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REGULATION AND EFFICIENCY 
ANALYSIS



Some principles

The relevant model of competition to inform 
regulatory policy is not one of atomistic or 
perfect competition, but rather one that 
evaluates and rewards the performance of 
regulated entities.

Weisman and Pfeifenberger, 2003  



Acceptability and adequacy of 
regulatory benchmarking

Acceptable is a method compliant with current 
national and European laws and directives.

Adequate is a method fit for achieving higher 
economic and technical objectives in its 
application in energy network regulation. 



INCENTIVE REGULATION



Conventional view

Regulator

Operator

Services y

Effort
e

Contract M(y,t)

Cost C(y,e)

Infrastructure access, unbundled firm, inelastic demand for service
Cost is observable and verifiable, effort is unobservable, multi-
output service provision
High-powered regulation is optimal: Laffont (1994), et al.
Practical implementations: yardstick regimes: Schleifer (1985), 
Laffont and Tirole (1986)



Approach

Institutions Industry
Regulator, independence, Firms, assets, technology

Responsabilities, skills and objectives

Regulatory contract

Information Risk sharing

Discretion

Delegation

Commitment

Mechanism

Clients
Roles, options, rights

Ex-post Ex ante
Efficiency

model



Endogenous structural effects

PROCESS 
DEVELOPMENT

MARKET 
DEVELOPMENT

INDUSTRY 
STRUCTURE

INNOVATION

REGULATION

EXIT

ENTRY

Is there an implicit sector agenda?



Regulator

Operator

Political Principal

Court (C) 

Legal mandate for regulator

parameters for regimes

effort (slack), kappeal (if transfer is infeasible)

ruling (if appeal)

set of regimes
cost for regulatory failure

Model under legal recourse

Agrell and Lorenz (2010)



Common benchmarking methods

Deterministic Stochastic
Parametric COLS SFA
Non-parametric DEA RDEA (Simar-Wilson)

StonED
Normative Reference models Simulation models



Concerns for model use in regulation

Method validation
› Sound theoretical basis for policy making 

Data validation
› Procedural impact

Controllability 
› Inputs under management control
› Environmental factors strictly exogenous

Equity
› Process independent and unbiased in size, governance, 

etc



REGULATORY BENCHMARKING



Efficiency in regulated business and 
regulation using efficiency

Prospective (academic) studies 
› Ex post choice of parameters
› Ad hoc definition of reference set
› Category-based effects (private/public, reform, 

governance)
› Choice of model depends on exact question

Regulatory benchmarking
› Ex ante choice of model, based on past data
› Formal definition and application of outliers
› Direct use in the setting of standards, tariffs or revenues



Requirements for regulatory cost norms

A cost norm for regulatory use must respect 
› Feasibility (evidence based estimate)
› Neutrality (unbiased estimate)
› Robustness (to data errors)
› Repeatability (endogeneity of parameters)

Model objective
› The cost norm is based on structural comparability
› The resulting rulings should be robust to judicial 

recourse

Agrell and Brea (2017)



R1. Feasibility

material, the regulator must enforce the following conditions on the cost norm method-
ology C̃(w,y|w) with respect to the unknown real cost function C(w,y):

1. Feasibility: all estimates in C̃(w,y,w) are realizable for actual firm.

E[C̃(w,y|w)�C(w,y)] � 0 for all w,y in w.

2. Neutrality: there is no bias in C̃(w,y,w) across the set w .

E[C̃(w,y|w)/C(w,y)] = K < • for all w,y in w.

3. Robustness: an estimate C̃(w,y,w) should be insensitive to irrelevant, flawed or
inefficient data e added to w .

E[C̃(w,y|w)�C̃(w,y|ŵ] = 0 for all w,y in w, ŵ = w + e.

4. Repeatability: insofar the estimation of C̃(w,y,w) would require the determina-
tion of technical constants, assumptions and numerical parameters, they should be
endogenous or set a priori based on established practice and science. The calcu-
lation should be able to be repeated with exactly the same results with a different
set of equally skilled analysts.

The requirements are in order of judicial importance. A problem of infeasibility
violating the first requirement may revoke the entire method and all rulings, even if
the estimator is consistent and unbiased. Although frequently claimed in the literature,
the major theoretical motivation for the non-parametric deterministic DEA estimator in
regulation is not Repeatability (absence of a priori functional form) but Feasibility (the
minimal extrapolation principle (Banker, 1984; Bogetoft, 1994). Neutrality is evoked if
operators suspect that a method would provide unequal precision in the estimates, such
as through the introduction of subgroups, clusters or convexity assumptions that lead
to bias in the asymptotic convergence for the estimator to the true frontier. Robustness
is primarily addressed through outlier detection procedures, transparent objectives and
reporting rules, see Agrell and Niknazar (2014) for an indepth discussion. Repeatability
is obtained by model choice (e.g. DEA), by endogenous parameters in outlier dection
procedures and transparent model development rules (Agrell and Bogetoft, 2015).

1.2. The danger of heterogeneity

The objective of network regulation (in Europe) is explicit from the legal acts and
ordinances: ”

5
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in regulation is affecting the revenues or (allowable) costs of the firms, the consider-
ations concerning model choice and process are different from retrospective scientific
investigations (Agrell and Bogetoft, 2013). Below, we review briefly the most powerful
regulation regime, the frontier yardstick regime (Bogetoft, 1997; Agrell et al., 2005) to
explain these requirements with particular bearing on the validation of homogeneity in
the reference set. The

Energy network regulation is a mission with considerable impact on societal wel-
fare, both in the short and the long run. Regulatory authorities attempt to achieve the
dual objectives of assuring a comprehensive, continuous and environmentally compat-
ible service as well as controlling for rent extraction through excessive direct tariffs or
by discriminatory pricing of access to impede competitive entry. Defining the business
perspectives of the regulated operators, the National Regulatory Authorities (NRA), do
not only affect the operations and economic conditions at a given time, but their rul-
ings also signal their commitment for future investments, entry and development by
operators. The underlying task is further complicated by the existence of multi-output
production (capacity provision, transport work and customer services) and heteroge-
neous input conditions (specific assets, geographical and systemic constraints, different
interfaces) under a steady technological development. The NRA is facing an evident
asymmetry of information with respect to the capacity, cost and capabilities of the regu-
lated entities that excludes a naive direct command and control approach to regulation,
leaving the room to the traditional economic regulatory approaches; low-powered cost-
recovery and high-powered incentive regulation, cf. Joskow (2011).

This paper contributes to the
The outline of the paper is as follows. In the next section, we review energy network

regulation models, in particular for electricity distribution. In section III we present
a decision model for firm-level response to non-credible regulation. In section IV we
provide a narrative for the Swedish case. In Section V we provide the methodological
framework for the productivity analysis of the Swedish electricity sector during the
relevant period, followed by a section on its data (V) and the analysis (VI). The paper is
closed in section VII with policy conclusions.

In this paper we compare LC models with non-parametric outlier detection meth-
ods. Both methodologies challenge the idea that all firms belong to a homogeneous
production technology. LC models are useful to identify different groups of firms that
implement a particular technology. Conversely, outlier detector methods deals with
the inconsistencies or the prominence of a particular observation (Agrell and Niknazar,
2014) without presuming that these salient features are systematic in the sample.

1.1. Frontier-based yardstick regulation
Yardstick regulation has both an intuitive feel and an immediate connection to fron-

tier analysis. The idea behind yardstick regulation (Shleifer, 1985) is to formulate a
cost-target c̃i(y|w�i) for an output profile y by firm i by using the [cost] observations

3
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Figure 1: Feasibility violation of cost norm C̃(w,y|w) from scale y0.

1. Feasibility: all estimates in C̃(w,y,w) are realizable for an operator.

E[C̃(w,y|w)�C(w,y)] � 0 for all w,y in w.

2. Neutrality: there is no bias in C̃(w,y,w) across the set w .

E[C̃(w,y|w)/C(w,y)] = K < • for all w,y in w.

3. Robustness: an estimate C̃(w,y,w) is insensitive to irrelevant, flawed or inefficient
data e added to w .

E[C̃(w,y|w)�C̃(w,y|ŵ)] = 0 for all w,y in w, ŵ = w + e.

4. Repeatability: insofar the estimation of C̃(w,y,w) would require the determina-
tion of technical constants, assumptions and numerical parameters, they are en-
dogenous or set a priori based on established practice and science. The calcu-
lation can be repeated with exactly the same results by a different set of equally
skilled analysts.

The requirements are listed in order of judicial importance. A problem of infea-
sibility (see Figure 1) violating the condition 1 may revoke the entire method and all
rulings, even if the estimator is consistent and unbiased. Although frequently claimed
in the literature, the major theoretical motivation for the non-parametric deterministic
DEA estimator in regulation is not condition 4 (absence of a priori functional form) but
2 (the minimal extrapolation principle (Banker, 1984; Bogetoft, 1994). Neutrality (2) is
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R1 Feasibility evaluations

Deterministic Stochastic

Parametric COLS SFA
Non-parametric DEA RDEA 

StonED
Normative Reference models Simulation models

R1 corollaries
› The cost norm is based on evidence
› Data is filtered for infeasible outliers
› The cost norm has no extrapolations
› Data correspond to estimation type (det/stoch)



Feasibility



R2. Neutrality

material, the regulator must enforce the following conditions on the cost norm method-
ology C̃(w,y|w) with respect to the unknown real cost function C(w,y):

1. Feasibility: all estimates in C̃(w,y,w) are realizable for actual firm.
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tion of technical constants, assumptions and numerical parameters, they should be
endogenous or set a priori based on established practice and science. The calcu-
lation should be able to be repeated with exactly the same results with a different
set of equally skilled analysts.

The requirements are in order of judicial importance. A problem of infeasibility
violating the first requirement may revoke the entire method and all rulings, even if
the estimator is consistent and unbiased. Although frequently claimed in the literature,
the major theoretical motivation for the non-parametric deterministic DEA estimator in
regulation is not Repeatability (absence of a priori functional form) but Feasibility (the
minimal extrapolation principle (Banker, 1984; Bogetoft, 1994). Neutrality is evoked if
operators suspect that a method would provide unequal precision in the estimates, such
as through the introduction of subgroups, clusters or convexity assumptions that lead
to bias in the asymptotic convergence for the estimator to the true frontier. Robustness
is primarily addressed through outlier detection procedures, transparent objectives and
reporting rules, see Agrell and Niknazar (2014) for an indepth discussion. Repeatability
is obtained by model choice (e.g. DEA), by endogenous parameters in outlier dection
procedures and transparent model development rules (Agrell and Bogetoft, 2015).

1.2. The danger of heterogeneity

The objective of network regulation (in Europe) is explicit from the legal acts and
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in regulation is affecting the revenues or (allowable) costs of the firms, the consider-
ations concerning model choice and process are different from retrospective scientific
investigations (Agrell and Bogetoft, 2013). Below, we review briefly the most powerful
regulation regime, the frontier yardstick regime (Bogetoft, 1997; Agrell et al., 2005) to
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Energy network regulation is a mission with considerable impact on societal wel-
fare, both in the short and the long run. Regulatory authorities attempt to achieve the
dual objectives of assuring a comprehensive, continuous and environmentally compat-
ible service as well as controlling for rent extraction through excessive direct tariffs or
by discriminatory pricing of access to impede competitive entry. Defining the business
perspectives of the regulated operators, the National Regulatory Authorities (NRA), do
not only affect the operations and economic conditions at a given time, but their rul-
ings also signal their commitment for future investments, entry and development by
operators. The underlying task is further complicated by the existence of multi-output
production (capacity provision, transport work and customer services) and heteroge-
neous input conditions (specific assets, geographical and systemic constraints, different
interfaces) under a steady technological development. The NRA is facing an evident
asymmetry of information with respect to the capacity, cost and capabilities of the regu-
lated entities that excludes a naive direct command and control approach to regulation,
leaving the room to the traditional economic regulatory approaches; low-powered cost-
recovery and high-powered incentive regulation, cf. Joskow (2011).

This paper contributes to the
The outline of the paper is as follows. In the next section, we review energy network

regulation models, in particular for electricity distribution. In section III we present
a decision model for firm-level response to non-credible regulation. In section IV we
provide a narrative for the Swedish case. In Section V we provide the methodological
framework for the productivity analysis of the Swedish electricity sector during the
relevant period, followed by a section on its data (V) and the analysis (VI). The paper is
closed in section VII with policy conclusions.

In this paper we compare LC models with non-parametric outlier detection meth-
ods. Both methodologies challenge the idea that all firms belong to a homogeneous
production technology. LC models are useful to identify different groups of firms that
implement a particular technology. Conversely, outlier detector methods deals with
the inconsistencies or the prominence of a particular observation (Agrell and Niknazar,
2014) without presuming that these salient features are systematic in the sample.

1.1. Frontier-based yardstick regulation
Yardstick regulation has both an intuitive feel and an immediate connection to fron-

tier analysis. The idea behind yardstick regulation (Shleifer, 1985) is to formulate a
cost-target c̃i(y|w�i) for an output profile y by firm i by using the [cost] observations
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Figure 2: Neutrality violation (bias) of cost norm C̃(w,y|w) for small and large operators.
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Figure 3: Cost norm reaction when outliers a and b are added to w , C̃(w,y|w) lacks robustness.

evoked if operators suspect that a method would provide unequal precision in the esti-
mates, such as through the introduction of subgroups, clusters or convexity assumptions
that lead to bias in the asymptotic convergence for the estimator to the true frontier,
see Figure 2. Robustness (3) (see Figure 3) is primarily addressed through outlier de-
tection procedures, transparent objectives and reporting rules, see Agrell and Niknazar
(2014) for an in-depth discussion. Repeatability (4) is obtained by model choice (e.g.
DEA), by endogenous parameters in outlier detection procedures and transparent model
development rules (Agrell and Bogetoft, 2015).

3. The danger of heterogeneity

The objective of network regulation (in Europe) is explicit from the legal acts and
ordinances:

Regulation should be based on the costs of an efficient and structurally
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E[C̃(w,y|w)�C(w,y)] � 0 for all w,y in w.

2. Neutrality: there is no bias in C̃(w,y,w) across the set w .

E[C̃(w,y|w)/C(w,y)] = K < • for all w,y in w.

3. Robustness: an estimate C̃(w,y,w) should be insensitive to irrelevant, flawed or
inefficient data e added to w .

E[C̃(w,y|w)�C̃(w,y|ŵ] = 0 for all w,y in w, ŵ = w + e.

4. Repeatability: insofar the estimation of C̃(w,y,w) would require the determina-
tion of technical constants, assumptions and numerical parameters, they should be
endogenous or set a priori based on established practice and science. The calcu-
lation should be able to be repeated with exactly the same results with a different
set of equally skilled analysts.

The requirements are in order of judicial importance. A problem of infeasibility
violating the first requirement may revoke the entire method and all rulings, even if
the estimator is consistent and unbiased. Although frequently claimed in the literature,
the major theoretical motivation for the non-parametric deterministic DEA estimator in
regulation is not Repeatability (absence of a priori functional form) but Feasibility (the
minimal extrapolation principle (Banker, 1984; Bogetoft, 1994). Neutrality is evoked if
operators suspect that a method would provide unequal precision in the estimates, such
as through the introduction of subgroups, clusters or convexity assumptions that lead
to bias in the asymptotic convergence for the estimator to the true frontier. Robustness
is primarily addressed through outlier detection procedures, transparent objectives and
reporting rules, see Agrell and Niknazar (2014) for an indepth discussion. Repeatability
is obtained by model choice (e.g. DEA), by endogenous parameters in outlier dection
procedures and transparent model development rules (Agrell and Bogetoft, 2015).
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in regulation is affecting the revenues or (allowable) costs of the firms, the consider-
ations concerning model choice and process are different from retrospective scientific
investigations (Agrell and Bogetoft, 2013). Below, we review briefly the most powerful
regulation regime, the frontier yardstick regime (Bogetoft, 1997; Agrell et al., 2005) to
explain these requirements with particular bearing on the validation of homogeneity in
the reference set. The

Energy network regulation is a mission with considerable impact on societal wel-
fare, both in the short and the long run. Regulatory authorities attempt to achieve the
dual objectives of assuring a comprehensive, continuous and environmentally compat-
ible service as well as controlling for rent extraction through excessive direct tariffs or
by discriminatory pricing of access to impede competitive entry. Defining the business
perspectives of the regulated operators, the National Regulatory Authorities (NRA), do
not only affect the operations and economic conditions at a given time, but their rul-
ings also signal their commitment for future investments, entry and development by
operators. The underlying task is further complicated by the existence of multi-output
production (capacity provision, transport work and customer services) and heteroge-
neous input conditions (specific assets, geographical and systemic constraints, different
interfaces) under a steady technological development. The NRA is facing an evident
asymmetry of information with respect to the capacity, cost and capabilities of the regu-
lated entities that excludes a naive direct command and control approach to regulation,
leaving the room to the traditional economic regulatory approaches; low-powered cost-
recovery and high-powered incentive regulation, cf. Joskow (2011).

This paper contributes to the
The outline of the paper is as follows. In the next section, we review energy network

regulation models, in particular for electricity distribution. In section III we present
a decision model for firm-level response to non-credible regulation. In section IV we
provide a narrative for the Swedish case. In Section V we provide the methodological
framework for the productivity analysis of the Swedish electricity sector during the
relevant period, followed by a section on its data (V) and the analysis (VI). The paper is
closed in section VII with policy conclusions.

In this paper we compare LC models with non-parametric outlier detection meth-
ods. Both methodologies challenge the idea that all firms belong to a homogeneous
production technology. LC models are useful to identify different groups of firms that
implement a particular technology. Conversely, outlier detector methods deals with
the inconsistencies or the prominence of a particular observation (Agrell and Niknazar,
2014) without presuming that these salient features are systematic in the sample.

1.1. Frontier-based yardstick regulation
Yardstick regulation has both an intuitive feel and an immediate connection to fron-

tier analysis. The idea behind yardstick regulation (Shleifer, 1985) is to formulate a
cost-target c̃i(y|w�i) for an output profile y by firm i by using the [cost] observations
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Figure 1: Feasibility violation of cost norm C̃(w,y|w) from scale y0.
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Figure 2: Neutrality violation (bias) of cost norm C̃(w,y|w) for small and large operators.

material, the regulator must enforce the following conditions on the cost norm method-
ology C̃(w,y|w) with respect to the unknown real cost function C(w,y):

1. Feasibility: all estimates in C̃(w,y,w) are realizable for actual firm.

E[C̃(w,y|w)�C(w,y)] � 0 for all w,y in w.

2. Neutrality: there is no bias in C̃(w,y,w) across the set w .

E[C̃(w,y|w)/C(w,y)] = K < • for all w,y in w.

3. Robustness: an estimate C̃(w,y,w) should be insensitive to irrelevant, flawed or
inefficient data e added to w .

E[C̃(w,y|w)�C̃(w,y|ŵ] = 0 for all w,y in w, ŵ = w + e.
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neous input conditions (specific assets, geographical and systemic constraints, different
interfaces) under a steady technological development. The NRA is facing an evident
asymmetry of information with respect to the capacity, cost and capabilities of the regu-
lated entities that excludes a naive direct command and control approach to regulation,
leaving the room to the traditional economic regulatory approaches; low-powered cost-
recovery and high-powered incentive regulation, cf. Joskow (2011).

This paper contributes to the
The outline of the paper is as follows. In the next section, we review energy network

regulation models, in particular for electricity distribution. In section III we present
a decision model for firm-level response to non-credible regulation. In section IV we
provide a narrative for the Swedish case. In Section V we provide the methodological
framework for the productivity analysis of the Swedish electricity sector during the
relevant period, followed by a section on its data (V) and the analysis (VI). The paper is
closed in section VII with policy conclusions.

In this paper we compare LC models with non-parametric outlier detection meth-
ods. Both methodologies challenge the idea that all firms belong to a homogeneous
production technology. LC models are useful to identify different groups of firms that
implement a particular technology. Conversely, outlier detector methods deals with
the inconsistencies or the prominence of a particular observation (Agrell and Niknazar,
2014) without presuming that these salient features are systematic in the sample.

1.1. Frontier-based yardstick regulation
Yardstick regulation has both an intuitive feel and an immediate connection to fron-

tier analysis. The idea behind yardstick regulation (Shleifer, 1985) is to formulate a
cost-target c̃i(y|w�i) for an output profile y by firm i by using the [cost] observations
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material, the regulator must enforce the following conditions on the cost norm method-
ology C̃(w,y|w) with respect to the unknown real cost function C(w,y):

1. Feasibility: all estimates in C̃(w,y,w) are realizable for actual firm.

E[C̃(w,y|w)�C(w,y)] � 0 for all w,y in w.

2. Neutrality: there is no bias in C̃(w,y,w) across the set w .

E[C̃(w,y|w)/C(w,y)] = K < • for all w,y in w.

3. Robustness: an estimate C̃(w,y,w) should be insensitive to irrelevant, flawed or
inefficient data e added to w .

E[C̃(w,y|w)�C̃(w,y|ŵ] = 0 for all w,y in w, ŵ = w + e.

4. Repeatability: insofar the estimation of C̃(w,y,w) would require the determina-
tion of technical constants, assumptions and numerical parameters, they should be
endogenous or set a priori based on established practice and science. The calcu-
lation should be able to be repeated with exactly the same results with a different
set of equally skilled analysts.

The requirements are in order of judicial importance. A problem of infeasibility
violating the first requirement may revoke the entire method and all rulings, even if
the estimator is consistent and unbiased. Although frequently claimed in the literature,
the major theoretical motivation for the non-parametric deterministic DEA estimator in
regulation is not Repeatability (absence of a priori functional form) but Feasibility (the
minimal extrapolation principle (Banker, 1984; Bogetoft, 1994). Neutrality is evoked if
operators suspect that a method would provide unequal precision in the estimates, such
as through the introduction of subgroups, clusters or convexity assumptions that lead
to bias in the asymptotic convergence for the estimator to the true frontier. Robustness
is primarily addressed through outlier detection procedures, transparent objectives and
reporting rules, see Agrell and Niknazar (2014) for an indepth discussion. Repeatability
is obtained by model choice (e.g. DEA), by endogenous parameters in outlier dection
procedures and transparent model development rules (Agrell and Bogetoft, 2015).

1.2. The danger of heterogeneity

The objective of network regulation (in Europe) is explicit from the legal acts and
ordinances: ”

5

a 

b 

Figure 3: Cost norm reaction when outliers a and b are added to w , C̃(w,y|w) lacks robustness.

evoked if operators suspect that a method would provide unequal precision in the esti-
mates, such as through the introduction of subgroups, clusters or convexity assumptions
that lead to bias in the asymptotic convergence for the estimator to the true frontier,
see Figure 2. Robustness (3) (see Figure 3) is primarily addressed through outlier de-
tection procedures, transparent objectives and reporting rules, see Agrell and Niknazar
(2014) for an in-depth discussion. Repeatability (4) is obtained by model choice (e.g.
DEA), by endogenous parameters in outlier detection procedures and transparent model
development rules (Agrell and Bogetoft, 2015).

3. The danger of heterogeneity

The objective of network regulation (in Europe) is explicit from the legal acts and
ordinances:

Regulation should be based on the costs of an efficient and structurally
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R3 Robustness evaluations

Deterministic Stochastic

Parametric COLS SFA
Non-parametric DEA RDEA 

StonED
Normative Reference models Simulation models

R3 corollaries
› The cost norm is invariant to inefficient noise
› Data is filtered for outliers or mavericks
› Frontier units are identified and verifiable  
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in regulation is affecting the revenues or (allowable) costs of the firms, the consider-
ations concerning model choice and process are different from retrospective scientific
investigations (Agrell and Bogetoft, 2013). Below, we review briefly the most powerful
regulation regime, the frontier yardstick regime (Bogetoft, 1997; Agrell et al., 2005) to
explain these requirements with particular bearing on the validation of homogeneity in
the reference set. The

Energy network regulation is a mission with considerable impact on societal wel-
fare, both in the short and the long run. Regulatory authorities attempt to achieve the
dual objectives of assuring a comprehensive, continuous and environmentally compat-
ible service as well as controlling for rent extraction through excessive direct tariffs or
by discriminatory pricing of access to impede competitive entry. Defining the business
perspectives of the regulated operators, the National Regulatory Authorities (NRA), do
not only affect the operations and economic conditions at a given time, but their rul-
ings also signal their commitment for future investments, entry and development by
operators. The underlying task is further complicated by the existence of multi-output
production (capacity provision, transport work and customer services) and heteroge-
neous input conditions (specific assets, geographical and systemic constraints, different
interfaces) under a steady technological development. The NRA is facing an evident
asymmetry of information with respect to the capacity, cost and capabilities of the regu-
lated entities that excludes a naive direct command and control approach to regulation,
leaving the room to the traditional economic regulatory approaches; low-powered cost-
recovery and high-powered incentive regulation, cf. Joskow (2011).

This paper contributes to the
The outline of the paper is as follows. In the next section, we review energy network

regulation models, in particular for electricity distribution. In section III we present
a decision model for firm-level response to non-credible regulation. In section IV we
provide a narrative for the Swedish case. In Section V we provide the methodological
framework for the productivity analysis of the Swedish electricity sector during the
relevant period, followed by a section on its data (V) and the analysis (VI). The paper is
closed in section VII with policy conclusions.

In this paper we compare LC models with non-parametric outlier detection meth-
ods. Both methodologies challenge the idea that all firms belong to a homogeneous
production technology. LC models are useful to identify different groups of firms that
implement a particular technology. Conversely, outlier detector methods deals with
the inconsistencies or the prominence of a particular observation (Agrell and Niknazar,
2014) without presuming that these salient features are systematic in the sample.

1.1. Frontier-based yardstick regulation
Yardstick regulation has both an intuitive feel and an immediate connection to fron-

tier analysis. The idea behind yardstick regulation (Shleifer, 1985) is to formulate a
cost-target c̃i(y|w�i) for an output profile y by firm i by using the [cost] observations

3
y’ 

Figure 1: Feasibility violation of cost norm C̃(w,y|w) from scale y0.

1. Feasibility: all estimates in C̃(w,y,w) are realizable for an operator.

E[C̃(w,y|w)�C(w,y)] � 0 for all w,y in w.

2. Neutrality: there is no bias in C̃(w,y,w) across the set w .

E[C̃(w,y|w)/C(w,y)] = K < • for all w,y in w.

3. Robustness: an estimate C̃(w,y,w) is insensitive to irrelevant, flawed or inefficient
data e added to w .

E[C̃(w,y|w)�C̃(w,y|ŵ)] = 0 for all w,y in w, ŵ = w + e.

4. Repeatability: insofar the estimation of C̃(w,y,w) would require the determina-
tion of technical constants, assumptions and numerical parameters, they are en-
dogenous or set a priori based on established practice and science. The calcu-
lation can be repeated with exactly the same results by a different set of equally
skilled analysts.

The requirements are listed in order of judicial importance. A problem of infea-
sibility (see Figure 1) violating the condition 1 may revoke the entire method and all
rulings, even if the estimator is consistent and unbiased. Although frequently claimed
in the literature, the major theoretical motivation for the non-parametric deterministic
DEA estimator in regulation is not condition 4 (absence of a priori functional form) but
2 (the minimal extrapolation principle (Banker, 1984; Bogetoft, 1994). Neutrality (2) is
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R4 Repeatability evaluations

Deterministic Stochastic

Parametric COLS SFA
Non-parametric DEA RDEA 

StonED
Normative Reference models Simulation models

R4 corollaries
› The cost norm has no ad hoc assumptions
› No numerical estimation procedures
› Reference set endogenously defined



HETEROGENEITY



Principles

Activity decomposition
› Match process by process
› Careful cost decomposition

Cautiousness in method
› Minimal extrapolation methods
› Data quality procedures

Cautiousness in estimation
› Cost adjustments whenever relevant

Validation procedure
› National validation by NRA
› Validation with average European costs
› Qualitative technical validation with detailed data
› Cross validation by ranges, patterns, cost impact



Process 

Data validation
Structural comparability

› Costs (functional decomposition)
› Indirect cost allocation
› Personnel costs
› Time (inflation)
› Assets (standard types, lifes and functions)

Environmental comparability



Cost standardization

Operating 
costs

Functional costs Out of scope

Investment 
data

Benchmarked OPEX Benchmarked 
CAPEX

Benchmarked 
TOTEX

Annuitization

Inflation correction

Currency conversionCurrency conversion

Salary correction

Inflation correction



Two approaches

Standard (average) cost
› Specific claims for difference to average
› Less initial data, fast average results
› Burden of proof on TSO

Normative cost models
› Using cost estimates from engineering
› Higher initial cost, longer project
› TSO input on open standards



Advanced environmental analysis TCB21
Condition Parameters Capex Opex Var

Land use cover 44 in 5 groups X X yShare.area

Ruggedness (topography) 2 X zRugged
Slope (topography) 4 X zSlope
Subsoil (gravel, topsoil) 4 X zGravel_T/S
Subsoil (gravel, subsoil) 4 X zGravel_ S
Humidity 5 X X zHumidity
Wetness index 1 X X zWWPI
Subsoil (depth to rock) 4 X zSoil.dr
Subsoil (volume of stone) 4 X zSoil.vs
Density 2 X zDensity_po/co
Climate (extreme temperature) 8 X X zTemp_min/max

Climate (precipitation) 4 X zPrec
Climate (snowdays) 1 X zSnow
Soil water regime (subsoil wetness) 5 X X zWR 



PROCESS



Principles

Data quality is primary objective
Data information management
Clear and fair communication
Results well explained, documented, justified



Data collection

› Data inventory
› Data collection process
› Planning issues
› Auditing concerns

Data collection guides
Auditing guides
Data validation protocols
Cross validation



Data quality assurance

Preparation prior to benchmarking:
› Data definitions
› Data guides
› Collection tools with error checking

Important with TSO/NRA reviews 

During project:
› Feedback for validation
› External validation
› Dissemination of interim calculations for TSO control



OUTLIER DETECTION



Lack of frontier robustness

Structural
› Heterogeneous and incommensurate technologies in 

the reference set
› Operation at widely different scale in the reference set
› Variations in scope of operation across the sample

Behavioral
› Collusion (strategic reallocation of costs and outputs)
› Maverick reporting



Source and intention of model error

Table 2: Four possible source for lack of robustness in Frontier-based models in regulation

Source of !Intention Level
uncertainty Low High

Firm Reporting errors Maverick reporting
Regulator Poor variable specification Biased model design

Lack of robustness from the behavioral perspective, can be caused by either
collusion or maverick reporting .

One of the main critique against benchmarking from a behavioral perspective
is that firms may have strong incentives to manipulate the regulatory process with
collusion. The regulator using frontier based model, is dependent on information
supplied by the firms. Collusion allows firms to behave as a merged entity, to
manipulate the frontier against which all firms are measured. Tangeras (2002)
states that when regulated firms realize that they are played out against each
other, they take precautionary measures to collude. Under collusive behavior
aggregated data is correct but disaggregated data is infeasible. Collusions are
made through monetary side payments, repeated contracting or reputation means.
For a regulated utility none of these instruments is readily applicable.

Maverick reporting is the intentional misreporting in order to put the regula-
tion model robustness into the question. In practice, when a new regulation regime
is put in place, we cannot predict precisely how it will work. Based on generally
acceptable standards for the quality of policy advice, it is assumed that the reg-
ulation regime is robust (Mumford, 2011), but the regime might not work in the
intended manner under some special circumstances. It is in the interest of some
firms to provoke a ‘stress test’ for the newly adopted regulatory model. The idea
behind maverick reporting is to purposely produce absurd data. After the regula-
tory authority produces its ruling, the maverick firm will retrieve its data based on
the mistakes in the data production procedure. Being based on frontier observa-
tion, the model estimation may have to be completely redone, suggesting each os
regulatory observation. From a legal perspective, the unintentional misreporting
is not considered fraud since the intention behind the reporting in unverifiable in
court. Hence, the possibility of maverick reporting will reduce the credibility and
robustness of the model into question.

Table 2 summarizes four possible causes of lack of robustness with respect to
the origin of data uncertainty and the intention of the reporter.

For the regulator, the objective is to minimize the risk of regulatory failure
which is associated with high social and economic costs (Mumford, 2011). There-
fore, within an experimental framework, the regulatory authority tries to improve
the best practice regulatory regime through a process of continuous improvement.
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Maverick reporting

A model-based regulation needs to pass a 
credibility test at its launch

It may be in the interest of firms to provoke a 
stress-test for the regulation by intentionally 
creating unrealistic peers through strategic 
reporting.

The misreporting is then revoked due to ‘reporting 
errors’, but only after the frontier has been 
established. 

Agrell and Niknazar (2014)



Outlier detection

1. Superefficiency test
2. Dominance test
3. Peeling test



CONCLUSIONS



Conclusion

Acceptability = method compliance
› Feasibility (evidence based estimate)
› Neutrality (unbiased estimate)
› Robustness (to data errors)
› Repeatability (endogeneity of parameters)

Model objective = Adequacy
› The cost norm is based on structural comparability
› The resulting rulings should be robust to judicial recourse

Real practice more open for new techniques (hybrid) than most 
academic work

Main challenges
› Method integration through a consistent approach
› Addressing heterogeneity 
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EXAMPLE: GAS MODELS



Early beginnings in electricity

Australia, BIE (1994)
New Zealand, IPART (1999)

ECOM (2002
ECOM+ (2003, 2005)
E3GRID (2009)
E3GRID (2013)
TCB18 (2018)
TCB22 (2021)



Slow start in gas benchmarking

Carrington, Coelli, Groom (2002)
› International benchmarking for gas distribution, NZ

Coelli, Estache, Perelman, Trujillo (2003)
› World Bank book for regulators

Jamasb and Pollitt (2006)
› Gas transmission
› US data (FERC)
› European data 



Input orientation

Assumes that the major part of costs is incurred in 
capacity and infrastructure provision 

The grid, an input, is seen as one of the outputs put 
at the disposal of the market

Output y = f(grid, context)

Output is now 
› Partially endogenous
› Linked to assets and capital investments
› Technology dependent



Input orientation

Advantages
› No utilization focus, promotes investments
› Easy fit to cost functions (OPEX dependency)

Disadvantages for TSO applications
› Gold plating or poor investment plans?
› Risk for strategic choice of asset types?
› Not linked to ‘effectiveness’ 



Output orientation

Advantages
› The configuration of the grid endogenous
› Priority to relevant investments for use

Disadvantages for TSO applications
› Part of output is forecast (load growth)
› Utilization is strongly influenced of commodity prices 

and business cycle (post 2009 …)
› Capacity provision is not clearly identified, still a value



Hybrid orientation

Combination of input (grid provision) and output 
orientation (variable services, volumes, quality 
and flow)

Tradeoff between different services
› Capacity provision by asset provision
› Transport work (flow and distance)
› Customer service (connections, value-added services)



TSO benchmarking framework

TSOX Inputs Y Outputs

Z Environment

1. Data standardization 2. Output modelling

3. Structural (environmental) modelling

Totex = Opex + Capex Transport work
Capacity provision
Service provision

Proxies for
- Geography, climate, soil type, 
- Complexity, density
- …



Jamasb & Pollitt, 2006

PROCESSDEA/SFA/COLS
• O&M [in labor, out fuel,

  tax, rents]
• Totex1 [O&M, deprecation]
• Totex2 [Totex1, cost of capital]
• Revenue [less fuel] 

1. Capacity (PeakDays)
2. Length of Pipelines

Data Source: CEER + FERC
Country: BE, DK, HU, NL, USA (43)
Years: 1996-2005 (unbalanced)
Observations: 47 TSO before data cleaning

50



Sumicsid, BNetzA - 2010

PROCESSDEA/SFA
1. Totex 1. Transport Moment Area

2. Pressure difference
3. Total connections

Data Source: Bundesnetzagentur (BNetzA)
Country: DE
Year: 2010
Observations: 10 RTO (1 year)

51



Frontier, BNetzA - 2012

PROCESSDEA
1. Totex (sTotex) 1. Peakload (m3n/h)

2. Total service area
3. Total linelength
4. No of connections
5. No of pot. Connections
6. Pipeline volume
7. Soiltype 4-5-6 (length)
8. No of meters

Data Source: Bundesnetzagentur (BNetzA)
Country: Germany
Year: 2012
Observations: 200 DSO before data cleaning

52



E2GAS, Sumicsid, CEER - 2016

PROCESSDEA
1. Totex 1. NormGrid

2. #Connections
3. Pressure differences.adj

Data Source: CEER
Country: BE, DE, ES,FI, HR, NL, PT, UK
Year: 2010, 2014
Observations: 21 TSO (2 years)

53



TCB18, Sumicsid, CEER - 2018

PROCESSDEA
1. Totex 1. NormGrid_Slope

2. #Connections
3. CompressorPower
4. Pipes_humidity

Data Source: CEER
Country: BE, DE, EE, ES, FI, GR, LT,LV, NL, PT, SI
Year: 2017 (2013-2017)
Observations: 29 TSO (2017, 2015 for DE), total 70

54



TCB18 Model (2018)

TSOX Inputs Y Outputs

Z Environment

Totex = Opex + Capex Transport work
- NormGrid
Capacity provision
- Compressor Power
Service provision
- Connection points
- Pipeline length

Slope factors
Landuse 
Subsoil
Humidity



TCB21 Process

 CEER -TCB21  MODEL  SPEC IF ICAT ION:  TSOG 4(154) 

 

SUMICS ID-  CEER  RELEASE  –  V1.0   
  

2. Model Selection Process 

This Chapter gives an overview of the tests and evaluation criteria defined for the 
average cost model, as well as the results for the models generated in the streams 
BU, TB and LM. 

2.1 Three Levels of Selection Screening 
2.01 The processes to develop a valid and complete average cost function, to calibrate 

an optimal environmental correction for the model parameters, and to develop, test 
and cross-validate a best-practice frontier function, cannot be made mechanically 
of any random set of parameter combinations.  A rational model development 
process proceeds in three steps to filter and select model candidates for further 
analyses, see the Note on Method and Calculations.  The first primary screen A in 
Section 5.7 concerns fundamental statistical properties that any model should 
exhibit. Models that fail to meet requirements or that are dominated by other 
models in this first step are eliminated. For the models retained after Screen A, a 
process of completion in Section 5.8 (transformation to ensure output coverage) and 
environmental corrections in Chapter 6 are performed.  The robustness screen B in 
Section 5.9 checks whether the transformed model candidates are robust for 
variations in the reference set, specific countries or asset-separated operators. 
Those passing step B are continuing to the efficiency analysis where they are 
deployed as frontier models in DEA, followed by a large series a robustness and 
cross validation tests (RDEA, CEA, Peeling DEA, Opex/Capex-DEA, Scale analysis, 
Peer analysis, outlier analysis). The third relevance screen C in Section 2.4 finally 
selects the most relevant models that are fit for purpose in regulatory benchmarking. 
The steps A and B are applied for average cost functions, but C is applied for the 
final frontier analysis candidate when analyzing the DEA-results.  

 

 
Figure 1 Model selection process, criteria A, B. C. 

 
 

Criteria A
Statistical Screen

Criteria B
Robustness Screen

BU TB LM

Environmental 
correction

Efficiency analysis

Criteria C
Relevance Screen

Final model(s)



TCB21 Model G1445.V3 (2023)

TSOX Inputs Y Outputs

Z Environment

Totex = Opex + Capex Capacity provision
- Compressor pc
- NGC_ex.pipes
Service provision
- Pipe.surface.mplp
- Pipe.surface.hp

Slope factors
Landuse 
Subsoil
Humidity



TCB21 Model G4450.V3 (2023)

TSOX Inputs Y Outputs

Z Environment

Totex = Opex + Capex Capacity provision
- NGOex_10
Service provision
- Pipe.volkm.v16
- Pipe.vol.hp
- Cp.ip.tot

Slope factors
Landuse 
Subsoil
Humidity



Cross validation TCB21
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SUMICS ID-  CEER  RELEASE  –  V1.0   
  

5.50 The BNetzA models EFG2 and EFG3 perform well as log-models, less so as levels. 
EFG4 is not fully significant with levels (OLS and ROLS) and only shows satisfactory 
values in ROLS for log.  The problem is the connection points for delivery stations, 
probably the definition used in TCB21 does not correspond to that of BNetzA. 
However, note below that the model converges in SFA (still with a non-significant 
coefficient for connection points DS) when an inefficiency term is included. 

 

 
Figure 31 Legacy models level/log, model fit (adj.R2), TCB21-TSOG data 2016-2020. 

 
 

Table 5-11 OLS Model PE2GAS (2009), Level, TCB21-TSOG data. 
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Table 1: LM PE2GAS 2009 LevelOLS

Dependent variable:

dTotex.cb

yNGa 563.336
⇤⇤⇤

(27.135)

yConnectionpoints tot 14,033.420
⇤⇤

(6,429.164)

Constant 20,785,009.000
⇤⇤⇤

(5,122,184.000)

Observations 87

R
2

0.940

Adjusted R
2

0.939

Residual Std. Error 36,613,294.000 (df = 84)

F Statistic 659.635
⇤⇤⇤

(df = 2; 84)

Note: ⇤
p<0.1;

⇤⇤
p<0.05;

⇤⇤⇤
p<0.01

Table 2: LM PE2GAS 2009 LevelROLS

Dependent variable:

dTotex.cb

yNGa 753.884
⇤⇤⇤

(35.145)

yConnectionpoints tot 32,786.840
⇤⇤⇤

(12,248.310)

Constant �1,772,164.000 (3,442,123.000)

Observations 87

R
2

0.985

Adjusted R
2

0.984

Residual Std. Error 21,746,147.000 (df = 84)

Note: ⇤
p<0.1;

⇤⇤
p<0.05;

⇤⇤⇤
p<0.01
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