses,
etc.). Hence, NLL cannot be affected by the introduction of bidirectional power flows owing
to the existence of NEM customers. On the other hand, load losses refer to the incurred losses
that are a (non-linear) function of power flows (i.e., conductors and transformer windings’
losses) and, to this extent, are influenced by the introduction of bidirectional flows due to

the integration of NEM customers.

Relatedly, it should be mentioned that NTL are usually estimated based on historical records
and statistical studies whilst NLL are extracted from network equipment data (e.g.,
transformers, substations, etc.) and the respective manufacturers’ specifications [102].
Consequently, the difference between the measured TL and the calculated NTL and NLL are
the incurred LL of the system, as shown in (3.1):

TL=NLL+NTL+LL (3.1)

All three categories of incurred losses impose costs on utilities and, as a result, must be
recovered in their entirety by end-users. To this extent, the most common practice for
allocating and recovering the losses’ costs from electricity end-users is the pro rata method
[94], [95], [103]. The pro rata method allocates the total losses of the system to customers
based on their individual active power demand level, ignoring their relative location on the
grid [94], [95], [103]. This is mathematically expressed in (3.2), where AL refers to the losses
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allocated to customer n from the total number of customers (NoC) whereas TL and D are the

total incurred losses and demand level at time interval t, respectively.

AL, =TL x 2t
no NoC (3.2)

2. by
n=1

Thus, the total allocated losses (TAL) to each individual consumer (n) during an examination

time period (T) would be the sum of his allocated losses at each time interval as expressed
in (3.3).

.
TAL, =Y AL, (3.3)
t=1

However, the existing metering infrastructure at the distribution level provides measured
data with limited temporal resolution. Specifically, a significant number of utilities are able
to obtain information regarding their customers’ individual behavior merely on a volumetric
basis (i.e. consumed kWh per billing period). This limitation has forced utilities to adopt
variations of the pro rata method, such as the one described in (3.4) [96]. This equation
shows that the incurred energy losses allocation is usually performed through the use of
distribution loss factors (DLFs). Hence, DLFs as in (3.4) account for the average energy
losses that are incurred as electricity travels through the distribution system to reach the

customers’ premises [96].

[Energy Losses]
DLF, = :
O ™ [Energy Sales] (3.4)
where [Energy Sales] = [Total imported energy]

It should be made clear that demand variations will result in varying incurred load losses
and, consequently, to different DLF calculation due to the fact that load losses are dependent
on power levels, not merely on energy levels [94], [95]. To deal with this effect, there exist

two main regulatory approaches in setting DLFs in regulated retail markets [27].

The first regulatory approach is to set a standard DLF which will be kept constant for a
specified time period (e.g., 5-year period) based on relevant assumptions (resulting either
from forecasting or historical data) with respect to the expected conditions of the system.
Thus, under this regulatory approach, utilities have to procure adequate energy to cover the
actual system losses but they receive compensation that is equal to the metered final
electricity sales times a standard DLF [101]. Therefore, in cases when actual losses are less
than the standard (i.e. assumed) losses, the utility receives this difference as a gained profit.

Conversely, when actual losses are larger than standard losses, then the utility is financially
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penalized. Therefore, this approach provides an effective incentive to utilities to invest in

lowering their systems’ losses [101].

The second approach is to review and adjust the applying DLF at specified time intervals
(e.g., monthly, seasonally, annually) based on relevant metered data (i.e. procured energy
and electricity sales). Thus, under this second approach, the utility always recovers the actual
losses that it incurs by directly passing them onto its customers. This approach translates into

utilities recovering their exact costs but no more, regardless of the circumstances.

The aforementioned approaches are fundamentally similar to the traditional cost-of-service

and price-cap regulation [27]. The latter are quoted below directly from [27]:

“...Perfect cost-of-service (COS) regulation is at one extreme of the
regulatory spectrum. It assures that, no matter what, suppliers will
recover all of their costs but no more. This includes a normal rate of return
on their investment. Perfect COS regulation holds prices down to long-
run costs but takes away all incentive to minimize cost. If the suppliers
make an innovation that saves a dollar of production costs, the regulator
takes it away and gives it to the customer.

At the other extreme is perfect price-cap regulation. It sets a cap on the
supplier's price according to some formula that takes account of inflation
and technical progress, and it never changes the formula. Now every
dollar saved is kept by the supplier, so its incentives are just as good as in
a competitive market. But it's difficult to pick a price-cap formula that can
be fixed for twenty years at a time. A perfect (very-long-term) price cap
must always allow prices that are well above long-run cost to avoid
accidentally bankrupting suppliers. Consequently, prices will be too
high...”

Bearing the above in mind, it is rather clear that both approaches are identical at the planning
stage, i.e. when studying the expected conditions of the system and determining the

corresponding DLF and allocation strategy [104].

DLFs are used in billing arrangements as per unit scaling factors that are applied to the
metered energy (i.e. imported energy or, equivalently, energy sales — in kWh) of each
customer, thus yielding their billed consumption. Therefore, the billed consumption (in
kwh) of each consumer, which would be used to calculate the energy charges, is shown in
(3.5):

[Billed consumption] = [Imported energy] + [Allocated losses] (3.5)

where the term Allocated losses (in kWh), is calculated as in (3.6):

[Allocated losses] = DLF, x[Imported energy] (3.6)

To make the above more explicit, we assume that the utility cost of energy is $0.10/kWh and

53



CHAPTER 3 HIDDEN NEM CROSS-SUBSIDIES: MODELLING

that a consumer demands 1 kWh. We also assume that the DLF is 5%. Thus, the customer’s
billed consumption as per (3.5) would be (1 kWh + 5%x1 kWh = 1.05 kWh) and his final
energy charges would be (1.05 kWhx$0.10/kWh=$0.105)?.

3.2.1. Effect of one-for-one NEM practice on DLF calculation

Bearing in mind the formulations shown in (3.4)-(3.6), the billed consumption formulation
shown in (3.7) resembles the traditional “net energy” metering practice. That is, NEM
customers receive a one-for-one credit exchange for the electricity they export to the grid
against their consumption that is imported from the grid. This exchange is a volumetric
aggregation (e.g., on a monthly basis) that essentially ignores the time diversity between the

import and export activities of NEM customers.

[Billed consumption] = [Imported — Exported energy] + [Allocated losses] (3.7)

This one-for-one credit exchange suggests that utilities accommodating NEM customers
would calculate their DLFs for all their customers based on the formulation shown in (3.8)
in order to recover the entirety of the incurred energy losses. Within (3.8), the term “total
imported energy” refers to the cumulative amount of energy (in kWh) that flows from the

2

grid to all utility customers. Conversely, the term “total exported energy” refers to the
cumulative amount of energy (in kWh) that explicitly flows from NEM customers to the

grid.

DLE — [Energy Losses]
' [Net Energy Sales]’ (3.8)

where [Net Energy Sales] = [Total Imported Energy] —[Total Exported Energy]

Therefore, with reference to (3.7) and (3.8) the term Allocated losses, would be calculated
as in (3.9):

[Allocated losses] = DLF, x[Imported —Exported Energy] (3.9
Thus, it should be noted that by virtue of the traditional NEM practice: a) DLF depends on

the total losses and the net sales of a utility, b) DLF is uniformly used for all grid-connected
customers (i.e. both regular and NEM customers) and c) the one-for-one credit exchange
ignores the time diversified interaction of NEM customers with the grid which inevitably
incurs losses and, therefore, has a hidden impact that is not currently accounted in the DLFs

calculation nor the billed consumption of all customers.

2 It should be clarified that embedding the DLF in the retail rate that is passed onto the customer leads to
equivalent energy charges. That is, (1.05 kWhx$0.10/kWh) = (1 kWhx$0.105/kWh).
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3.3. Revealing the hidden implication of NEM practice on energy distribution
losses reallocation

To make the losses-related hidden impact of the current NEM practice more explicit, a small-
scale example is hereby modelled. The aim of this example is to qualitatively/intuitively
demonstrate the hidden implication when NEM customers (prosumers and subsequently
storsumers) are integrated in an LV feeder. The example is based on a simple 4-node feeder
shown in Figure 16. The simple 4-node feeder is simulated under three different scenarios.
The first scenario (Figure 16-a) serves as the benchmark case and considers a pure consumer
at node C and a pure consumer at node D. The second scenario (Figure 16-b) pertains in
having the same pure consumer at node D (as in the 1% scenario) and a NEM prosumer at
node C. Finally, the third scenario (Figure 16-c) benefits from the same pure consumer at
node D (as in the 1% scenario) but a NEM storsumer at node C.

Grid
Supply

Consumer @) Consumer Prosumer (b) Consumer

Grid e

Supply

Storsumer
©) Consumer

Figure 16: 4-node example feeder (a) serving pure consumers, (b) serving one prosumer and

one pure consumer and (c) serving one storsumer and one pure consumer.

3.3.1. Scenario 1 (SC1) — Losses incurred by pure consumers

The benchmarking scenario (SC1) considers the case where the consumer at node C
constantly demands one unit of electricity (Dc in kW) whereas the consumer at node D
constantly demands two units of electricity (Dp in kW) over a specified period (T), for
example 24h. The demand profile of consumer C is marked in Figure 17, for illustration
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purposes. For facilitating the subsequent analysis, the 24-hour period is divided into 5
segments, AT1 to ATs (see Figure 17). This time division applies to all scenarios (SC1-SC3).
To this extent, Table 12 summarizes the volumetric grid interaction of both consumers in
SC1, which corresponds to the data that would be available to the utility in order to determine
the DLF.

Table 12: Volumetric grid interaction for SC1
Node C Node D
Imported energy (kWh) 24 48
Utility Sales (kwWh) 24 +48=72

N
Therefore, to simulate the total losses (Z P! ) incurred on the feeder (Figure 16-a) for each
t=1

time step t, the formulation shown in (3.10) is used. For simplicity, load losses are assumed
to be equal to aJ? where a is determined by the voltage and resistance of the respective line
(i.e. AB, BC, BD) whilst J? is the square of the power flowing through that line. Moreover,
no-load losses (NLL) are assumed to be constant and equal to 0.01 kW at all times.

M—4

T T
P =) NLL +Z[(J}\B)2 xag +(Jhe)? xage +(Igp)* xagp]
t=1

t=1 t=1
Jhe =Jsc +Jgps Jec =Dc, Jgo =Dp (3.10)

NLL =0.01 kW

Based on (3.10), Table 13 shows the calculated total losses for SC1 as described above.

Table 13: Calculated losses during each time segment in SC1
AT1 AT, ATz AT. ATs Total
(6h) (3h) (9h) (3h) (3h) (24h)
SC1 Load Losses (kwh) 084 042 126 042 042 3.36

Time period

SC1 No-load Losses (kwh) 0.06 0.03 0.09 0.03 0.03 0.24

3.3.2. Scenario 2 (SC2) — Losses incurred by NEM prosumer and pure consumer

The second scenario considers the case where the consumer at node D constantly demands
two units of electricity over a 24-hour period (T), as in SC1, whereas the customer at node
C becomes a NEM prosumer. The net demand profile of the NEM prosumer at each time

step (t) is simulated as per (3.11), and it is also shown in Figure 17.

ND;’rosumer =D' _Glti’v (311)
With reference to (3.11), the net demand (ND) of the NEM prosumer is calculated as per the
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actual demand (D) minus the PV generation (Gpyv) at each time step (t). In SC2, the NEM
prosumer imports electricity during ATi and ATs+ATs. Conversely, the NEM prosumer
exports electricity during AT>+ATz. It should be noted that the profile shown in Figure 17
assumes that the NEM prosumer benefits from a PV system that constantly generates two
units of electricity for 12 hours. Table 14 summarizes the grid interaction (i.e. import/export)
activities of both the NEM prosumer and the consumer in order to calculate the net sales of
the utility in SC2.

Table 14: Volumetric grid interaction for SC2
Node C Node D

Imported energy (kWh) 12 48
Exported energy (kWh) 12 0
Net sales (kWh) (48 +12) — (12) = 48

Subsequently, to calculate the total losses incurred on the feeder shown in Figure 16-b, at
each time step t, the formulation shown in (3.12) is used whilst Table 15 tabulates the SC2

losses-related results.

T T T
2P =2 NLL+Y [(Jhp)* x@ng +(Jpc)* xage +(Jgp)” x@gp]
t=1 t

t=1
Jf"\B - ‘JtBC + ‘]tBD’ ‘]IIBC = ND}:—Prosumer’ ‘]tBD = DtD (3.12)
apg =agc =8gp =a=0.01
NLL =0.01 kW

Table 15: Calculated losses during each time segment in SC2
AT: AT, ATs ATs ATs Total
(6h) (3h) (9h) (3h) (3h) (24h)
SC2 Load Losses (kWh) 0.84 018 054 042 042 24
SC2 No-load Losses (kwh) 0.06 0.03 0.09 0.03 003 024

Time period

3.3.3. Scenario 3 (SC3) — Losses incurred by NEM storsumer and pure consumer
The third scenario considers the case where the consumer at node D constantly demands two
units of electricity over a 24-hour period (T), whereas the customer at node C now becomes
a NEM storsumer, i.e. a grid—connected customer that benefits from a PV system paired with
a Battery Energy Storage System (BESS). The NEM storsumer’s net demand profile is
generically simulated as shown in (3.13).
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NDorsumer = D' —Gpy + Pagss

Piess > 0 (when charging) (3.13)

Paess <O (when discharging)

Piess =0 (when idle)
Within (3.13), the net demand (ND) of the NEM storsumer is calculated as the actual demand
(D) minus the PV generation (Gpv) plus the BESS’s power at each point in time (t). As shown
in (3.13), the BESS’s power is positive when it charges, negative when it discharges and
zero when it is idle. A detailed formulation of the BESS utilized in the modelling process is

provided in (3.14) (a similar formulation can be found in [105]).

In order to calculate the storsumer’s net demand profile at each time interval, it is assumed
that a BESS can absorb or provide power by means of its charging/discharging process.
However, this process is constrained by the technical characteristics of the BESS, which
depend on its technology type. These characteristics are its maximum charging and
discharging rate (Pc-max and Pg.max respectively in kW), its energy rating (Emax in kWh), its
allowable depth of discharge (DoD in %) and minimum state-of-charge (m in %), and its

charging and discharging efficiency (5. and #q respectively in %).

The BESS energy content (E') at each point in time can be calculated based on (3.14) where

E" represents the BESS energy content at the previous point in time, A7 is the time step and
ncand #q are the charging and discharging efficiency respectively. Finally, the Pct and Pdt are
the charge and discharge power of the BESS respectively. It should be noted that at each
time interval, the BESS will either charge or discharge; therefore, if P! >0, thenP{ =0,

and vice versa.

E' = E"™ +7, x Pl x AT L, P} x AT
M4
subject to
Py xPy=0 (3.14)
0<P'<P ...

0<P{ <Py o

<E'<(m+DoD)xE,,

mx Emax -

Thus, at each point in time, the BESS power can be written as in (3.15) and can be used in

the calculation of the net demand of the storsumer.

PI;ESS = Pct - PJ (3.15)
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The simulated NEM storsumer’s net demand profile is superimposed in Figure 17. The
profile shown suggests that the NEM storsumer imports electricity during AT1. During ATz,
his excess PV generation is not exported to the grid but instead is used to charge the BESS.
Once the BESS is fully charged, his excess PV generation is directly exported to the grid
during ATz. Subsequently, during ATs, (i.e. when PV generation becomes unavailable), the
BESS discharges energy to cover the NEM storsumer’s demand. When the BESS is
discharged, importing electricity from the grid is resumed during ATs. Table 16 tabulates the
grid interaction of the NEM storsumer and the pure consumer in order to calculate the utility

net sales in SC3.

Table 16: Volumetric grid interaction for SC3
Node C Node D

Imported energy (kWh) 9 48
Exported energy (kWh) 9 0
Net sales (kWh) (48+9)-9=48

Subsequently, to calculate the total losses (see Table 17) incurred on the feeder shown in

Figure 16-c, at each time step t, the formulation shown in (3.16) is used.

T T T
z A= Z NLLJFZ:[(‘JtAB)2 xag +(Jc)’ xagc +(Igp)” ¥ agp]
t=1 t=1

t=1
JLB - JtBC + ‘]tBD’ ‘]ItSC = ND(tlfstorsumer’ ‘]tBD = DtD (3.16)
NLL =0.01 kW

Table 17: Calculated losses during each time segment in SC3
ATy AT ATs AT, ATs Total
(6h) (3h) (9h)  (3h) (3h)  (24h)
SC3 Load Losses (kwh) 084 024 054 024 042 2.28
SC3 No-load Losses (kwh) 0.06 0.03 0.09 0.03 0.03 0.24

Time period
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Figure 17: Illustration of pure consumer, prosumer and storsumer net demand profiles (node C).

3.3.4. Implication of the one-for-one credit practice on energy losses reallocation
By using the calculated total losses as well as the volumetric interaction calculated in all
scenarios, the DLF (see Table 18) is calculated for SC1, SC2 and SC3 as per the particulars

and formulas that apply in each scenario.

Table 18:; Calculated DLF for each examined scenarios
Scenario SC1 SC2 SC3
DLF (perunit) 0.05 0.055 0.0525

These calculated DLFs are subsequently utilized to apportion the allocated losses to each
customer (i.e. at node C and node D respectively) as shown in Table 19.

Table 19: Allocated losses for each scenario
Scenario SC1 SC2 SC3
Node C 1.20 0 0

Allocated losses (kWh)
NodeD 240 2.64 252

Table 19 shows that the total incurred losses in SC1 (i.e. 3.6 kWh) are allocated to the two
pure consumers at nodes C and D as per their imported energy volume. That is, the customer
at node C is allocated 1.2 kWh and the customer at node D is allocated 2.4 kWh. In SC2, the
total incurred losses are 2.64 kWh (0.96 kWh less than in SC1). However, the DLF under
SC2 is 0.055. This suggests that the DLF has been increased although the absolute incurred
losses of the system have been reduced. This paradoxical effect is a consequence of the
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reduction in the net sales of the utility. The consequent impact is that the pure consumer at
node D, even though maintaining the same demand pattern in both SC1 and SC2, he is
allocated under SC2 10% more losses when compared to SC1 (i.e. 2.64 kWh compared to
2.4 KWh).

The same conclusion, although less pronounced, can be drawn in SC3 where a NEM
storsumer is considered in the analysis. In fact, the pure consumer at node D, even though
maintaining the same demand in both SC1 and SC3, he is allocated 5% more losses when
compared to SC1 (i.e. 2.52 kWh compared to 2.4 kWh).

The above example, although small in scale, clearly reveals that the current NEM practice
(i.e. one-for-one credit exchange) may entail losses-related costs that are in addition to the
ones included in the billing process of NEM customers (prosumers or storsumers) and,
consequently, are borne by regular customers. In other words, it illustrates that hidden,
losses-related cross-subsidies may arise as NEM customers penetrate the system due to the
one-for-one credit exchange of the traditional NEM practice. Moreover, the fact that the
traditional NEM practice allows NEM customers to avoid paying for no-load losses is
essentially providing them with an extra credit for services their DG systems cannot offer to

the system.

3.3.5. Sensitivity of arising implication to network topology
It is important to note that the above example has been based on a series of assumptions
relating to the demand, generation and storage utilization patterns as well as to the network’s

topology. Regarding the latter, all line segments were considered equal (i.e.
axg =agc =app =0.01). However, the (electrical) distance between the grid supply point

(i.e. node A) may not necessarily be equal to the distance between neighboring loads. To
demonstrate this effect, the sensitivity of the losses-related cross-subsidy to the network’s
topology is investigated as per the details provided in Table 20. Specifically, all three
scenarios (SC1-SC3) are revisited as per two cases. In the first case it is assumed that aag is
half the reference value shown in section 2.2 (i.e. 0.01) whilst asc and agp are kept constant.
In the second case, it is assumed that aag is twice the reference value whilst agc and agp are

kept constant.

Table 20 shows that if aag is reduced, then the cross-subsidy from the pure consumer to the
NEM customer persists. Specifically, the pure consumer at node D is forced to pay more for
losses in SC2 (2.04 kwh) and SC3 (1.95 kwh) compared to SC1 (1.68 kwWh). However, if
aas IS increased, then the cross-subsidy is eliminated in SC2 since the pure consumer pays

exactly the same amount of losses as in SC1 (3.84 kWh). Moreover, in SC3, the cross-
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subsidy changes direction and flows from the NEM customer to the pure consumer since he
is allocated less losses (3.66 kWh) compared to SC1 (3.84 kWh). This signifies that the
network topology does have an impact on the losses-related NEM implication.

Table 20: Allocated losses per each examined scenario for varying aas values

SC1 SC2 SC3
e Node C | Node D | Node C | Node D | Node C | Node D
0.01 (Reference) 1.20 2.40 0 2.64 0 2.52
0.005 0.84 1.68 0 2.04 0 1.95
0.02 1.92 3.84 0 3.84 0 3.66

3.4. Alternative practice — one-for-one plus losses credit exchange

Following the analysis of the previous section, an alternative practice that could be adopted
is hereby presented, bearing in mind that utilities possess data with limited temporal
resolution regarding their customers’ actual behavior. To this end, this alternative practice
relies on a different DLF calculation and net billing procedure. The examination of this
alternative practice is based on the premise that the import and export activities of NEM
customers could in principle be treated differently. Specifically, the alternative practice
accounts for the grid use —to import energy— of all customers (including NEM customers),
on a volumetric basis. To this extent, it allocates a portion of the feeder’s incurred losses to

NEM customers similarly to pure consumers, i.e. based on their imported energy volume.

More explicitly, the alternative DLF calculation can be derived when considering the

following factual principles.

e Point 1: at the distribution level, the current metering capabilities of utilities allow
them to measure the cumulative imported energy needs of all of their customers.
e Point 2: NEM customers benefit from bidirectional electricity meters that are able

to record both their cumulative imported and exported energy amounts.

By capitalizing on the above points, the DLF calculation could be performed as in (3.17).

[Energy Losses]
DLF, =
[Total Imported Energy]

(3.17)

Within (3.17), the term “total imported energy” refers to the cumulative amount of energy
that flows from the grid to all customers’ premises (including NEM customers). Thus, the
DLF shown in (3.17) takes into account the fact that NEM customers continue to import
energy from the grid, similarly to other pure consumers. However, an important note is that
the “total imported energy > inherently excludes the self-consumed energy of NEM

customers. The self-consumed energy of NEM customers refers to the direct satisfaction of
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their demand through the use of their own resources (i.e. PV and BES systems). Through the
self-consumed energy, NEM customers effectively reduce the amounts of energy that they
import from the grid. Thus, the direct self-consumption through privately-owned DER (PV
or PV+storage units) does not incur any energy losses since the use of grid is avoided. This
kind of self-produced energy utilization is equivalent to the case where pure consumers

reduce their consumption, e.g., through energy efficiency measures [106], [107].

To this extent, the alternative, one-for-one plus losses practice takes the above remarks into
account and uses the DLF calculation shown in (3.17) to introduce a revised energy netting

process for NEM prosumers and NEM storsumers as per (3.18):

[Billed consumption] = [Imported energy] + [Allocated losses] —[Exported energy] (3.18)

where the term Allocated losses, is now calculated as in (3.19):

[Allocated losses] = DLF, x[Imported energy] (3.19)

Based on (3.19), the allocated losses to NEM customers are now a function of their imported

energy volume and not of their aggregate net energy (as in (3.6)).

Table 21 shows the comparison between the current and the alternative practice in: a) DLF
calculation, b) Allocated Losses and c) Billed Consumption. The comparison is undertaken
for SC2 and SC3 that account for the integration of NEM prosumers and NEM storsumers

respectively.

Table 21 shows that under the one-for-one credit practice that is collectively embraced by
(3.7)-(3.9) the NEM customer at node C (i.e. prosumer in SC2 and storsumer in SC3) would
be allocated no losses due to the fact that he exhibits a zero net energy (see line 8, columns
2 and 4 of Table 21 respectively). Thus, all incurred losses in the feeder would be recovered

by the pure consumer at node D (see line 9, columns 2 and 4 of Table 21 respectively).

Conversely, under the alternative practice, that is collectively embraced by (3.17)-(3.19) the
NEM customer at node C (i.e. prosumer in SC2 and storsumer in SC3) would be allocated
0.528 kWh and 0.3978 kWh respectively (see line 8, columns 3 and 5 of Table 21). Under
this practice, the pure consumer at node D would be now assigned 2.112 kWh and 2.1222 of
losses respectively (see line 9, columns 3 and 5 of Table 21). This is 12% and 11.6% less
than the benchmark scenario SC1 (i.e. 2.40 kWh). This may be perceived as a cross-subsidy
from the NEM customer to the pure consumer. Table 22 tabulates the comparison of the two
NEM practices in terms of allocated losses to the pure consumer (at node D) under SC2 and
SC3.
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Table 21: Comparison of one-for-one and one-for-one plus losses NEM practices

Scenario SC2 SC3

NEM Practice One-for-one One-for-one One-for-one One-for-one
plus losses plus losses

Comparison of calculated DLF
DLF (per unit) 0.055 0.0440 0.0525 0.0442
Comparison of allocated losses (kWh)
Node C 0 0.528 0 0.3978
Node D 2.64 2.112 2.52 2.1222
Comparison of billed consumption (kWh)
Node C 0 0.528 0 0.3978
Node D 50.64 50.112 50.52 50.1222

Table 22: Allocated losses to pure consumer under SC2 and SC3 as percentage of SC1

) Pure consumer at node D (SC2) +10%
One-for-one practice
Pure consumer at node D (SC3) +5%
) Pure consumer at node D (SC2) -12%
One-for-one plus losses practice
Pure consumer at node D (SC3) -11.6%

3.5. Sensitivity of the arising implication to the temporal resolution of data

The previous section has demonstrated the implications that the limited temporal resolution
of demand and generation behavior at the LV distribution level may impose when NEM
customers (and, consequently, bidirectional power flows) are integrated. In other words, the
analysis of the previous section corresponds to the implications of integrating NEM

customers with conventional metering infrastructure.

However, as mentioned in Chapter 1, the forthcoming advent of AMI is expected to facilitate
“smarter” pricing schemes due to the enhanced temporal resolution of metered consumption
and distributed generation data availability. To this extent, the billing process (i.e. DLF,
allocated losses and billed consumption calculations) of regular as well as NEM customers
could be performed with an increased temporal resolution. It should, nevertheless, be
explicitly noted that even if such data become available, pro rata methods remain the only
applicable method due to the fact that it does not take into account the network’s topology.
On the contrary, marginal, flow-tracing or other circuit-based methods require that the
network’s topology (i.e. conductor paths, phase connections and impedances, etc.) is

accurately known.

Bearing these in mind, the net billing process at each time interval could be described
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through the following simple steps:

a) Measure the total imported and total exported power of all customers

b) Calculate total incurred losses (i.e. sum of all power injections from generation
points —including the grid supply point— minus all power withdrawals from
consumption points)

c) Calculate the DLF

d) Allocate losses to each individual customer based on his interaction with the grid

To this extent, two potential DLF formulations that can be used to allocate losses and

calculate the billed consumption of customers are provided below.

One potential DLF formulation with increased temporal resolution can be taken directly
from the traditional pro rata allocation definition shown in (3.2), section 3.2. However, when
NEM customers are present, a portion of their actual demand is directly satisfied from their
own resources (e.g., PV and BES systems). To this extent, the allocated losses to each
customer (including NEM ones) is altered as in (3.20) and reflects the amounts of power

drawn from the grid.

AL, =TL x ID, = DLF'x ID!
n NoC - n
> 1D}
n-=1 t (3.20)
¢ TU
where DLF" = NoC

> ID;
n=1

Within (3.20), AL refers to the losses allocated to customer n from the total number of
customers (NoC) —including NEM customers— whereas TL and ID are the total incurred
losses and grid-imported power level at time interval t respectively. Thus, DLF'is the
distribution loss factor that applies for each time interval t. Hence, the total allocated losses

for each customer within the examination time period (T) is given by (3.21).

T
TAL, = > [DLF x1D;] (3.21)

t=1
Moreover, another potential DLF calculation could take place for each time interval t as
shown in (3.22) below. The difference between the two lies in the fact that the formulation
shown in (3.22) is based on the net demand level at each time interval. Therefore, NDLF!
refers to the distribution loss factor that results from net demand levels. For example, this

formulation is used in the Cypriot power system and the particular details can be found in
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[108].

t
AL =TL x—NO';'Dn = NDLF'xND!,
> ND;
n=1 (3.22)
¢ TU
where NDLF" = oo
ND;
=1

Within (3.22), AL refers to the losses allocated to customer n from the total number of
customers (NoC) —including NEM customers— whereas TL and ND are the total incurred
losses and net demand level at time interval t respectively. Thus, NDLF!is the distribution
loss factor that applies for each time interval t and the total allocated losses for each customer
within the examination time period (T) are given by (3.23).

T
TAL, = [NDLF'xND;] (3.23)

t=1
Using the formulations shown in (3.20)-(3.23) in conjunction with the simulated SC1-SC3
results of the small-scale example from the previous sections, the hourly interaction and the
allocated losses per each hourly interval to each customer (i.e. node C and node D) can be
calculated. The total allocated losses under each set of formulations for both the customer at

node C and at node D are provided in Table 23.

The results of Table 23 show that the hidden financial implications of NEM practices arise
regardless of whether the loss allocation process takes place at more frequent time intervals
(e.g., hourly periods). Specifically, depending on whether the exported generation from
NEM customers is treated as negative demand, the DLF calculation and consequently the
amounts of allocated losses to NEM customers and pure consumers are affected significantly

and perhaps more unpredictably.

For example, in SC2 the NEM customer is allocated -0.24 kWh (i.e. credited with 0.24 kWh)
if exported generation is treated as negative demand whilst the pure consumer is allocated
2.88 kWh. In other words, the pure consumer bears more losses than actually incurred (i.e.
2.88 kWh when incurred losses are 2.64 kWh) whilst the NEM customer receives that
difference between allocated and incurred losses as extra credit (i.e. -0.24 kWh). The 2.88
kWh of allocated losses to the pure consumer corresponds to an increase in the order of 20%

(when compared to SC1).

On the other hand, if exported generation is not treated as negative demand (i.e. as per (3.20)
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and (3.21)), then the NEM customer is allocated 0.6 kWh whilst the pure consumer is
allocated 2.04 kWh respectively. This entails a reduction in allocated losses for the pure
consumer in the order of 15% compared to SC1. This entails that the pure consumer has

received a benefit without altering his grid interaction.

Furthermore, with regard to SC3, the NEM customer is allocated -0.18 kWh (i.e. credited
with 0.18 kWh) if exported DG is treated as negative demand whilst the pure consumer is
allocated 2.70 kWh. This entails that the storsumer receives less credit compared to SC2
even though self-consumed DG energy amounts have been increased. This suggests that
when exported DG is treated as negative demand, the storsumer concept is fundamentally
counteracted by this net billing arrangement due to the fact that self-consuming the otherwise
exported DG leads to less benefits.

On the other hand, when exported DG is not treated as negative demand, then the storsumer
is allocated 0.45 kWh. This amount is less than what the prosumer is allocated (i.e. 0.6 kWh)
in SC2. Therefore, in this case, self-consuming privately produced DG energy entails more
benefits than exporting it to the grid.

Table 23: Total allocated losses under each scenario and per each loss allocation formulation
when data are available with increased temporal resolution
SC1

Total allocated losses (kWh)
Node C (pure consumer) | Node D (pure consumer)

Using (3.3) 1.20 2.40
SC2
Total allocated losses (kWh)
Node C (prosumer) Node D (pure consumer)

Pro rata allocation based on
imported demand with 0.6 2.04
increased temporal resolution

Pro rata allocation based on net
demand with increased -0.24 2.88
temporal resolution

SC3

Total allocated losses (kWh)
Node C (storsumer) Node D (pure consumer)

Pro rata allocation based on
imported demand with 0.45 2.07
increased temporal resolution

Pro rata allocation based on net
demand with increased -0.18 2.70
temporal resolution
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3.6. Summary and discussion
In this chapter, the fundamental modelling for understanding the hidden implications relating
to the losses reallocation when NEM customers are integrated at the distribution level was

presented through a small-scale example. Specifically, the implications were examined:

a) once when prosumers and once when storsumers are integrated at the distribution
level (i.e. SC2 and SC3),

b) for two different DLF formulations and net billing practices when data are
available with limited temporal resolution, i.e. the one-for-one and the one-for-
one plus losses NEM practices,

c) for two different DLF formulations and net billing practices when data are
available with increased temporal resolution, i.e. the pro rata allocation based on

imported demand and the pro rata allocation based on net demand.

The above cases were compared to a benchmark scenario (SC1) which pertains to the case
before the integration of NEM customers, i.e. both customers of the small-scale example
were initially considered as pure consumers. With regard to SC1, it is noted that all examined
cases entail the same allocated losses to both customers. This is an upshot of the flat demand
profiles that were deliberately selected in this way in order to allow the direct comparison of
the sensitivity of the losses-related implication as per each NEM practice and each DLF

formulation.

To this extent, a summary of the simulation results based on the various DLF and net billing
formulations that were examined is presented in Table 24. These results indicate the
following:

a) Zero net-metered customers are allocated no losses merely under the traditional,
one-for-one NEM practice. All other cases result either in allocating or crediting

losses to NEM customers.

b) None of the applicable methods that were examined yields the exact avoided
losses of the system in order to credit or charge NEM customers accordingly. This
is proven by the fact that pure consumers are either allocated increased or
decreased amounts of losses —depending on the loss allocation method that is

adopted— compared to the benchmark scenario SC1.

c) The one-for-one plus losses and the pro rata allocation based on imported
demand practices provide NEM customers with incentives to self-consume their

privately produced DG energy, either physically by altering their consumption
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patterns or virtually by adopting a BESS (thus becoming storsumers).

d) On the contrary, the one-for-one and the pro rata allocation based on net demand
practices treat the exported DG energy as if it were self-consumed thereby

eliminating any effective incentive for NEM customers to actually do so.

e) The one-for-one and the pro rata allocation based on net demand practices may
result in pure consumers being allocated more losses than SC1 (i.e. 2.64 kWh and
2.88 kWh respectively). This entails that pure consumers provide yet another

cross-subsidy to NEM customers.

f) On the other hand, the one-for-one plus losses and the pro rata allocation based
on imported demand practices may result in pure consumers being allocated less
losses than SC1 (i.e. 2.112 kWh and 2.04 kWh respectively). This entails that
they receive a benefit without altering their consumption patterns. In other words,
the cross-subsidy changes direction in this case and flows from NEM customers

to pure consumers.

As a final note, it should be mentioned that the hidden, losses-related cross-subsidies owing
to the integration of NEM customers is a function of several factors. Specifically, the loss
allocation process is directly affected by the amount of incurred losses on the system due to
the interaction of all customers, both regular and NEM, with the grid. With regard to the
incurred losses, the actual impact of NEM customers is mainly a function of a) the
penetration level of NEM customers, b) the interaction of NEM customers with the grid and
¢) the network’s technical characteristics (e.g., voltage level, topology, conductor type and
length, etc.). However, as was elucidated in the small-scale example that was modelled in
this chapter, another key aspect in the loss allocation process lies in how these interactions

are treated from a billing standpoint.

Bearing these in mind, the next chapter pertains to a real case study of the LV distribution
system in Cyprus where NEM customers are currently being integrated in increasing

numbers.
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Table 24: Summary of total allocated losses under each scenario and per each loss allocation

formulation in Chapter 3

SC1 (Benchmark)

Loss allocation

Total allocated losses (kWh)

Node C (pure consumer)

Node D (pure consumer)

Pro rata with limited temporal

) 1.20 2.40
resolution
Pro rata with mc_reased 120 2 40
temporal resolution
SC2

NEM practice/Loss allocation

Total allocated losses (kWh)

Node C (prosumer)

Node D (pure consumer)

One-for-one

0 (-100%)

2.64 (+10%)

One-for-one plus losses

0.528 (-56%)

2.112 (-12%)

Pro rata based on imported
demand with increased
temporal resolution

0.6 (-50%)

2.04 (-15%)

Pro rata based on net demand
with increased temporal
resolution

-0.24 (-120%)

2.88 (+20%)

SC3

NEM practice/Loss allocation

Total allocated losses (kWh)

Node C (storsumer)

Node D (pure consumer)

One-for-one

0 (-100%)

2.52 (+5%)

One-for-one plus losses

0.3978 (-66.85%)

2.1222 (-11.6%)

Pro rata based on imported
demand with increased
temporal resolution

0.45 (-62.5%)

2.07 (-13.75%)

Pro rata based on net demand
with increased temporal
resolution

-0.18 (-115%)

2.70 (+12.5%)
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Chapter 4

Realistic Case Study of the Losses Reallocation
Implications due to the Integration of Prosumers
and Storsumers

4.1. Introduction

Equation Chapter 4 Section 1To comprehensibly appraise the impact of NEM customers on
the loss allocation process of distribution systems, a more systematic analysis is performed
in this chapter through a realistic test system. The case study relies on actual demand,

generation and network data that are considered representative for the LV system of Cyprus.

4.2, Useful definitions and data assumptions

In this section, the data assumptions necessary for the feeder’s simulations and subsequent
loss allocation calculations are described. These assumptions pertain to the feeder’s
topological and electrical characteristics and to the demand and generation profiles of pure

consumers, prosumers and storsumers.

4.2.1. Description of LV feeder

Distribution networks can fundamentally be perceived as radial or tree graphs connecting a
set of nodes with one another through a set of edges (e.g., lines, cables, etc.) [109], [110].
The distribution grid, especially at the LV level, is usually structured as a single root node
(i.e. the grid supply point—GSP) feeding power downstream to several consumption points.
However, with the increasing penetration of DER, there may exist several generating points

downstream the GSP as well.

The LV feeder shown in Figure 18 is a typical tree network that is representative of the LV
system in Cyprus. The details of the LV feeder were directly taken from the Geographical
Information System (GIS) database of the Distribution System Operator of Cyprus
(DSOCY). The feeder serves 36 single-phase residential and 2 three-phase commercial

customers (located at nodes 3 and 5). All 38 customers are uniformly distributed among the
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three phases of the feeder. The feeder is served by a 50 kVA MV/LV transformer. The no-
load (NLL) and load losses (LL) of the transformer are equal to 0.1 kW and 0.856 kW
respectively, as per the manufacturer’s specification spreadsheet provided by the DSOCY.
It is re-iterated that NLL are independent on the power flows; conversely, LL are analogous

to the square of the power flowing through the transformer.

12
- = 100 mm? Aluminum (0.27 Ohm/km) T__ _—— T

— 22 mm? Aluminum (1.23 Ohm/km) 10,9 IN_13
! 14
1
— 7
3 5 16
1 4 6 | 15
______________________ e e e oo 22
2 ]_ 21 17
5 2 19
SIE 100 m 4 22{# = |
===

Figure 18: Realistic Test LV feeder single-line diagram (all distances are scaled).

4.2.2. Description of consumption, PV generation profiles and battery energy storage
systems
Each customer is assigned to an average daily consumption profile (i.e. residential or
commercial). The average demand profiles are shown in Figure 19 and were also directly
provided by the DSOCY. It is noted that the average daily consumption of residential and
commercial customers is approximately 10 kwWh and 70 kWh respectively. Thus, the average
daily demand that is served by the feeder sums up to 500 kWh. To facilitate the subsequent
analysis, it is also necessary to have characteristic net demand profiles for residential

prosumers and residential storsumers. These are shown in Figure 20.

In particular, the net demand profile of NEM prosumers is derived by combining the demand
profile of the pure residential consumer with a PV generation profile. The PV generation
used in this case study is based on real-measured data that are representative of the solar
potential characteristics in Cyprus. The average daily energy yield is approximately 4.56
kWh per each installed kW,. Thus, when the prosumer installs a 2.2 kWp PV system, the

corresponding net demand profile is that shown in Figure 20.
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Figure 19: Average daily consumption profiles of commercial and residential consumers in

Cyprus.

Furthermore, the residential storsumer, besides the 2.2 kWp PV system benefits from a
BESS with an energy rating equal to 50% of the residential customer’s average daily
consumption (i.e. 5 kwWh). The further particulars of the BESS are provided in Table 25. By
using these characteristics and the method shown in (3.13), the storsumers’ net demand

profile, shown in Figure 20 can be derived.

Table 25: PV and BESS characteristics

o Installed capacity (kW) 2.20
Energy yield (kwh) 10
Energy rating (kWh) —Emax 5
Power rating (KW) — Prmax 3

- Allowable depth of discharge (%) — DoD 60%
Minimum state-of-charge (%) —m 40%
Charging efficiency (%) — 7 97%
Discharging efficiency (%) — 74 97%
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Figure 20: Daily net demand profiles of a residential pure consumer, prosumer and

storsumer.

4.2.3. Calculation of total incurred losses on the LV feeder

Based on the individual net demand profiles for pure consumers, prosumers and storsumers
and the LV feeder’s specifics described above, the total net demand (TND) served by the LV
feeder at time interval t can be mathematically formulated as shown in (4.1).

NoPCC NoPRC NoRP NoRS
TND'= ) D+ >, Di+ > NDy+ > NDj (4.1)
c=1 r=1 p=1 s=1

Within (4.1), NoPCC and NoRPC refer to the number of pure commercial and residential
consumers respectively, NoRP refers to the number of residential prosumers whilst NORS
refers to the number of residential storsumers. The sum of these factors result in the total
number of customers served by the LV feeder, i.e. 38 customers in total. Parameters D and
ND reflect the demand and net demand of each customer at time interval t, as these were

illustrated in Figure 19 and Figure 20.

Subsequently, the algorithm provided in Table 26 can be used in order to determine the flows
through each line of the network. For simplicity (but without loss of generality), line losses

( Lte) are assumed to be equal to aeJezwhere ae Is determined by the voltage and resistance of

the respective edge whilst Je2 is the square of the power flowing through that edge. Moreover,

the following convention is used for flow causation: ND is the flow caused by the import or
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injection of power at node n and is signed positive if importing power from the grid and

negative if injecting power to the grid.

Table 26: Algorithm for determining line flows and incurred line losses

Start
For each line e
For each node n
Starting from the GSP, check if line e is traversed to reach node n

¢ ND}, if yes
Pn e .
' 0, if no
End

N
Je=> Py, where N is the total number of nodes
n=1

LL =8 x(Jg)?
End

Furthermore, the total feeder losses include a) the NLL of the transformer, which are
considered constant and independent from power flows, and, b) the LL of the transformer,
which are considered analogous to the square of the power flowing through the transformer.
The latter can be mathematically formulated as in (4.2) below.
t _ (TNDt)Z Peak
LLTF = R—(:ZX L r (42)

Within (4.2), LLir refer to the transformer load losses at time interval t, TND is the total net

demand. Moreover, RC is the transformer’s rated capacity whilst LLE% are the peak load

losses of the transformer (i.e. the losses incurred if the power flow through the transformer

is equal to its rated capacity—RC).

Thus, the total incurred losses of the LV feeder (TL) at each time interval (t) are given by
(4.3). Within (4.3), NE refers to the total number of lines of the LV feeder (i.e. 22 lines in

total) whereas LL. refer to the losses of each line e.
NE
TU' =NLL+ LL; + > LL, (4.3)
=1

4.3. Examined cases

The examined cases pertain to the impact that residential NEM customers cause on the loss
allocation process. These are shown in Table 27. In particular, apart from the two pure
commercial customers, the 36 residential customers served by the representative feeder are

simulated under four (4) different cases:
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Case 0 refers to serving 100% pure residential consumers,

Case 1 refers to serving 50% pure residential consumers and 50% residential

prosumers,

Case 2 refers to 50% pure residential consumers, 25% residential prosumers and

25% residential storsumers, and,

Case 3 refers to serving 50% pure residential consumers and 50% residential

storsumers.
Table 27: Examined cases
Commercial Customers Residential Customers
Case Pure consumers Pure consumers NEM prosumers NEM storsumers
(NoPCC) (NoPRC) (NoRP) (NoRS)

0 2 36 0 0
1 2 18 18 0
2 2 18 9 9
3 2 18 0 18

The total net demand served by the LV feeder per each examined case is shown in Figure

21. These profiles result from the use of the individual net demand profiles shown in Figure

19 and Figure 20 in conjunction with the use of (4.1).

As illustrated in Figure 21, the demand served by the LV feeder —before the integration of

NEM customers, i.e. Case 0— is dominated by residential customers and, therefore, the daily

peak demand occurs in the evening. Moreover, the two commercial customers consume 28%

of the total energy consumption whilst the rest 62% is consumed by the 36 pure residential

consumers.
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Figure 21: Total net demand profile per each examined case.

Furthermore, once the NEM customers are introduced (i.e. Case 1, 2 and 3), the net demand
patterns are significantly affected. Specifically, depending on the total PV generation
availability and the respective total size and utilization of BESSs from NEM customers, the
total net demand of the feeder may be substantially reduced. In fact, there may be certain
time periods during which local DG levels are higher than local demand thus resulting in
reverse power flows to upstream voltage levels, i.e. from the LV to the MV level (see Figure
21). However, the integration of storsumers (i.e. Case 2 and Case 3) may potentially result
in a more efficient operation of the distribution network. This is depicted by the fact that
under Case 2 and Case 3 the net peak demand is decreased. On the contrary, under Case 1
the net peak demand is identical to Case 0 due to the time diversity between PV generation
and customers’ peak consumption. To this extent, the increased self-consumption that
storsumers exhibit owing to their BESS utilization can under certain conditions result in

more widespread benefits for the distribution system.

Subsequently, the total incurred losses can be calculated for each case as per (4.3). This is
performed according to the specifics of each examined case shown in Table 27. The

respective calculations for Case 0 to Case 3 are shown in Figure 22 to Figure 25.

Within these figures, the total losses are shown to be the sum of the transformer’s no-load
(NLL) and load losses (LLt) plus the line losses (3.LLe) incurred on the feeder. Specifically,

it is illustrated that no-load losses remain constant in all cases, regardless of whether NEM
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customers are present or not. On the other hand, both the line losses as well as the
transformer’s load losses are significantly affected by the bidirectional power flows owing
to the integration of NEM customers. In particular, all cases involving NEM customers (i.e.

Case 1 to Case 3) result in reduced incurred losses compared to Case 0.

However, the fact that incurred losses are reduced does not necessarily entail that pure
consumers will be allocated less losses as well. To this extent, the next step of the analysis
pertains to how the incurred losses of each scenario are allocated to customers.

1 —Total losses —Line losses
09 Transformer load losses ---Transformer no-load losses

Cumulative total losses: 9.86 kWh

0,8 Cumulative line losses: 3.48 kWh
Cumulative transformer no-load losses: 2.4 kWh
0,7 Cumulative transformer load losses: 3.98 kWh
$06
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Figure 22: Total incurred losses for Case 0.
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—Total losses —Line losses
Transformer load losses ---Transformer no-load losses
0’90 Cumulative total losses: 7.69 kWh
0.80 Cumulative line losses: 2.66 KWh
J Cumulative transformer no-load losses: 2.4 kWh
0.70 Cumulative transformer load losses: 2.63 kWh
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Figure 23: Total incurred losses for Case 1.
0,70 —Total losses —Line losses
Transformer load losses ---Transformer no-load losses
0,60

Cumulative total losses: 6.65 kWh
Cumulative line losses: 2.09 kWh
050 Cumulat!ve transformer no-load losses: 2.4 kWh

! Cumulative transformer load losses: 2.16 kWh
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Figure 24: Total incurred losses for Case 2.
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0,70 —Total losses —Line losses
Transformer load losses ---Transformer no-load losses
0,60

Cumulative total losses: 6.12 kWh
Cumulative line losses: 1.79 kWh
0.50 Cumulat!ve transformer no-load losses: 2.4 kwh
! Cumulative transformer load losses: 1.93 kWh
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Figure 25: Total incurred losses for Case 3.

4.4. Loss allocation under various DLF formulations and NEM practices

The loss allocation process is a function of a) the total incurred losses, b) the grid interaction
of all customers, c) the DLF formulation and NEM practice, and, d) the temporal resolution
under which the loss allocation takes place. All these aspects are interrelated and play an
important role in determining the actual impact of NEM customers on the loss allocation
process at the LV level.

As thoroughly discussed in Chapter 3, the temporal resolution of the data availability
determines the temporal resolution of the loss allocation as well (see section 3.2 and section
3.5). Therefore, two subcases can be recognized for each examined case; the first subcase
pertains to how losses would be allocated when merely the cumulative amounts of demand
and total losses are known (i.e. when conventional metering infrastructure is available).
These subcases will be henceforth referred to with an extra subscript a (e.g., Case 0.a). The
second pertains to the case where the utility possesses demand and losses data with increased
temporal (e.g., hourly) resolution. These subcases will be referred to with an extra subscript
b (e.g., Case 0.b).

4.4.1. Loss allocation when data are available with limited temporal resolution
If a utility deploys conventional metering infrastructure, then the NEM practice and loss
allocation process would be based on the volumetric grid interaction of all customers and

the cumulative total incurred losses. This would be an upshot of the fact that the utility would
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possess merely cumulative demand and generation data. The data that would be available to

the utility are summarized in Table 28 for all examined cases.

Moreover, the impact of NEM penetration as per each examined case is compared to the
specifics of Case 0 in Figure 26. Specifically, the comparison pertains to the total incurred
losses, the total imported demand amounts and final net sales of Cases 1, 2 and 3 as a % of
Case 0. As illustrated in Figure 26, the total incurred losses and total imported demand differ
from one case to another whereas the total net sales are identical. This entails that the rate at
which net sales are affected is the same for all cases; however, this is not the case for total
incurred losses and the total imported demand amounts due to the fact that they are a function
of the grid interactions of the various customers (i.e. pure consumers, prosumers or

storsumers).

To this end, the results of Table 28 are subsequently utilized to calculate the DLF for the two
NEM practices described in Chapter 3; namely, the one-for-one and the one-for-one plus
losses NEM practices. The loss allocation under each NEM practice was described in section
3.2 and section 3.4 respectively. The calculated DLFs as per each case and each NEM
practice are shown in Table 29. Finally, the allocated losses to each type of consumers as
per each case are provided in Table 30 and Table 31 for the one-for-one and the one-for-one

plus losses practices, respectively.

B Case l.a OCase 2.a @Case 3.a

Reduction as % of Case 0

0% — e f— = — =
Total Incurred Losses  Total Imported Demand Net Sales

Figure 26: Impact of NEM penetration on total incurred losses, total imported demand and net

sales as % of Case 0.
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Table 28: Total losses and volumetric interaction for each examined case when merely

conventional metering infrastructure is available

Volumetric interaction
Incurred losses

Case (KWh) Total imported energy ~ Total exported energy Net sales
(kwh) (kwh) (kwh)
0.a 9.86 500 0 500
la 7.69 432.4 112.4 320
2.a 6.64 406.1 84.8 321.3
3.a 6.12 379.7 57.2 3225

Table 29: DLF calculation for each examined case when merely conventional meters are available

Case One-for-one practice One-for-one plus losses practice
0.a 1.9720% 1.9720%

la 2.403% 1.7784%

2.a 2.067% 1.6476%

3.a 1.8975% 1.6118%

Table 30: Cumulative allocated losses to each type of customers for each examined case under

the one-for-one NEM practice

SO Residential pure Residential Residential Tl
pure consumers allocated
Case (KWh) consumers prosumers storsumers losses
(kWh) (kwWh) (kwWh) (KWh)
0.a 2.76 7.10 0 0 9.86
la 3.36 4.33 0 0 7.69
2.a 2.89 3.72 0 0.03 6.64
3.a 2.65 3.41 0 0.06 6.12

Table 31: Cumulative allocated losses to each type of customers for each examined case under

the one-for-one plus losses NEM practice

Commercial . . . . . . Total
pure consumers Residential pure Residential Residential allocated
Case (KWh) consumers prosumers storsumers losses
(kwh) (kWh) (kwWh) (KWh)
0.a 2.76 7.10 0 0 9.86
la 2.49 3.20 2.00 0 7.69
2.a 2.30 2.96 0.93 0.49 6.64
3a 2.26 2.90 0 0.96 6.12
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These calculated DLFs are used to quantify whether the regular, pure consumers in the feeder
are allocated increased losses amounts when compared to their allocated losses in Case 0.
This comparison quantifies the level of cross-subsidy that may arise. The corresponding

results are shown in Figure 27.

Figure 27 shows that pure consumers are allocated increased amounts of losses as the number
of NEM prosumers in the feeder is increased. For example, this occurs in the modelled Case
1 (+21.9%), where the number of pure consumers equals the number of NEM prosumers.
This in fact confirms that the one-for-one practice —which does not account for the time
diversity between the import and export activities of NEM customers— may at some
occasions increase the allocated losses to pure consumers, even though the total incurred
energy losses are decreased. This dictates that pure consumers subsidize NEM prosumers.
Conversely, under the one-for-one plus losses practice, the respective allocated losses that
pure consumers face are decreased by 9.82% (in Case 1). This signifies a cross-subsidy in

the opposite direction, i.e. from NEM prosumers to pure consumers.
25%

20%
15%

m 1-1 practice @ 1-1 plus losses practice

Pure consumers subsidise NEM customers

[HEN
S 38 3
S S S

-5%
-10%
-15%

Level of cross-subsidy
(% with respect to case 0)

-20% NEM customers subsidise pure consumers

-25%

Case 1 Case 2 Case 3

Figure 27: Level of cross-subsidy under the one-for-one and the one-for-one plus losses practice (as

% with respect to Case 0).

In addition, the results of Figure 27 reveal that as NEM storsumers penetrate the LV feeder
(i.e. Case 2 and Case 3), the losses-related implication is progressively vanished, even under
the one-for-one NEM practice. This is because NEM storsumers increase their self-

consumption and, to this extent, the incurred energy losses are further reduced. More
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importantly, the results of Case 2 and Case 3 provide a clear indication that self-consumption
may be desirable from an operational point of view. Hence, the fact that the traditional NEM
practice ignores the time diversity between demand and PV generation may result in

providing the opposite pricing signals to NEM customers.

Conversely, the one-for-one plus losses practice presented, which allocates a portion of the
incurred energy losses to NEM customers depending on the respective volume of imported
energy, is providing an incentive to NEM customers to adjust their consumption in
accordance with their self-produced PV energy in order to reduce their imports from the grid.
However, in doing so, pure consumers may end up receiving a benefit even though they

exhibit the same behavior as previously.

4.4.2. Loss allocation when data are available with increased temporal resolution

In this subsection, the case study details are used in order to examine the effect of increased
temporal resolution on the loss allocation process. Specifically, it is assumed that the utility
possesses demand and generation data for each customer with hourly resolution and,
therefore, the DLF calculations can be performed on an hourly basis. These DLF calculations
are once performed as per (3.20) and subsequently as per (3.22) (see section 3.5 for the

formulation details).

With regard to the formulation in (3.20), Figure 28 illustrates the hourly DLF calculations
for each examined case. Based on these calculations, the hourly allocated losses for each
type of customers can be quantified for each time interval. The types of customers involved
in each case were stated in Table 27; namely, they entail pure commercial consumers, pure
residential consumers, residential prosumers and residential storsumers. To this end, Figure
29 demonstrates the process of allocating losses on an hourly basis as per the details of Case
2 and when (3.21) is used. As shown in Figure 29, allocated losses are always positive and
they depend on the hourly DLF value and the level of imported demand at each time interval.
Moreover, when residential prosumers and/or storsumers export energy to the grid, they are
neither allocated nor credited for any losses.
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Figure 28: Hourly DLF calculation as per (3.20).
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Figure 29: Hourly allocated losses to each type of customers for Case 2 when (3.21) is used.

On the other hand, the NDLF formulation in (3.22) results in more erratic calculations. This

is illustrated in Figure 30. Within that figure, it is shown that:

a) if there is no exported DG, the NDLF coincides with the DLF of (3.20),

b) if net demand levels are substantially reduced, the NDLF is artificially elevated,
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c) if net demand becomes exactly zero, then the NDLF is indefinite (i.e. there is a
singularity point in the NDLF definition), and, finally,
d) if net demand becomes negative (i.e. when reverse flows occur), the NDLF

becomes negative.

The subsequent loss allocation process would be performed as per (3.23). However, two
important notes should be made at this point; when NDLF is artificially elevated, pure
consumers will be allocated artificially increased amounts of losses whilst NEM customers
will be credited with artificially increased amounts of losses. On the contrary, when NDLF
becomes negative, pure consumers are credited for losses whilst NEM customers are
allocated incurred losses. These two facts are an upshot of the fact that NDLF is based on
the net demand level of the LV feeder and, hence, may result in inconsistent allocation of

losses.
-=Case 0.0 —Case 1.b Case 2.b —Case 3.b
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Figure 30: Hourly NDLF calculations as per (3.22).

This potential inconsistency is illustrated in Figure 31 for Case 2. For example, at 11:00,
total incurred losses equal 0.13 kWh. For the same time interval, pure commercial and pure
residential consumers are allocated 1.47 kWh whilst residential prosumers and storsumers
are credited with 1.34 kwWh. Even though their sum yields the actually incurred total losses
(i.e. 1.47 kWh allocated to pure consumers minus 1.34 kWh credited to NEM customers),

this is achieved via artificially elevated amounts of allocated and credited losses.
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Conversely, at 13:00 net demand is negative (i.e. power flows from the LV to the MV level)
and, consequently, NDLF becomes also negative. The total incurred losses at 13:00 equal
0.14 kWh. In this case, pure commercial and pure residential consumers are credited with
0.78 kWh whilst residential prosumers and storsumers are allocated 0.92 kWh. This process
again yields the total incurred losses; however, the allocated and credited amounts are
artificially elevated in this case as well. Furthermore, the direction of the loss allocation is
changed due to the fact that pure consumers are now credited whilst NEM customers are
allocated losses. This suggests that grounding the allocation process on net demand levels

may indeed result in erroneously distributing losses to all types of customers.
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Figure 31: Allocated losses to each type of customers for Case 2.

4.5. Regulatory challenges
The fundamental question that arises from the regulators’ perspective is: which loss
allocation practice is more suitable for all customers, bearing in mind the practical

constraints that may be imposed by metering infrastructure capabilities?

The hidden losses-related cross-subsidies are a function of how these aspects are treated
from a regulatory standpoint. For example, consider the following excerpt quoted from
[111]:

“...self~consumed electricity should not be exposed to any grid costs

and taxes, since it remains within a closed system interacting neither with
the distribution grid nor with the market. The effect of self-consumption
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on the reallocation of grid costs in this case is very similar to energy
efficiency measures. The prosumer will simply have a different load
profile, which should be addressed as any other evolving consumer’s
load profile...”

The above quote suggests that self-consumed DG energy should be treated as “decoupled”
from the market environment. Therefore, if self-consumed DG energy is not part of the
market, it should be treated similarly to pure consumers reducing their consumption. Hence,
following this premise, self-consumed DG should neither be allocated nor credited any
losses due to the fact that it is not considered part of the market. The upshot, however, is that
such consumption reduction may result in decreased incurred losses and potentially less
allocated losses to the rest of consumers, regardless of whether they altered their behavior.

However, this is merely one regulatory aspect of the NEM customers’ integration. That is
due to the fact that NEM customers do not simply reduce their grid imports by utilizing their
DG-produced energy to offset their consumption behind-the-meter; they also export energy
to the grid. To this extent, this exported energy may reduce or, under certain conditions,
increase incurred losses on the grid. Thus, the regulatory challenge that arises pertains to the
manner that this is taken into account when allocating losses to all market participants.
Regarding the latter, it is often desirable that the loss allocation process credits DG for the
losses that would have been incurred, had the same amount of demand been served through
the main grid. Nevertheless, the avoided losses may be positive or negative depending on
whether DG reduces or increases incurred losses [112]-[114]. More explicitly, the rationale

of allocating losses to all market participants would be as follows:

a) At each given time interval, determine the grid-imported demand level of all
customers, including NEM customers and calculate the total incurred losses
without considering the exported DG amounts.

b) Allocate these calculated losses to all consumers.

c) Subsequently, calculate the total incurred losses considering the exported DG
energy.

d) Allocate the difference in incurred losses between the two cases (i.e. the avoided

losses) to NEM customers.

The process described above would ensure that consumers are charged based on the amount
of losses that would have been incurred had they been served through the grid. On the other
hand, it would credit exported DG in case actual losses were reduced. Conversely, it would
penalize exported DG in case actual losses were increased. However, in order for such an

approach to be applicable, demand and generation as well as network data would have to be
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available to the utility. To this extent, the current metering limitations do not allow for such

a practice to be readily adopted.

Bearing the points raised above in mind, the regulatory challenges ultimately relate to how
should the costs/benefits that NEM customers cause in the operation of the distribution
network be allocated amongst all retail customers. Some of the key fundamental questions

that need to be addressed are:

¢ s the traditional, one-for-one credit exchange providing the correct price signals
to NEM customers?

e Should the grid-imported energy of NEM customers be allocated any losses,
similarly to pure consumers?

e Should the behind-the-meter, self-consumption of PV energy from NEM
customers be treated differently than the case of pure consumers reducing their
consumption, e.g., through behavior change or by taking energy efficiency
measures?

¢ Isthe extent of these embedded cross-subsidies adequate to justify the investment

and implementation costs of AMI at the distribution level?

Finally, it should be mentioned that the magnitude of the losses-related cross-subsidy is a
direct function of the specific cost and network structures that apply to each power system.
More importantly, it is worth noting that both fixed and variable cost-related cross-subsidies
due to NEM practices may be interrelated in certain power systems. The latter is attributed
to the fact that DLFs are sometimes used in fixed cost allocation as well (i.e. see, for
example, the use-of-system charges in Cyprus [108]). To this extent, if DLFs are erroneously

affected by NEM customers, this may also distort fixed costs allocation.
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Chapter 5

Conclusions

5.1. Concluding remarks

The current era for power systems is characterized by an investment shift towards DG
applications, mainly located at the distribution level of the grid and, therefore, closer to
consumption points. The rationale of this shift relates to the reduction in the effective
distance between supply and demand that can be achieved, fact which may potentially entail
several system-wide advantages [1]. Specifically, as stated in [79], DG applications may,

under certain conditions, benefit power systems in terms of:

e avoided generation capacity costs and reserve requirements,

e avoided fuel, CO, and variable operation & maintenance costs,
e avoided transmission costs and distribution costs,

e avoided line losses, and,

e avoided renewable portfolio standard (RPS) compliance costs.

Hence, stimulating the interest of involved stakeholders and potential investors towards such
technologies ranks highly amongst regulators’ priorities. Nevertheless, this transition entails
unprecedented challenges from a regulatory point of view. The challenges generally pertain
to capturing the true value that DG systems may offer to power systems as per the aspects

mentioned above.

Relatedly, NEM policy has proven instrumental in engaging retail customers to invest in
privately-owned DG systems. Its rather straightforward and, therefore, understandable
nature in conjunction with the high modularity of PV systems and their significantly reduced
capital costs at the moment have rendered such investments financially attractive, even for

small residential customers. However, NEM practices operate through retail tariffs; in other
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words, the potential costs and benefits attributed to the integration of NEM customers (i.e.
prosumers and storsumers) have to be associated with the underlying retail rate structures
that apply in each power system.

To this extent, the fact that retail tariffs recover both fixed and variable costs through
volumetric (i.e. energy-based) rates is the main source of the arising concerns for regulators
and utilities. Specifically, allowing NEM customers to offset their consumption volumes and
thus curb their electricity bills may result in significant revenue gaps for utilities. These
revenue gaps will either affect the financial ability of the utility to reliably serve all its
customers or they will be recovered from the rest of the customer base, i.e. regular customers,

thereby giving rise to cross-subsidies.

Relatedly, this electricity rate death spiral effect is inherently embedded in the traditional
business models of regulated utilities. Consequently, rate design is currently the focus of
attention in the era of DG-penetrated power systems. Specifically, there is immense need to
establish well-designed, cost-reflective charging and compensation mechanisms. Otherwise,
pricing signals to all involved stakeholders may be distorted thereby creating a vicious circle

of revenue instability, inaccurate investment incentives and inequitable customer burdening.

The debate revolving around NEM practices has been generally focused on quantifying and
proposing alternative schemes that could minimize fixed-cost-related cross-subsidies from
regular to NEM customers. Even though this debate is at its apex, no thorough attention has
been so far given to the effect of NEM practices on variable utility costs and their effect on

NEM compensation mechanisms.

To this extent, the main contributions of the work performed in this thesis can be summarized
in the following points.

1) NEM investments’ viability is significantly counteracted by declining
fossil fuel prices (or, equivalently, from a potential shift towards cheaper fuels).
As shown in Chapter 2, fossil fuel prices and their movement throughout the lifetime
of a net-metered PV system dominate the variable component of utility costs and, to
this extent, low variable costs entail lower retail rates for all customers, including
NEM customers. In turn, lower retail rates for NEM customers result in prolonged
investment payback periods. The latter deems NEM investments less attractive and,

consequently, penetration growth may be compromised.
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(2) The recovery of fixed costs based on energy consumption volumes of
retail customers is a substantial advantage in favor of NEM customers, in cases
where they are allowed to offset the full retail rate.

This is so due to the fact that volumetric fixed cost recovery inevitably results in
elevated retail rate levels. Thus, NEM customers avoid paying a higher retail rate
which entails shorter investment payback periods from their perspective. However,
this is the main factor that gives rise to the notorious electricity rate death spiral

phenomenon.

(3) The electricity rate death spiral is heavily dependent on the underlying,
flat or tiered, rate structure that is applied in a power system accommodating
NEM customers.

Specifically, increasing-block rates offer increased incentives to NEM customers due
to the fact that they can avoid higher tiers of the tariff and, consequently, higher
marginal rates. This is a direct function of the number of tiers, the cut-off points and
the relative steepness from one tier to the next. For example, the five-tiered
increasing-block rate tariff in Cyprus [115] is not as steep as the respective tariffs of
three utilities in California [116]. To this extent, steeper increasing-block rates
suggest that the electricity death rate spiral may be exacerbated due to the virtually
elevated marginal rates of each tier.

4) For power systems where the variable cost component is more
pronounced than the respective fixed cost component, (e.g., Cypriot power
system), NEM investments may be viable even in cases where the utility pricing
strategy is shifted towards higher customer charges.

Depending on the fossil fuel prices of the thermal generation technologies used in a
power system, the variable cost component may be adequately high to justify
investing in a net-metered PV system. In a way, such cases could be perceived as a
“win-win” situation for the utility as well as the NEM customer.

(5) Net-metered DG investments may reduce total incurred losses at the
distribution level but they may affect the subsequent loss allocation process in
an unpredictable manner, especially if the one-for-one NEM practice continues
to be the default option.

As shown in Chapters 3 and 4, the fact that the one-for-one credit exchange results
in direct reductions of net utility sales entails that NEM customers may avoid

contributing their fair share to the recovery of not only fixed costs but also of incurred
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losses. To this extent, if incurred losses do not reduce at the same rate as net sales,

hidden cross-subsidies arise thereby posing yet another regulatory challenge.

(6) Even if fixed cost recovery is decoupled from consumption volumes, the
hidden losses-related cross-subsidies would persist.

This is because incurred losses pertain to the variable utility costs and their allocation
is dependent on the actual grid interaction of both regular and NEM customers.
Hence, the behavior of consumers, prosumers and storsumers determine the incurred
losses in conjunction with the DLF formulation determines how these losses are

borne by all types of customers.

(7) The alternative, one-for-one plus losses NEM practice that was presented
provides more predictable loss allocation results but may tend to favor pure
consumers.

Specifically, the fact that the alternative practice relies on a different DLF
formulation and net billing process results in allocating losses to each kWh that is
imported from the grid. Thus, total incurred losses are allocated not only to pure
consumers but NEM customers as well based on the energy amounts that they import
from the grid. Nevertheless, the case study results show that this alternative practice
may result in pure consumers being allocated less losses than before the integration
of NEM customers. Ultimately, the issue pertains to the way that regulators will
decide to allocate the benefits/costs that NEM customers cause at the distribution

level.

(8) Conventional metering infrastructure and the lack of network data and
monitoring act as hard constraints in adopting more sophisticated, economically
efficient allocation methods.

The fact that utilities possess demand and generation data with limited temporal
resolution entails that the loss allocation process is performed based on the
cumulative energy volumes that each customer imports from the grid. Moreover, the
fact that utilities do not usually monitor distribution networks on a continuous basis
entails that network topology cannot be taken into account. Consequently, the only
applicable loss allocation method at the moment is the pro rata method (or, variations
of it).

9 The dissemination of advanced metering infrastructure in the form of
smart meters cannot significantly enhance the efficiency of the loss allocation

process unless network data and monitoring become available as well.

94



CHAPTER 5 CONCLUSIONS

On the contrary, the loss allocation may become even more unpredictable. This was
shown in Chapter 4. Specifically, it was shown that if DLFs are grounded on net
demand levels, the effect of treating exported DG as negative demand may result in
artificially increased allocated and credited losses to pure consumers and NEM
customers respectively. Furthermore, basing DLFs on net demand levels may under
certain conditions result in negative DLFs whereby NEM customers are allocated
artificially increased losses and pure consumers are credited artificially increased

losses amounts.

(10)  Behind-the-meter, self-consumption of privately produced energy could
in principle be treated similarly to pure consumers reducing their consumption
via behavior change or energy efficiency measures.

Therefore, the direct reduction in utility sales owing to behind-the-meter use of
privately-owned DG systems could be considered justified from a regulatory
standpoint. Hence, allocating losses to self-consumed DG energy should be avoided
within that context. This could also be perceived as a technology-neutral loss

allocation approach, which may be desirable from a regulatory point of view.

(11) The hidden implications of NEM customers may affect not only the
amounts of allocated losses but also the fixed cost recovery process.

This is so because DLFs are often used in the calculation of UoS charges. For
example, this is the case in the Cypriot power system. This entails that artificially
elevated DLFs will result in artificially increased UoS charges for pure consumers.
In other words, the electricity rate death spiral can be exacerbated by the hidden
implications discussed in this thesis.

(12) There is no single, ideal and readily implementable solution to
determining the exact amount of losses that should be allocated or credited to
each NEM customer.

Itis true that locally consumed DG energy may reduce total incurred losses compared
to the case when the same customers would have been served through the main grid.
To this extent, there may be cases where regulators would aim to credit these avoided
losses to NEM customers. However, due to the hard constraints imposed by metering
infrastructure in conjunction with traditional regulatory approaches that avoid
locational discrimination between similar entities, there is no ideal solution that could
be readily implemented for determining the exact amount of losses that should be

credited to each NEM customer.
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5.2. Future work
NEM practices, even though controversial, have proven very successful in achieving:
a) the engagement of demand-side investments in DG systems from retail
customers, and,
b) the instigation of a worldwide conversation regarding rate re-design from first
principles.
To this extent, NEM schemes are expected to remain relevant in the future due to their
significant appeal in terms of simplicity and understandability. Therefore, the techno-
economic and regulatory challenges associated with such practices require that relevant
research and industry efforts are undertaken in order to develop novel integration

approaches.

To this end, one potential expansion of this thesis would pertain to the exploration of the
effect that the inevitable unbalances at the LV level would have on the loss allocation
process. For example, the impact of three-phase connected PV systems can be significantly
different than single-phase connections [117]-[119]. However, the traditional regulatory
approaches (in conjunction with the constraints imposed by metering infrastructure) would
not allow for treating such cases differently. In other words, both PV systems would receive
the same compensation even though their impact on the system may be substantially
different. Hence, clearer indications of the costs and/or benefits that DG systems cause on
distribution networks should be sought in order to comprehensively appraise the true value
of such penetration. Moreover, alternative regulatory frameworks that take these issues into
account should be suitably tailored in order to allow further DG penetration without

jeopardizing the system’s techno-economic sustainability.

The points raised above suggest that pricing schemes may become more complex. Thus,
from a regulatory standpoint, another area of potential future work that could spring from
the research performed for this thesis relates to the behavioral response/change of retail
customers towards more complex pricing schemes that are gradually being implemented in

order to accommodate higher DG penetration levels. For example:

e if retail rates become more intricate, would retail customers be able to understand
and appropriately respond to such pricing mechanisms that may be more volatile

than usual?

e How would their investment incentives be affected in more complex retail market

environments?
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In addition to the above, one very important aspect that needs further elaboration and
research pertains to the associated costs of AMI investments, which are deemed necessary
if alternative, more complex pricing schemes are to be applied. To this extent, establishing
the optimal trade-off between AMI investments and efficiency gains should be highly

prioritized and closely investigated in a system-specific manner.

Furthermore, it should be noted that the rate re-design efforts affect the investment viability
not only for future NEM customers but also for existing ones. Thus, NEM customers that
have already invested in a net-metered system —assuming that the underlying retail tariff
would largely remain unchanged— may see their investment’s value deteriorate due to
changes in the retail rate structure. This kind of uncertainty can be perceived as a regulatory
risk for NEM customers. Therefore, there are two major questions that arise and which may

be of particular interest to involved stakeholders:

e Firstly, how does regulatory risk/uncertainty affect the investment incentives of
potential future investors in net-metered systems?

e Secondly, should existing NEM customers bear this regulatory risk in its entirety
or should regulators reduce NEM customers’ exposure through special, protective
measures, e.g. “grandfathering”? What is the relevant cost to the rest of the

customer base of providing such protective measures?

As a final note, it should be mentioned that regulating the electricity sector is nowadays more
challenging than ever. The rapid technology advancements in association with declining
capital and operational costs in DG technologies are completely “changing the game” of
generating, transmitting and distributing electricity services to customers. Hence, regulators,
planners and operators are urgently requested to focus their efforts in developing new,
orthological and cost-reflective approaches to the traditional business models that they were

accustomed to for the past century.

97






References

[1]

[2]

3]

[4]

5]

(6]

[7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

N. Jenkins, R. Allan, P. Crossley, D. Kirschen, and G. Strbac, Embedded generation, vol. 31.
2000.

S. Braithwait, “Behavior modification,” IEEE Power Energy Mag., vol. 8, no. 3, pp. 36-45,
2010.

A. Chuang and C. Gellings, “Demand-side integration for customer choice through variable
service subscription,” in 2009 IEEE Power and Energy Society General Meeting, PES "09,
2009, pp. 1-7.

A. Ipakchi and F. Albuyeh, “Grid of the future,” IEEE Power Energy Mag., vol. 7, no. 2, pp.
52-62, 2009.

L. Kristov, P. De Martini, and J. D. Taft, “A Tale of Two Visions: Designing a Decentralized
Transactive Electric System,” IEEE Power Energy Mag., vol. 14, no. 3, pp. 63-69, 2016.

Y. Yan, L. Xiang, and W. Dianfeng, “Integrated Solutions for Photovoltaic Grid Connection:
Increasing the Reliability of Solar Power,” IEEE Power Energy Mag., vol. 12, no. 2, pp. 84—
91, 2014.

Y. Kabalci, “A survey on smart metering and smart grid communication,” Renew. Sustain.
Energy Rev., vol. 57, pp. 302-318, 2016.

Y. Yamamoto, “Pricing electricity from residential photovoltaic systems: A comparison of
feed-in tariffs, net metering, and net purchase and sale,” Sol. Energy, vol. 86, no. 9, pp. 2678—
2685, 2012.

A. Poullikkas, “A comparative assessment of net metering and feed in tariff schemes for
residential PV systems,” Sustain. Energy Technol. Assessments, vol. 3, pp. 1-8, 2013.

N. R. Darghouth, R. H. Wiser, G. Barbose, and A. D. Mills, “Net metering and market
feedback loops: Exploring the impact of retail rate design on distributed PV deployment,”
Appl. Energy, vol. 162, pp. 713-722, 2016.

D. Feldman, G. Barbose, R. Margolis, R. Wiser, N. Darghouth, and A. Goodrich,
“Photovoltaic (PV) Pricing Trends: Historical, Recent, and Near-Term Projections,” 2012.
S. Hagerman, P. Jaramillo, and M. G. Morgan, “Is rooftop solar PV at socket parity without
subsidies?,” Energy Policy, vol. 89, pp. 84-94, 2016.

Y. Parag and B. K. Sovacool, “Electricity market design for the prosumer era,” Nat. Energy,
no. March, pp. 1-6, 2016.

A. Mohd, E. Ortjohann, A. Schmelter, N. Hamsic, D. Morton, S. Westphalia, A. Sciences, D.
Soest, and L. Ring, “Challenges in integrating distributed Energy storage systems into future
smart grid,” in 2008 IEEE International Symposium on Industrial Electronics, 2008, pp.
1627-1632.

F. A. Bhuiyan and A. Yazdani, “Energy storage technologies for grid-connected and off-grid
power system applications,” in 2012 IEEE Electrical Power and Energy Conference, EPEC

99



REFERENCES

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

2012, 2012, pp. 303-310.

M. Gitizadeh and H. Fakharzadegan, “Effects of electricity tariffs on optimal battery energy
storage sizing in residential PV/storage systems,” in 2013 International Conference on
Energy Efficient Technologies for Sustainability, ICEETS 2013, 2013, pp. 1072-1077.

R. Khalilpour and A. Vassallo, “Leaving the grid: An ambition or a real choice?,” Energy
Policy, vol. 82, no. 1, pp. 207-221, 2015.

M. G. Molina, “Distributed energy storage systems for applications in future smart grids,” in
2012 Sixth IEEE/PES Transmission and Distribution: Latin America Conference and
Exposition (T&D-LA), 2012, no. 162, pp. 1-7.

C. Chen, S. Duan, T. Cai, B. Liu, and G. Hu, “Optimal allocation and economic analysis of
energy storage system in microgrids,” IEEE Trans. Power Electron., vol. 26, no. 10, pp.
2762-2773, 2011.

S. Althaher, P. Mancarella, and J. Mutale, “Automated Demand Response From Home
Energy Management System Under Dynamic Pricing and Power and Comfort Constraints,”
IEEE Trans. Smart Grid, vol. 6, no. 4, pp. 1874-1883, 2015.

I. Atzeni, L. G. Ordonez, G. Scutari, D. P. Palomar, and J. R. Fonollosa, “Demand-Side
Management via Distributed Energy Generation and Storage Optimization,” IEEE Trans.
Smart Grid, vol. 4, no. 2, pp. 866-876, 2013.

J. Hoppmann, J. Volland, T. S. Schmidt, and V. H. Hoffmann, “The economic viability of
battery storage for residential solar photovoltaic systems - A review and a simulation model,”
Renew. Sustain. Energy Rev., vol. 39, pp. 1101-1118, 2014.

C. A. Hill, M. C. Such, D. Chen, J. Gonzalez, and W. M. Grady, “Battery energy storage for
enabling integration of distributed solar power generation,” IEEE Trans. Smart Grid, vol. 3,
no. 2, pp. 850-857, 2012.

B. Nykvist and M. Nilsson, “Rapidly falling costs of battery packs for electric vehicles,” Nat.
Clim. Chang., vol. 5, no. 4, pp. 329-332, 2015.

Y. Zhou, P. Mancarella, and J. Mutale, “Modelling and assessment of the contribution of
demand response and electrical energy storage to adequacy of supply,” Sustain. Energy, Grids
Networks, vol. 3, pp. 12-23, 2015.

S. C. Bhattacharyya, Energy Economics: Concepts, Issues, Markets and Governance, vol. 1.
London: Springer-Verlag, 2011.

S. Stoft, Power system economics: designing markets for electricity. IEEE Press & Wiley-
Interscience, 2002.

D. Kirschen and G. Strbac, Fundamentals of Power System Economics. John Wiley & Sons,
Ltd, 2004.

G. N. Mankiw, Principles of Economics, 6th ed., no. 1. Mason, USA: South-Western Cengage
Learning, 2014.

W. F. Samuelson and S. G. Marks, Managerial Economics, 7th ed., vol. 1. John Wiley &

100



REFERENCES

[31]
[32]

[33]

[34]
[35]

[36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

Sons, Ltd, 2015.

J. Lazar, “Electricity Regulation in the US: A Guide,” 2016.

S. Borenstein, “The economics of fixed cost recovery by utilities,” Electr. J., vol. 29, no. 7,
pp. 5-12, 2016.

S. Borenstein, “To what electricity price do consumers respond? Residential demand
elasticity under increasing-block pricing,” 2009.

EPRI, “A System for Understanding Retail Electric Rate Structures,” 2011.

R. Hledik and G. Greenstein, “The distributional impacts of residential demand charges,”
Electr. J., vol. 29, no. 6, pp. 33-41, 2016.

J. C. Bonbright, Principles of Public Utility Rates. New York: Columbia University Press,
1961.

R. Rashed Mohassel, A. Fung, F. Mohammadi, and K. Raahemifar, “A survey on Advanced
Metering Infrastructure,” Electr. Power Energy Syst., vol. 63, pp. 473-484, 2014.

T. H. Inderberg, “Advanced metering policy development and influence structures: The case
of Norway,” Energy Policy, vol. 81, pp. 98-105, 2015.

K. Sharma and L. Mohan Saini, “Performance analysis of smart metering for smart grid: An
overview,” Renew. Sustain. Energy Rev., vol. 49, pp. 720-735, 2015.

H. Allcott, “Rethinking real-time electricity pricing,” Resour. Energy Econ., vol. 33, no. 4,
pp. 820-842, 2011.

K. Ito, “How Do Consumers Respond to Nonlinear Pricing? Evidence from Household Water
Demand,” 2013.

S. Borenstein, “The redistributional impact of nonlinear electricity pricing,” Am. Econ. J.
Econ. Policy, vol. 4, no. 3, pp. 56-90, 2012.

A. Hatami, H. Seifi, and M. K. Sheikh-El-Eslami, “A stochastic-based decision-making
framework for an electricity retailer: Time-of-use pricing and electricity portfolio
optimization,” IEEE Trans. Power Syst., vol. 26, no. 4, pp. 1808-1816, 2011.

A. Faruqui, R. Hledik, and J. Palmer, “Time-Varying and Dynamic Rate Design,” 2012.

W. Hogan, “Time of Use Rates and Real-Time Prices,” 2014.

S. Borenstein, “The Long-Run Efficiency of Real-Time Electricity Pricing,” Energy J., vol.
26, no. 3, pp. 93-116, 2005.

J. Lazar, “Rate Design Where Advanced Metering Infrastructure Has Not Been Fully
Deployed,” 2013.

R. Cohen, “The Giant Headache That Is Net Energy Metering,” Electr. J., vol. 26, no. 6, pp.
1-7, 2013.

T. S. Club, P. Gas, and T. E. Journal, “Net Energy Metering: Consumers’ Sweet Revenge,
But at What Cost?,” Electr. J., vol. 26, no. 3, pp. 4-6, 2013.

A. Brown and J. Bunyan, “Valuation of Distributed Solar: A Qualitative View,” Electr. J.,
vol. 27, no. 10, pp. 27-48, 2014.

101



REFERENCES

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

A. Satchwell, A. Mills, and G. Barbose, “Quantifying the financial impacts of net-metered
PV on utilities and ratepayers,” Energy Policy, vol. 85, pp. 115-125, 2015.

Z. Wang, A. Negash, and D. Kirschen, “Assessing the financial impacts of distributed energy
on load serving entities,” Energy Policy, vol. 86, pp. 380-392, 2015.

C. Eid, J. Reneses Guillén, P. Frias Marin, and R. Hakvoort, “The economic effect of
electricity net-metering with solar PV: Consequences for network cost recovery, cross
subsidies and policy objectives,” Energy Policy, vol. 75, pp. 244-254, 2014.

D. W. H. Cai, S. Adlakha, S. H. Low, P. De Martini, and K. Mani Chandy, “Impact of
residential PV adoption on Retail Electricity Rates,” Energy Policy, vol. 62, pp. 830-843,
2013.

D. T. Wang, L. F. Ochoa, and G. P. Harrison, “DG Impact on Investment Deferral: Network
Planning and Security of Supply,” IEEE Trans. Power Syst., vol. 25, no. 2, pp. 1134-1141,
2010.

M. A. Abdullah, K. M. Muttaqi, A. P. Agalgaonkar, and D. Sutanto, “Capacity deferral credit
evaluation of renewable distributed generation,” in Conference Record - I1AS Annual Meeting
(IEEE Industry Applications Society), 2013, pp. 1-8.

M. A. Cohen, P. A. Kauzmann, and D. S. Callaway, “Effects of distributed PV generation on
California’s distribution system, Part 2: Economic analysis,” Sol. Energy, vol. 128, pp. 139—
152, 2016.

S. Borenstein, “The Market Value and Cost of Solar Photovoltaic Electricity Production,”
Berkeley, California, 176, 2008.

R. Dufo-Lopez and J. L. Bernal-Agustin, “A comparative assessment of net metering and net
billing policies. Study cases for Spain,” Energy, vol. 84, pp. 684-694, 2015.

A. 1. Negash and D. S. Kirschen, “Combined optimal retail rate restructuring and value of
solar tariff,” in IEEE Power and Energy Society General Meeting, 2015, vol. 2015-Septe.
N. R. Darghouth, G. Barbose, and R. Wiser, “The impact of rate design and net metering on
the bill savings from distributed PV for residential customers in California,” Energy Policy,
vol. 39, no. 9, pp. 5243-5253, 2011.

N. R. Darghouth, G. Barbose, and R. H. Wiser, “Customer-economics of residential
photovoltaic systems (Part 1): The impact of high renewable energy penetrations on
electricity bill savings with net metering,” Energy Policy, vol. 67, pp. 290-300, 2014.

A. Faruqui and R. Hledik, “An Evaluation of SRP’s Electric Rate Proposal for Residential
Customers with Distributed Generation,” 2015.

G. Barbose, J. Miller, B. Sigrin, E. Reiter, K. Cory, and J. Mclaren, “Utility Regulatory and
Business Model Reforms for Addressing the Financial Impacts of Distributed Solar on
Utilities,” 2016.

A. S. Rodrigo and P. D. C. Wijayatunga, “Pricing of embedded generation: Incorporation of

exernalities and avoided network losses,” Energy Convers. Manag., vol. 48, no. 8, pp. 2332—

102



REFERENCES

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

(78]

[76]

[77]

[78]

[79]
(80]

2340, 2007.

A.S. Malikand S. Al-Zubeidi, “Electricity tariffs based on long-run marginal costs for central
grid system of Oman,” Energy, vol. 31, no. 12, pp. 1367-1378, 2006.

J. F. Busch and J. Eto, “Estimation of avoided costs for electric utility demand-side planning,”
Energy Sources, vol. 18, no. 4. pp. 473-499, 1996.

P. Denholm, R. Margolis, B. Palmintier, C. Barrows, E. Ibanez, L. Bird, J. Zuboy, and
National Renewable Energy Laboratory, “Methods for Analyzing the Benefits and Costs of
Distributed Photovoltaic Generation to the U.S. Electric Utility System,” 2014,

F. Graves, P. Hanser, and G. Basheda, “PURPA: Making the Sequel Better than the Original,”
2006.

K. Cory, “Minnesota Values Solar Generation with New ‘Value of Solar’ Tariff,” 2014.
[Online]. Available:
https://www.nrel.gov/tech_deployment/state_local _governments/blog/vos-
series_minnesota. [Accessed: 27-Sep-2016].

K. Rabago, L. Libby, T. Harvey, B. Norris, and T. Hoff, “Designing Austin Energy’s Solar
Tariff Using a Distributed PV Value Calculator,” in World Renewable Energy Forum, 2012,
pp. 1-6.

J. D. Hamilton, “A new approach to the economic analysis of nonstationary time series,”
Econometrica, vol. 57, no. 2, pp. 357-384, 1989.

N. R. Darghouth, R. H. Wiser, and G. Barbose, “Customer economics of residential
photovoltaic systems: Sensitivities to changes in wholesale market design and rate
structures,” Renew. Sustain. Energy Rev., vol. 54, pp. 1459-1469, 2016.

A. Satchwell, A. Mills, and G. Barbose, “Regulatory and ratemaking approaches to mitigate
financial impacts of net-metered PV on utilities and ratepayers,” Energy Policy, vol. 85, pp.
115-125, 2015.

A. Poullikkas, G. Kourtis, and 1. Hadjipaschalis, “A review of net metering mechanism for
electricity renewable energy sources,” Int. J. Energy Environ., vol. 4, no. 6, pp. 975-1002,
2013.

The Electricity Journal, “Net Metering: Guilty as Charged,” Electr. J., vol. 26, no. September,
pp. 2-4, 2013.

F. A. Felder and R. Athawale, “The life and death of the utility death spiral,” Electr. J., vol.
27, no. 6, pp. 9-16, 2014.

L. Hughes and J. Bell, “Compensating customer-generators: a taxonomy describing methods
of compensating customer-generators for electricity supplied to the grid,” Energy Policy, vol.
34, no. 13. pp. 1532-1539, 2006.

C. Linvill, J. Shenot, and J. Lazar, “Designing Distributed Generation Tariffs Well,” 2013.
A. Picciariello, C. Vergara, J. Reneses, P. Frias, and L. Soder, “Electricity distribution tariffs

and distributed generation: Quantifying cross-subsidies from consumers to prosumers,” Util.

103



REFERENCES

[81]
[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

Policy, vol. 37, pp. 23-33, 2015.

Navigant Consulting, “Net Metering Bill Impacts and Distributed Energy Subsidies,” 2012.
R. Design, P. To, D. Solar, and C. Reductions, “Regulatory & Rate Design Pathways To
Deeper Solar Pv Rethinking Standby & Fixed Cost Charges :,” 2014.

D. B. Raskin, “The Regulatory Challenge of Distributed Generation,” Harvard Bus. Law
Rev., vol. 4, pp. 38-51, 2015.

K. W. Costello and R. C. Hemphill, “Electric utilities’ ‘death spiral’: Hyperbole or reality?,”
Electr. J., vol. 27, no. 10, pp. 7-26, 2014.

W. Grace, “Exploring the death spiral,” 2014.

A. S. Malik, “Impact on power planning due to demand-side management (DSM) in
commercial and government sectors with rebound effect-A case study of central grid of
Oman,” Energy, vol. 32, no. 11, pp. 2157-2166, 2007.

S. Borenstein, “A microeconomic frameworkfor evaluating energy efficiency rebound and
some implications,” 2013.

A.J. Black, “Financial payback on California residential solar electric systems,” Sol. Energy,
vol. 77, no. 4 SPEC. ISS., pp. 381-388, 2004.

S. Borenstein, “Valuing the Time-Varying Electricity Production of Solar Photovoltaic
Cells,” Public Policy, no. March, 2005.

S. Partlin, M. Oliphant, and H. Outhred, “The Value Of PV In Summer Peaks,” Proc. ..., Vol.
2004, 2004.

N. Darghouth, “Uncertainties in the Value of Bill Savings from Behind-the-Meter,
Residential Photovoltaic Systems: The Roles of Electricity Market Conditions, Retail Rate
Design, and Net Metering,” University of California, Berkeley, 2013.

I. M. Stelzer, “Vertically Integrated Ultilities: The Regulators’ Poisoned Chalice,” Electr. J.,
vol. 10, no. 3, pp. 20-29, 1997.

J. Janczura and R. Weron, “Modeling electricity spot prices: Regime switching models with
price-capped spike distributions,” in 2010 Modern Electric Power Systems, 2010, no. 1, pp.
1-4.

J. S. Savier and D. Das, “Energy loss allocation in radial distribution systems: A comparison
of practical algorithms,” IEEE Trans. Power Deliv., vol. 24, no. 1, pp. 260-267, 2009.

A.J. Conejo, J. M. Arroyo, N. Alguacil, and A. L. Guijarro, “Transmission loss allocation: A
comparison of different practical algorithms,” IEEE Trans. Power Syst., vol. 17, no. 3, pp.
571-576, 2002.

P. M. Sotkiewicz and J. M. Vignolo, “Towards a cost causation-based tariff for distribution
networks with DG,” IEEE Trans. Power Syst., vol. 22, no. 3, pp. 1051-1060, 2007.

J. Mutale, G. Strbac, S. Curcic, and N. Jenkins, “Allocation of losses in distribution systems
with embedded generation,” IEE Proc. - Gener. Transm. Distrib., vol. 147, no. 1, p. 7, 2000.
G. T. Heydt, K. Hedman, and S. Oren, “The Development and Application of a Distribution

104



REFERENCES

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

Class LMP Index,” 2013.

A. G. Exposito, J. M. R. Santos, T. G. Garcia, and E. A. Ruiz Velasco, “Fair allocation of
transmission power losses,” |IEEE Trans. Power Syst., vol. 15, no. 1, pp. 184-188, 2000.

K. Shaloudegi, N. Madinehi, S. H. Hosseinian, and H. A. Abyaneh, “A novel policy for
locational marginal price calculation in distribution systems based on loss reduction
allocation using game theory,” IEEE Trans. Power Syst., vol. 27, no. 2, pp. 811-820, 2012.
V. H. Méndez Quezada, J. Rivier Abbad, and T. Goémez San Roman, “Assessment of energy
distribution losses for increasing penetration of distributed generation,” |IEEE Trans. Power
Syst., vol. 21, no. 2, pp. 533-540, 2006.

J. E. D. N.-G. Westinghouse Electric Corporation, D.G.Flinn, S. Hall, J. Morris,
A.B.Cummings, “Improved Methods for Distribution Loss Evaluation.” 1983.

J. R. Saenz, P. Eguia, J. L. Berasategui, J. Marin, and J. Arceluz, “Allocating distribution
losses to customers using distribution loss factors,” in 2001 IEEE Porto Power Tech
Proceedings, 2001, vol. 1, pp. 34-37.

Regulatory Assistance Project, “Revenue Regulation and Decoupling : A Guide to Theory
and Application,” 2011.

J. Tant, F. Geth, D. Six, P. Tant, and J. Driesen, “Multiobjective battery storage to improve
PV integration in residential distribution grids,” IEEE Trans. Sustain. Energy, vol. 4, no. 1,
pp. 182-191, 2013.

Energy Environmental Economics, “Nevada Net Energy Metering Impacts Evaluation
preparted for state of Nevada Public Utilities Commission,” 2014.

W. Hogan, “Demand Response Compensation, Net Benefits and Cost Allocation:
Comments,” Electr. J., vol. 23, no. 9, pp. 19-24, 2010.

“Trading and Settlement Rules: Draft Issued for Public Consultation,” Cyprus Transmission
System Operator, 2016. [Online]. Available: http://www.dsm.org.cy/media/News and
Announcements/Market  Public  Consultation/Trading_and_Settlement_Rules_V4.0.pdf.
[Accessed: 05-Oct-2016].

G. Kirschen, Daniel S.; Allan, Ronald;Strbac, “Contributions of individual generators to loads
and flows,” IEEE Trans. Power Syst., vol. 12, no. 1, pp. 52-60, 1997.

J. W. Bialek, “Tracing the flow of electricity,” IEEE Proc. - Gener. Transm. Distrib., vol.
143, no. 4, p. 313, 1996.

EPIA, “Self Consumption of PV Electricity,” 2013.

A. L. Nikolaidis, M. Panteli, and C. A. Charalambous, “Distribution Loss Factors for the
Emerging, Open-Access Electricity Market in Cyprus,” in IEEE 2017 PowerTech
Conference, Manchester, 2017.

A. Keane and M. O’Malley, “Optimal distributed generation plant mix with novel loss
adjustment factors,” in 2006 IEEE Power Engineering Society General Meeting, 2006, pp.
1-6.

105



REFERENCES

[114]

[115]

[116]

[117]

[118]

[119]

[120]
[121]
[122]
[123]
[124]
[125]
[126]
[127]
[128]
[129]

[130]

[131]

[132]

P. M. Costa and M. A. Matos, “Avoided losses on LV networks as a result of
microgeneration,” Electr. Power Syst. Res., vol. 79, no. 4, pp. 629-634, 2009.

“Domestic Tariffs of Electricity Authority of Cyprus.” [Online]. Available:
https://www.eac.com.cy/EN/CustomerService/Tariffs/Documents/Domestic  Use - Aug
2013.pdf.

J. Bushnell, B. Marcus, K. Notsund, and N. Ryan, “How Much Does Increasing-Block
Electricity Pricing Help Low-Income Customers ?,” 2008.

L. Ochoa, R. Ciric, A. Padilha-Feltrin, and G. Harrison, “Evaluation of distribution system
losses due to load unbalance,” in Power Systems Computation Conference (PSCC), Liege,
Belgium, 2005, 2005, no. August, p. 4.

S. Weckx, C. Gonzalez, and J. Driesen, “Reducing grid losses and voltage unbalance with PV
inverters,” in IEEE Power and Energy Society General Meeting, 2014, vol. 2014-Octab, no.
October.

M. J. E. Alam, K. M. Muttaqi, and D. Sutanto, “Mitigation of rooftop solar PV impacts and
evening peak support by managing available capacity of distributed energy storage systems,”
IEEE Trans. Power Syst., vol. 28, no. 4, pp. 3874-3884, 2013.

K. Siler-Evans, “Evaluating Interventions in the U.S. Electricity System: Assessments of
Energy Efficiency , Renewable Energy , and Small-Scale Cogeneration,” 2012.

D. Callaway, M. Fowlie, and G. Mccormick, “Location, location, location: The variable value
of renewable energy and demand-side efficiency resources,” 2015.

G. Strbac, “Demand side management: Benefits and challenges,” Energy Policy, vol. 36, no.
12, pp. 4419-4426, 2008.

J. Lazar and K. Colburn, “Recognizing the Full Value of Energy Efficiency,” 2013.

MIT, “The Future of the Electric Grid, Chapter 8: Utility Regulation,” 2011.

K. Gordon and W. P. Olson, “Retail Cost Recovery and Rate Design,” 2004.

“Statement on Regulatory Practice and Methodology of Electricity Tariffs,” 2015.
“Use-0f-system charges in Cyprus.” [Online]. Available:
http://www.dsm.org.cy/ngcontent.cfm?a_id=792&tt=graphic&lang=I12.

“Use-of-system charges for NEM customers.” [Online]. Available:
http://www.cera.org.cy/main/data/articles/909 2013.pdf.

A. 1. Nikolaidis and C. A. Charalambous, “A Critical Analysis of the Net Metering Practice
in Cyprus,” in IEEE ENERGYCON 2016, 2016.

E. Lannoye, D. Flynn, and M. O’Malley, “Power system flexibility assessment &#x2014;
State of the art,” in Power and Energy Society General Meeting, 2012 IEEE, 2012, pp. 1-6.
R. Tonkoski, D. Turcotte, and T. H. M. El-Fouly, “Impact of high PV penetration on voltage
profiles in residential neighborhoods,” IEEE Trans. Sustain. Energy, vol. 3, no. 3, pp. 518-
527, 2012.

C. Long and L. F. Ochoa, “Voltage Control of PV-Rich LV Networks: OLTC-Fitted

106



REFERENCES

Transformer and Capacitor Banks,” IEEE Trans. Power Syst., no. October, 2015.

[133] R. Duignan, C. J. Dent, A. Mills, N. Samaan, M. Milligan, A. Keane, and M. O’Malley,
“Capacity value of solar power,” in IEEE Power and Energy Society General Meeting, 2012,
pp. 1-6.

[134] P. Denholm, M. O’Connell, G. Brinkman, and J. Jorgenson, “Overgeneration from Solar
Energy in California: A Field Guide to the Duck Chart (NREL/TP-6A20-65023),” 2015.

[135] C. A. Charalambous, A. Milidonis, A. Lazari, and A. I. Nikolaidis, “Loss evaluation and total
ownership cost of power transformers-part I: A Comprehensive Method,” IEEE Trans. Power
Deliv., vol. 28, no. 3, pp. 1872-1880, 2013.

[136] C. A. Charalambous, A. Milidonis, S. Hirodontis, and A. Lazari, “Loss Evaluation and Total
Ownership Cost of Power Transformers — Part I1: Application of Method and Numerical
Results,” IEEE Trans. Power Deliv., vol. 28, no. 3, pp. 1881-1889, 2013.

[137] J. C. Hull, Options, futures and other derivatives, 6th ed. Pearson/Prentice Hall, 2006.

107






APPENDIX A NEM PRACTICE IN CYPRUS

Appendices

A. Comprehensive Review of the Net Energy Metering Practice in

Cyprus

A.1 Scope of work

This work focuses on providing insights regarding NEM policies via an in-depth overview
of the current NEM practice that has been adopted in Cyprus since June 2013. Firstly, a
concise description of the market organization in Cyprus is discussed in order to provide a
background context in the subsequent analyses. To this extent, the NEM effects are
examined both from the customers’ as well as from the utility’s perspective. Based on the
results of this examination, a critical review of the currently adopted charging mechanism
for NEM customers is performed. Particular emphasis is given on each cost component of
the regulated use-of-system (UoS) charges, which largely reflect the fixed utility costs. The
way that these are currently recovered from NEM customers and, consequently, how they
affect the final collectable revenue of the whole system’s fixed costs is thoroughly discussed.
Furthermore, an alternative, applicable NEM practice that may substitute the currently
adopted NEM practice in Cyprus is presented. This alternative NEM practice takes into
account the interaction of NEM customers with the grid. The alternative practice is
investigated for two important reasons: a) firstly, its implementation is based on the use of
the same metering infrastructure that is currently utilized in Cyprus, and, b) it is directly
compatible with the traditional, volumetric model of UoS cost recovery. To this extent, the
alternative NEM practice presented would treat all customers, regular and NEM,
consistently. Hence, it can be perceived as an unbiased UoS charging framework in terms of

both DG and energy efficiency investments [120]-[123].

A.2 Background Information

A.2.1 Brief description of the market organization in Cyprus

The market organization that applies in Cyprus (see Figure A.1) is known in literature as the
“purchasing agent” market organization model [28]. That is, a single entity (i.e. the
wholesale agent) is responsible for reliably producing/procuring adequate electricity
amounts either from its own generators or from independent power producers (IPPs) to serve
its customers’ base. The power system in Cyprus is characterized as a small, electrically
isolated system with an almost exclusive dependence on oil products (mainly Heavy Fuel
Oil and distillate Diesel Oil) for its electricity generation. All conventional (i.e. fossil-fueled)

generators are owned by the Electricity Authority of Cyprus (EAC) which acts as both the
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wholesale agent and the distribution system operator (DSO). Furthermore, there exists a
number of IPPs with wind, biomass and PV generating systems that are compensated
through FiT schemes and, from 2013 onwards, NEM customers with roof-top PV systems

are gradually being integrated at the low voltage level of the Cyprus distribution network.

It is also noted that the retail market in Cyprus operates under a traditional regulated regime
whereby EAC acts as the sole load serving entity for all customers. For residential customers
in particular, the current regulatory approach relies on a price-capped tariff (see, for example,
[27], [31], [34], [124], [125]) resulting from the long-run marginal costs of EAC for
providing electricity services. An indicative example of deriving long-run marginal cost
tariffs can be found in [66]. This price-cap is re-evaluated and adjusted approximately every
5 to 10 years. Under this approach, EAC bears all the actual costs of serving the system’s
load (i.e. demand plus losses) but receives compensation through a standard (i.e. price-
capped) retail tariff. Therefore, in case where the actual incurred costs of EAC are less than
the anticipated revenue through the price-capped tariff, the difference is kept by EAC as
gained profit. Conversely, when the actual costs exceed the final revenue, then EAC is
financially penalized. Nevertheless, when a retail tariff adjustment takes place, the actual
financial profits or losses of EAC are taken into account by the Cyprus Energy Regulatory
Authority (CERA) in order to ensure that actual EAC costs and revenue are closely aligned

and that large deviations are averted [126].

Own generators

!

I
I
I
Large Customers I Electricity Authority
I
I
I
]
1
I

Independent Power

connected at the high of Cyprus Producers

voltage level (Wholesale Agent) (Wind, Biomass, PV)
Exported ener
Distribution P 9y
Imported ener
Retail Customers P gy > NEM E;lif)tomers

Figure A.1: Current market organization in Cyprus.
More specifically, the vast majority of residential customers in Cyprus are charged through
the EAC Domestic Tariff 05 (EAC05) which is a smoothly increasing, five-tiered,
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volumetric tariff. Thus, EAC’s revenue mechanism from residential customers is a function

of the final sales (in kWh). The details of EACO5 are provided in Table A.1 below [115].

Table A.1: Description of EACOS tariff for domestic customers [115].

Tier Total Bimonthly Per unit charge (€/kWh) — (g/zil?lr::;):rr:ge—
Consumption (kWh) — X EC oC
1% tier 0-120 0.1371 2.28
2" tier 121-320 0.1453 2.35
3 tier 321-500 0.1498 3.86
4" tier 501-1000 0.1541 5.87
5" tier 1000+ 0.1558 7.39
Other charges (€/kWh)
Fuel adjustment clause — FAC ([Current Brent Price in €/MT]-300) x 0.000238
Public Service Obligations — PSO 0.00134
RES fund — RES 0.005
VAT rate 19%

It is also important to clarify that EAC incurs both variable and fixed costs when producing,

transmitting and distributing electricity to its customers. In general, variable costs are a direct

function of the final energy produced and they mainly reflect on the fuel costs that have to

be borne by the system. Conversely, fixed costs do not vary with the final output and they

mainly reflect on the necessary capital and maintenance costs associated with generation,

transmission and distribution facilities that are necessary to fulfill the capacity requirements

of the utility. These fixed costs are commonly defined as UoS charges and they are presented

in Table A.2 [127].

Table A.2: Approved UoS charges currently applying in Cyprus [127]

Per kWh charge .
Use of system (€/kWh) g Description

Cyprus TSO 0.0009 Operating costs of the Transmission System
Operator of Cyprus
Frequency (i.e. primary, secondary and tertiary

anciflhry services 0.0024 reseryes), black-start and voltage suppo_rt (i.e.
reactive power management) services provided by
EAC

Long-term  capacity 0.0053 Costs of providing an adequate reserve margin of

reserve installed generating capacity

HV system 0.0099 Network costs for the high voltage system

MV system 0.0153 Network costs for the medium voltage system

LV system 0.0169 Network costs for the low voltage system
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A.2.2 Current NEM implementation in Cyprus
Figure A.2 illustrates the metering infrastructure currently deployed in Cyprus for NEM
customers. This infrastructure relies on the use of a single bidirectional meter that is able to

keep record of the cumulative amounts of both the imported and the exported energy.
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Figure A.2: Metering infrastructure for NEM customers in Cyprus.
The NEM scheme is currently available only to domestic (i.e. residential) customers via an

energy credit compensation mechanism. The details of this scheme are listed below:

e NEM customers are charged through EACO05 (see Table A.1) which is an

increasing, five-tiered, volumetric tariff designed for domestic customers.

e The maximum allowable installed PV capacity per customer was initially set at

3-kW, and it has recently been reset at 5 KWp.

e At the end of each bimonthly billing period, the NEM customer pays for the
difference between the consumed and generated energy (i.e. net energy

consumption).

e In case there is excess of PV energy generation, the energy amount is rolled-over

to the next billing period to offset future energy consumption.

e At the end of each 12-month billing cycle, any remaining energy credits are set

equal to zero (i.e. they cannot be transferred over to the next year).

e Each NEM customer is required to pay a series of UoS charges as per the rated

capacity of the PV system.

The details of the charges applicable to NEM customers are shown in Table A.3. These

charges are imposed on NEM customers based on the rated capacity (kW) of their installed
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PV systems. In particular, these UoS charges include a fraction of the cost components
shown in Table A.2. Additionally, NEM customers are facing: a) an extra charge for the time
diversity between prosumers’ PV generation and actual consumption and b) an extra credit
for reducing the power losses of the supplying network. It should, nevertheless, be noted that
these charges as well as the losses’ credit are regarded as interim. This was explicitly
highlighted in the directive of CERA in July 2013 [128].

Table A.3: Current charges and credits imposed on NEM Customers in Cyprus [128]

Assigned Ry

Use of system percentage Per kWh charge A_nnual PV energy > o
payable by NEM (€/kWh) yield (KWh/kWy)
(€/kWy)
customers (%)

Cyprus TSO 100% 0.0009 1.48
Ancillary services 90% 0.0024 3.50
Long-term 18% 0.0053 1.53
capacity reserve
HV system 25% 0.0099 1610 3.98
MV system 50% 0.0153 12.31
LV system 75% 0.0169 20.41
PSO fund 100% 0.00134 2.16
RES fund 100% 0.005 8.05
Time diversity
between PV
generation  and — — - 13.81
household
demand
Power losses
reduction credit - - B —20.00
Total - - - 47.24

A.2.3 Customers’ perspective towards the current NEM practice in Cyprus
For Cyprus in particular, current as well as prospective NEM customers (i.e. prosumers)
should bear in mind the following elements when assessing the viability of their net-metered

PV systems’ investments.

Fundamentally, the payback period of the PV net-metered investment should result from the
comparison of the present value of savings (i.e. cash flows) that would be encountered in a
customer’s bimonthly electricity bills —over the expected life time of the PV system

installed— to the initial investment capital costs.

Moreover, specific factors that impact on their bill savings and thus on the payback period

of their PV net-metered investments are:

e |Initial PV capital costs, annual operation and maintenance costs, solar potential
(i.e. PV Levelised Cost of Energy (LCOE)).
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e Type and structure of retail tariffs (i.e. under which tariff the electricity bill of

prosumers is based on — e.g. domestic EAC tariff 05).
e Type and price of fuels used in the generation mix of the system in Cyprus.

e Aggregate and time-related consumption profile of customers’ households prior

to the installation of PV systems.

e Restrictions that apply on energy credits transfer and period at which any excess

energy credit is dismissed (i.e. not transferred on to the next billing period).
e Discount rate used to determine the present value of future electricity bill savings.

e Extra charges (fixed or variable) that are imposed on NEM customers (e.g.,
CERA UoS charges — Table A.3).

Primarily, towards assessing the financial viability of NEM investment, prosumers should
appreciate the dynamics of the EAC Domestic Tariff 05 (EACO05). This tariff, charges
residential customers and hence prosumers, for their energy use through a smoothly
increasing-block rate. Due to the fact that EACO5 is an increasing-block rate tariff, different
customers will avoid different tiers of the charges (see Figure A.3), should they decide to
adopt the NEM practice currently applied. This means that larger consumers, who usually
reach the higher tiers of EAC05, may face increased investment incentives. However, it
should be thoroughly understood that a 5kWp PV system (i.e. the maximum PV capacity
permitted for NEM applications) would not necessarily mean a more profitable investment,
especially for small consumers. Thus, the PV capacity of a NEM system can be shown to

have a non-proportional effect on prosumers’ savings.
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Figure A.3: Different customers will avoid different tiers of the EAC 05 tariff should they
decide to adopt the NEM practice currently applied in Cyprus.
To holistically address the impact of all associated factors listed above, a sensitivity analysis
through Monte Carlo simulations is undertaken in order to estimate the range of the payback
period of a NEM investment. The aim is to provide an indication of the probability of a NEM
investment being viable in Cyprus. Thus, the main parameters of the financial analysis are
considered random variables and are, therefore, assigned a specified probability distribution
function (PDF). The examined parameters include: a) the initial PV capital investment costs
and b) the average energy yield of the PV system, c) the annual discount rate selection and
d) the annual escalation rate of Brent fuel price. The relevant assumptions of the Monte Carlo
simulations performed are given in Table A.4 whilst the corresponding results are shown in
Figure A.4. The number of simulations was set equal to 20000 thus allowing the process to
capture the whole range of possible combinations between the considered parameters. The
Monte Carlo simulation results clearly indicate that an investment in a net-metered PV
system in Cyprus is financially sound under most circumstances. Based on the simulation
results (see Figure A.4), there is 50% probability that the payback period will be less than
10 years (under current NEM practice and relevant assumptions of Table A.4). Moreover,
there is less than 1% probability that such an investment will lead to net financial losses for
the NEM customer. This implies that the PV system will generally generate adequate savings

throughout its useful lifetime if current incentives persist in the future.
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Table A.4: Monte Carlo Simulation Assumptions

Parameter Mean Type of Standard deviation
value distribution (%) — Range
Annual Consumption (kWh) 5220 Constant —
PV Installed Capacity (kWp) 3 Constant —
Average Energy Yield (kwWh/kWy) 1610 Normal 3%
Annual Discount Rate (%) 8% Uniform From 4% to 12%
PV  Operation and Maintenance
(€/kWy) 20 Constant —
Initial Cost (€) 5000 Normal 5%
Brent Fuel Price (€/MT) 320 Constant -
,(Ao/n)nual Fuel Price Escalation Rate 20 Uniform From -2% to 6%
0
Useful Lifetime (Years) 20 Constant —
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Figure A.4: Monte Carlo Simulation Results on Payback Period of NEM Investments in Cyprus.
A.2.4 Utility perspective towards the current NEM practice in Cyprus
As discussed in the previous section, an investment in net-metered PV systems (under the
applied terms and conditions) for domestic customers in Cyprus could be a viable option for
curbing their electricity bills. However, the downward pressure in electricity sales that is
imposed on EAC due to the currently applied NEM scheme is raising doubts regarding its
long-term sustainability. That is, if penetration is to be increased further, EAC revenue
streams may be significantly reduced. This may result in higher future electricity rates for
the rest of EAC’s customers. As noted in Table A.3, the total annual payable amount that
relates to the fixed costs of EAC sums up to €47.24/kWy. To this extent, the actual EAC
revenue loss will be determined by two main factors: a) the cumulative installed PV capacity
(i.e. total installed kWp) and b) the type of customers (i.e. small, medium and/or large) that

will invest in net-metered PV systems [129].
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Today there exist approximately 430.000 domestic customers in Cyprus exhibiting an
average annual consumption of 3500 kWh [129]. The sales of the domestic class of EAC
customers sum up to 36% of the total annual EAC sales whilst the revenue collected sums
up to 37.36% of the total annual EAC revenue. A thorough method for calculating the
revenue loss that EAC experiences due to NEM penetration was elucidated in [37]. Based
on the method described in [37], the 60 MW of NEM PV penetration (currently applied in
the Cypriot Power System) results in approximately 7.80% reduction in the annual

residential energy sales of EAC. That is, 6.30% of revenue loss.

A.3 Critical review of current NEM practice in Cyprus

EAC as a regulated utility solely operates and bears all the costs associated with procuring,
maintaining and operating all necessary facilities and equipment in order to serve customers
at an acceptable reliability level. One should appreciate at this point that the cost recovery
business model of EAC is that of traditional regulated utilities. It relies on volumetric (kWh)
retail rates. Bearing in mind that the cost recovery business model of EAC is not envisaged
changing in the near future, the main concern arising is that the currently applied NEM
practice in Cyprus may create significant and unjustified revenue gaps for EAC. The inherent
characteristic of the volumetric business model of EAC is that it charges regular customers
based on their grid-imported energy. This is not the case for NEM customers (i.e. prosumers)
though, as it will be further discussed.

A.3.1 Reviewing Currently Applied Charges and Credits

Firstly, it is important to clarify that EAC incurs both variable and fixed costs when
producing, transmitting and distributing electricity to its customers. In general, variable costs
are a direct function of the final energy produced and mainly reflect the fuel costs that have
to be borne by the system. Conversely, fixed costs do not vary with the final output and
mainly reflect on the necessary capital and maintenance costs associated with generation,

transmission and distribution capacity requirements.

To this extent, the charges shown in Table A.3 are applied to NEM customers, in an attempt
to recover a portion of the EAC’s fixed costs. These charges are imposed on NEM customers
based on the rated capacity (in kWp) of their installed PV systems. In particular, the cost
components include: a) the TSO’s fees, b) the ancillary services, ¢) the long-term reserve
capacity, d) the use of high voltage network, e) the use of medium voltage network, f) the
use of low voltage network, g) the Public Service Obligations (PSO) levy, and h) the
Renewable Energy Sources (RES) fund.
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The specifics of the current charges imposed on NEM customers are critically commented

below:

1)

2)

3)

4)

NEM customers pay 100% of the approved CERA charges for the TSO, PSO and
RES fund: These costs are neither deferrable nor avoidable for EAC. Thus, NEM
customers cannot offer this kind of services to the system and, hence, the fact that these

costs are recovered in full is justified.

NEM customers pay 25%, 50% and 75% of the approved CERA charges for their
use of the High Voltage (HV), Medium Voltage (MV) and Low Voltage (LV) system
respectively: These three cost components refer to the network equipment (i.e. lines,
cables, transformers, etc.) that are required to serve the demand. It should be noted at
this point that net-metered PV generation may postpone future, load-growth-driven
investments (e.g., upgrading or purchasing network-related equipment [55], [57]).
However, these deferrals have to be carefully evaluated in order to reflect the true
savings that EAC may experience in the long-term. To this extent, if the currently
applied percentages do not precisely reflect on the actual EAC savings from NEM, then
EAC is bound to face significant revenue gaps which will be inevitably and eventually

passed to non-NEM customers.

NEM customers are charged 90% of the approved CERA charges for ancillary
services: Ancillary services usually refer to spinning reserve services (i.e. primary,
secondary and tertiary reserves) and voltage support (i.e. reactive power management)
[28], [130]-[132]. To this extent, these services mainly relate to the necessary frequency
and voltage variation management in order to ensure the reliable operation of the system
at all times. Therefore, a thorough examination of the impact of variable PV generation
on the requirements for such services for the isolated power system of Cyprus should
be performed in order to undoubtedly justify the fact that NEM customers should be

charged with a reduced fee.

NEM customers are charged 18% of the approved CERA charges for long-term
capacity reserves: This is equivalent to assigning PV generation with an 82% capacity
credit [51], [56], [133]. Even though Cyprus exhibits a very high solar potential which
positively correlates with the system’s peak demand, the capacity credit implicitly
assumed (i.e. 82%) seems rather exaggerated. Moreover, due to the time-concentrated
nature of solar technologies, their respective capacity credit is also dependent on their
relative penetration. For example, solar technologies are notorious for potentially

causing the “duck curve” effect (see [134] for more details on the latter).
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5) NEM customers are charged €13.81/kWy for the time diversity between their
demand and their PV generation: This particular charge refers to the fact that NEM
customers receive an extra service; that is the PV energy generated is not entirely self-
consumed, i.e. there is time diversity between PV generation and consumption (e.g.
from hour to hour, from day to day and from season to season). The electric grid
accommodates time diversity through conventional, dispatchable generating units.
These units bear certain fixed costs in offering this service. Therefore, NEM customers
are charged for these fixed generation costs, minus that part of the fixed costs that is
already reimbursed through the UoS charges (i.e. long-term capacity reserves).
Moreover, based on EAC calculations, the time diversity charge sums up to €55.20/kWy
for each kW of installed PV capacity. However, CERA approved a €13.81/kWy figure
that is approximately 25% of the EAC calculated figure.

Based on the above facts and analysis, the need for reevaluating the current NEM charges

and credits in Cyprus can be collectively summarized as follows:

e The current NEM policy embraces some mildly justified and not transparent
charges to account for both the costs and benefits entailing from rooftop PV
penetration.

e NEM customers are not charged or credited based on their individual interaction
(imported/exported energy) with the grid, but instead, on the rated capacity (kW)
of their installed PV system.

e NEM customers are credited €20/kWy for an alleged reduction their PV systems

bring on overall system’s losses.

To comprehend the reevaluation that is dictated by the three fundamental issues quoted
above, the following concepts should be thoroughly understood:

e How NEM customers are interacting with the grid?
e What is EAC’s business model for cost recovery?
e How NEM practice and retail tariffs are associated?

A.3.2 The interaction of NEM customers with the grid

A NEM customer can generate electricity on site to offset his demand and deliver any excess
electricity to the utility for an equal amount of electricity from the utility at other times.
However, the implication is that when a NEM customer directly offsets one kWh of his

consumption with self-produced PV energy, the current NEM practice in Cyprus treats this
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transaction as if the customer has exactly matched his consumption with his generation, even
though the two may have taken place at a different time. To make the latter argument more
explicit, an example of a NEM customer’s interaction with the grid is shown in Figure A.5.
Under this specific example, the customer’s total consumption is 14 kWh. Thus, before
installing PVs, the customer would draw 14 kWh from the grid and would be charged for

the entire grid-imported energy through the respective retail tariff

Once the customer installs a PV system, thus becoming a prosumer, the NEM scheme allows
him to offset his consumption volume with self-produced PV energy. As shown in Figure
A.5, the customer’s PV system generated a total of 14 kWh, 7 kWh of which were consumed
behind-the-meter of the customer (effectively a 50% self-consumption ratio). The remaining
7 KWh were exported to the grid. However, to cover the demand at times when the PV system
is not generating sufficient energy, the customer had to import 7 kWh from the grid. To
summarize the interaction of this particular NEM customer with the grid the following are

noted:

e The customer uses the grid to export excess energy (i.e. 7 kWh) at some time

intervals within a day.

e The customer uses the grid to import needed energy (i.e. 7 kWh) at some time

intervals within a day.

Thus, even though in this example the net difference between the customer’s consumption
and PV generation is zero (i.e. the customer appears to be virtually off-grid), the NEM

customer interacts or uses the grid substantially for his import/export activities.
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Figure A.5: Example of a virtually off-grid customer.
However, the currently applied UoS charges on NEM customers in Cyprus are decoupled
from the interaction that each individual customer has with the grid. It is reiterated at this
point that the current UoS charges are based on the installed kW, of PV capacity of each
NEM customer. To this extent, this method for recovering the UoS charges of NEM

customers raises two very important questions:

e Are the currently applied UoS charges truly reflecting the use of grid (i.e.
import/export) by NEM customers’?

¢ Since the metering infrastructure of NEM customers can keep track of both the
imported and exported energy, why does the cost recovery rely on the installed
PV capacity of NEM customers and not on their actual interaction with the grid,
at least on a volumetric basis?

These gquestions inherently relate to the energy volumes that each NEM customer exchanges
with the grid (i.e. the volume of exported kWh that was exchanged for the same amount of
imported kWh). At this point, it should be mentioned that, in principle, any self-consumed
PV energy remains within the customer’s premise thus avoiding use of the network. By
means of an example, however, if we were to relate the total amount of the currently payable
UoS charges (i.e. €47.24/kWy) to NEM customers’ grid interaction, then we would probably
have to think as per the particulars shown in Table A.5. This table attempts to theoretically

benchmark the difference between the current UoS charges and the UoS charges that a NEM
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customer would face depending on how he exploits his produced PV energy (i.e. self-
consumed versus exported PV energy). The fundamental logic of this theoretical
approach/example is that, due to NEM, a customer that exports a large amount of energy
exhibits an increased use of the grid because he draws the same amount during other times
thus imposing UoS costs on EAC. Conversely, a customer that exports small amounts of PV
energy is directly offsetting his own consumption without using the grid. The example in
Table A.5 explicitly shows that a customer that self-consumes all his PV generation would
pay 0 €/kWy while a customer that exports all of his PV generated energy would pay
91.77€/kWy.

€47.24/kWy) correlate with the UoS charges that a NEM customer with a 48.5% self-

Thus, under this theoretical approach the current UoS charges (i.e.

consumption ratio would be paying.

Table A.5: UoS payable amounts for different utilization of the produced PV energy from
NEM customers

UoS per Annual Current

Assumed_ PV Self—consumed PV Exported_ PV KWh UoS annual
generation Generation generation it e UoS

(KWh/kWy) (KWh/kWy) (KWh/kWy) (€KkWh) | (€/KWy) charges

(€/kWy)
1610 (100%) 0 (0%) 1610 (100%) 0.057 91.77 47.24
1610 (100%) 161 (10%) 1449 (90%) 0.057 82.59 47.24
1610 (100%) 322 (20%) 1288 (80%) 0.057 73.42 47.24
1610 (100%) 483 (30%) 1127 (70%) 0.057 64.24 47.24
1610 (100%) 644 (40%) 966 (60%) 0.057 55.06 47.24
1610 (100%) 805 (50%) 805 (50%) 0.057 45.89 47.24
1610 (100%) 966 (60%) 644 (40%) 0.057 36.71 47.24
1610 (100%) 1127 (70%) 483 (30%) 0.057 27.53 47.24
1610 (100%) 1288 (80%) 322 (20%) 0.057 18.35 47.24
1610 (100%) 1449 (90%) 161 (10%) 0.057 9.18 47.24
1610 (100%) 1610 (100%) 0 (0%) 0.057 0.00 47.24

Nevertheless, it should be noted that EAC is ultimately interested in the average self-
consumption ratio (SCR) of its NEM customers due to the fact that this average figure would
determine the final collectable UoS revenue. In particular, as shown in Table A.5, if NEM
customers are forced to pay for their UoS charges based on their interaction with the grid,
then the relationship between the payable UoS charges is linearly correlated with their SCR.

Based on this fact, we consider the following two extreme scenarios:
a. all NEM customers exhibit 50% SCR, and,

b. half of the NEM customers exhibit 0% SCR and the other half exhibit 100% SCR.
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Under the first scenario, all customers would pay €45.89/kWy and this would be multiplied
by the total installed PV capacity to yield the final UoS revenue. Under the second scenario,
half of the NEM customers would pay €0/kWy whereas the other half would pay
€91.77/kWy. Thus, the final collectable UoS revenue would be 50%x€0/kWy +
50%x€91.77/kWy, which again yields an average €45.89/kWy. This example explains why
EAC is merely concerned on the average SCR of its NEM customers. However, the second
example used above implies that when NEM customers are required to pay the same charges
regardless of their interaction with the grid, then customers with high SCR subsidize those
with low SCR. This is graphically illustrated in Figure A.6 through a hypothetical SCR
distribution of NEM customers. Thus, it is not far from reality to state that the current UoS

more efficient overall system operation.
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Figure A.6: Cross-subsidy between NEM customers with high SCR to NEM customers with
low SCR.

A.3.3 Discussion on Power Losses Credit

Of particular note is the fact that CERA has attributed a €20/kWy credit to NEM customers
for an alleged reduction they bring in system losses. The premise of this credit is probably
the fact that such DG applications not only act as sources of energy but can potentially reduce
the overall losses in system networks [1]. It is often argued that a kWh produced by DG has
a higher “value” than a kWh generated at the transmission level by a conventional central

generating plant [1].

The power loss credit has been estimated as shown in (A.1). The elements used in (A.1) are
thoroughly described in Table A.6.
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Powver losses credit = (Loss Factor) x (Cost of losses) x (PV generation) (A1)

Table A.6: Parameter definition for power losses credit calculation from CERA

It is a common practice for utilities to evaluate the losses incurred at each level
of their systems in order to charge their customers in an appropriate manner.
The latter is generally taken into account via the use of loss factors. Loss
factors (LFs) are scaling factors applied at certain metering points to account
for network losses. They are used in the calculation of network charges to
recover the loss cost of the system. Utilities normally define LFs in accordance
to the voltage level at which the load/generation is connected, and those values
are used throughout the utility’s jurisdiction [1]

Utilities and regulatory authorities are interested in losses since they cause an
extra expenditure when serving the overall system’s demand. To this extent,
minimizing losses can potentially lead into significant cost savings in power
systems’ planning and operation endeavors. To make this argument more
explicit; if losses are seen as an extra load to the system, it is apparent that
sufficient system capacity would be required to accommodate the peak load
plus the associated losses. This entails that the installed capacity requirements
of a system are determined by the system’s peak demand including its peak
load losses. Hence, the costs of the additional capital and other fixed
expenditures sized to supply the power used by the losses (coincident with the
peak demand) constitute the demand component of the cost losses. However,
when evaluating the total cost of losses in a network, one should also consider
the energy component of the cost of losses. The energy component of the cost
of losses comprises the variable costs of generating the additional energy
consumed by the losses in all affected system categories (e.g. generation,
transmission and distribution) [135], [136].

This parameter reflects the annual energy yield per installed kW of PV
capacity and is assumed equal to 1610 kWh/kWy [128].

Loss Factor (LF)

Cost of Losses

PV Generation

In order to explicitly calculate the power losses credit to NEM customers, all three elements
noted in Table A.6 are required. Firstly, the loss factors applying for the system are needed.
These are shown in Table A.7. It is re-iterated that the loss factors are usually determined
based on relevant calculations pertaining to the losses incurred at each stage of the system.
To this extent, they are subsequently compounded in order to appropriately charge customers

based on their point of connection (i.e. high, medium or low voltage level).

Table A.7: Loss factors for customers at each voltage level of the Cyprus power system

Voltage level
High Voltage (T3) 1.90%
Medium Voltage (T2) 2.50%
Low Voltage (T1) 3.40%
HV Customers
Loss factor (1+T3) 1.0190
MV Customers
Loss factor (1+T3)(1+T2) 1.0445
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LV Customers
Loss factor (1+T3)(1+T2)(1+T1) 1.0800
Successively, the cost of losses (as defined in Table A.6) is needed. This figure should reflect

the cost that EAC incurs in order to supply an extra KWh of losses. It is, thus, a figure that,
in some extent, resembles the EAC avoided cost. Therefore, following the fundamental logic
of (A.1), the power losses credit is calculated based on the annual PV energy yield (i.e. 1610
kWh/kWy). The €20/kWy figure calculated by CERA relies on a €0.1553/kWh cost of losses
which is the EAC energy cost component for a €600/MT Brent fuel price. This figure was
true during 2013, when the Brent fuel price was equal to €600/MT and the NEM UoS charges

were calculated.

Power losses credit = (8%) x (0.1553 Euros/kWh) x (1610 kWh/kWy)

= 20 Euros/kWy (A-2)

A.3.4 Should (and how) NEM PV energy receive the credit for power losses
reduction?
Having shown the estimation of the power losses credit for NEM customers from CERA,
there is a consequent need to examine its validity and further how (and if) this should be
credited to NEM customers bearing in mind, that NEM is a billing mechanism for treating
exported generation from NEM customers. To this extent, if NEM customers’ PV generation
is treated as per the fundamental logic that dictates how DG applications are treated, then
the compensation for losses would be based on the EAC true cost of losses that accounts for
the exported PV generation. To clarify this argument, Figure A.7 shows the fundamental
logic of how NEM PV generation could be treated under the same principles that apply for

regular DG applications.
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PV energy yield Self-consumed: These kWh directly reduce the
(X+Y) kWh X KwWh [ L total consumption of the customer
without using the grid
Exported:
Y kWh Behind-the-meter consumption of

self-produced PV energy is
compensated at the full retail rate
which already includes the loss-
related costs of EAC (LV loss factor)

I_l

The exported PV kWh could be

treated as distributed generation

|
These kWh could be remunerated
at the EAC cost of losses

Figure A.7: Fundamental logic of treating NEM PV generation.
Under the logic in Figure A.7, Table A.8 demonstrates the power losses credit that would be
assigned to the exported PV generation of a NEM customer based on his interaction with the

grid (i.e. self-consumed versus exported PV generation).

Table A.8: Revised power losses credit calculation based on exported PV generation

Assumed total PV | Self-consumed Exported PV ézvegioés'oez:;im
generation (kWh) | PV generation generation COL=€0 1553/kV\;¥
- X+Y (kWh) — X (KWh) - Y I:F " 0.08

Lv—=VY.
1610 (100%) 0 (0%) 1610 (100%) 20.00
1610 (100%) 161 (10%) 1449 (90%) 18.00
1610 (100%) 322 (20%) 1288 (80%) 16.00
1610 (100%) 483 (30%) 1127 (70%) 14.00
1610 (100%) 644 (40%) 966 (60%) 12.00
1610 (100%) 805 (50%) 805 (50%) 10.00
1610 (100%) 966 (60%) 644 (40%) 8.00
1610 (100%) 1127 (70%) 483 (30%) 6.00
1610 (100%) 1288 (80%) 322 (20%) 4.00
1610 (100%) 1449 (90%) 161 (10%) 2.00
1610 (100%) 1610 (100%) 0 (0%) 0.00

It should be re-iterated at this point that losses-related expenditures are recovered from EAC
through appropriately elevated energy charges (i.e. €/kWh) based on a series of loss factors
embedded in retail tariffs. Therefore, a portion of the charges faced by retail customers (i.e.
EAC tariffs) relates to the losses incurred in order to serve them. Since NEM works through
retail tariffs, it should be made clear that when NEM customers offset one kWh of their
consumption with one kWh that was generated from their privately owned PV system, the
retail rate that they avoid already includes the losses-related expenditures of the utility

through the embedded loss factor the retail tariff embraces. In other words, NEM customers
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are rewarded for their contribution in reducing losses through the retail rate that they are
allowed to offset. Thus, the extra CERA-assigned credit to NEM customers for their loss
reduction contribution may result in crediting prosumers twice for the same benefit they

bring to the system.
The above facts raise the following fundamental questions:

¢ Since each kWh that a NEM customer offsets already includes the EAC losses-
related costs (through the respective loss factor of the low voltage level), is it
logical to include an extra loss credit figure?

o [f'so, shouldn’t the loss credit correspond merely to the exported PV generation

of each NEM customer?
e And, finally, what is the true cost of losses and how can this be calculated?

A.3.5 How is the EAC cost of losses affected by the penetration of NEM PV?

The EAC cost of losses should embrace all fixed and variable costs incurred in order to
supply an extra kWh of losses. To this extent, EAC’s 10-year expansion plan is taken into
account in order to calculate the demand and energy component of each system level. This
has been thoroughly addressed in previous work (see [135] for a detailed formulation).
However, it is imperative to examine how the EAC cost of losses is affected by net-metered
PV systems as they progressively penetrate the system. More specifically, each cost
component that EAC incurs may be affected to a different degree depending on the
characteristics of PV generation and system’s demand. Thus, the demand and energy
component of the EAC cost of losses would have to be adjusted accordingly; bearing in mind
the PV contribution on the reduction of each EAC cost component. This dependency is
briefly described in Table A.9 below.

Table A.9: Dependency of PV applications contribution to each EAC cost component

EAC cost component Dependency
Generation demand component Capacity credit of the PV system
Peak load reduction at the HV level due to the PV
HV demand component generation relative coincidence with the peak HV
demand
Peak load reduction at the MV level due to the PV
MV demand component generation relative coincidence with the peak MV
demand
Peak load reduction at the LV level due to the PV
LV demand component generation relative coincidence with the peak LV
demand
Energy component Energy yield of the PV system
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| Loss factor |Connection voltage level |
By means of an example, the varying effect of PV penetration due to different relative

capacity credit allocation is shown in Figure A.8, along with its effect on the final EAC
energy production. The relative capacity credit is defined as the ratio between the reduction
in conventional installed capacity requirements achieved (due to the PV penetration) over
the total installed PV capacity whilst maintaining the same level of reliability. Thus, it is
clear that NEM PV changes the costs incurred in serving demand and, to this end, its effect
on the various cost components should be taken into account in a meticulous manner if
penetration is to reach the envisaged levels without creating financial imbalances. The latter
suggests that the current NEM practice in Cyprus may have to be revised in order to improve
the compensating framework of PV applications and, thus, ensure their reliable financial
integration and facilitate further penetration.

1450 —Peak load before PV (MW)
- —Peak load after PV (MW) at 10% capacity credit
1400 Peak load after PV (MW) at 30% capacity credit
- —Peak load after PV (MW) at 50% capacity credit .
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o
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Figure A.8: Example of the potential effect of NEM PV on the system’s peak load and final
energy production requirements.

As a concluding remark it is noted that NEM is considered an easily implementable policy
due to its simplicity and due to the fact that it requires minimal infrastructure upgrades in
terms of metering. However, it is also notorious for bringing huge cross-subsidies between
different groups, i.e. regular customers and prosumers that are benefiting from the fact that
NEM compensation policies value energy output at the full retail rate. Nevertheless, there is
no readily implementable solution that eliminates all cross-subsidies. This is so due to
several limitations that apply in this process; for example, the legacy metering and
monitoring infrastructure, especially at the distribution level, effectively acts as a hard
constraint in developing more sophisticated charging/compensation schemes. Although
significant strides have been made in disseminating advanced metering infrastructure on a
global scale [37], [38], [40], the migration to more complex pricing mechanisms may in
cases not be acceptable from a regulatory standpoint (see [36] for details on the conflicting
objectives that retail tariffs are expected to serve). Thus, regulators are faced with the
unprecedented challenge to make optimal trade-offs between the investment costs of
advanced metering infrastructure, that would in principle allow the smooth transition to more
heavily DG-penetrated power systems, whilst providing solid investment incentives through
maintaining the process simple and understandable. Nevertheless, it is imperative to explore
possible rate reforms that may steer the aforementioned process in the right direction,
although these practical limitations may persist in the near future [47].
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A.4 Proposed Alternative NEM practice for Cyprus

The critical evaluation of section 3 has thoroughly demonstrated the need for alternative
methods in determining the compensation framework of NEM customers. In this section, an
alternative NEM billing process is examined. The reasoning behind this alternative practice
lies with the need to explore potential ways forward from the current NEM practice in

Cyprus without any extra infrastructure/metering costs.

In particular, the alternative billing mechanism refers to maintaining the current energy
netting process, yet charging NEM customers for their use of the system based on the energy
that is drawn from the grid. To this end, the alternative billing mechanism could take into
account the imported and exported energy amounts of each NEM customer and associate
these with compensation figures that reflect on the individual use of the system of each

particular NEM customer; at least on a volumetric basis.

Thus, the alternative NEM scheme is an energy crediting mechanism which relies on a

bimonthly energy netting process. To this extent, the billing process is described below:

e Initially, a subtraction of the volume of imported energy by the respective volume

of exported PV generation takes place

e In case the difference is positive, the NEM customer pays for the net energy
amount through his retail tariff. The energy amount that is charged through the

retail tariff is called the customer’s billed consumption

e Subsequently, the NEM customer is also required to pay an extra, explicitly
calculated UoS charge (including the time diversity charge) for the grid-imported
energy minus the already billed consumption. In other words, each kWh that has
been imported from the grid (i.e. delivered by EAC) is either implicitly (through
the retail tariff) or explicitly charged the UoS charges

e Conversely, in case where the PV generation volume is larger than the imported
energy, the customer pays no energy charges through the EACOS5 tariff (i.e. the
billed consumption is equal to zero) and the negative energy amount is transferred
on to the next billing period as energy credit to offset future consumption.
Nevertheless, the NEM customer is still required to pay the respective UoS
charges for the amount of energy that was imported from the grid.

Figure A.9 graphically illustrates this process. Moreover, an example of the billing process

is shown in Table A.10 and is compared to the current NEM practice in Cyprus.
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Figure A.9: Graphical illustration of the alternative NEM billing process.
Table A.10: Example of the alternative and current NEM billing process for a NEM customer
with a 3-kW,, PV system

. Alternative Current

Parameter Calculation . .
practice practice

Imported energy 800
(KWh) A | Measured - 800
Exported energy 650
(KWh) B | Measured - 650
Net consumption 150
(Kwh) C | Calculated A-B 150
Energy credit 0
(KWh) D | Calculated max{-C,0} 0
Billed
consumption
(KWh) E | Calculated max{C,0} 150 150
through EAC05
Extra UoS
charges (€) F | Calculated | (A —E)x0.057x1.19 €44.09
Power losses 3x7.87%1.19=
credit (€) G | Removed 0 €0 €28.10
Time-diversity | | o culated (A- E)x(13.81/1610)x1.19 €6.63
charges (€)

As shown in section 3.4, the total PV generation of NEM customer is either self-consumed
or exported to the grid; thus, it is evident that a customer with high PV energy exports
exhibits a low SCR whereas a customer with low PV energy exports exhibits a high SCR.

To this extent, the NEM customer’s perspective reflects on the difference between the UoS
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charges under the alternative NEM scheme and the UoS charges that currently apply in
Cyprus. As can be seen in Table A.11, the difference is an inherent function of each
customer’s SCR. Thus, the alternative scheme provides an effective incentive for self-
consumption since the behind-the-meter consumption of self-produced PV energy avoids

the full EAC retail rate and is not required to pay any UoS charges.

In order to quantify the EAC UoS revenue change, three examples of SCR distributions are
shown in Figure A.10 for approximately 22000 NEM customers in Cyprus. Each distribution
results in average 30%, 50% and 70% SCR respectively. The average SCR in each case
results from the weighted average of the corresponding normal distribution shown in Figure
A.10. The aim here is to exemplify that NEM customers may utilize their PV generation
differently. To this end, their impact on the final collectable UoS revenue compared to the
current practice is illustrated in Figure A.11. Specifically, the weighted SCR average of the
three hypothetical distributions is used to calculate whether EAC will experience an increase
or a decrease in its final collectable UoS revenue. As can be extracted from the graph, if the
average SCR of NEM customers is below 55%, then EAC will experience an increase in
UoS revenue. Conversely, if the average SCR is above 55%, then EAC will experience a

decrease in UoS revenue.

Table A.11: Comparison of the alternative and the current UoS cost recovery practice in

Cyprus
Self- UoSper | Annual | Power | Time Current
PV consumed Exported PV L annual .

. ; kWh UoS losses | diversity Difference
generation PV generation charge | charges | credit | charges UoS ®©
(Whkwy) | Generation | (KWHKWY) | o /kvsh) ( e? © ( €‘~)’ charges

(KWh/kWy) ©

1610 (100%) 0 (0%) 1610 (100%) 0.057 91.77 0 13.81 47.24 -58.34
1610 (100%) | 161 (10%) 1449 (90%) 0.057 82.59 0 12.43 47.24 -47.78
1610 (100%) 322 (20%) 1288 (80%) 0.057 73.42 0 11.05 47.24 -37.23
1610 (100%) 483 (30%) 1127 (70%) 0.057 64.24 0 9.67 47.24 -26.67
1610 (100%) 644 (40%) 966 (60%) 0.057 55.06 0 8.29 47.24 -16.11
1610 (100%) 805 (50%) 805 (50%) 0.057 45.89 0 6.91 47.24 -5.56
1610 (100%) 966 (60%) 644 (40%) 0.057 36.71 0 5.52 47.24 5.01

1610 (100%) 1127 (70%) 483 (30%) 0.057 27.53 0 414 47.24 15.57
1610 (100%) | 1288 (80%) 322 (20%) 0.057 18.35 0 2.76 47.24 26.13
1610 (100%) 1449 (90%) 161 (10%) 0.057 9.18 0 1.38 47.24 36.68
1610 (100%) | 1610 (100%) 0 (0%) 0.057 0.00 0 0.00 47.24 47.24

A limitation of this alternative NEM scheme relates to the fact that self-consumed PV

generation may not directly lead into EAC costs decrease. This is because network costs are
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mainly driven by the peak demand, and not by the variations in the drawn amounts of
electricity [111]. However, the alternative scheme is compatible with the traditional utility
business model, which dictates that cost recovery occurs by charging the energy volumes
that are imported from the grid. To this extent, it is clear that depending on how the actual
self-consumption pattern of all NEM customers is distributed, EAC may experience different

UoS revenue changes.
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Figure A.10: Examples of different SCR distributions.
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Figure A.11: Impact of average SCR on the final collectable UoS revenue under the alternative
practice compared to current NEM practice.
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A.5 Conclusions

NEM schemes have been proven successful in attracting demand-side investment in
distributed generation thus giving rise to prosumers due to their simple and understandable
form. However, these schemes also constitute a major challenge for utilities and regulators
due to the fact that the costs and benefits that NEM customers bring to the system have to
be directly associated with the underlying retail tariffs in order to preserve the simplicity and
attractiveness of the policy.

To this extent, the small, isolated and highly fossil-fuelled power system of Cyprus is
expected to be increasingly penetrated by prosumers due to the falling capital costs of PV
systems and the high solar potential of the country that deem such investments financially
viable under most circumstances. Nevertheless, the critical review performed in this work
has demonstrated that the current NEM practice in Cyprus may not prove sustainable in the
long-term due to a series of financial implications that are embedded in the way that UoS
costs are recovered from prosumers. Specifically, the current NEM practice in Cyprus
charges prosumers based on the rated capacity of their PV systems thereby ignoring their
actual interaction with the grid. This cost recovery method implies two kinds of undesirable
cross-subsidies: a) from regular customers to prosumers —due to the fact that the current
charges may not be representative of their actual interaction with the grid— and, b) from
prosumers with high self-consumption to prosumers with low self-consumption —due to the
fact that the current charges rely on the rated capacity of the prosumers’ PV systems and not

on how they utilize their privately-produced PV energy.

Moreover, prosumers in Cyprus seem to be compensated twice for reducing system losses.
This is due to the existence of a relevant credit in the current NEM practice that is extra to
the UoS charges that prosumers are required to pay. However, since the EACO5 retail tariff
entails appropriately elevated energy charges (through the embedded loss factor for LV
customers) in order to recover losses-related costs, then the retail rate that prosumers are
allowed to avoid rewards them for this benefit they bring to the system. This extra credit
assignment is a proof for the importance of accurate information exchange between utilities

and regulatory authorities in order to avoid pricing distortions as much as possible.

Finally, the current metering implementation (i.e. the use of a single bidirectional meter
keeping records of the cumulative imported and exported energy amounts) allows the
application of an alternative NEM billing process that alleviates the majority of the existing
financial implications of the NEM practice in Cyprus. This is achieved by basing the UoS
charges on the grid-imported energy for all customers. To this end, this work proposed an
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alternative NEM implementation framework that does not discriminate between regular and
NEM customers. This framework treats both types of customers in the same manner with
regard to how they are charged for using the grid.
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B. Concise description of Regime-Switching Models

B.1 General remarks

Markov regime-switching models are among the state-of-the-art models that are currently
being used in econometrics and especially in forecasting energy prices [72], [93]. These
models are detailed enough to capture changes in the mean and volatility of energy/fuel
prices®, but at the same time they are intuitive and transparent enough for the reader to be

able to understand the processes by which the forecasts are obtained.

More specifically, the Regime-Switching models between two Geometric Brownian
Motions (RSGBM?2) is a generalization of the GBM model (see Chapter 12 in [137] for
detailed description of GBM and [72] for the derivation of RSGBM) as it uses a hidden
Markov chain to allow log-changes in price to alternate between two GBMs based on a

transition probability matrix.

There are two necessary steps in using regime-switching models; namely, a) the calibration
process, which is based on utilizing historical price data in order to quantify the mean and
volatility (i.e. standard deviation) values of each regime, and, b) the forecasting process,
whereby the calibrated model is used to provide future price movements’ forecasts. This is

concisely discussed in the next subsections of this appendix.

B.2 Calibration process for the RSGBM2 model

The calibration process for the RSGBM2 model pertains to calculating the mean and
standard deviation values of the two regimes that characterize fossil fuel price movements.
To this end, in order to calibrate the RSGBM2 model for Brent prices, the historical data

from 1978 to 2017 are used with a monthly temporal resolution (see Figure B.1.(a)).

The process is described in the following steps:

1
Step 1. Calculate the log-changes of Brent prices. That is, X, = In(BPt%Pt) , Where x;refers

to the log-change of Brent price whilst BP is the Brent price and t is the monthly time

interval.

Step 2. Once the log-changes are calculated (see Figure B.1.(b)), the parameters of
RSGBM2 (as described in Table B.1 below) must be estimated by maximizing the

objective function ObjF shown below.

3 Even though we refer to prices, when regime switching models are estimated, the underlying time series
is the logarithmic return of energy prices. Hence, mean and volatility estimates are those of the logarithmic
return of prices.
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T
ObjF :ZIn(Et)
t=1
For each time interval t
E'=A"+B'+C'+D'
Al = Py X Lt1>< Ftl
B' = p,; x Lk xG'™!
C'= Pyo X Lt2 x Ft1
D' = Pyy X Lt2 x G

L (1, 02;%) = (2702) 72 exp( = (% —ul)z]
270y

- -1
Ltz(ﬂwazzixt):(Z”O'zz)%eXp[ 2(Xt_ﬂ2)2j
2710y

F'=(A' +BY/E!
G'=(C'+D")/E!

A® = p, x LL? (Initial conditions)
B® = p, x LLY (Initial conditions)
P+ P =1

Pr= P21/ (P12 + Pa1)

P =1-pp

P22 =1- Py

Step 3. The resulting ObjF is essentially the log-likelihood function of the RSGBM2 model.
The results of this function are subsequently used in order to compare the RSGBM2
model with the simpler GBM model. This comparison takes place in order to verify
whether the use of the RSGBM2 model is more appropriate than the use of the GBM
model. This is shown in Table B.2 whereby three Goodness of Fit tests are used to
compare the two models; namely, the Akaike Information Criterion, the Schwartz-Bayes
and the Log-likelihood tests.

Table B.2: Goodness of Fit comparison between GBM and RSGBM?2

Akaike Schwartz-
Parameters | Information Criterion Bayes Log-likelihood
GBM 2 406.67 402.52 408.67
RSGBM?2 6 459.78 447.32 465.78
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Figure B.1: Historical Brent (a) prices and (b) log-changes.

B.3Forecasting process

Having calibrated the RSGBM2 model as per the steps described in section B.2, the resulting
values of Table B.1 can now be used to provide Brent prices’ forecasts. This is achieved
through a series of Monte Carlo simulations that take advantage of the mean and standard
deviation values of each regime in conjunction with the transition probability matrix between

the two regimes.

The MATLAB code for obtaining Brent price forecasts through the RSGBM2 model is
shown in Table B.2. There are two main parts for this code: a) the user-input part, and, b)

the output part.

139



REFERENCES

The user-input part can be briefly described as follows:

a) Firstly, the user inserts the mean and standard deviation values of each regime, as
these were obtained from the calibration process.

b) S/he then proceeds to set the time horizon for which s/he wishes to obtain the
forecasts.

c) The user then selects the number of Monte Carlo iterations

d) Finally, the reference Brent fuel price is set by the user in order for the program
to be able to model future prices in absolute terms (e.g., in $/bbl).

The program subsequently utilizes the user’s inputs and produces the output (i.e. Brent fuel

prices—PR) as follows:

a) At each iteration, two “dices are cast”; the first “die” (i.e. diel) determines the
initial regime/state. That is, whether prices are moving according to Regime 1 or
Regime 2. This is achieved by drawing a random number from a uniform
distribution and comparing it with the probability of being in Regime 1 (i.e. P1),

as this was estimated by the calibration process.

b) Once the initial state is decided, then a second “die” (i.e. die2) is cast. This second
“die” decides whether the price movement regime will change, or, simply put,
“switch”. Whether a “switch” will occur depends on the transition probability
matrix that resulted from the calibration process (i.e. P12 and P21). For example,
if prices are currently moving according to Regime 1, then there is P12 probability
that it will switch to Regime 2 at the next time step. Conversely, if prices are
currently moving according to Regime 2, there is P21 probability that it will

switch to Regime 1.

c) Once the state (i.e. regime) of the next time step is determined (as described
above), a random number, A, is drawn from a normal distribution with a mean
value mul and standard deviation sigl (if the state is Regime 1) or with a mean
value mu2 and standard deviation sig2 (if the state is Regime 2). This random
number emulates the relative (i.e. per unit) movement of the Brent price from the

current time step (t) to the next (t+1). Subsequently, the absolute Brent price (in

_ A
$/bbl) can be calculated as PR, =PR-e”

d) This process is repeated at each time step of the total time horizon that was

initially set by the user.
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e) The final output of the program is an mxn matrix containing forecasted Brent
prices (PR), where m is the number of Monte Carlo iterations (MCtrials as set by
the user) and n is the total time horizon (Horizon as set by the user also).

Table B.2: MATLAB code for Brent price forecasting using the RSGBM2 model

mul = -0.00448;%0btained from calibration process-Mean value of Regime 1
mu2 = 0.00506; %Obtained from calibration process-Mean value of Regime 2
sigl = 0.17007; %Obtained from calibration process-Standard deviation of
Regime 1
sig2 = 0.06601; %Obtained from calibration process—-Standard deviation of
Regime 2

P12= 0.12572; %Obtained from calibration process-Transition probability
from Regime 1 to Regime 2

P21= 0.03898; %0Obtained from calibration process-Transition probability
from Regime 2 to Regime 1

Pll= 1 - P12; %Calculated-Probability of remaining in Regime 1

P22= 1 - P21; %Calculated-Probability of remaining in Regime 2

P1(1,1) = P21 / (P12 + P21); %Calculated-Probability of being in Regime 1
P2(1,1)=1-P1(1,1); %Calculated-Probability of being in Regime 2

Horizon=60; % Set by user - 60-month time horizon
MCtrials=10000; % Set by user - Number of Monte Carlo iterations
PR(1:MCtrials,1) = 51.59; % Reference Brent Price (March 2017)set by user

PR(1:MCtrials,2:Horizon+l) = 0; % Variable initialization
State (1:MCtrials, l:Horizon+1l)=0; % Variable initialization
A(l:MCtrials,l:Horizon)=0; % Variable initialization

[

% Monte Carlo Simulation
for MC=1:MCtrials
diel=rand;

S = gt(rand,Pl);

switch S
case 0
State(MC,1) = 1;
case 1
State (MC,1) = 2;
end

for t=1:Horizon

die2=rand;

if die2>P12 && State(MC,t)==
State (MC, t+1)=1;
A(MC,t) = normrnd(mul,sigl);
PR(MC, t+1)=PR(MC, t) *exp (A (MC, t));

elseif die2<=P12 && State (MC,t)==1
State (MC, t+1) =2;
A(MC,t) = normrnd(mu2,sig2?);
PR(MC, t+1)=PR(MC, t) *exp (A (MC, t)) ;

elseif die2>P21 && State (MC,t)==2
State (MC, t+1)=2;
A(MC,t) = normrnd(mu2,sig2?);
PR(MC, t+1)=PR(MC, t) *exp (A (MC, t)) ;

elseif die2<=P21 && State (MC,t)==
State (MC, t+1)=1;
A(MC,t) = normrnd(mul,sigl);
PR(MC, t+1)=PR(MC, t) *exp (A (MC, t)) ;

end

end
end
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