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ABSTRACT The regulation of Distributed Energy Resources (DERs) has cast doubt on the sustainability of
utility infrastructure charging models. The development of feed-in tariffs, net-metering, and network charge
rebates for distributed generation (DG) has been questioned because of the cross-subsidies that result between
passive consumers and DG investors. Besides DG investors, other new entrants, such as owners of energy
storage resources and electrical vehicles, are creating challenges for the regulation of distribution service
pricing as a whole. This paper proposes a new approach to dealing with the fixed cost element of service
pricing, that enhances economic signaling in the distribution network. We isolate and address the issue from
a distribution network point of view, by excluding from our model the random variables associated with the
complexity of social, environmental and other externalities. The solution developed is particularly relevant
at a time when distribution networks, historically dominated by passive users, struggle to adapt to a dramatic
increase in the number of users who are active agents. It considers the principles governing tariff design
from the perspective of simplicity, economic signaling, and revenue reconciliation. Results are presented
of simulations performed with different arrangements of alternative energy generators and energy storage
devices, using an actual feeder from a distribution company in Brazil. An analysis of these results is provided
that suggests a combination of locational and time-of-use rates can provide effective economic signals to
these new types of system user.

INDEX TERMS Distributed energy resources, distributed generation, locational tariffs, network pricing.

I. INTRODUCTION
In contrast to other countries where feed-in tariffs have been
applied, Brazil introduced net-metering in 2012, through
Resolution 482 of the Brazilian National Electrical Energy
Agency (ANEEL) [1]. This resolution has influenced the
Brazilian energy market, particularly the solar energy seg-
ment, which was effectively non-existent before 2012, but
which had grown to 5GW installed capacity by 2020 [2].
However, the policy calls into question the sustainability of
a utility business model based exclusively on energy vol-
umetric price. For low-voltage (LV) consumers, monomial
rates are designed to recover all energy consumption and
infrastructure costs. However, the current system of tariff
compensation for Distributed Energy Resources (DERs) neg-
atively impacts a utility’s revenue stream by generating dis-
counts for prosumers without accounting for cost causality.
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This disconnection between rate structures and fixed costs is
undesirable, and represents a major challenge for regulators.

It is common sense that users who contribute to the energy
flow at the distribution network must pay for its use, whether
or not they are generators or loads. However, finding a tariff
structure that is coherent with the new operating reality of
distributed systems is not a simple task. Distribution sys-
tems are complex, and energy flows are highly nonlinear.
Besides, most new investors in distributed generation are in
fact erstwhile consumers who have become active agents in
the electrical grid.

In evaluating any methodology, it is appropriate to take as
a starting point the basic principles governing tariff structure
[3], [4]. A sustainable tariff should have the attributes of
economic efficiency, equity, and revenue stability, in addition
to being consumer-friendly through simplicity of concept
and consistency over time. Tariff design should incorporate
network charges, and tariffs should function as commer-
cial instruments that positively influence user behavior by
promoting the most efficient usage of the network. Finally,
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a tariff needs to promote a fair allocation of costs across
different consumer profiles.

There are essentially two types of network infrastructure
cost, namely: (a) costs of the existing system (or fixed costs);
and (b) costs of network congestion and losses - i.e. those
costs used in incremental pricing models. Fixed cost pric-
ing is designed to recover all asset costs over time, while
incremental pricing produces economic signals for agents
of the system, with respect to their network usage. Accord-
ing to [5], only a combination of both pricing methods can
hope to effectively incorporate cost recovery and effective
signaling.

There is an increased interest in tariff models that address
the issue of congestion costs in distribution networks. Several
methods have been proposed, including methodologies based
on dynamic tariffs [6], [7], distribution locational marginal
price [8]–[10], and social welfare maximization [11]. Refer-
ence [12] proposed a composite method incorporating loca-
tional marginal price and either a postage-stamp or marginal
participation element.

Despite the importance of incremental pricing, regulators
remain focused on the design of tariffs for the attribution and
recovery of distribution network fixed costs. Due to the high
value of these fixed costs, it is important to allocate them
correctly based on individual network usage patterns. The
MW-mile method and its variations [13] are widely used for
fixed cost attribution in transmission networks. In distribution
systems, the MW-mile was used by [14], [15], while in [16],
the Amp-mile (a sensitivity matrix method based on absolute
current values) is used to determine an agent’s usage of
distribution network circuits. In [17], the authors suggested
a tariff based on the topological model developed by [18],
with the MW-mile method used to apply the charge. In [19]
analytical expressions were used to map the contribution of
power injections to the branch in an AC network. In [20]
and [21] the authors developed two mathematical models to
charge net users based on a system impedance matrix Zbus
- one model for the apportionment of losses, and another
for network fixed costs. The authors concluded that this
methodwould encourage a better agent distribution across the
network. Another model [22], compared the Zbus allocation
method with existing charging models. In [23], costs were
attributed using a game theory model. Finally, in [24], the
authors created a bilevel optimization tariff model based on
the interaction between the system operator and users.

In our case, we establish a fixed-cost pricing approach to
the radial distribution problem that considers both locational
and time-of-use drivers in the tariff structure. Sensitivity
matrices are used to assess user impact, and different vari-
ations of the MW-mile apportionment model are applied to
identify which one is most appropriate. We also consider
whether - and if so, how - the presence of a postage-stamp
element can influence economic signaling.

We chose absolute current value over active power in
determining system usage. A new current sensitivity matrix is
used for allocating losses among system users. The methods

are then tested by using an actual distribution feeder with
residential, commercial, and industrial consumers.

The rest of this paper is organized as follows: Section II
presents the proposed methods and their modification to
accommodate a variety of distributed generation and demand
responses. Section III introduces our proposed system and the
simulation process. Sections IV and V provide results and a
discussion. Finally, Section VI draws a conclusion.

II. PROPOSED METHODS
The tariff structure for LV consumers is usually volumetric,
which has led to increasing concerns about the allocation of
distribution charges among consumers and prosumers. How-
ever, if it incorporates appropriate time-of-use and locational
elements, a tariff structure can contribute to the efficient
allocation and operation of PVs and energy storage resources.

We propose allocation methods that use absolute current
values rather than active power values, and that are better
adapted to radial system characteristics. To determine the
tariff of each user (facility) in the network, variants of the
MW-mile allocation strategy presented by [13], were tested
to find the more appropriate model.

Since active and reactive power (P = VIcosϕ and Q =
VIsinϕ, respectively), have a direct relationship with absolute
current value, we chose to use the proportional property of
the current for tariff calculation. In addition, as in [16], dis-
tribution networks were designed primarily to handle circuit
currents within the thermal capacity limits of a circuit.

Our proposed model is based on the calculation of the flow
in each circuit caused by the generation/load pattern of each
agent, using the OpenDSS AC power-flow model. This pro-
gram simulates n-phase load-flow using a set of direct equa-
tions based on the system’s nodal admittance matrix [25].
Each agent’s system usage is then determined by calculating
a sensitivity matrix (Section A, below). Finally, the tariff is
calculated based on a proportional sharing principle using
one of three apportionment models (Section B). Section C
presents the loss apportionment calculation using a loss sen-
sitivity matrix. Fig. 1 shows the simulation flow chart.

FIGURE 1. Simulation flow chart.

A. APPROACH TO DEFINING SYSTEM USAGE
The proposed approach is an adaptation of the Amp-
mile model which uses Power-to-Current Distribution Fac-
tors (PCDFs) as a measure of consumer usage of the
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network [16]. This model, using analytical calculation to
derive a sensitivity matrix, has a lower computational cost
than those using empirical methods.

Two different sensitivity matrices are used: one for circuit
flow; and another for losses. For circuit flow, the calculation
of the derivatives is based on the Amp-mile method, but
considers the relationship between line and node currents (see
appendix, section A) as in (1) below. The line currents were
considered to be the sum of all loads/generations at each node.
In addition, in contrast to the Amp-mile model, we used the
absolute values of the sensitivity matrix, limiting circuit flow
tariffs to positive values.

DF tlk =

∣∣∣∣∂|I tl |∂|I tk |

∣∣∣∣ (1)

Here, DF tlk is the absolute value of the current-to-current
distribution factor between line l and node k , at time t.

∣∣I tl ∣∣ is
the absolute value of line l current, at time t , and |I tk | is the
absolute value of node k current, at time t .
It is important to note that the Jacobian matrix is designed

to deal with both the active and reactive elements of the line
currents. The matrix is composed of four sub-matrices (H, L,
M, N), where matrices M and N are zero matrices and H and
L are matrices of the partial derivative of the modulus of the
node current.

[J ]2L×2L =
[
HL×L 0
0 LL×L

]
(2)

where [H ] = ∂F/∂I is the absolute value of the current-
to-current distribution factor between line l and node k ,
coming from the active part of the line current; and, [L] =
∂F/∂I coming from the reactive part of the line current.
The final Jacobian matrix derives from the multiplication of
intermediate Jacobian matrices, as detailed in the appendix.

The sum of the contributions of each line l to node k of
H and L provide the final user tariff at node k , reflecting the
active and reactive consumption of all users.

With respect to the loss apportionment calculation, in [20]
the authors presented (3) for power loss allocation calculus.
They then used the equation directly for tariff design. Our
approach, however, calculates the sensitivity matrix using (3)
to develop the allocation method (see appendix, section B):

Ptloss = <


n∑

k=1

(
I∗k
)t
·

n∑
j=1

RkjI tj

 (3)

where Ptloss is the power loss at time t , I tk is the current at
node k at time t , and n is the number of nodes in the circuit.
R is the real element of the system impedance matrix.
The use of the real element of the impedance matrix is

considered desirable, since it reflects the electrical distance
between nodes [20], [21], and the locational effect in the tariff
is thus achieved. In addition, real values of the sensitivity
matrix were used for loss apportionment, instead of absolute
values. The rationale for this is that losses are also valued in

terms of energy, and any loss reduction is beneficial to all
feeder users.
DLF tk is the loss-to-current distribution factor for node k ,

at time t:

DLF tk =
∂Ptlossk
∂|I tk |

(4)

where Ptlossk is the loss in node k , at time t , and
∣∣I tk ∣∣ is the

absolute value of node k current, at time t .
Finally, LPC t

k represents the loss proportionality constant
for the apportionment of electrical losses in node k , at time t:

LPC t
k =

DLF tk∑n
i=1 DLF

t
i

(5)

B. TARIFF APPORTIONMENT METHOD
The tariffs were calculated using the Zero Counterflow
Method (ZCFM) and the Dominant Flow Method (DFM),
as first described in [13]. The main difference in our model
is the use of absolute current value instead of the value of the
active power.

As with the ZCFM model, in our approach the tariff is
calculated in such a way as to avoid a locational charge on
the agent whose power flow is opposite to the direction of
the net flow. We consider that the generator or prosumer
would be compensated (or would not pay) when there is a
reduction in the line load, or charged when they cause an
inversion in the flow. The tariff changes every hour depending
on load/generation pattern. For this reason, a logical condition
for the application of the tariff was added to the apportion-
ment models, such that a charge is generated only to agents
that satisfy that logical condition. The added condition is that
the real part of the relationship node current to line current
must be greater than zero (whenR{Ik/Il} > 0). In the unlikely
case of a charge being purely reactive, it is considered neutral,
since it does not contribute to the flow of active power. In this
case, the agent does not pay a locational tariff element.

FIGURE 2. DG module boundary example.

The tariff is designed to account for DG module energy
boundaries, i.e. where a DG module’s energy inverts the net
flow in the feeder (Fig. 2). It thus assumes that any reduction
in the net flow is beneficial. There is no locational charge for
a user who relieves the circuit flow. The prosumer pays more
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for network usage when they cause current flow inversion,
and receives a discount if their presence relieves the flow.

1) THE ZERO COUNTERFLOW AMP MODEL (ZCAM)
The ZCAM is derived from the ZCFM, and provides for the
recovery of all embedded costs. With this method, there is
no charge to the agent whose current flow is in the opposite
direction to the net flow.

This model does not assume that system reserve benefits
everyone. The model for the locational tariff, LT is:

LT tZCAMk
= |I tk |

m∑
l=1

(
1

|I tl |
s+

)
·CC t

l · DF
t
lk when <{İ tk/İ

t
l } > 0

LT tZCAMk
= 0 when <

{
İ tk/İ

t
l
}
≤ 0

(6)

where I tk is the current at node k at time t . CC t
l is the circuit

cost of load element of the branch l, and
(
I tl
)s+ is the sum of

current positive flows from users in branch l, at time t . The
number of lines in the distribution network is m.

2) THE DOMINANT AMP MODEL (DAM)
The DAM is derived from the DFM. It assumes that any flow
reduction is beneficial to the system, and, at the same time,
distributes the full cost of the capacity of the system among
the users of the line.

This model divides the circuit cost allocation into two
elements, T1 and T2. The first element, T1, corresponds to
the circuit current flow, i.e. the circuit capacity that is being
used. Only users whose net flow is in the same direction as
the line net flow, pay for this element. T2 accounts for the
additional capacity, which corresponds to the circuit reserve.
Since all users benefit from this circuit reserve, all line users
contribute to its cost.

LT tDAMk
= T t1k + T

t
2k (7)

T t1k = |I
t
k |

m∑
l=1

(∣∣I tk ∣∣∣∣I tl ∣∣
)(

1∣∣I tl ∣∣s+
)

·CC t
l · DF

t
lk when <{İ tk/İ

t
l } > 0

T t1k = 0 when <
{
İ tk/İ

t
l
}
≤ 0

(8)

T t2k =
∣∣I tk ∣∣ m∑

l=1

(∣∣I tl ∣∣− ∣∣I tk ∣∣∣∣I tl ∣∣
)
·

(
1∣∣I tl ∣∣
)
·CC t

l · DF
t
lk (9)

I tl is the sum of current flows from users in branch l at time t .

3) THE POSITIVE AMP MODEL (PAM)
The PAM allocates costs in proportion to the ratio between
power flow and circuit capacity. In this model’s equation, the
denominator becomes circuit capacity, rather than the sum of
current flows caused by all agents in each network’s section.
This substitution reintroduces a postage-stamp element to the
tariff, preventing a situation where only line users are charged
for the line circuit reserve.

As in the previous model, there is no locational charge for
the agent whose current flow is in the opposite direction to the

net flow. This guarantees a discount for the agent who relieves
the line flow. However, this model differs in the sense that the
remaining cost element is not applied on a locational basis.

The model locational tariff for bus k at time t is: LTPAM t
k=|I

t
k |

m∑
l=1

1
CAPl

CC t
l ·DF

t
lk when <

{
İ tk/İ

t
l
}
>0

LTPAM t
k = 0 when <

{
İ tk/İ

t
l
}
≤0
(10)

where CAPl is the capacity of circuit l.
The PAM does not allocate all fixed costs based on the

current flow, and therefore the revenue reconciliation is for-
mulated on the basis of each network user’s contribution
to the peak demand of the feeder. This is a postage-stamp
type apportionment method, that is independent of the grid
configuration and flow direction [12]. The postage-stamp
charge, PSk , is:

RCC t
=

m∑
l=1

CC t
l

[
1−

∣∣I tl ∣∣s+
CAPl

]
(11)

PSk =

∣∣∣Ipeakk

∣∣∣∣∣∣Ipeaktotal

∣∣∣ ·
∑

t
RCC t (12)

where RCC t is the total remaining cost at time t, Ipeakk is the
current value in node k at peak time, and Ipeaktotal is the sum of
current flows from users at the substation at peak time.

C. LOSS ALLOCATION
In the flow simulation, losses over 24 hours are apportioned
according to consumption. The individual contribution of
agents with respect to losses, is defined according to (13):

Losstallocationk = LPC t
k · Loss · CC

t
loss (13)

where LPC t
k is the loss proportionality constant of the user at

node k at time t . Loss is the sum of all system losses calculated
using the power flowmethod applied at a substation used as a
reference bus (to this was attributed the zero reference angle).
CC t

loss is the system cost relating to the power losses, and:∑
l
CC t

l + CC
t
loss = total circuit cost (14)

III. CASE-STUDY
To evaluate the proposed models, we took a typical busi-
ness day in June 2015 for one Brazilian distribution com-
pany. ANEEL provided the network and load data,1 and
Table 1 shows the feeder data.

Each load was formulated to be 50% constant impedance
and 50% constant power, with a power factor of 0.92 for LV
loads, and 0.93 for medium-voltage (MV) loads. The load-
profile curves varied according to the type of consumer and
were obtained by distributor survey. These are carried out

1The data were requested from ANEEL, in February 2019, through the
website: https://www.gov.br/acessoainformacao/pt-br
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FIGURE 3. Feeder configuration.

TABLE 1. Feeder data – June/2015.

every four years for the purpose of renegotiating tariffs with
the regulator.

The feeder configuration and the positions of MV con-
sumers and MV/LV transformers are shown in Fig. 3. The
MV/LV transformers represent the aggregate consumption
of LV consumers above them. PSP denotes the substation
power supply point, G1 is the generator, and M1 to M6 are
measurement points.

For simulations with DG modules, panels were dimen-
sioned from (15), with standard 270 Wp modules for LV, and
with a power factor of 1.0:

Potsolar =
Energy
PSH × η

(15)

where,Potsolar is the total solar panel power, and Energy is the
total generated energy obtained by the average consumption
of the unit in the last 12 months. PSH is the peak sun hours
(city = 4.39), and η is the panel performance (assumed
to be 80%).

For the annual circuit cost, we made an annualized esti-
mate of the value of the investment in the network by the
distributor, added to the annual maintenance cost (taken to
be 40% of the investment). The annual amount thus calcu-
lated is US$308,877.60.2 The estimated useful life of the
circuit was 30 years. Our intention is to define hour-by-hour
separate daily tariffs, and the circuit cost is thus divided by
8,760h/year, resulting in an hourly cost for the feeder of

2US$1.00 assumed to be BRL$5.00.

US$35.26/h, to be allocated among the 87 consumers along
the feeder.

In order to simplify the analysis, only selected buses were
monitored. We chose two points with load-profile curves
typical of residential LV consumers (M1 and M3 in fig. 3).
To represent the MV loads, points M4 (the largest consumer)
and M6 were chosen. These points are typical of industrial
consumers. Finally, points M2 andM5 were selected because
they are the largest LV consumers in the system and are
commercial in nature.

IV. RESULTS
The proposed apportionment models – ZCAM, DAM, and
PAM – were evaluated based on the net flow results. The
comparison was effected using four simulations: first, hourly
rate simulations without DG investors; second, hourly rate
simulations with a generator located in themain branch; third,
simulation with battery storage; and fourth, rate simulations
with increasing percentages of DG penetration.

For the simulations, we used software written in Python,
which calls the OpenDSS program.

It is important to note that our simulations are ex-ante,
using consumption profiles obtained by periodical survey,
and the chosen DG generation curve. However, the proposed
method can also work in an ex-post approach or even in a real-
time pricing application, provided there is enough available
data.

A. SIMULATIONS WITHOUT DG AND ENERGY STORAGE
Without the presence of DG, current flows in the branches
are unidirectional, and consequently the ZCAM and DAM
models produce the same results. These are shown in Table 2,
where LT ($/day) represents the locational charge results.
In addition to columns for measurement points M1 to M6,
two other columns are included. Column 680 gives the sum
of the 80 rates for individual load buses that were not repre-
sented by the measurement points; and column 6Total gives
the sum of all rates. In radial networks, this locational model
calculates cumulative branch costs for each facility, and con-
sequently, there is a significant difference between tariffs at
the main branch and at the end of the feeder.
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TABLE 2. ZCAM/DAM charges.

The results in Table 2 suggest that the lack of a systematic
scheme for the equitable distribution of costs within such a
short feeder can either be considered an advantage, by encour-
aging DG investors to locate at the end of branches within
the system, or as a disadvantage because it is inequitable.
For example, without DG, the model without a fixed charge
results in LV consumers located at M1 paying $0.0009/Ah,
while others at M3, with similar residential loading (M1
load is 1.7341Ah and M3 load is 1.9900Ah), are paying
$0.3266/Ah.

Table 3 shows the PAM tariffs. Here, PS ($) represents the
postage-stamp element.

TABLE 3. PAM charges.

In general, net flow in feeders usually falls well below
their maximum capacities. Therefore, the PAM needs a sig-
nificant postage-stamp charge in order to recover full cost.
This distorts the locational signal, although it allows for more
homogeneity in tariffs. For example, M1 andM3 have similar
loading and their postage-stamp charge is $1.20/day and
$1.48/day respectively, whereas the locational tariff for each
user is very different, at $0.02/day and $0.44/day respectively.
This suggests that the PAM could provide an incentive for
DG investors to locate at the end of the feeder, and that it
is equitable. The locational costs on a $/Ah basis at each
measurement point and illustrates that higher charges will be
applied for greater distance from the substation.

The loss apportionment results obtained for the case with-
out DG are given in Table 4, where Loss ($) represents
the loss apportionment results. The sum of the tariff due
to loading plus the tariff due to losses, indicates how these
apportionment models cover the Utility’s total daily costs of
US$ 846.19/day.

TABLE 4. Loss results.

B. SIMULATIONS WITH DG AND ENERGY STORAGE
1) GENERATOR – G1
Consider the example in which ten solar panels of 100kWp
each (panel efficiency is assumed to be ∼80%) are inserted
into the main branch of a circuit (G1, Fig.3), resulting in the

power curve described in Fig.4. In this case, the panels do not
produce flow inversion in the line - i.e. their presence simply
relieves the circuit flow.

With the flow direction condition (when RIk/Il > 0), the
ZCAMand PAMmodels have zero locational charging for the
generator that relieves the circuit, as shown in the $/Ah aver-
age Tables 5 and 7. Compared to the previous case – without
DG – there is negligible variation in the locational tariff. The
only significant difference is in PS values (Table 8), which
occurs because of changes in peak time from 11:00 a.m.
to 10:00 a.m.

For the DAM model, in which only part of the local tariff
is subject to the flow condition, the difference between cases
with and without DG is significant (Table 6). Fig.4 shows that
G1 receives no ZCAM tariff, and the DAM tariff curve has the
same profile as the generation curve.

FIGURE 4. G1 total kWh generation of installed panels (kWh) and
locational tariff (US$/h).

In addition, with a loss reduction from 3,161kWh in the
case without DG, to 2,929kWh, the apportionment of losses
generates negative charges at G1 (Table 9). This can be
considered a benefit deriving from the reduction in circuit
losses due to the presence of G1.

2) SIMULATION WITH STORAGE – G1
When looking at Fig. 4, it can be seen that the tariff curve
has the same profile as the generation curve. If this profile
extends to other sources, it is possible that any renewable
or non-renewable source could be substituted in this tariff
model. To verify this, we replaced the generator in G1 with a
battery bank with the charge/discharge curve shown in Fig.5.
The battery bank is charged in the early hours of the morning
and discharged in the evening.

With the flow direction condition, the ZCAM and PAM
models eliminate locational tariffs with a negative flow direc-
tion (Fig. 5). The results are shown in Tables 5 and 7.
In the DAM, the total rate incorporates a flow rate and a
reserve rate (Table 6). For this reason, the DAM tariff curve
is always positive and follows the charge/discharge bank
profile-curve (Fig.5).
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The peak time in this case was at 11:00 a.m., when the
battery bank was neither being charged nor discharged. The
battery bank does not therefore pay PAM’s postage-stamp
element in this case. These results demonstrate that the pres-
ence of a postage-stamp element relating to peak time, may
influence battery users to adapt their charging/discharging
hours to periods when the network is less congested.

Table 9 presents the loss results. It can be seen from this
that a user at G1 reduces the system loss, and this is reflected
in their charges.

It is important to note that, with the presence of storage
(or electric vehicles), it is desirable to send economic signals
to the agent such that the charge and discharge of batteries
will occur at times that will effectively attenuate the peaks
and troughs of the charging curve. In order to achieve this,
time-dependent differential tariffs should be applied, and all
of our proposedmodels address this. In addition, the proposed
locational rates could be used to indicate the best siting of
recharging stations.

FIGURE 5. Battery bank load-profile curve and locational tariff (US/h).

C. SIMULATIONS WITH DG – PROSUMER
DG modules were allocated to LV consumers spread across
the feeder, and Fig. 3 illustrates the location of consumers
with such panels. For these simulations, a typical rooftop
solar generator was attributed to LV consumers – using (15) –
according to the DG penetration level. These were allocated
to LV consumers in order of consumption, from highest to
lowest, with panel energy output designed to match the user’s
energy consumption over time.

Simulations were performed at three levels of DG penetra-
tion: (a) at 1% penetration, corresponding to 254 kWp of total
installed capacity. At this level, three consumers (orange in
Fig. 3) had panels with a total capacity of 269 kWp installed;
(b) at 5% penetration, corresponding to 1,270 kWp. At this
level, seventy-five consumers (orange and blue in Fig. 3) had
panels with a total capacity of 1,272 kWp installed; and, (c) at
10% penetration, corresponding to 2,540 kWp. In this case,
423 consumers (orange, blue, and green) had panels with a
total capacity of 2,543 kWp installed.

1) COMPARISON OF MODELS
Tables 5 and 6 present the results for the ZCAM and DAM
models. They indicate that there is little tariff variation at dif-
ferent penetration levels. The variations are positively corre-
lated with the increase in penetration level and distance from
the substation, but differences in tariff values are negligible.

It is important to note that, even with the presence of DG
modules, the ZCAM and DAM models produced significant
tariff variations between different nodes of the system with
similar profiles and loading. This can be seen when com-
paring values from M1 and M3. As our allocation models
aggregate tariffs on each branch, the tariff will be higher as
the consumer moves further away from the substation. This
outcome is independent of network topology.

The simulations show that the chosen flow condition (when
R{Ik/Il} > 0) correctly reflects the DG module boundaries.
This can be easily seen using the ZCAM model, in which
all tariff calculations are affected by the flow direction con-
dition (unlike the other two models that have independent
elements).

To illustrate this, Fig. 7 shows the current flows in the line
and at the point of output from the transformer at M5. The
panels are attributed toM5 customers starting from 1% of DG
penetration. In this case, there is a flow inversion occurring
beyond 5% of DG penetration, as shown by Fig. 6.

FIGURE 6. Active power flow in the M5 branch results.

The ZCAM results presented in Fig.8 show the flow inver-
sion. At 1% penetration, the only effect of the presence of
DG is to relieve the flow in the branch (Fig.6) (Fig.7a). The
model therefore generates a lower tariff (compared to the
case without DG) that reflects the load reduction. At 5%
penetration it can be seen that the active power delivered by
DGmodules present in the branch, has a negative flow (Fig.6)
(Fig.7b), generating a zero tariff fromM5 to the power supply
point (substation). Also, analyzing results at 10% penetration,
where there is current inversion in the branch attributable
to the DG modules (Fig.6) (Fig.7c), the model generates a
charge for this inversion, but also generates a zero tariff in
the upstream branches based on their load reduction.

The PAM model is similar to the previous models in the
sense that its locational tariff only applies in cases where DG
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FIGURE 7. Power flow direction during daylight hours.

module current is in the same flow direction as the net flow.
Tables 7 and 8 show the results.

However, the model differs in the sense that PAM has a
significant residual cost value distributed according to the
proportional participation of users at the peak hour of the
system. Peak demand without DG occurred at 11:00 a.m.
because of the industrial consumer at M4 (Fig. 9). With
DG penetration, the peak hour varies, the latest time being
8:00 p.m. with 10% DG penetration.

FIGURE 8. M5 ZCAM locational tariff (US/h).

The changes in peak time due to DG penetration benefited
some users but penalized others. The user at M4 benefited
from a reduction in network fixed charges when peak time
moved from normal working hours to 8:00 p.m. at 10% DG
penetration. Because of their solar energy input, users at M5
benefited when peak time occurred during working hours,
but paid higher network charges when peak time was at
night. At M1, passive residential consumers also pay more
for network charges when peak time is at 8:00 p.m.

These results demonstrate that a locational tariff may influ-
ence DG investor location, while an added postage-stamp
element can influence consumer consumption profiles. This
suggests that a composite tariff based on both location and
participation at peak load times has considerable economic
signaling potential.

FIGURE 9. Feeder’s load profile.

Finally, Table 9 shows the apportionment of loss results.
With DG, system loading reduced from 102,742 kWh to
88,115 kWh with 10% DG penetration, and the loss reduced
from 3,161 kWh to 2,707 kWh. In all cases, losses accounted
for about 3% of the system total loading.

TABLE 5. ZCAM daily average results (US$/AH).

TABLE 6. DAM daily average results (US$/AH).

TABLE 7. PAM daily average results (US$/AH).

V. DISCUSSION
The proposed models encompass the tariff principles of sim-
plicity, completeness, and good economic signaling. They
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TABLE 8. PAM postage stamps (US$/day).

TABLE 9. Loss locational daily average tariffs (US$/AH).

also reflect the dynamics of the load curves and the operation
of DERs, as these are non-linear 24-hour load flows.

However, the ZCAM and DAM models present very dif-
ferent tariffs for similar consumers in different locations.
This difference represents an efficient signaling mechanism
where many micro- and mini-generators compete to provide
energy within a radial system. Passive consumers may not
be comfortable with large price differences, although this is
appropriate from a distribution point of view. If necessary, the
regulator could add an attenuation factor, but this would have
to be acceptable to all agents.

With all the models we tested, positive-flow charges send
locational signals to alternative energy investors, and provide
reduced tariffs to users located in branches with a net negative
flow. This is both rational and fair. However, the postage-
stamp element present in the PAM may have the effect of
inducing all system users to make better hourly consumption
decisions.

The apportionment of circuit losses based on the sensitivity
matrix sends efficient economic signals. It also follows the
key principle of simplicity, and promotes the fair allocation of
costs across different consumer profiles. As with the ZCAM
and DAM models, the loss apportionment values are quite
different between users. However, they reflect distribution
network characteristics, which can penalize users far from
the main transformer. Mitigating any differences should be
the responsibility of the regulator, who can use policies to
equalize, for instance, neighboring feeder tariffs.

VI. CONCLUSION
The paper developed and examined several models to try to
determine an efficient and effective method of solving the
embedded cost allocation problem in distribution networks
with a high DG presence. Using AC load flow simulations in
an urban feeder, we sought an optimal fixed cost allocation
model across all system agents.

The proposed models seek to make a fair apportionment of
infrastructure costs among network users. They differ from
methods currently applied around the world because they
combine time-of-use and locational signals. This logically
makes them more appropriate for dealing with active distri-
bution systems incorporating electric vehicles, batteries, DGs
and other DERs.

Our work contributes to the debate over tariffs in a DER
context on the following basis:
• the proposed methods match the costs to each network
user based on the user’s impact on the network according
to the cost causality principle. They combine locational
and time-of-use rates to provide effective economic sig-
nals to users. The time-of-use rates are important from
a distribution point of view because peak hours are
the main reason for network reinforcement and invest-
ment, and time-of-use signaling helps optimize network
usage. In addition, locational rates encourage investors
to install DGs far from the main substation, minimizing
reinforcement and reducing losses. Earlier papers do not
combine radial distribution configurations with time-of-
use and locational signaling for fixed cost allocation;

• the proposed approach was developed to accommodate
the relationship between node and line currents, and
enables us to consider both active and reactive power
simultaneously in tariff design. This is in contrast to pre-
vious work, where tariff design considered only active
power, or treated active and reactive power separately;

• the proposed methods are intended to be simple and to
recognize the extensive use of the distribution network
by DERs. The model’s positive-flow charges send loca-
tional signals to DG agents and provide reduced tariffs
to users located in branches with a net negative flow. The
methods are intended to be fair from a distribution point
of view and provide signals for the 24-hour feeder load
cycle;

• a loss sensitivity matrix based on the relationship
between losses and node currents is included. This is
considered important because the losses at LV and MV
levels can be significant;

• finally, the proposed models are based on power flow
equations that can be easily reproduced by system users
and energy traders. Although the power flow equations
are not simple, they are widely known and there are
open-source computer programs, such as OpenDSS, that
can be used by distribution companies, regulators, and
also by network users.

APPENDIX
ANALITICAL DERIVATIVES CALCULATION
A. THE DERIVATIVES OF THE ABSOLUTE LINE CURRENTS
WITH RESPECT TO ABSOLUTE NODE CURRENTS
We propose a new sensitivity matrix relating line and node
currents. We follow the calculations from the derivatives
calculation methodology in [16], but extend this to generate
alternative Jacobian matrices.
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The relationship between line currents and node currents
in the power flow is:

ik =
∑
h∈H in

k

f (h)−
∑

h∈Hout
k

f (h) (16)

where ik is the complex charging current for node k , and fl
is the complex current flowing through line l. H in

k , Hout
k are

sets of injection points and withdrawal points in each line for
respective nodes.

In the matrix form of (16) we have:

i = AT · f (17)

where A is the incident matrix defined as:
A
(
h, khend

)
= 1

A
(
h, khinicial

)
= −1

A (h, k) = 0, ∀k 6= khinicial , khend

(18)

For a radial network (nnodes = nlines + 1), the slack bus,
ks, represents the power supply point where the distribution
network connects to the transmission network. Then, calling
ins the set of nodes other than the slack bus, the notation is
now:

i = (is, ins) ,A = (As,Ans)

Thus:

is = ATs · f (19)

ins = ATns · f (20)

Given that i = a+ jb and f = c+ jd , the derivatives of the
line currents with respect to node currents is:

c+ jd =
(
ATns
)−1
· (a+ jb)

∂c
∂a
=
∂d
∂b
=

(
ATns
)−1

,
∂c
∂b
=
∂d
∂a
= 0

Then, the Jacobian matrix is:

J1 =


∂c
∂a

∂c
∂b

∂d
∂a

∂d
∂b

 = ( (ATns)−1 0

0
(
ATns
)−1

)
(21)

Now, as F (h) = abs (f (h)) =
√
c2 + d2 and I =

abs (ik) =
√
a2 + b2, then

J2 =
∂F

∂(c, d)
=

diag (c) diag (d)

F
(22)

J3 =
∂I

∂(a, b)
=

diag (a) diag (b)

I
(23)

(J1) · (J2) =
(
∂ (c, d)
∂ (a, b)

)
·

(
∂F

∂ (c, d)

)
=

∂F
∂ (a, b)

= (J4)

(J5) = (J4) · (J3)−1 =
∂F

∂ (a, b)
·
∂ (a, b)
∂I

(24)

Finally, the derivatives of the absolute line currents with
respect to absolute node currents are:

(J5) =
∂F
∂I

(25)

B. PROPORTIONALITY CONSTANT FOR THE
APPORTIONMENT OF ELECTRICAL LOSSES
We determine the variation in circuit losses as follows:

The matrix form of (3):

Ploss = Re
{
i∗. ∗ Ri

}
(26)

where i = a+ jb, the equation can be rewritten:

Ploss = Re(a− jb). ∗ R(a+ jb)}

Ploss = [a. ∗ Ra+ b. ∗ Rb] (27)

The derivative of a function f (x) = u (x) .∗v (x) is
∂f
/
∂x = diag(v)·∂u

/
∂x + diag(u)·∂v

/
dx. Thus,

J6 =
∂Ploss
∂ (a, b)

=
(
∂Ploss
∂a

∂Ploss
∂b

)
J6 = =

(
diag(a)R+ diag(Ra) diag(b)R+ diag(Rb)

)
(28)

resulting in the derivatives of the losses with respect to abso-
lute node currents:

(J7) = (J6) · (J3)−1 =
∂Ploss
∂ (a, b)

·
∂ (a, b)
∂I

(29)
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