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Nodal Pricing for Distribution Networks: Efficient
Pricing for Efficiency Enhancing Distributed
Generation

Paul M. Sotkiewicz and Jesus M. Vignolo *

Abstract—As distributed generation (DG) becomes more distribution networks have areas with low customer densities
widely deployed distribution networks become more active and and long lines. Taken together, marginal losses in distribution

take on many of the same characteristics as transmission. We .9y e sybstantial in many systems over distances that are
propose the use of nodal pricing that is often used in the pricing . . 7
quite short relative to transmission.

of short-term operations in transmission. As an economically h > S
efficient mechanism, nodal pricing would properly reward DG In this paper we propose using nodal pricing in distribution

for reducing line losses through increased revenues at nodal networks to send the right price signals to locate DG resources,
prices, and signal prospective DG where it ought to connect and to properly reward DG resources for reducing line losses
with the distribution network. Applying nodal pricing to @  {hqugh increased revenues derived from prices that reflect

model distribution network we show significant price differences h . s
between busses reflecting high marginal losses. Moreover, Wemarglnal costs. We apply nodal pricing to a model distribution

show the contribution of a DG resource located at the end of N€twork with long lines that would be typical for a low
the network to significant reductions in losses and line loading. customer density network such as in rural areas that is rep-
We also show the DG resource has significantly greater revenue resentative of Uruguay. We show significant price differences
under nodal pricing reflecting its contribution to reduced line  panveen busses as well as the significant contribution to the
losses and loading. . . .
reduction of losses and line loading from a DG resource
Index Terms— Distribution Networks, Distributed Generation, |gcated at the end of the network. We also show under nodal
Nodal Pricing, Loss Allocations. pricing the DG resource has significantly greater revenue
reflecting its contribution to reduced line losses and loading.
. INTRODUCTION The paper is structured as follows. In Section 1l we will

S distributed generation (DG) becomes more Wideg,erive the nodal prices for the distribution network. In Section
A deployed in distribution networks, distribution networkdl! we will show the difference in revenue for DG resources
take on many of the same characteristics as transmission in #agler nodal pricing versus receiving the price at the PSP. In
they become more active rather than passive. Consequend§ction IV we will present an application of the proposed
pricing mechanisms that have been employed in transmissi®gthod considering a rural radial distribution network. Section
networks are good candidates for use in distribution networRé offers conclusions and directions for future work.

One such candidate is nodal pricing, or as it is known to many

industry professionals, locational marginal pricing (LMP). Il. NODAL PRICING IN A DISTRIBUTION NETWORK

Nodal pricing first proposed and developed in [1] provides The manner in which we derive nodal factor prices in a

a pricing mechanism for short term operation of transmissidgtistribution network is no different from deriving them for an

systems that is economically efficient. To date nodal pricinghtire power system. Létbe the index of time. Let generators

or a close variant, has been adopted by electricity markéseach bus be indexed yloads at each bus be indexeddy

in New York, New England, PJM, New Zealand, Argentina@nd busses be indexéd Define Py, Qy, respectively, as the

and Chile. Moreover, other markets in the United States suaftive and reactive power injected by genergttcated at bus

as those in California and Texas are proposing to use nodalFor the purposes of our exposition, the interface between

pricing going forward. Clearly, this is a pricing mechanisr@eneration and transmission, the power supply point (PSP), is

with which there is a great deal of experience and confidenéeated as a bus with only a generator. Similarly, defifyg,
Some may question the use of nodal pricing at the distfa respectively, as the active and reactive power consumed

bution level. Afterall, nodal pricing is most often associatelly demandd at busk. P and @ without subscripts represent

with congestion as discussed in [2], and distribution systerif¥ active and reactive power matrices respectively.

are designed so as to avoid congestion to ensure the obligatioh€t Cky(Pry, Qrg) be the total cost of producing active and

to serve is not endangered. However, another aspect to nd@gctive power by generatgrat busk whereCy, is assumed

pricing is the pricing of line losses at the margin. In additiolP be convex, weakly increasing, and once continuously dif-

to operating at lower voltages with smaller conductors, maif§rentiable in both of its arguments.
The optimization problem for dispatching distributed gen-
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Center and Department of Economics, University of Florida, Gainesvillp,e rep.resented as the following least-cost dispatch problem at
Florida USA. (Email: jesus@fing.edu.uy; paul.sotkiewicz@cba.ufl.edu) each timet:
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The nodal pricing revenue for a DG resource located atkbus
over the year is expressed as

Prgt:Qrgt
vhokd 0Loss OLoss
subject to Ry =Y (M(1+ GT@M))P’“ + (55— ) Quet (6)
t

) OQ
1) Electric balance:

The difference in revenue between receiving the nodal price
LOSS(P,Q)—Zzpkgt—FZZPkdt:O,vt (2)
k g k d

min chkg(Pkgthkgt) (1)
kg

and simply receiving\ in each time period is

dLoss dLoss
. . n — = Py : 7
2) Prime mover and thermal generators’ constraints: B = B zt:)\t[ 0Pyt kot Q¢ @il )
0 < Prgt < Pry The diff(_erenge in revenue is simply the contribution toward
Vkgt (3) the reduction (increase) in losses. If the DG resource reduces

2 2 <
Prigt + Qkgr < g losses, then nodal pricing will yield higher revenue. However,
We assume no network constraints at the distribution leviélit increases losses, it will receive less revenue.
as this would imply, in many distribution networks, the cur-
tailment of load which regulators strongly discourage due to IV. AN EXAMPLE
obligations to serve all load. We consider a rural radial distribution network, meant to
Moreover, we will consider thatLoss(P,Q) is convex, reflect conditions in Uruguay where there are long lines. The
increasing, and once continuously differentiable in all of itsetwork is shown in Fig. 1. The overhead lines in the network
arguments. Under these hypothesis, application of the Karuslfe type 120AIAl withr(Q/km) = 0.3016 and z(Q/km) =
Kuhn-Tucker conditions lead to a system of equations anis31. Bus (1) is fed by a 150/30 kV transformer, and 4 radial
inequalities that guarantee the global maximum [3]. feeders (A, B, C, D), but for simplicity, we will just consider
Define the net withdrawal position for active and reactivieeder A for our calculations. Feeder A consists of a 30 kV
power at each bus at timet by Py = > Prar — Y-, Prgt  overhead line feeding 5 residential 30/15 kV busses (3, 5, 6,
and Qre = >, Qrar — >_, Qrge- Nodal prices are calculated?7, 8) and an industrial customer at bus 4.
using power flows locating the “reference bus” at the PSP, -~
A; corresponds to the active power price at the PSP. Assun
interior solutions we obtain the following prices for active ar
reactive power respectively:

v 0Loss ) 0Loss 4 211)5(01/53'3\1:\?
pake = Ae(1 + 9P, )sPrie = Ae( 90m ) 4) 1
Implicit in our loss function are equations representit ok A B ¢ D
the laws governing power flows. We observe that the par
derivative of the power system losses with respect to ! 6 km 126km
extracted active and reactive power at kusust be evaluated 4 '
at the values of the electrical variables that correspond to i i ('E\i;\,e) Res
steady state equilibrium point for a given optimal dispatch. 3km
V, 0 are the state variables in the power flow problem, th > | Ho pf=09
the partial derivatives of losses with respectR@and Q can T L5km 500 lag
be found applying the standard chain rule solving the syst .
of linear equations: - 100
dLoss aP  9Q dLoss T 5.6km Dke ! 18 2224 hrs
[a%s}=[§¥ %Hafﬁ;s] ; (kw) .
00 20 90 9Q T, 2000 .
IIl. DG REVENUE: NODAL PRICING VERSUSPRICE = )\, . 135km pi=09
Suppose as the alternative to nodal pricing, the DG resot - ag
would receive the price at the interface with the transmissi T 200 - L
s

system at each time period;. Over all time periods during
the year, the DG resource would then have revenue equal

Fig. 1. A rural distribution network with Residential and Industrial Load

Ry = Z At Pry. (5) Profiles
t

This revenue does not reflect a DG resource’s contribut  The daily load profiles for the busses are shown in Fig. 1
to losses (either positive or negative), as does nodal prici are also reflective of what might be observed in Uruguay. We
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will assume then that residential customers have the simplified V. DISCUSSION ANDCONCLUSION

Iqad _p_roﬁle of Res._ in Fig. 1 _and_the industrial customer the This paper has presented the nodal pricing scheme applied
simplified load profile of Ind. in Fig. 1. to distribution networks with distributed generation (DG).
There are four different time periods during the day as caom Table Il it is apparent that a DG resource when properly
be seen in Fig. 1 and for the ease of exposition we do ngtated (at the end of the network) can provide benefits to the
include seasonal variations. The load periods along with tRgtwork through reduced line losses and line loading i
prices in USD/MWh at bus 1 (PSP) are given in Table I:  and18% respectively as well as reducing voltage changes by
25%. We contend that DG resources should be appropriately
rewarded, through nodal pricing, for providing such benefits
to the distribution system. From Tables Il and V we can see

TABLE |
LOAD PROFILE AND PRICES

Time Hours Coad | Price () the price impqct of. Iosse; without the DG resource and then
Off-Peak (OP) Oto7 | 700 KW 16 the reduction in prices with the DG resource. Moreover, the
ghOEI((is)r Day (SD) 178t? 1282 g?gg tw gg revenue obtained by the DG resourceli® greater under

ea (0} . e . . . e - . .
Shoulder Night (SN)| 22 o 24 | 2700 KW 7 nodal pricing of distribution than if it were simply paid the

price at the PSE),.

o ) . Without the efficient incentives presented by nodal pricing
We optimize the network following [4] for two cases: i) NOyqugh higher prices leading to larger revenues for DG
DG resource; and ii) a 1 MVA DG resource located at bus 8¢ rces, there is not much of hope of inducing DG resources
operating at 0.95 lagging power factor, and assuming the QG|ocate and operate so they can provide the system benefits as
resource has a cost that is beloawin all hourst. A summary  ghqwn above. Given worldwide experience with nodal pricing,
of the network impacts is shown in Table II. Prices at bus 8, the fact that DG resources transform the distribution

at the end of the network with and without DG in all tim&,eyyork into an active network like transmission, it makes
periods are shown in Table III, and prices in the peak periQd

for all busses is shown in Table V. The revenue for DG under
nodal pricing and X pricing” is shown in Table IV.

nse to consider nodal pricing in distribution.
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Bus Pa Pr Pa Pr
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4 35.118 | 2.901 | 33.771| 2.184
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7 36.183 | 3.432| 3441 | 2541
8 36.732 | 3.702 | 34.473| 2.634




