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Abstract— This paper presents a comparative study among
methods of allocation of fixed costs in Distribution Networks
(DNs). The application of these methods allows obtaining distri-
bution use-of-system charges. Three pricing mechanisms com-
posed of two part tariffs are evaluated. In the three mechanisms,
the first part is obtained by the Long Run Incremental Cost
(LRIC) method. The second one is determined by the following
methods: Postage Stamp (PS), MW-Mile (MWM) or Ramsey-
Boiteux (RB). The characterization and comparison of each
method are performed from the point of view of regulatory prin-
ciples that define guidelines on network pricing. The results allow
identifying the adherence of the methods in compliance with the
regulatory principles. Conflicting character between different
principles is observed. The methods are tested and validated in
the IEEE13-node distribution network. A study along these lines
points to the proposition of new alternatives in pricing the use of
DN in the face of the growth of Distributed Energy Resources.

Index Terms— allocation of fixed costs, distribution use-of-
system charges, regulatory principles, network pricing

I. INTRODUCTION

ECHNOLOGICAL evolution, cost reduction due to the

increase in scale, and the opening of the electricity market
enabled the significant growth of Distributed Energy Re-
sources (DERs) [1], [2]. It has been causing an unprecedented
transformation in electricity distribution network (DN) against
a backdrop of falling revenue and the transfer of costs from
customers who adopt DERs to those who do not, placing the
need at the center of the discussions of reform in the distribu-
tion service pricing process [1], [3].

This pricing process is the mechanism for differentiating
tariffs charged for the use of the DN infrastructure to different
types of users in the concession area. The tariff must allow the
DNs operators to recover the costs involved in providing the
service, contributing to its economic and financial balance
both in the short and in the long term [4]. The need to consider
DERs in this process creates new challenges and concerns
about how
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to reform existing models, ranging from small changes in the

prevailing tariff structure and net metering rules, to more sig-
nificant structural changes that address each type of customer
individually [5].

Several studies in the literature have addressed the problem
of cost allocation in DNs. Most methods derive from those
proposed for pricing the use of transmission systems and can
be divided into average cost methods [6], [7] and short- [8],
[9] and long-run [10], [11] marginal or incremental cost meth-
ods.

The Postage Stamp (PS) [6], [7], Average Participations
(AP) [12], [13], and MW-Mile (MWM) and its variants [14],
[15] stand out among the average cost methods. These meth-
ods stand out for their simplicity of implementation and for
providing stable tariffs over a given period. The PS method
allocates costs equally among system users, regardless of
location and form of use. The MWM and its variants depend
on the power flow and the distance between generator injec-
tion and loading points, providing a locational signal, but they
do not adequately recover the costs involved in providing the
service [16], [17]. The AP method, on the other hand, is char-
acterized by simplicity and good locational signaling, but it
has the problem of tariff volatility [7].

The short-run marginal/incremental cost methods present a
problem with tariff volatility and the fact that the obtained
revenue does not allow for the recovery of the cost of invest-
ments made in the expansion or reinforcement of the system.
On the other hand, long-run marginal/incremental methods
seek to reflect the network expansion cost variation, necessary
to meet a marginal [7] or incremental [11], [18] increase in the
generation capacity or demand in each system node. The great
advantage of these methods is the locational signaling, but the
methods are complex depending on the problem size, in addi-
tion to not allowing the recovery of the total costs incurred in
providing the transport service [19].

More recent studies have sought to overcome the problems
of volatility, lack of locational signaling, presence of cross-
subsidies, and non-recovery of company costs by combining
two or more cost allocation techniques. In [20], the allocation
of costs in DNs is compared using two methods composed of
two parts. The first part is the result of an optimal power flow
solution, that is, the Short-Run Marginal Cost (SRMC) is
obtained, and the second part is determined by PS or AP.

Following the same line, [21] determines the first part as in
[20] and the second part using the PS method, considering the
contribution of network users in the period of greatest loading
of the system feeders. In [19], an improvement of the previous
study is proposed using a third part obtained through the Ram-
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sey-Boiteux (RB) method to allocate the residual cost not
covered by the first two parts. The methods used in previous
studies can provide locational signaling to system users during
peak periods and allow recovery of the company’s total costs.
In [16], [17], the AP, SRMC, and MWM methods, adapted to
DNs, are used together to allocate fixed costs (operational,
maintenance, and investment); network usage costs; and loss
costs.

The common characteristic among the most recent studies is
to allocate costs using a combination of more than one meth-
od, aiming to overcome the disadvantages of one method with
the advantages of the other [16], [17], [19]-[21]. However, the
literature still lacks comparative studies between the cost allo-
cation methods in DNs. A study on this topic allows decision-
makers, both distribution utilities and regulatory agencies, to
identify new alternatives for pricing the use of DNs, consider-
ing the significant changes that have been taking place in these
networks.

Therefore, this study aimed to carry out a comparative anal-
ysis between three alternatives for cost allocation in DNs
based on the combination of methods already existing in the
literature. Thus, the main contribution of this study lies in the
characterization of each proposed pricing alternative in the
light of regulatory principles, an aspect little explored in the
literature. Cost allocation is performed by combining two
parts, obtained by different methods aiming to meet the regu-
latory principles more effectively, which is also a contribution
of this study. Another contribution consists of the adaptation
of the RB method to be used associated with the Long-Run
Incremental Cost (LRIC) method in DNs. Finally, the compar-
ative analysis between the Nodal Prices (NPs) obtained by the
different methods, identifying the advantages and disad-
vantages of each one, is also a contribution of this study.

This paper is organized as follows: Section 2 presents an
overview of the principles that guide the proposition of meth-
ods for cost allocation in DNs, as well as the methods used in
the study; Section 3 contains the tests performed and discus-
sion of the results; finally, Section 4 presents the final consid-
erations.

II. COST ALLOCATION IN DISTRIBUTION SYSTEMS

Distribution use-of-system charges should allow for the re-
covery of costs efficiently incurred by companies providing
the service, while encouraging the efficient use of the system,
postponing the need for network expansion [11]. It can be
achieved through the proper design of the tariff structure and
the establishment of tariff values close to the actual value of
service [4].

An important characteristic in the pricing process is the
economic signal provided to network users, to which they can
react. This economic signal must include the efficient alloca-
tion of costs that each user imposes on the system. In other
words, it must be efficient and aligned with the level of use of
the network, that is, the tariff must provide an incentive to use
available resources if the network is underutilized, and an
opposite incentive must be created if the level of use is high

and there is an expected growth in demand [19].

The mentioned characteristics, among others, are part of the
regulatory principles that guide the development of cost allo-
cation methods in DNs, being grouped into three categories
(Fig. 1) [19], [22]-[24].

System Economic Consumer
sustainability efficiency protection

* Economic and * Productive * Transparency

financial balance efficiency * Simplicity
» Additivity * Allocative * Stability
efficiency * Rigth of access

* Cost causality
Fig. 1. Regulatory Principles

The economic and financial balance and additivity are relat-
ed to the revenue required by the distribution utility to recover
the costs incurred in providing the service, which is limited to
the revenue allowed by the regulatory agency when establish-
ing regulated tariffs. Efficient cost recovery includes return on
investments.

The economic efficiency principles aim to provide econom-
ic signals to distribution utilities and consumers to maximize
social welfare in the short and long term. Productive efficien-
cy establishes that the service must be provided at the lowest
possible cost, encouraging investment and coordination. Al-
locative efficiency aims to encourage users to use the network
efficiently, reducing peak demand to postpone investments.
Causality or reflectivity of costs aims to charge system users
according to the contribution of each one in loading the net-
work or by the costs imposed on the system so that electricity
reaches them.

Finally, consumer protection requires transparent tariff
rules, simple to understand and stable in the short term, treat-
ing similar consumers equally (or non-discriminatorily) and
guaranteeing universal access to the system and continuous
use of electricity.

In practice, comprehensive compliance with all principles is
not possible, as there are some that conflict with each other,
and it is necessary to find a compromise solution that meets at
least three of them [23]: recovery of total costs, equity, and
transparency.

In this context, this study analyzed three cost allocation al-
ternatives in DNs. Costs are allocated via NPs formed using
two parts (Fig. 2). Part I (PI) is obtained using the LRIC
method, which considers the idle capacity of the network and
signals the impact on the anticipation or postponement of
necessary investments in the system [11]. Part II (PII) is de-
termined using one of the following three methods: Postage
Stamp [7], or MW-Mile [25], or Ramsey-Boiteux [26].

Alternative I Alternative 2 Alternative 3

LRIC LRIC LRIC } Part1
Fixed [>
Cost Postage MW-Mile Ramsey i Part I
Stamp Boiteux

Fig. 2. Cost allocation alternatives

The mathematical formulation of methods used in this study
is described below.



A. Long-Run Incremental Cost

The LRIC method determines an incremental nodal cost re-
sulting from the addition of a demand unit on the network
nodes [11]. The LRIC general equation for a network operat-
ing radially is given by:

LRIC, = 2<% 10k )
AP;

Where £ is the total number of nodes in the feeder, LRIC; is
the Long-Run Incremental Cost obtained for node i, j is a
circuit or branch located between two nodes, z; is the set of
circuits or branches upstream from node i to the supply point
(substation), AP; represents the increment in demand at node 7,
and ACI; is the increment in the cost of branch j caused by AP;.

The LRIC method is based on the network idle capacity, de-
termining the incremental cost in each node resulting from the
addition of a demand unit in that node of the network. There-
fore, initially, the time in years for each branch of the network
to be operating at its maximum capacity f"“ needs to be esti-
mated through

M =HA+n" V) 2
Where f; is the current loading of branch j, r is the system

demand growth rate, and #; is the time horizon for branch j to
reach f"“. Isolating n; gives:

= log(fjmax)—log(fj) vj &)
log(1+71)

The method assumes that the capacity of asset j is doubled
when the loading reaches f"* in n; years. The total cost in-
curred by duplicating the asset must be discounted to its pre-
sent value, using a discount rate d for the invested capital, as
follows:

CTj ,
Py = (1+d;"i Vi @

In this study, CT; represents the total fixed cost of each asset
j in the system, which includes the investment cost and the
non-variable costs of operation and maintenance of the asset
[26]. In other words, CT; represents the cost to provide the
infrastructure necessary for the transport of electricity and its
recovery is essential for the economic and financial balance of
companies.

The next step consists of increasing the demand of node i in
APIi, causing a variation Af; in the loading of each branch j of
the set z; of the networ. This process is executed for all nodes i
in the DN. Next, the new time horizon is determined for the
branches upstream of i to reach the maximum capacity by:

novo __ Log(f"¥)~log(fj+Af)) i ‘

A log(1+1) VjEz (5)

Then, the new present value of the investment is calculated
through:

CT;
nTI0v0

VPjnO‘l]O — '
(1+a) J

Vj €z (6)

Therefore, the variation in the present value of the total cost
in branch j can be obtained due to the increment AP;, as fol-
lows:

AVP; = VP®"° — VP, Vje€z ™

The present value of the incremental cost of anticipating in-
vestment in branch j resulting from the incremental increase in
demand in node i results from it. The time horizon n,"" is
lower than n; with the reduction of idle capacity in branches,
caused by AP;. Thus, the present value PV;"" will result in a
value higher than PV;. Then, APV is annualized, according to
a+a)™.d

m Vj € z; (8)

ACI; = AVP; X

The term that multiplies APV is the corresponding Annuity
Factor (4F;), which considers the lifespan of the respective
asset (m;) and the discount rate d on invested capital, consid-
ered adequate for investments in DSs [11]. Lastly, LRIC, in
$/kW/year for the node i, is obtained through (1) [11].

The nodal revenue is obtained through the product between
LRIC; and the demand i. Therefore, the total revenue (R;z;c)
results from the sum of the nodal revenues, according to:

LRIC; = D; X LRIC; i=1,2,..,n ©)

Riric = Xi2, LRIC; (10)
The revenue obtained by this incremental method is not suf-
ficient to cover the total costs incurred by companies operating
in a business characterized by economies of scale. Therefore, a
reconciliation process between the revenue that guarantees the
company’s economic and financial balance and the revenue
obtained by the previous method needs to be performed. Thus,
the remaining revenue (Rgzy,) is obtained as follows:

(11)
The expected annual revenue (Rzyp) by the distribution utili-
ty is obtained as follows:

Rexp = Z?:l EAG;

Rpgm = Rgxp — Ripic

(12)
Where EAC; represents the Equivalent Annual Cost of each
asset j in the system and is obtained through:

EAC, = (1+d)™.d

7T (+a)m-1 X CT; v

(13)

The methods used to allocate costs not recovered with the
LRIC method and which are part of the remaining revenue are
shown below.

B. Postage Stamp

The PS method establishes a single tariff for all users of the
system, regardless of their location and use-of-system degree.
Therefore, the single tariff for all system users is given by:

RREM

pS = —REM 14
Dtotal ( )

Where D, represents the aggregate demand of the system.
The nodal revenue RPS; and remaining revenue Rzgy, are ob-

tained for & nodes, respectively, through:

Rppy = Zi’cﬂ RPS; (16)



C. MW-Mile

This method is widely used for fixed cost allocation in
transmission networks based on the extent-of-use philosophy,
being necessary to know the cost and the demand of each
branch of the network [25], [27]. In the present study, the
remaining revenue is allocated according to the used capacity
of the elements of the DN, as follows:
EACREM a7

fj

Where MWM,; is the tariff at node / and E£A4Cggyy; is the re-
maining Equivalent Annual Cost of branch j. The latter is
obtained as follows:

MWMl = Zjezi V] € z;

_ ) _ RiriC
EACru; = EAC; x (1 Rm) (18)
Finally, the nodal revenue and the total revenue are ob-
tained as follows:

RMWM,; = D; x MWM; i=1,2,..,k (19)

Rgem = Xi—y RMWM; (20)

D. Ramsey-Boiteux Price

The RB method is formulated by a social welfare maximi-
zation problem subject to the distribution utility’s economic
and financial balance constraint [28]. The result of the social
welfare maximization problem is presented by (21), adding the
consumer’s surplus to that of the producer, subject to the pro-
ducer’s profit constraint [26], [29].

pi—CM; A1
T g @D

Where sub-index i refers to a group or class of consumers,
p; is the RB tariff for group i ($/kWh), MC; is the marginal
cost for group i ($/kWh), 4 is the Lagrange multiplier from the
maximization problem, and ¢; is the price elasticity of demand
associated with group i. By isolating p;, we obtain:

Mc; _
pi=—x Vi

1+S—i

(22)

Where the term A/(1+ 1), called R, is the Ramsey number.

The RB method was used with some adaptations in the pre-
sent study. The aim is to allocate the difference between the
total cost and LRIC between users located at different nodes of
the network, resulting in:

(23)

Where sub-index i represents node i of the network, p; is the
RB price at node i, and ¢; is the price elasticity of demand at
node i.

The following equality must be met to cover the distribution
company’s total costs:

i=1Pi X Di = Rixp (24)
Replacing (1) in (2), we have:
LRIC;
1 [(1 R) X Di] —Rpxp =0 (25)
*E;

L

Equation (25) can be solved for the Ramsey number R using

some numerical method [26], [30]. In the present study, the
vpasolve function of the Matlab software was used. If the
system has k nodes, whose elasticities differ from each other, &
R’s will be obtained as a solution. However, the Ramsey num-
ber must be the same between different consumer groups [28].
Thus, according to [26], [30], the criterion adopted for choos-
ing R is the one that minimizes the deviation between p; and
LRIC;:

Apin = min {\/Zﬁ‘zl(pi - LRICL-)Z} (26)

III. TESTS AND RESULTS

A single-phase equivalent of the IEEE13-node test feeder
[31] was used to perform the tests (Fig. 3). Node 0 (zero)
represents the substation (SB) of the feeder that supplies a
total demand of 1,866.67 kW, i.e., the maximum feeder load-
ing. The loadings distributed in branch 1-5 were concentrated
in fictitious node 2. The base voltage used is 4.16 kV and the
lifespan adopted for all network elements is 40 years, during
which a total fixed cost of $1,200,000 must be recovered,
resulting in an investor’s expected annual income of
$90,010.97, earned through (12).

0

SB
564%
67%
5 36% i 63% 41 12% 4 §§ 7
20060 150KW  81%| 100kW
—> 66.67kW
77%
11 279% 8 81% 5 32% $)
1S0KW — yoosl  350kW |17% 250 kW
12 9
300kw  300kW

Fig. 3. IEEE 13 Test Feeder Topology with the demand of each node and the
percentage loading of each branch relative to the corresponding maximum
capacity

The power flow analisys is used to determine the used ca-
pacity of branches, according to the model presented in [32].

Table Ishows complementary data from the test feeder. The
first and second columns define the system branches, the third
column shows the total costs of each branch, the fourth the
maximum capacity of each branch, and the fifth column shows
the peak demands in each “to” node.

TABLE I
IEEE13-NODE SYSTEM DATA

from to Cost ($) Pax (KW) D (kW)
0 1 521,602.47 2,900.00 0.00
1 2 157,676.59 1,753.30 66.67
1 3 24,839.46 552.41 150.00
1 4 36,719.21 816.60 0.00
2 5 157,676.59 1,753.30 350.00
3 6 14,903.68 552.41 200.00




4 7 10,000.00 150.00 100.00
5 8 14,903.68 552.41 0.00
5 9 157,676.59 1,753.30 300.00
5 10 35,531.23 790.18 250.00
8 11 14,903.68 552.41 150.00
8 12 53,566.84 744.55 300.00
Total 1,200,000.00 12,870.87 1,866.67

Fig. 4 shows the results using the LRIC method. Nodes
without demand are not considered, as they do not generate
revenue. LRIC increases as the distance from the node to the
SB or loading of the upstream branches of the network in-
creases. Nodes 3, 6, and 7, which are close to SB, have the
lowest LRICs. The opposite occurs with nodes 9 and 10.
Nodes 11 and 12 are more distant and share circuit 5-8 with
81% of the used capacity, implying higher LRIC values.

IIIIII
6 7 9 10 11 12

System Nodes

40.00
35.00
30.00
25.00
20.00
15.00
10.00

5.00

0.00

LRIC ($/kW/year)

|,
23

Fig. 4. Long-Run Incremental Cost

5

LRIC, is larger than LRIC4 even with node 2 being closer to
SB because consumers connected to this node use branch 1-2,
which is close to its capacity limit. Thus, the installation of an
additional power unit at this point increases the need to rein-
force the system. Additionally, the revenue obtained with this
method is $48,739.48, representing approximately 54% of the
total costs, requiring an adjustment part.

Fig. 5 shows the result of applying the methods to obtain
Part II. The PS method results in the same tariff for all nodes,
neither providing a locational signal nor reflecting costs relat-
ed to the level of use of the system. In this case, the revenue of
$41,271.49 is obtained, which results in the annual revenue
expected by the distribution utility Rgyp of $90,010.97 when
added to Rygsc.

50.00
=PS EMWM ®RB-I ®RB-II

2 3 s 6 7 9 10 11

System Nodes

40.00

30.00

20.00

10.00

Part I ($/kW/year)

0.00

12
Fig. 5. Comparison of Part I

According to (17), the tariff obtained by the MWM method
will depend on the ratio between the remaining E4AC; and the
load flow f; of each element in the network. Table II shows the
MWM tariff composition obtained for the nodes 7, 9, 11 and
12. The highest tariffs are MWM; and MWM, (Fig. 5 and
Table II). It is due to the low use of circuits 14 (12%) and 5—
9 (17%), highlighting the economy of scale that characterizes
energy distribution.

TABLE II
TARIFF COMPOSITION OF THE MWM METHOD
MWM - Branches used ($/kW/year)

Node 0-1 1-2 14 25 47 58 59 811 8-12 Total
7 9.6l 1263 - 344 - - - - 25.68
9 9.61 3.83 - 4.02 18.08 - - 3553
11 9.61 3.83 - 4.02 1.14 342 - 22,01
12 9.61 3.83 - 4.02 1.14 - - 6.14 2474

According to (18), the EACggy, of the 0—1 branch reaches
$17,939.42, consisting of the largest cost to be recovered. This
branch is shared among all system users and has 64% of the
loading, and the allocation of this cost will influence the
MWM tariff of all nodes, especially those farthest from the
SB, such as 11 and 12. The revenue resulting from the MWM
method is equal to that obtained in the PS method.

Typical elasticity values found in [28], [33] were considered
to obtain RB prices. RB prices were obtained for two cases to
show the elasticity effect. Fig. 5 shows both cases, that is, RB-
I and RB-II, which result from the difference between p; and
LRIC;. The first case considers the elasticity equal to —0.4 for
all nodes. The second case preserves the elasticity of the pre-
vious case, except for nodes 11 and 12, with values of —0.5
and —0.3, respectively, being chosen because they are further
away from SB, sharing several network assets.

The obtained RB;- prices are equivalent to 85% of LRIC at
each node, resulting in the same LRIC nodal price profile. The
R number obtained for this case was 0.1834. On the other
hand, RB;-1I prices are equivalent to 75% of LRIC at nodes 2
to 10, 52% of LRIC;; and 133% of LRIC;,. The R number
obtained for this case was 0.1710. In this case, the price varia-
tion at node 12 was expected to be higher compared to the
other nodes, as it has the lowest elasticity, and a lower price
variation at node 11 because it has the highest elasticity. Fig. 5
compares RB-I and RB-II and shows a 12% decrease in tariffs
from nodes 2 to 10, 39% at node 11, and an increase of 56% at
node 12. These variations confirm the RB rule, in which costs
are allocated inversely proportional to elasticity, maintaining
the equilibrium relationship defined by (24).

Fig. 6 shows the NPs resulting from the sum of Parts I and
I1. The highest tariff was $81.35/kW/year for node 12, where-
as the lowest tariff reached $15.40/kW/year for node 6, both
from the LRIC+RB-II method. In this case, it results in the
highest nodal price of the system, as the RB method allocates
costs inversely proportional to elasticity, with node 12 having
the lowest elasticity and the highest LRIC.

100.00

B LRIC+PS m LRIC+MWM LRIC+RB-I  m LRIC+RB-II

2 3 5 6 7 9 10 11 12

System Nodes

80.00

60.00

Nodal Price
($/kW /year)

40.00
20.00

0.00

Fig. 6. Nodal Price

The lowest tariffs are found at nodes 3, 6, and 7, obtained
by the RB method and influenced by the low network usage.



On the other hand, the loading of upstream branches will in-
crease if demand increases at these nodes, implying higher
LRIC values and higher nodal prices. Also, the highest tariffs
result from the PS method at the nodes closest to the SB,
which distorts the locational incentive relative to other meth-
ods.

Nodes 2 and 5 present higher tariffs compared to nodes 3, 6,
and 7 despite being close to the SB. It is due to the high load-
ing of circuits 1-2 and 2-5 with 81% and 77%, respectively.
The highest tariffs were obtained for nodes 9, 10, 11, and 12.
The highest tariff at node 9 is obtained by the LRIC+tMWM
alternative, influenced by the low utilization of the 5-9
branch, with 17% of loading. In this case, the tariff signals to
the distribution utility a certain underutilization of the net-
work, as occur with the higher tariff for node 7 due to the low
use of circuit 1-4 (12%).

Table III shows the nodal and total revenue from the appli-
cation of pricing alternatives. The used methods can reconcile
the distribution utiliy’s revenue considering the scenario used
to determine NPs.

TABLE III
NODAL REVENUE
Node LRIC+PS LRIC+MWM LRIC +RB-I LRIC +RB-II
($/year) ($/year) ($/year) ($/year)
2 2,839.88 2,261.76 2,522.37 2,385.39
3 4,633.02 3,124.25 2,431.40 2,299.37
5 18,441.47 16,812.45 19,766.20 18,692.81
6 6,185.06 4,685.96 3,256.10 3,079.28
7 3,258.08 3,614.96 1,933.79 1,828.78
9 15,807.47 19,834.12 16,943.37 16,023.28
10 13,179.80 13,238.24 14,132.24 13,364.80
11 8,537.11 8,522.40 9,641.38 7,933.38
12 17,129.09 17,916.83 19,384.11 24,403.88
TOTAL 90,010.97 90,010.97 90,010.97 90,010.97

A. Analysis of methods in the light of regulatory principles

As seen in the previous section, the sustainability principle
is met in the three pricing alternatives when combining two
cost allocation techniques. This can be seen in Table III.

The LRIC method adheres to the allocative efficiency prin-
ciple because it provides locational signaling and considers the
network usage level by users connected to a given node. Fig. 3
and 5 show that the higher the distance from the supply point
(SB) to a node, the higher the number of elements used by the
agent and the higher the cost allocated to it. Moreover, an
increase in the degree of use leads to a decrease in the availa-
ble capacity, increasing the cost allocated to agents, signaling
the need to expand the system. Thus, the LRIC method also
seeks to meet the principle of cost causality.

On the other hand, the PS method has the advantage of
meeting the simplicity principle due to its ease of understand-
ing and implementation. For this reason, it is widely adopted
by regulators in several countries around the world as a com-
plement to ensure adequate remuneration for the electricity
grid. However, it defines an equal tariff for all system users,
thus characterizing a cross-subsidy and not meeting the alloca-
tive efficiency principle. Under these conditions, users who
settle in more distant regions are subsidized by those located
closer to the supply point, particularly benefiting consumers
who have high peak demand installed at the end of the feeders.

This situation is shown in Fig. 5, which compares PS, and
PS 12-

The MWM method also provides locational signaling, as
the higher the number of elements used by the agent, the high-
er the cost allocated to it, seeking to meet the cost causality
principle. However, the increase in the use of the network
leads to a lower nodal tariff for the agent that uses a certain set
of z; elements, encouraging the use of the idle capacity of the
resources available in the system. As shown in Table III, this
part seeks to overcome the distortion caused by Part I, that is,
meet the system sustainability principles.

The RB method preserves the concessionaire’s economic
and financial sustainability by considering an adjustment fac-
tor relative to the marginal cost, enabling the recovery of fixed
costs. On the other hand, it violates the equity principle, as it
penalizes consumers with less elasticity. It can be observed in
RB-II;, (Fig. 5) and NP,, (Fig. 6). The present study consid-
ered known elasticity values. However, according to [34], the
RB method presents some implementation complexity due to
the lack of information about the elasticities applicable to
different consumer groups. The highest difficulty is related to
the fact that elasticity has a short and long-term temporal
character and depends on factors such as temperature and per
capita income, among others [28]. These characteristics imply
non-compliance with consumer protection principles.

Analyzing the tariff stability regarding the PNs shown in
Fig. 6 is important [35]. Understanding this analysis implies
assuming that the methods have two determining characteris-
tics in the use of the network for each node: i) they are de-
pendent on the network and, ii) on the magnitude of the nodal
demand [7]. An individual analysis of the methods would lead
to the conclusion that the PS method does not depend on the
network [7], but the objective is to analyze the tariff resulting
from the sum of Parts I and II.

Thus, the dependence of the network on each pricing alter-
native can be observed in the different values obtained for
each node in the system. The tariffs for all agents are desirable
to be included in the lowest possible range of values. In short,
the lower the range of tariff values, the less dependence on the
network and the higher the stability. It means that the tariff
volatility will be lower in a given period.

Table IV shows the maximum and minimum values of tar-
iffs and the standard deviation, mean, and volatility of each
method, obtained by the ratio between the standard deviation
and the mean of tariffs. LRIC+PS has the lowest volatility
among the tested methods, followed by LRIC+MWM. The
LRIC+RB method has less stability among the analyzed
methods, especially if the influence of elasticity is considered,
as is the case of LRIC+RB-II. The conflict between the princi-
ples of simplicity and tariff stability between the PS and RB
methods is evident even in a small test system.



TABLEIV
ANALYSIS OF NODE PRICE STABILITY

LRIC +PS LRIC +MWM LRIC+RB-I LRIC+RB-II
($/kW/ year) ($/kW/ year) ($/kW/ year) ($/kW/ year)

Maximum 57.10 66.11 64.61 81.35
Minimum 30.89 20.83 16.21 15.33
Standard deviation 11.30 16.28 20.87 22.58
Mean 45.46 44.22 43.11 42.15
Volatility (%) 24.86 36.81 48.40 53.57

The additivity principle means that final tariffs must reflect
the sum of all cost items applicable to each consumer group.
As a result, the revenue collected from consumers must be at
least equal to the revenue required by the distribution utility,
meeting the principle of economic and financial balance of the
company. According to the results shown in Table III, the
methods used can reconcile the distribution utility s revenue.

IV. CONCLUSION

This paper presented a comparative study of three pricing
alternatives for the electricity distribution service. Each of the
alternatives combines two cost allocation methods, and all the
alternatives allowed obtaining NPs that ensure the recovery of
the distribution utility’s fixed costs. In the three alternatives,
Part I was obtained through LRIC, which provides locational
economic signaling, as well as signaling of the utilization level
of network assets, but it does not cover the distribution utili-
ty’s fixed costs. On the other hand, Part II is obtained by one
of the following methods: PS, or MWM, or RB.

NPs resulting from the three cost allocation alternatives can
preserve the locational signal while signaling the network
usage level. Therefore, the combination of the two methods
allowed compliance with more than one regulatory principle.
The obtained results showed that the deficiencies of Part I can
be compensated by the benefits of Part II. In this context,
consumer protection principles can be better served by the
LRIC+PS alternative, while the LRIC+RB alternative shows
less stability in tariffs, followed by the LRIC+MWM method.

The development of this study allowed us to observe the
conflicting nature of meeting more than one regulatory princi-
ple. For instance, discriminating tariffs according to the cost
causality can be efficient, but it can limit universal access to
the system.

However, the results considered a specific scenario of net-
work loading in a one-year period, with variables considered
deterministic and based on expected values. Further studies
must be carried out to include the uncertainties arising from
the growth of DERs in DNs. In this sense, the deterministic
parameters that allow determining NPs, such as demand and
generation level at the system nodes, elasticity, demand
growth rate, or discount rate on invested capital can be
adressed as uncertainties. Another aspect that should be ex-
plored is the multi-objective modeling of the problem, given
the conflicting nature of regulatory principles.
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