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ABSTRACT

Most economic analyses on efficient pricing for the
electricity grid use strong assumptions on the cost
function; often assuming that network costs are fixed.
However, estimated tariff consequences on the network
and users still remain highly dependent on initial
hypotheses, even if sensitivity studies are carried out more
and more frequently.

Inversely, most investment decisions by Distribution
System Operators (DSO) are performed on a case-by-case
basis; due to local planning constraints such as:
- Diversity of local situations (topography, in-place
technology, local requirements)
- Incremental putty-clay character of grid investments
(historical path dependence)
- Uncertainties on demand (climatic variation,
changes in electricity demand, etc.)

In this paper, we present a comprehensive econometric
analysis of the total stock of network equipment in France
- by local area - in relation to local consumption patterns
and to the geographical spread of users. The issue is to
identify costs associated with the different services
provided by the distribution grid: (1) network access, (2)
subscribed capacity (kW) and (3) energy volume (kWh). By
explaining long run networks costs with customers
demand for network services, we provide a new and robust
foundation for future work on distribution tariffs.

NETWORK TARIFF DESIGN AND COST-
REFLECTIVENESS

Issues on network tariff design

Many countries are currently questioning the traditional
design and structure of network tariff for electricity [1]. In
effect, the energy transition and new electricity-related
technologies modify the traditional relationship between
energy consumption and local peak demand.

Network tariff structures determine the allocation of the
overall cost among users, conveying issues of efficiency
and equity [1]. By encouraging better use of existing
network infrastructure and customers’ investments, an
efficient structure enables system costs minimisation and
helps avoid cross-subsidies between customers groups [2].
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There is a growing body of academic and business inputs
to define how to set cost-reflective tariffs for the
distribution of electricity [1,2,3,4,5]. Nonetheless, an
essential first step lies in identifying cost drivers of the
network in relation to consumption patterns, with
consideration of local or geographical characteristics. On
this point, most studies assume either fully fixed (sunk)
network costs — “The costs of the current network are
largely independent of changes in network usages”, which
may be accurate in the short but not in the long run - or
essentially coincident-peak proportional costs — “network
costs are largely driven by the need to provide capacity to
meet network peak demand”, which neglects that a core
quantity of assets may be related to the geographical extent
of the network.

A more detailed analysis of distribution costs

This study aims to present an objective description of a
long-term cost function for the power distribution grid;
allocating costs to the main services provided to users;
network access - all grid services are provided at the
location contracted by the client — guaranteed power,
energy transit and power quality [6].

The main issue is to provide a general assessment of costs
for a geographically aggregated distribution system while
- in most situation - the planning of investments is
performed on a case-by-case basis; due to local planning
constraints such as:

- Diversity of local situations (topography, existing
technology, local requirements)

- Uncertainties on demand (climatic variation, changes
in electricity demand, etc.)

A cost function for the distribution grid can then be used
to estimate marginal costs based on grid services requested
by users ; therefore to allocate the different types of
network costs to the different components of the tariff
structure.

In that sense, we consider marginal costs as the long-term
costs related to consumption for the current total stock of
network electrical equipment. Indeed, we regard
investments on the distribution grid as being of an
incremental putty-clay character, i.e. that choices between
production factors can be done only at the time of
investment decisions which remain incremental — either
for the short-term or the long-term — that is strongly
dependent on the historical network planning. In that
sense, marginal costs are deeply related to the current stock
of network assets; notably for investment renewal.
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SCOPE AND DATA OF THE COST FUNCTION
ESTIMATION

Scope of the cost analysis

The purpose of the approach is to explain the current stock
of electrical equipment necessary to satisfy the local
demand in electricity. Therefore, only grid assets are taken
into account whereas operational expenditures (such as
network maintenance, losses', and transmission fees) are
left aside. Similarly, costs for customer services and
management, metering, taxes and fees are excluded.

The study covers the distribution part of the power
network. In France, it includes the Medium Voltage (MV)
— substations and lines with voltage between 1 kV and 50
kV, but mainly 20kV- to Low Voltage (LV) network —
with voltage of mainly 400 V or lower. Transmission
assets are not in the scope of this study.

The analysis is focused on the shared infrastructure and
does not includes assets for individual connection of
houses or collective buildings to the LV network. Indeed,
these assets are directly related to the customer’s request.

Valuation of grid assets

Asset values are expressed in terms of full replacement
value in euros (€) in order to compare different types of
equipment. The objective is to estimate an aggregated
measure of the volume of network assets that has been in
MYV or LV local network. France averaged unit costs have
been used to value different electrical equipment
according for each technologies and characteristics.

Using averaged unit cost is useful to control for cost
variance not related to the geographical extent of the
network nor to consumption patterns. The relationship
between services provided by the grid is therefore more
straightforward. Nevertheless, the cost function does not
account for geographical differences in the prices to install
electrical equipment, e.g. between urban and countryside
underground lines.

Data on consumption patterns

For each circuit, we aggregate data on consumption
patterns for year 2015. Due to the long lifetime of electrical
equipment and its capital intensive nature, the sizing of the
distribution network is carried out in anticipation of
uncertain, future, local electricity demand. In the existing
distribution system, it can be assumed that some of the

1 Note however that the cost of the losses are taken into account
indirectly through the planning standards ; they determine lines
capacity at investment time.

2. In France, distribution tariffs have different components [7].
The main ones are a fixed charge to cover metering and customer
services, volumetric energy charges with time-of-use (TOU) and
seasonal rates and a 'subscribed capacity’ charge that requires
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circuits have been sized long ago for demand levels that
have been already reached, while more recent circuits are
sized for future, potential demand. Using demand data for
one year as explanatory variable, we make the assumption
that there is a balance between networks sized with past or
recent expectations in the set of local grid assets we take
as dependent variable.

Local consumption patterns are described by variables
accessible through bi-annual invoicing? Finally, the
following data — downstream of MV and LV substations -
have been used as explanatory variables:

- Number of clients connected to the network

- Average annual energy consumption by
customer’ (MWh/year)

- Average subscribed -capacity by customer
(kW/year)

- Breakdown of total subscribed capacity by
customer types: LV small or medium, or HV
large (%)

- Installed production capacity on the local
network in relation to subscribed capacity (%)

Information on the geographical extent

All grid services are provided at the location contracted by
the client and a share of network costs is induced by the
sheer number of kilometres required to reach efficiently all
the clients over a geographical territory [6]. Geographical
density of customers cannot be measured simply by the
population density per unit area, i.e. by the number of
customers per square kilometre. Indeed, the geographical
extent of the distribution network is much more related to
the clustered aspect of customers’ location than by the
surface density.

To measure clustered density of customers, a precise
location of households per tile of 200m*200m [8] is used
and then aggregated at first the level of municipalities4
and then at the level of MV circuits.

Figure 1 illustrates the advantage presented by using
clustered density indicator to capture the geographical
spread of customers and the related impacts on the
distribution grid costs. Both areas have the same number
of customers of one square kilometre and therefore the
same surface density of customers. Yet, differences in the
geographical extent of the grid are significant. A clustered
density indicator is therefore much more efficient to
control for the geographical environment. For example, in
mountainous areas, there is only a few customers per
square kilometre; but they are often all clustered in the
valley; thus reducing distribution lines length.

customers to subscribe a maximum power level, without the
option to exceed it for small LV customers..

3. As a significant part of distribution customers does not have a
network tariff with TOU or seasonal rates, data on collective
delivered energy by sub-annual periods were not available.

4 Municipalities number above 30,000 in France.
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Figure 1: Illustration of the clustered customers’ density indicator

ESTIMATION METHODOLOGY

Cost functions by voltage level

In this study, cost functions are estimated for two different
voltage levels; MV and LV. The volume of network at the
MYV level is explained both by the demand from customers
connected on the same voltage level but also from the ones
connected on the LV level. Based on data from Enedis —
about 95% of distribution grid customers in France — there
are about 2,200 observations for 2015.

At the LV level®; the volume of network is explained only
by customers on the LV level. Due to data and calculation
complexity; the LV cost function estimation is performed
on a random subset of 10,923 MV/LV substations; which
represent about 1.5% of the total circuits operated by
Enedis.

The specification of a unique cost function model is
relevant only if we can suppose that its parameters can be
common for all existing circuits, which may be the case if
there is enough homogeneity of among them. At the MV
voltage, downstream to a substation, there is on average
about 16,000 customers of all types (small, medium and
large customers). The level of aggregation seems high
enough to estimate one cost function model.

However, at the LV voltage, we observe a strong
heterogeneity among the local networks. The distribution
of customer per circuit is closer to a Poisson distribution,
with many circuits with a few connected customers and a
few circuits with a high number of customers. In addition,
with only about 50 customers per LV circuit, there are
many circuits with only one or a large part of customers
from a specific type.

To control for different LV circuits structure, a clustering
methodology has been applied to distinguish 6
homogeneous categories of circuits: 4 categories have
mainly residential customers (hamlets, villages, medium
density urban areas and high density urban areas), one

5. Consideration could be given to analyze LV cost function at
the level of HV/MV substations; aggregating information for
several LV circuits. However, we have observed significant bias
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category has mostly business customers and one has
mainly large customers. Illustrative names have been
given to circuit categories in relation to their statistical
characteristics rather than geographical sorting. For each
category of LV networks, a different cost function is
estimated.

Econometric model specification

To estimate the different cost functions by voltage level
and by defined circuit categories for LV, a standard
regression methodology is used in which the explained
variable is the volume of network, expressed as the
valuation of grid assets downstream to a substation,
divided by the number of connected users. To this extent,
we focus on the interpretation of costs results regardless of
the mere volume effect; that is, the fact that there is simply
more network where there are more customers.

The formulation of cost function is based on a Cobb-
Douglas function — a particular function form of the
production function; supposing interdependence between
the variables that explain the volume of network assets.
Additionally, analysis of residuals is firmly in favour of a
log-log form. However, in the LV model some variables
are often null (no medium customers for example),
therefore we do not use the logarithmic form but the linear
one.

The formulation for the MV cost function is therefore the
following:
Afy = ax )F?

() ()
« (Z DCLarge>B4 (Z DCMetilum)BS

2. DC 2.DC

Z DCS‘mall businesses e
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Y Prrop )’ . Bs

*( S DC ) * Density

Where A is the amount of network assets, N is the number
of connected customers, DC is the individual demand
capacity (maximum load subscription), DCecawegory the
demand capacity for a type of customers (large, medium,
small businesses), E is the annual energy consumption,
Prrop the installed production capacity and Density the
clustered density indicator for clients downstream to a
substation.

In addition, 25 geographical dummies are added in the MV
model to control for specific investment policies or
regional topography (i.e. coastal areas, mountains, etc.);

in the results due to the ecological inference problem.
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one per regional business unit of Enedis. For LV, the
formulation is equivalent but without data for large
customers connected directly on the MV network and with
about 95 geographical dummies by French administrative
area (“departments”).

Besides, as we consider the allocation of network volume
per client but using statistical observation as a group-
mean® at the level of the substation, analytic weights in
relation to the number of downstream connected users are
added [9]. Finally, to correct for heteroscedasticity, a
robust standard errors method is used.

The main concern about the econometric estimation of the
network cost function is related to the risk of
multicollinearity. Annual consumption of customers is
supposed to be related to the individual demand capacity,
but in fact correlation is significant but not high enough to
distort results. Variance inflation factor tests have been
performed on the different cost functions with values
lower than 10. Also, different random sample of the
observations have been tested with stable coefficients.

RESULTS

Medium Voltage Network Cost Function

With only a few variables on consumption patterns and on
the local environment, the cost function provides a precise
estimate of the volume of network by substation at the
national level. The coefficient of determination (R?) for
the MV network is very high (0.93).

Estimated coefficients (see Table 1) should be interpreted
as elasticities; if a variable increase by 1%, the volume of
MYV network by client would in average increase by x%.

Logarithmic variables (1)
- Marginal effects on the volume of network =~ Medium Voltage
equipment - Network

Number of clients -0.18%**
Average Demand Capacity (kW) 0.94%%*
Average Annual Consumption (kWh) 0.39%%*
% of Demand Capacity by large customers 0.07%%*
connected on the MV network

% of Demand Capacity by medium businesses 0,07+
customers connected on the L'V network ’

% of Demand Capacity by small businesses 0.03%%*
customers connected on the LV network

% Proc.:iuction Capacity related to Demand 0.06++*
Capacity

Clustered density indicator -0.75%%*
Observations 2137
R? 0.927
Geographical dummies YES
Weighting in relation to the number of clients YES

% p<.01, ** p<0.05, * p<0.1

Table 1: Cost function coefficients for the volume of MV
network equipment

First, results highlight economies of scale related to the
distribution grid. Each additional customer connected
induces an additional investment lower than the previous
one. For 1% more clients; the network volume per client is
reduced by 0.18%.

Then, local consumption patterns change the volume of
network differently depending according to the service
provided by the grid. Demand capacity — or guaranteed
power that is the maximum power that a customer can call
instantly — has a significant impact on volume of network
; a 1% increase in average individual demand capacity
leads to a 0.94% increase in grid assets per customer.
Annual consumption of electricity has also an impact on

1) (2) (3) (4) (5)

(6)

Logarithmic variables Hamlet Villages Medium High Density ~ Businesses Large
- Marginal effects on the volume of MV network equipment - Density Urban Areas areas customers

Urban Areas areas
Number of clients -0.47*** -0.37%** -0.44%** -0.34%%* -0.49%** -0.47%%*
Average Demand Capacity (kW) 0.18%** 0.60%** 0.67*** 0.54%** 0.31%%* 0.15%%*
Average Annual Consumption (kWh) 0.00 -0.01 0.16%** 0.37%%* 0.01 0.09***
o - : :
% of Demand Capacity by medmrp bus.messes customers 0.1 1% 0.10 0,74k -0.80%*x 0.82%%* 1 4%
connected on the LV network — Linear
% of Demand Capacity by small b.usm(?sses customers L0.28%x* 0.05 -0.70%%* 0.36%%x 0.43%%* 0.76%**
connected on the LV network — Linear
% Production Capacity related to Demand Capacity - Linear 0.47%%% 0.58%** -0.37%** 9.60%** 0.95%** 0.46
Clustered density indicator -0.02%** -0.07%** -0.11%** -0.20%** 0.00 -0.13%**
Observations 1,873 2,885 2,728 1,020 994 1,423
Share of circuits among the subset 19.9% 29.4% 33.6% 8.5% 5.1% 3.0%
R? 0.53 0.49 0.69 0.49 0.85 0.94
Geographical dummies YES YES YES YES YES YES
Weighting in relation to the number of clients YES YES YES YES YES YES

% p<0.01, ** p<0.05, * p<0.1
Table 2 : Cost function coefficients for the volume of LV network equipment
6. Although outcomes on network volume per client vary at the
individual level, the model is based on substation means.
4/5
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the volume of network with a 0.39% increase in network
volume per customer for an average increase of 1% in local
consumption. A part of this impact may be explained as
network sizing of cables is also done to reduce lifelong
losses.

Then, local environment as well as the type of consumers
modify the volume of distribution network; the more
consumers are clustered, the less MV lines are necessary.
In addition, relatively to residential customers, business
ones induce more investments, possibly as they tend to
consume — and to induce collective peak loads — at the
same time.

Low Voltage Network Cost Functions

Overall, when cost functions by LV network categories are
aggregated, results are also quite robust to describe
variations in the volume of network per client among about
10,900 circuits, with a coefficient of determination of 0.83.
Segment by segment, results are less precise with R?
between 0.49 and 0.94, as a part of variance is controlled
by the clustering.

Drivers of the network volume are however rather
different from the MV level (table 2). Economies of scale
are much more important. This may be explained as there
are only few clients by circuit and electrical equipment are
standardized with discrete product ranges. Inversely,
density effect is much lower; but this may be explained as
the indicator is available only at the town level.

There are also significant contrasts in results across LV
circuits’ categories. Annual energy consumption has much
more effects on network volume for circuits in dense areas,
but almost no impact in circuits identified as rural areas in
our clustering process. However, average demand capacity
have an important impact in all defined categories of
circuits, even in rural, mainly on transformers.

CONCLUSION

The methodology developed in this paper introduces a new
approach to the analysis of distribution network cost
drivers. With an accurate estimation of the volume of
network assets at the MV and LV levels, results identify
and quantify the different cost drivers; such as the number
of clients, annual energy consumption, demand capacity
and density of customers.

In contrast to the assumptions used in previous academic
studies, it appears that in the long run distribution network
costs depend both on consumption patterns and on more
‘fixed’ variables such as the number of clients and their

7. Initial tests with winter data consumption (partially simulated
data) instead of annual data consumption suggest a correction
with somewhat less explanatory power for subscribed capacity,
which however remain the main demand driver. Consumption
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clustered location. In particular, subscribed capacity
appears to play an important role in explaining the sizing
of local circuits as well as, but less decisively, the annual
energy consumption.

The results of this new approach can be valuable for
calculating marginal costs for the distribution grid in order
to design efficient and equitable cost-reflective tariffs.
Further improvements may be added, as the inclusion of
temporal data’ on energy consumption or consideration for
future technologies. The introduction of current results in
tariff design may already represent a real step forward in
the economic understanding of electricity networks.
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data focused on a more narrow time period (like consumption
during the 500 hours of local peak) do not yield satisfying results
for econometric significance.
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