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ABSTRACT

Demand charge is a tariff option widely used in
commercial and industrial sectoss the demand charge
bills on the peak load within apecifiedperiod, it is
considered a useful pricing tool when the net electricity
usage is declining due to distribdterenewable
integration.We study the retail tariff design problem with
demand charge to maximize the social welfare while
mai nt ains t h e-even t constraintyd s
Stackelberg game model is adopted to describe the
interactions between the retailer irconsumersThe
tariff design problem is then formulated as aleiel
programming model and transformed into a
mathematical program with equilibrium constraints
(MPEC) Realworld demand and tariff data are used to
show the economic and operational bésebf three
different tariff designs.

INTRODUCTION

The increased penetration of distributed renewable
energy (DRE)has causegroblemssuch as declining
kWh sales and rising peafalley differenceThese issues
would risk the financial viability ofutilities and bring
challenges for the operation of distribution systefhte
demand charge is what industrial and commercial
customers pay for their peak demand within a certain
billing period And in some regions, the demand charge
has been adopted as @ptional structure for residential
consumers with distributed solar Y. As a kind of
standby costs, the demand charge has been widely
adopted for fixed investment cost recovery and lowering
the peakvalley load diference in the system. In this
paper, we are interested in the design of retail tariffs with
the demand charge to improve the overall social welfare
and load ratio unddDRE penetration.

Researchers interested in the demand charge have been

working on vaious strategiesfare duci ng t he
electricity payment facing it. 1f2], an expectation
oriented demand contracting model is proposed under
uncerainty. [3] studies on how storage can be used for
demand charge reductiorConcerning retail tariffs,
numerous wor ks have been i
response facing different retail energy prjde8]. Other
research focuses on designingoeomically efficient
tariff to achieve different objectiyg, 8]. The most
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relevant papers tmur work are [9, 10], where the
economic efficiency of twqpart tariffs with connection
charges is studiecbnsideringDRE adoption
Themaincontribution ofthis paper is the formulation of
the pricing model for the demand cha considering
demand response, which is fornteld as a blevel
optimization model. We provide an interesting
perspectiveghat customers can also optimize their usage
pattern in response to the setting of demand charges.
Giyan ¢ghg [icing model, further investigatdow the
adoption ofdemandchargecould help improve the retail
market efficiency and reduce the peallley demand
gap inthepresence of DRE.

MODEL S

We study how a regulated utility can usekh of retail

pricing policy, secalled demand charge, to acquire
economic and operational ebefits in distribution
systemsThe retail tariff design of amonopolisticelectric

utility is established as$tackelberg game model, where

the utility and customers takéhe roles of leadersand

followers respectively Explicitly, the utility considers
rational customersd response
while designing retail tariffs. We cast more light on the
design of demand charges whiduoie to the billing cycle,
seldom appear when it comes to demand response areas.
That said, with the increasindeployment of smart
metering devices, such design can become more practical.
The customersdé utility is
load profiles. In this work, we simplify the loads to be
purely thermostatically controlled loads (TCLs), for
exampleair conditioners. The model of TCLs has been
studied extensively, thus in this pane adopt similar
representations as|ibhl], where the utility is captured by

a quadratic function. The custons®@monetary utility of
consuming energy is given by

_g 1 Tl
consgrﬂégs_zé wa) G*( wa) @
where d is a constantof the customesd surplus, G
deterministic andpositive (r epr esenti ng C
elasticity in demang wi R" the original states of
customers, N the number ofﬁeric'nda biIIingcgclg anéi
R dce on  t e.ufse 0 emand
ql he aggregated load profile of consumers.

C o n s u mlectrigtydpayment to theitility consistsof
two parts. One ithevolumetic pricefor perunit electric
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energy they consumand the otheis dependentn the
maximal demand ieachbilling cycle,which is assumed
to beone dayin this paper (notice that the typical billing
cycle for demand charge is one monthhe reasorfor
adoping such a tariff structuras that the utility is
experiencing difficulties recovering its fixed operating
cost merely from the volumetric price due to the
decreasing net demand caud®d DRE integration It
turns out thathe demand charge iwell suited for this

problem Hence,consimer s & el ectri cit %’h
e

represented by

B=""(q- n+hp @
where pi R is the peak demand througt the billing
cycle, r the renewable generation profilpi R" the
volumetic pricevector,and #i R the demand charge

The ¢ 0 n s u sueplus iSequivalent tothe monetary
utility subtraced bythe paymenof electricity. Thus,the
lower levelof our problemwhichfeatureghe behaviors
of consumersis given by

max S(a)- "' (q-r) Ap
q.p
st. qg-r¢p,fori=1.,N

©)

Since p=maxq - 1} involves complicategldgment in
modeling,we use theconstraintg - r ¢ p to limit the
value ofp. It is clear thathe solution is locatedherethe

minimum number (yet is greater than 0) of equalities of

these constraints is available
The electric utility in this paperis assumed to be a

Ramsey planner who would maximize the social welfare

while maintains the financial viability of the utility itdel
(by satisfying its revenue adequacyTlherefore, the
uppetlevel problemcan bespecified

max S@(.m)-""(a, h-1n- B, )
st (C-1)(aC, h 1)+ B, )AC

whereq(”,/) andp(”,/) arethe solutios of the lower
level problem,C the fixedoperatingcostof the utility.

The consumer s 6sd) grdblerh [canw ber
reformulatedas

F(a,p) =
e 1 T 1 ST i
d-=( wq) G -(g- 5
argma| () GH( we) “-(@-1) 1(5)
P t-hpig fep {
The btlevel problem can then be written as
1 . ,
max d- 2 wa) G'( we) t@-r)- ¢
st. (-N'@+h € (6)
a.pi F(a,p)
As the lowerlevel programhas concave objection
functionandlinear constraintghe solutions of the lower
level problenmcanbecharacterizetby its Karushi Kuhni
Tucker (KKT) conditions Therefore the bi-level

problemcan betransfornedinto amathematical program
with equilibrium constraintsMPEC), given by

4
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max a’l( wq) G'( we) ‘T@-r)- o

" ha,p, m 2

st. (- (q+p E
G'(w-q) - mo0= @)
a, m- =0

0¢m "p g+1
where mi R" istheLagrange ngtiglier
p a P/ ment “can i

reformulated problem has nonlinear and
complementary constraints which make it hard to get the
global optimum. However, over the years, sufutions
of MPEC problems have beestudied extensively. A
typical solution method is to linearize some thie
constraints and transform the problémo a mixed
integer linear program and then put it on commercial
solvers. The detailed solution process yet is not the focus
of our paper and readers interested in how to solve
MPEC problers are referenced d.2].

NUMERICAL CASES

In this section, numerical cases aprovided to
demonstrate the economic and operational benefits of the
demand chargesing the proposed model

We use publily availablerealworld demand and tariff
data in this section. And although these data come from
residential users, similar conclusions can be drawn for
commercial and industrial customers as well.

Customers fesponse

This basic example is used to show howstomerswill
change their load profiles in response to increasing
demand charges. The volumetric price is fixed in this case.
We lllustrate in Figl(a) the customes load profiles
uncer different demand chargeThe demand charge

(or eta in the figurejangesfrom $0/MW to $500/MW
with theinterval set to beb100/MW. Thisfigure reveals
that with rising demand charge customers reduce the
peakloadwhile shiftpart of it to the offpeak periodsA
nearly 15% reductiomccursin the peak load unde?

=$500/MW compare to that under? =$0/MW. On the

otherhand thetotalenergy usage throughout the dédso
drops by around 220W.

In Fig.1(b) we show how the load ratio, consumer
surplus, and the retailer surplus wiad change in
accordance withincreasing demand chargerig.1(b)
shows thathe system load ratio and the retailer surplus
increase with demand charge increments yet the
consumessurplusbecomes lowerThis implicitly shows
that raisingdemand chargds a possible wato recover
increasing fixed operatingoss, and we compareits
performance with raising the volumetric pricetienext
two sulsections.

Furthermore, the increasing retailer surpélso shows
that even if the volumetric price s@mewhateduced, the
revenueof the retailercan still be maintainedhrough
demand chrges. Another benefit clear frothe figure is
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thatthe peakvalley difference is reducedhich relieves In Fig 3,we show how normalized consumer@us and
the burden o$ysten opeation load ratio evolve under different tariff designs when the
2500 - ; ‘ solar integration increases. Note that for a Ramsey
/M\ planner, the retailer surplus is constrained to be a constant,
2000 4 \ which equals the fixed operating cost. It is thus
s \ reasonable to use tierm consumer surplus instead of
< 1500¢ ] social welfare, which is the sum of the consumer and
\“;1000— :gg:g%’g)’l\vﬂw | retailer surpluss The figure shows that when the
3 eta=5200/MWY volumetric price is variable, the consumer surplus and
500 eta=$300/MW load ratio have a clear declining trend with solar
eta=3400/MW integration. While under variable demand charge, this
0 . ‘ S1a=3500MW | trend is not obvious, and Fig.3(a) even demonstrates a
5 10 15 20 slightly increasing trendThe overall performance of the
Time(h) three designs is direct, under all solar integration as
(a) Load profile studied in this work, the variable twart tariffsresult in

more favorable consumer surplus and load ratio than the
other two. And the variable demandache design
outperforms the variable volumetric price onke figure

also shows that the demand charge can keep the
consumer surplus and load ratio from dropping too much
while satisfyngt he r et a-everereq@iemebts e a k
under solar penetration.

(b) Qurplus and load ratio
FigulConsumersdé response to demand charges

Increasng solar penetration

In thissubsectionwelook atthe performance afifferent
pricing schemeanderincreased solar penetratidrhree
possible tariff designs are studied here: fixed demand
charge with variable volumetric prictixed volumetric
price with variablelemand chargdoth parts of the tariff (a) Consumer surplus
variable

In Fig.2, weset the solar integratidn 200MW, andthe
utility adoptsthe threetariff designs tglan its tariff as
specified in (4) We plot howrational customesr adjust
their demand profils in response to the tariffs as
modeled in (3)The results show that while pure variable
demand chrge can reduce the peealley difference
(increase the load raticthis effect becomes even more
significant when both parts of thariff are modifiable

(b) Load ratio
Fig. 3 Different tariff designswith solar penetration.
Increasing fixed operating cost

We check aot her series of cases W

fixed operating cost is increasing, say in our case, by 2%

every year.

In Fig. 4(a), weplot the normalized customer surplus

under the three tariff designs with rising fixed operating

cost. The figure shows that the consumer surplus in all
Fig. 2 Demand profile with solar penetration200MW . tariff designs decreases, and the demand charge still
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