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INCENTIVE REGULATION

Focus of regulation

Level of delegation
Low: regulator intervenes in process›

Heavy» -handed regulation
Cost» -review processes
Investment reviews»

High: firm free to decide upon all resources›
Performance / output oriented regulation»
Light» -handed regulation



Regulation and focus of model

Cost-review, weak incentives
Command› -control; process focus

Light-handed, weak incentives
No horizontal competition: › learning focus

Incentive regulation, strong incentives
Performance assessment; › outcome based

Information access

Low
› Strong protection of operators
› Poor separation of operations
› Few operators
› Poor or tacit definition of task

High
› Competitive focus
› High separation of operations and costs
› Many operators (or collaboration)
› Clear explicit definition of task



Incentive power and information access
Incentive power

Information
requirements

Cost-plus

Yardstick competition

Pure price-cap
Classic CPI-X

Light-handed
regimes

Rate-of-return

High

Low
HighLow

ρ

|{x0, x1}|

Information pooling 
welfare improving 

Mechanism coordination
Welfare improving

Frontier regulation with revenue cap

Revenue cap = R0 CPI (1 – X – Xi)

Incentive regulation, corollaries 
› The revenue is independent of the costs of the operator (Schleifer, 

1985)
› Exogenous price changes are passed-through, Littlechild (1983
› The general productivity of the cap
› A utilitymaximizing firm cares about the incentive power



EU Regulatory landscape (Energy)
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EU Regulatory 
landscape – Methods 

(Energy)

Normative models are popular

Country Approach Method Analysis Operation
AUSTRALIA Ex ante CPI-DEA x x
AUSTRIA Ex ante DEA (EngM) x x
DENMARK Ex ante COLS → DEA x x
FINLAND Ex ante DEA->StonED x x
GERMANY Ex ante DEA/SFA Yard x x
NETHERLANDS Ex ante Cost Yard x x
NEW ZEELAND Ex ante CPI-DEA x x
NORWAY Ex ante CPI-DEA Yard x x
ICELAND Ex ante CPI-DEA x -
PORTUGAL Ex ante SFA x ?
CHILE Ex ante EngM x x
SPAIN Ex ante EngM x x
ENGLAND Ex ante CPI-X x x
BELGIUM Ex ante CPI-DEA → CR x   -
SWITZERLAND Ex ante (RoR) →? x -
SWEDEN Ex ante (EngM) →RoR x x



MERGER REGULATION

Horizontal mergers?

Cost-driven
Economies of scale›
Synergies (scope)›
Risk sharing›
Scarce managerial skills›

Competition-driven
› Market power through

» Scale
» Scope
» Collusion

› Information asymmetry 



Theoretical reasons for merger

Implementation of collusion, not to improve efficiency, but to limit rent 
extraction by the regulator 

Auriol and › Laffont, 1992; Tangerås, 2002; Dijkstra et al., 2017; Teusch, 2016. 
Defense against hold-up by opportunistic governments (expropriation of sunk 

investments)
Estache› and Wren-Lewis, 2009.

Access to capital markets and lower financial costs in emerging markets
Size and scope to capture the regulator.

Dal Bo› ́, 2006; Agrell and Gautier, 2017.

”Malevolence hypothesis” 

Empirical investigations of network mergers

Productivity gains, (mixed) efficiency effects, ownership types – but no 
strategic concern
› Cox and Portes, 1998; Kwoka, 2005; Kwoka and Pollitt, 2010), 
› Kumbhakar et al., 2015; Saastamoinen et al., 2017 [Scandinavian networks]

Gaming effects (but only as single-firm examples)
› Jamasb et al., 2003, 2004.

”Benevolence hypothesis” 



Literature on horizontal mergers in infrastructure

Yatchew (2000)
Increasing economies of scale for DSO›
Minimal efficient scale from 20,000 customers›

Filippini and Wild (2001)
Strong economies of scale for small DSO›
MPSS around 100,000 customers›

Bagdadioglu et al. (2007)
Turkey (21 proposed mergers from 82 DSO, 1999› -2003)
Bogetoft› -Wang model
Strong synergy effects, overall 17% savings, ›
No scale effect›

Agrell et al. (2015)
Norway (42 real mergers, 1995› -2004)
Bogetoft› -Wang model
Ex ante and ex post evaluation ›
Small scale effects, small synergy effects›
Major effect short› -term operating cost (labor vs services)

Scarce empirical material, contradictory results

Regulatory policy towards horizontal mergers

Continental regulators 
› Few and large DSO
› Poor “competition”, high incentives 
› Passive-aggressive towards mergers 

Scandinavian regulators
› Many small concession areas
› High “competition”, low incentives
› Supportive towards mergers, avoid gaming (reporting) 

Ambivalent regulators
› Bi-modal distribution of DSO (midgets and giants)
› Two tier regulator for DSO  < 100,000 customers and > 100,000
› Disincentives to merge, high uncertainty for DSOs



Contributions of the paper

A new measure of strategic peer effect in network mergers
Direct control›
Cross ownership›
Information rents (playing the regulation) ›

Empirical evidence of strategic mergers
Norway, DSO›
Frontier yardstick, dynamic (Agrell› -Bogetoft-Tind, 2005)
Frontier estimate of anticipated merger gains (› Bogetoft-Wang, 2005)

Policy implications
Industrial structure›
Regulatory instrument›

Challenges

Direct effects
› Reduction of reference set
› Elimination of peer

Indirect effects
› Change of frontier for other firms
› Yardstick with cap: impact of reallocation of revenues

Cross-ownership effects
› No change to reference set
› Control split on several operators
› Impact on frontier behavior from controlled unit 



FRONTIER MODELS

Basic activity model

8<%E+#" =
>$!&.#/&1 ?#%0("#0

=R9 :/+"4-(&+.4/

J* T0)<I A8 4" 3*#$&+F/"+ "(!/3"*/D )- #0" F-" &( #0" ("4"-# 3*<F#- G$"-&F$/"-H
#& <$&+F/" #0" 1&-# &F#<F#- G-"$C3/"-HI B03- 3+") 3- (F*+)1"*#)E #& 1F/0 &( 1&+K
"$* ="*/01)$23*' E3#"$)#F$" ="/)F-" 3# )EE&4- F- #& "C)EF)#" <"$(&$1)*/" 43#0&F#
/E")$ED +"!*"+ <$"("$"*/"-I B0)# 3-8 4" )C&3+ #0" +3(!/FE# #)-2 &( "-#31)#3*' <$"("$K
"*/" (F*/#3&*- )*+ +"/3+3*' &* "R)/# <$3&$3#3"-I N" 43EE "R<)*+ &* #03- ="E&4I

7E#0&F'0 #0" *&#3&* &( "(!/3"*/D 3- -31<E" )*+ 3*#F3#3C" )# !$-# 'E)*/"8 #0"$" )$"
)/#F)EED 1)*D +3(("$"*# 4)D- #& /&*/"<#F)E3L" "(!/3"*/DI N" -0)EE +3-/F-- -&1" &(
#0" 1&-# /&11&* /&*/"<#- 3* #03- /0)<#"$I N" 43EE /&C"$ /E)--3/)E /&*/"<#- ($&1
<$&+F/#3&* #0"&$D8 3*/EF+3*' #"/0*3/)E "(!/3"*/D8 )EE&/)#3C" "(!/3"*/D8 )*+ -/)E" "(K
!/3"*/D8 )- 4"EE )- 1&$" )+C)*/"+ /&*/"<#- E32" +D*)13/ "(!/3"*/D )*+ -#$F/#F$)E
"(!/3"*/DI

Q&$"&C"$8 -"C"$)E &( #0"-" /&*/"<#- /)* =" &<"$)#3&*)E3L"+ 3* +3(("$"*# 4)D-I N"
/)*8 (&$ "R)1<E"8 1")-F$" #"/0*3/)E "(!/3"*/D 3* #"$1- &( 3*<F# -<)/"8 &F#<F# -<)/"8
&$ =&#0 #D<"- &( -<)/"-I N" /)* )E-& 1")-F$" 3# 3* -<"/3!/ +3$"/#3&*-8 "#/I

B0" )31 &( #03- /0)<#"$ 3- #& <$&C3+" )* &C"$C3"4 &( "(!/3"*/DK$"E)#"+ /&*/"<#-
)- 4"EE )- =3#- )*+ <3"/"- &( #0" $"E"C)*# #0"&$"#3/)E =)/2'$&F*+I

=R= '#++./6

J* <F$-F3*' #03- )318 4" 43EE '"*"$)EED )--F1" #0)# #0" #"/0*&E&'D 3- '3C"*I N" (&K
/F- &* ) '3C"* !$1 )*+ /)* #0"$"(&$" +"-/$3=" #0" -"##3*' 3* #0" (&EE&43*' 4)DS
7 !$1 k 0)- F-"+ m 3*<F#- xk D .xl

1; : : : ; xk
m/ 2 Rm

C #& <$&+F/" n &F#<F#-
yk D .yk

1 ; : : : ; yk
n / 2 Rn

CI B0" -"# &( (")-3=E" <$&+F/#3&* <E)*- &$ 3*<F#K&F#<F#
/&1=3*)#3&*- )C)3E)=E" #& !$1 k 3- '3C"* =D #0" #"/0*&E&'D &$ <$&+F/#3&* <&--3=3EK
3#D -"# T 8

T D f .x; y/ 2 Rn
C ! Rm

C j x /)* <$&+F/" y g:

>?

8<%E+#" =
>$!&.#/&1 ?#%0("#0

=R9 :/+"4-(&+.4/

J* T0)<I A8 4" 3*#$&+F/"+ "(!/3"*/D )- #0" F-" &( #0" ("4"-# 3*<F#- G$"-&F$/"-H
#& <$&+F/" #0" 1&-# &F#<F#- G-"$C3/"-HI B03- 3+") 3- (F*+)1"*#)E #& 1F/0 &( 1&+K
"$* ="*/01)$23*' E3#"$)#F$" ="/)F-" 3# )EE&4- F- #& "C)EF)#" <"$(&$1)*/" 43#0&F#
/E")$ED +"!*"+ <$"("$"*/"-I B0)# 3-8 4" )C&3+ #0" +3(!/FE# #)-2 &( "-#31)#3*' <$"("$K
"*/" (F*/#3&*- )*+ +"/3+3*' &* "R)/# <$3&$3#3"-I N" 43EE "R<)*+ &* #03- ="E&4I

7E#0&F'0 #0" *&#3&* &( "(!/3"*/D 3- -31<E" )*+ 3*#F3#3C" )# !$-# 'E)*/"8 #0"$" )$"
)/#F)EED 1)*D +3(("$"*# 4)D- #& /&*/"<#F)E3L" "(!/3"*/DI N" -0)EE +3-/F-- -&1" &(
#0" 1&-# /&11&* /&*/"<#- 3* #03- /0)<#"$I N" 43EE /&C"$ /E)--3/)E /&*/"<#- ($&1
<$&+F/#3&* #0"&$D8 3*/EF+3*' #"/0*3/)E "(!/3"*/D8 )EE&/)#3C" "(!/3"*/D8 )*+ -/)E" "(K
!/3"*/D8 )- 4"EE )- 1&$" )+C)*/"+ /&*/"<#- E32" +D*)13/ "(!/3"*/D )*+ -#$F/#F$)E
"(!/3"*/DI

Q&$"&C"$8 -"C"$)E &( #0"-" /&*/"<#- /)* =" &<"$)#3&*)E3L"+ 3* +3(("$"*# 4)D-I N"
/)*8 (&$ "R)1<E"8 1")-F$" #"/0*3/)E "(!/3"*/D 3* #"$1- &( 3*<F# -<)/"8 &F#<F# -<)/"8
&$ =&#0 #D<"- &( -<)/"-I N" /)* )E-& 1")-F$" 3# 3* -<"/3!/ +3$"/#3&*-8 "#/I

B0" )31 &( #03- /0)<#"$ 3- #& <$&C3+" )* &C"$C3"4 &( "(!/3"*/DK$"E)#"+ /&*/"<#-
)- 4"EE )- =3#- )*+ <3"/"- &( #0" $"E"C)*# #0"&$"#3/)E =)/2'$&F*+I

=R= '#++./6

J* <F$-F3*' #03- )318 4" 43EE '"*"$)EED )--F1" #0)# #0" #"/0*&E&'D 3- '3C"*I N" (&K
/F- &* ) '3C"* !$1 )*+ /)* #0"$"(&$" +"-/$3=" #0" -"##3*' 3* #0" (&EE&43*' 4)DS
7 !$1 k 0)- F-"+ m 3*<F#- xk D .xl

1; : : : ; xk
m/ 2 Rm

C #& <$&+F/" n &F#<F#-
yk D .yk

1 ; : : : ; yk
n / 2 Rn

CI B0" -"# &( (")-3=E" <$&+F/#3&* <E)*- &$ 3*<F#K&F#<F#
/&1=3*)#3&*- )C)3E)=E" #& !$1 k 3- '3C"* =D #0" #"/0*&E&'D &$ <$&+F/#3&* <&--3=3EK
3#D -"# T 8

T D f .x; y/ 2 Rn
C ! Rm

C j x /)* <$&+F/" y g:

>?

PROCESS

Inputs Outputs

8<%E+#" =
>$!&.#/&1 ?#%0("#0

=R9 :/+"4-(&+.4/

J* T0)<I A8 4" 3*#$&+F/"+ "(!/3"*/D )- #0" F-" &( #0" ("4"-# 3*<F#- G$"-&F$/"-H
#& <$&+F/" #0" 1&-# &F#<F#- G-"$C3/"-HI B03- 3+") 3- (F*+)1"*#)E #& 1F/0 &( 1&+K
"$* ="*/01)$23*' E3#"$)#F$" ="/)F-" 3# )EE&4- F- #& "C)EF)#" <"$(&$1)*/" 43#0&F#
/E")$ED +"!*"+ <$"("$"*/"-I B0)# 3-8 4" )C&3+ #0" +3(!/FE# #)-2 &( "-#31)#3*' <$"("$K
"*/" (F*/#3&*- )*+ +"/3+3*' &* "R)/# <$3&$3#3"-I N" 43EE "R<)*+ &* #03- ="E&4I

7E#0&F'0 #0" *&#3&* &( "(!/3"*/D 3- -31<E" )*+ 3*#F3#3C" )# !$-# 'E)*/"8 #0"$" )$"
)/#F)EED 1)*D +3(("$"*# 4)D- #& /&*/"<#F)E3L" "(!/3"*/DI N" -0)EE +3-/F-- -&1" &(
#0" 1&-# /&11&* /&*/"<#- 3* #03- /0)<#"$I N" 43EE /&C"$ /E)--3/)E /&*/"<#- ($&1
<$&+F/#3&* #0"&$D8 3*/EF+3*' #"/0*3/)E "(!/3"*/D8 )EE&/)#3C" "(!/3"*/D8 )*+ -/)E" "(K
!/3"*/D8 )- 4"EE )- 1&$" )+C)*/"+ /&*/"<#- E32" +D*)13/ "(!/3"*/D )*+ -#$F/#F$)E
"(!/3"*/DI

Q&$"&C"$8 -"C"$)E &( #0"-" /&*/"<#- /)* =" &<"$)#3&*)E3L"+ 3* +3(("$"*# 4)D-I N"
/)*8 (&$ "R)1<E"8 1")-F$" #"/0*3/)E "(!/3"*/D 3* #"$1- &( 3*<F# -<)/"8 &F#<F# -<)/"8
&$ =&#0 #D<"- &( -<)/"-I N" /)* )E-& 1")-F$" 3# 3* -<"/3!/ +3$"/#3&*-8 "#/I

B0" )31 &( #03- /0)<#"$ 3- #& <$&C3+" )* &C"$C3"4 &( "(!/3"*/DK$"E)#"+ /&*/"<#-
)- 4"EE )- =3#- )*+ <3"/"- &( #0" $"E"C)*# #0"&$"#3/)E =)/2'$&F*+I

=R= '#++./6

J* <F$-F3*' #03- )318 4" 43EE '"*"$)EED )--F1" #0)# #0" #"/0*&E&'D 3- '3C"*I N" (&K
/F- &* ) '3C"* !$1 )*+ /)* #0"$"(&$" +"-/$3=" #0" -"##3*' 3* #0" (&EE&43*' 4)DS
7 !$1 k 0)- F-"+ m 3*<F#- xk D .xl

1; : : : ; xk
m/ 2 Rm

C #& <$&+F/" n &F#<F#-
yk D .yk

1 ; : : : ; yk
n / 2 Rn

CI B0" -"# &( (")-3=E" <$&+F/#3&* <E)*- &$ 3*<F#K&F#<F#
/&1=3*)#3&*- )C)3E)=E" #& !$1 k 3- '3C"* =D #0" #"/0*&E&'D &$ <$&+F/#3&* <&--3=3EK
3#D -"# T 8

T D f .x; y/ 2 Rn
C ! Rm

C j x /)* <$&+F/" y g:

>?

`b ? !$&+F/#3&* Q&+"E- )*+ B"/0*&E&'D

.......

.......

.......

.......

.......

.......

.......

.......

.......

.......

.......

.......

.......

.......

......................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................

.................................................................................................................................................................... .............. .................................................................................................................................................................... ..............:3$1 k
J*<F#-

xk

.F#<F#-

yk

I.6R @R9 931<E" !$1

N" '"*"$)EED +"*&#" #0" $/@-&+ (&$ !$1 k )- #0" mhC"/#&$

xk D .xk
1 ; : : : ; xk

m/ 2 Rm
C

)*+ #0" "-&@-&+ (&$ !$1 k )- #0" nhC"/#&$

yk D .yk
1 ; : : : ; yk

n / 2 Rn
C:

7 @'"0-%&$"/ @?(/ (&$ !$1 k 3- #0F- ) <)3$ &( 3*<F# )*+ &F#<F# C"/#&$-

.xk ; yk/ 2 Rm
C ! Rn

C:

W&#" 0&4 4" F-" -F<"$-/$3<#- #& +"*&#" !$1- )*+ -F=-/$3<#- #& +"*&#" #0" +3(("$"*#
#D<"- &( 3*<F#- )*+ &F#<F#-I N0"* 4" +& *&# 0)C" -F=-/$3<#-8 4" /&*-3+"$ )EE #0"
3*<F#- &$ &F#<F#- 3* ) C"/#&$ (&$1)#I

7 !*)E =3# &( /&11&* *&#)#3&*S 4" F-" RC D f a 2 R j a " 0 g )*+ RCC D
f a 2 R j a > 0 gI B0F-8 4" <$"-F1" (&$ *&4 #0)# =&#0 3*<F#- )*+ &F#<F#- )$"
*&**"')#3C" *F1="$-8 3I"I8 #0)# #0"D )$" <&-3#3C" &$ L"$&I

:&$ ")-D $"("$"*/"8 4" E3-# #0" /&11&* *&#)#3&* 3* F-"+ 3* #03- =&&2 3* #0"
7/$&*D1- )*+ 9D1=&E -0""#I

.F$ -#)$#3*' <&3*# 3- #0"$"(&$" &=-"$C)#3&*- &( +)#) ($&1 K !$1- 3* #0" (&$1
&( &F#<F#- .y1; : : : ; yK/ )*+ 3*<F#- .x1; : : : ; xK/I B0" 3*<F#- )*+ /&$$"-<&*+3*'
&F#<F#- (&$ #0" +3(("$"*# !$1- /)* =" ')#0"$"+ 3*#& ) #)=E" E32" B)=E" ?IAI

A%)2# @R9 5)#)

:3$1 J*<F# .F#<F#
A x1 y1

> x2 y2

:::
:::

:::
^ xK yK

Production plan



Cost efficiency model DEA

(frontier) units. To formalize the above, we assume that each of n operators
in an index set ⌦, say firm i, transform mx controllable inputs in a vector
x 2 Rmx

+ into my outputs y 2 Rmy
+ . The prices, if existing, on the controllable

inputs are w
i 2 Rmx

+ . The observations are drawn from a homogeneous set
of structurally comparable operators and together they form the production
possibility set T of all feasible input-output combinations:

T = {(x, y)|x can produce y} (1)

We assume that T satisfies free disposability, convexity and r returns to scale
(Agrell and Tind, 2001). When the observations relate to a given time t, this
is indicated through a superscript, e.g (xt

, y
t). For notational convenience,

the reference set excluding a unit k is denoted ⌦�k.
The methods used are primarily Stochastic Frontier Analysis (SFA) (Aigner

et al., 1977) or, more commonly, the non-parametric Data Envelopement
Analysis (DEA) (Charnes et al., 1978; Banker et al., 1984).3 DEA constructs
a minimal hull around the production set T from the observations using linear
programming without requiring any imposed functional relationship between
inputs and outputs (Cooper et al., 2007; Bogetoft and Otto, 2011).

The radial technical input-e�ciency score for (x, y) against the reference
set ⌦ under r-returns to scale is D(x, y|⌦, r) : Rmx

0 ⇥ Rmy

0 ! R0 defined as

D(x, y|⌦, r) = min✓,� ✓

s.t. ✓x �
P

i2⌦ �ixi

y 
P

i2⌦ �iyi

� 2 �(r)

(2)

where �(r = crs) = Rn

0 ,�(r = vrs) = {� 2 Rn

0 |
P

i
�i = 1}.

The general cost model for individual exogenous input prices w is given
by

Ĉ(y|w) = min
x

{wx|(x, y) 2 T} (3)

For the special case here of equal prices and full cost controllability, a single-
input model with total expenditure (ci) as input is used and a cost e�ciency
measure CE is obtained from (2) as

CE(ci, yi|⌦, r) =
Ĉ(yi|w)

ci
= D(ci, yi|⌦, r) (4)

3A combination of the two approaches, stochastic semi-nonparametric envelopment of
data (StoNED), is used in Finnish electricity distribution (Kuosmanen et al., 2013).

5

(frontier) units. To formalize the above, we assume that each of n operators
in an index set ⌦, say firm i, transform mx controllable inputs in a vector
x 2 Rmx

+ into my outputs y 2 Rmy
+ . The prices, if existing, on the controllable

inputs are w
i 2 Rmx

+ . The observations are drawn from a homogeneous set
of structurally comparable operators and together they form the production
possibility set T of all feasible input-output combinations:

T = {(x, y)|x can produce y} (1)

We assume that T satisfies free disposability, convexity and r returns to scale
(Agrell and Tind, 2001). When the observations relate to a given time t, this
is indicated through a superscript, e.g (xt

, y
t). For notational convenience,

the reference set excluding a unit k is denoted ⌦�k.
The methods used are primarily Stochastic Frontier Analysis (SFA) (Aigner

et al., 1977) or, more commonly, the non-parametric Data Envelopement
Analysis (DEA) (Charnes et al., 1978; Banker et al., 1984).3 DEA constructs
a minimal hull around the production set T from the observations using linear
programming without requiring any imposed functional relationship between
inputs and outputs (Cooper et al., 2007; Bogetoft and Otto, 2011).

The radial technical input-e�ciency score for (x, y) against the reference
set ⌦ under r-returns to scale is D(x, y|⌦, r) : Rmx

0 ⇥ Rmy

0 ! R0 defined as

D(x, y|⌦, r) = min✓,� ✓

s.t. ✓x �
P

i2⌦ �ixi

y 
P

i2⌦ �iyi

� 2 �(r)

(2)

where �(r = crs) = Rn

0 ,�(r = vrs) = {� 2 Rn

0 |
P

i
�i = 1}.

The general cost model for individual exogenous input prices w is given
by
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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)



Feasibility

(Relative) Technical Efficiency 1

INPUT, OpEx

OUTPUT, MWh

A

B

C

D

120 75 

1 200 

2 000 

TE-OUT

TE-IN

TE-IN = 75/120 = 62,5%

TE-OUT = 2000/1200 = 167 %



Efficiency Concepts

TECHNICAL EFFICIENCY (TE)
› Right methods, procedures etc given input and output mix

SCALE EFFICIENCY (SE)
› Right scale of operation (max output per input, min average cost)

COST EFFICIENCY (CE)
Minimal cost given local prices›

ALLOCATIVE EFFICIENCY (AE)
› Right input mix given prices

Cost efficiency CE

(frontier) units. To formalize the above, we assume that each of n operators
in an index set ⌦, say firm i, transform mx controllable inputs in a vector
x 2 Rmx

+ into my outputs y 2 Rmy
+ . The prices, if existing, on the controllable

inputs are w
i 2 Rmx

+ . The observations are drawn from a homogeneous set
of structurally comparable operators and together they form the production
possibility set T of all feasible input-output combinations:

T = {(x, y)|x can produce y} (1)

We assume that T satisfies free disposability, convexity and r returns to scale
(Agrell and Tind, 2001). When the observations relate to a given time t, this
is indicated through a superscript, e.g (xt

, y
t). For notational convenience,

the reference set excluding a unit k is denoted ⌦�k.
The methods used are primarily Stochastic Frontier Analysis (SFA) (Aigner

et al., 1977) or, more commonly, the non-parametric Data Envelopement
Analysis (DEA) (Charnes et al., 1978; Banker et al., 1984).3 DEA constructs
a minimal hull around the production set T from the observations using linear
programming without requiring any imposed functional relationship between
inputs and outputs (Cooper et al., 2007; Bogetoft and Otto, 2011).

The radial technical input-e�ciency score for (x, y) against the reference
set ⌦ under r-returns to scale is D(x, y|⌦, r) : Rmx

0 ⇥ Rmy

0 ! R0 defined as

D(x, y|⌦, r) = min✓,� ✓

s.t. ✓x �
P

i2⌦ �ixi

y 
P

i2⌦ �iyi

� 2 �(r)

(2)

where �(r = crs) = Rn

0 ,�(r = vrs) = {� 2 Rn

0 |
P

i
�i = 1}.

The general cost model for individual exogenous input prices w is given
by

Ĉ(y|w) = min
x

{wx|(x, y) 2 T} (3)

For the special case here of equal prices and full cost controllability, a single-
input model with total expenditure (ci) as input is used and a cost e�ciency
measure CE is obtained from (2) as

CE(ci, yi|⌦, r) =
Ĉ(yi|w)

ci
= D(ci, yi|⌦, r) (4)

3A combination of the two approaches, stochastic semi-nonparametric envelopment of
data (StoNED), is used in Finnish electricity distribution (Kuosmanen et al., 2013).
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Bogetoft and Wang (2005)

E Overall efficiency of merger 
L Learning effect of merger 
H Scope effects of merger
S Size effects of merger

We assume that T satisfies free disposability, convexity and r
returns to scale [18].

The radial technical input-efficiency measure for DMU (x, y) is
E(x, y) : Rmx

0 ⇥ Rmy
0 ! R0 defined as

E(x, y) = min �
s.t. �x �

Pn
i=1 ⇥

ixi

y 
Pn

i=1 ⇥
iyi

⇥ 2 �(r)

(2)

where �(crs) = Rn
0 ,�(vrs) =

�
⇥ 2 Rn

0 |
P

i ⇥
i = 1

 
. E can be

interpreted as a lower bound for the proportion of necessary input
�x to achieve the observed output y. A DMU is technically input-
efficient if and only if the corresponding score E = 1, the efficient
DMUs form the efficient frontier.

The associated underlying cost model for a DMU is given by

C(y|w) = min
x

{wx|(x, y) 2 T} (3)

Theoretically, the regulator would set the reimbursement (tariff
allowance) for the firm to C(y, w). However, given the cost of ad-
justment for a capital-intensive industry, the actual implementation in
regulation (e.g. Norway and Germany) is made through a revenue-cap
regime where the efficiency improvement requirement is smoothed

Rt
k(y) = R0

kV (y)PIt(1�Xk(Ek)�X) (4)

where Rt
k(y) is the allowed revenue for firm k year t with output y,

R0
k is the revenue in a base year 0, PIt is an inflation adjustment

factor (often CPI), Xk(Ek) is the individual efficiency requirement
for firm k (often smoothed over 10 years and capped to 2 % - 3 %
per year), and X is the general productivity requirement for all firms,
cf. [19]. The merger regulation in Norway adjusts the Xk term for
merging DSOs using the method in the next section.

IV. HORIZONTAL MERGERS

The previous framework can be extended for the analysis of merger
gains [3]. The merger gains will result from effects from changes
(improvements) in technical efficiency (learning), scope and scale.
We will now formalize these concepts.

A. Overall gains E
Consider the overall gains in terms of input reduction1 by a

(horizontal) merger of the firms in M . Initially, we calculate the
maximal proportional reduction in the aggregated inputs EM as:

EM = min{E 2 R+ |
�
E
X

k2M

xk,
X

k2M

yk� 2 T }

If EM < 1, the merger produces savings, and if EM > 1, the
merger is costly.

B. Learning effects L
The score EM does not take into account the catch-up of technical

inefficiency by potentially technically inefficient units in the merger.
To adjust the overall merger gains for the learning effect, we can
project the original firms to the production possibility frontier and
use the projected plans as the basis for evaluating the remaining gains
from the merger. Thus, we project (xk, yk) onto (Ekxk, yk) for all
k 2 M , where Ek is the standard efficiency score for the single kth

1An analogous derivation can be made for the expansions on the output
side. This would stress the possibilities to increase outputs with a factor F .
However, this is not relevant for unbundled distribution operators where the
output is exogenously given by independent retailers.

Firm, and use the projected plans (Ekxk, yk), k 2 M , as the basis
for calculating the adjusted overall gains E⇤M from the merger:

E⇤M = min
�
� 2 R+ |

�
�
X

k2M

Ekxk,
X

k2M

yk� 2 T
 
.

If we set

LM =
EM

E⇤M ,

we get EM = LM ·E⇤M , where LM 2 [0, 1] indicates what can be
saved by individual technical efficiency adjustments for the different
firms in M .

C. Scope effects H

The scope gains HM are derived from the average input reduction
in the production of the average output:

HM = min
H2R+

��
H

P
k2M Ekxk

|M | ,

P
k2M yk

|M |
�
2 T

 
,

The use of averaging controls for scale effects, however it assumes
that the firms in M are not too different in initial scale. If the
scale differs within M considerably then the interpretation may be
ambiguous.

D. Scale effects S

The scale effects SM are captured by asking how much could have
been saved by operating at full rather than average scale:

SM = min
S2R+

��
S ·HM

X

k2M

Ekxk,
X

k2M

yk� 2 T
 
.

The rescaling is advantageous, SM < 1, if we have economies of
scale, and costly, SM > 1, if there are diseconomies of scale (e.g.
congestion and information costs).

E. All effects

Using the above notions of learning L, harmony H and size S
effects, we get our basic decomposition

EM = LM ·HM · SM .

The learning or technical efficiency measure LM captures what can
be gained by making the individual firms efficient. The remaining
potential savings, E⇤M , are created by the harmony or scope effect
HM , and the size or scale effect SM .

V. NORWEGIAN ELECTRICITY DISTRIBUTION

The Norwegian electricity distributors are unbundled only to trans-
porting electricity from the regional transmission level to the end
consumer since 1991. Until 1996 the DSOs were regulated using a
Rate of Return Regulation, from 1997-2006 a DEA-based revenue
cap was used, subsequently revised in 2007, cf. [20].

A. Model specification

An activity model for energy distribution should capture three
dimensions: (i) customer service, (ii) transportation work and (iii)
capacity provision, [19]. The first dimension is usually covered by
the total number of clients, potentially divided into voltage levels or
market segments. The second corresponds to total delivered energy,
if need be differentiated by voltage level. The third dimension is
covered by proxies for capacity such as installed transformer power
or peak power. In terms of input, most studies focus on the operating
costs, either in terms of physical (labor) or monetary units, while
using proxies for capital in terms of line length and/or installed

Overall gains E

We assume that T satisfies free disposability, convexity and r
returns to scale [18].

The radial technical input-efficiency measure for DMU (x, y) is
E(x, y) : Rmx

0 ⇥ Rmy
0 ! R0 defined as

E(x, y) = min �
s.t. �x �

Pn
i=1 ⇥

ixi

y 
Pn

i=1 ⇥
iyi

⇥ 2 �(r)

(2)

where �(crs) = Rn
0 ,�(vrs) =

�
⇥ 2 Rn

0 |
P

i ⇥
i = 1

 
. E can be

interpreted as a lower bound for the proportion of necessary input
�x to achieve the observed output y. A DMU is technically input-
efficient if and only if the corresponding score E = 1, the efficient
DMUs form the efficient frontier.

The associated underlying cost model for a DMU is given by

C(y|w) = min
x

{wx|(x, y) 2 T} (3)

Theoretically, the regulator would set the reimbursement (tariff
allowance) for the firm to C(y, w). However, given the cost of ad-
justment for a capital-intensive industry, the actual implementation in
regulation (e.g. Norway and Germany) is made through a revenue-cap
regime where the efficiency improvement requirement is smoothed

Rt
k(y) = R0

kV (y)PIt(1�Xk(Ek)�X) (4)

where Rt
k(y) is the allowed revenue for firm k year t with output y,

R0
k is the revenue in a base year 0, PIt is an inflation adjustment

factor (often CPI), Xk(Ek) is the individual efficiency requirement
for firm k (often smoothed over 10 years and capped to 2 % - 3 %
per year), and X is the general productivity requirement for all firms,
cf. [19]. The merger regulation in Norway adjusts the Xk term for
merging DSOs using the method in the next section.

IV. HORIZONTAL MERGERS

The previous framework can be extended for the analysis of merger
gains [3]. The merger gains will result from effects from changes
(improvements) in technical efficiency (learning), scope and scale.
We will now formalize these concepts.

A. Overall gains E
Consider the overall gains in terms of input reduction1 by a

(horizontal) merger of the firms in M . Initially, we calculate the
maximal proportional reduction in the aggregated inputs EM as:

EM = min{E 2 R+ |
�
E
X

k2M

xk,
X

k2M

yk� 2 T }

If EM < 1, the merger produces savings, and if EM > 1, the
merger is costly.

B. Learning effects L
The score EM does not take into account the catch-up of technical

inefficiency by potentially technically inefficient units in the merger.
To adjust the overall merger gains for the learning effect, we can
project the original firms to the production possibility frontier and
use the projected plans as the basis for evaluating the remaining gains
from the merger. Thus, we project (xk, yk) onto (Ekxk, yk) for all
k 2 M , where Ek is the standard efficiency score for the single kth

1An analogous derivation can be made for the expansions on the output
side. This would stress the possibilities to increase outputs with a factor F .
However, this is not relevant for unbundled distribution operators where the
output is exogenously given by independent retailers.

Firm, and use the projected plans (Ekxk, yk), k 2 M , as the basis
for calculating the adjusted overall gains E⇤M from the merger:

E⇤M = min
�
� 2 R+ |

�
�
X

k2M

Ekxk,
X

k2M

yk� 2 T
 
.

If we set

LM =
EM

E⇤M ,

we get EM = LM ·E⇤M , where LM 2 [0, 1] indicates what can be
saved by individual technical efficiency adjustments for the different
firms in M .

C. Scope effects H

The scope gains HM are derived from the average input reduction
in the production of the average output:

HM = min
H2R+

��
H

P
k2M Ekxk

|M | ,

P
k2M yk

|M |
�
2 T

 
,

The use of averaging controls for scale effects, however it assumes
that the firms in M are not too different in initial scale. If the
scale differs within M considerably then the interpretation may be
ambiguous.

D. Scale effects S

The scale effects SM are captured by asking how much could have
been saved by operating at full rather than average scale:

SM = min
S2R+

��
S ·HM

X

k2M

Ekxk,
X

k2M

yk� 2 T
 
.

The rescaling is advantageous, SM < 1, if we have economies of
scale, and costly, SM > 1, if there are diseconomies of scale (e.g.
congestion and information costs).

E. All effects

Using the above notions of learning L, harmony H and size S
effects, we get our basic decomposition

EM = LM ·HM · SM .

The learning or technical efficiency measure LM captures what can
be gained by making the individual firms efficient. The remaining
potential savings, E⇤M , are created by the harmony or scope effect
HM , and the size or scale effect SM .

V. NORWEGIAN ELECTRICITY DISTRIBUTION

The Norwegian electricity distributors are unbundled only to trans-
porting electricity from the regional transmission level to the end
consumer since 1991. Until 1996 the DSOs were regulated using a
Rate of Return Regulation, from 1997-2006 a DEA-based revenue
cap was used, subsequently revised in 2007, cf. [20].

A. Model specification

An activity model for energy distribution should capture three
dimensions: (i) customer service, (ii) transportation work and (iii)
capacity provision, [19]. The first dimension is usually covered by
the total number of clients, potentially divided into voltage levels or
market segments. The second corresponds to total delivered energy,
if need be differentiated by voltage level. The third dimension is
covered by proxies for capacity such as installed transformer power
or peak power. In terms of input, most studies focus on the operating
costs, either in terms of physical (labor) or monetary units, while
using proxies for capital in terms of line length and/or installed



Adjusted overall gains E*

We assume that T satisfies free disposability, convexity and r
returns to scale [18].

The radial technical input-efficiency measure for DMU (x, y) is
E(x, y) : Rmx

0 ⇥ Rmy
0 ! R0 defined as

E(x, y) = min �
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. E can be

interpreted as a lower bound for the proportion of necessary input
�x to achieve the observed output y. A DMU is technically input-
efficient if and only if the corresponding score E = 1, the efficient
DMUs form the efficient frontier.

The associated underlying cost model for a DMU is given by

C(y|w) = min
x

{wx|(x, y) 2 T} (3)

Theoretically, the regulator would set the reimbursement (tariff
allowance) for the firm to C(y, w). However, given the cost of ad-
justment for a capital-intensive industry, the actual implementation in
regulation (e.g. Norway and Germany) is made through a revenue-cap
regime where the efficiency improvement requirement is smoothed

Rt
k(y) = R0

kV (y)PIt(1�Xk(Ek)�X) (4)

where Rt
k(y) is the allowed revenue for firm k year t with output y,

R0
k is the revenue in a base year 0, PIt is an inflation adjustment

factor (often CPI), Xk(Ek) is the individual efficiency requirement
for firm k (often smoothed over 10 years and capped to 2 % - 3 %
per year), and X is the general productivity requirement for all firms,
cf. [19]. The merger regulation in Norway adjusts the Xk term for
merging DSOs using the method in the next section.

IV. HORIZONTAL MERGERS

The previous framework can be extended for the analysis of merger
gains [3]. The merger gains will result from effects from changes
(improvements) in technical efficiency (learning), scope and scale.
We will now formalize these concepts.

A. Overall gains E
Consider the overall gains in terms of input reduction1 by a

(horizontal) merger of the firms in M . Initially, we calculate the
maximal proportional reduction in the aggregated inputs EM as:

EM = min{E 2 R+ |
�
E
X

k2M

xk,
X

k2M

yk� 2 T }

If EM < 1, the merger produces savings, and if EM > 1, the
merger is costly.

B. Learning effects L
The score EM does not take into account the catch-up of technical

inefficiency by potentially technically inefficient units in the merger.
To adjust the overall merger gains for the learning effect, we can
project the original firms to the production possibility frontier and
use the projected plans as the basis for evaluating the remaining gains
from the merger. Thus, we project (xk, yk) onto (Ekxk, yk) for all
k 2 M , where Ek is the standard efficiency score for the single kth

1An analogous derivation can be made for the expansions on the output
side. This would stress the possibilities to increase outputs with a factor F .
However, this is not relevant for unbundled distribution operators where the
output is exogenously given by independent retailers.

Firm, and use the projected plans (Ekxk, yk), k 2 M , as the basis
for calculating the adjusted overall gains E⇤M from the merger:

E⇤M = min
�
� 2 R+ |

�
�
X

k2M

Ekxk,
X

k2M

yk� 2 T
 
.

If we set

LM =
EM

E⇤M ,

we get EM = LM ·E⇤M , where LM 2 [0, 1] indicates what can be
saved by individual technical efficiency adjustments for the different
firms in M .

C. Scope effects H

The scope gains HM are derived from the average input reduction
in the production of the average output:

HM = min
H2R+

��
H

P
k2M Ekxk

|M | ,

P
k2M yk

|M |
�
2 T

 
,

The use of averaging controls for scale effects, however it assumes
that the firms in M are not too different in initial scale. If the
scale differs within M considerably then the interpretation may be
ambiguous.

D. Scale effects S

The scale effects SM are captured by asking how much could have
been saved by operating at full rather than average scale:

SM = min
S2R+

��
S ·HM

X

k2M

Ekxk,
X

k2M

yk� 2 T
 
.

The rescaling is advantageous, SM < 1, if we have economies of
scale, and costly, SM > 1, if there are diseconomies of scale (e.g.
congestion and information costs).

E. All effects

Using the above notions of learning L, harmony H and size S
effects, we get our basic decomposition

EM = LM ·HM · SM .

The learning or technical efficiency measure LM captures what can
be gained by making the individual firms efficient. The remaining
potential savings, E⇤M , are created by the harmony or scope effect
HM , and the size or scale effect SM .

V. NORWEGIAN ELECTRICITY DISTRIBUTION

The Norwegian electricity distributors are unbundled only to trans-
porting electricity from the regional transmission level to the end
consumer since 1991. Until 1996 the DSOs were regulated using a
Rate of Return Regulation, from 1997-2006 a DEA-based revenue
cap was used, subsequently revised in 2007, cf. [20].

A. Model specification

An activity model for energy distribution should capture three
dimensions: (i) customer service, (ii) transportation work and (iii)
capacity provision, [19]. The first dimension is usually covered by
the total number of clients, potentially divided into voltage levels or
market segments. The second corresponds to total delivered energy,
if need be differentiated by voltage level. The third dimension is
covered by proxies for capacity such as installed transformer power
or peak power. In terms of input, most studies focus on the operating
costs, either in terms of physical (labor) or monetary units, while
using proxies for capital in terms of line length and/or installed

Learning effect L

We assume that T satisfies free disposability, convexity and r
returns to scale [18].

The radial technical input-efficiency measure for DMU (x, y) is
E(x, y) : Rmx

0 ⇥ Rmy
0 ! R0 defined as

E(x, y) = min �
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. E can be

interpreted as a lower bound for the proportion of necessary input
�x to achieve the observed output y. A DMU is technically input-
efficient if and only if the corresponding score E = 1, the efficient
DMUs form the efficient frontier.

The associated underlying cost model for a DMU is given by

C(y|w) = min
x

{wx|(x, y) 2 T} (3)

Theoretically, the regulator would set the reimbursement (tariff
allowance) for the firm to C(y, w). However, given the cost of ad-
justment for a capital-intensive industry, the actual implementation in
regulation (e.g. Norway and Germany) is made through a revenue-cap
regime where the efficiency improvement requirement is smoothed

Rt
k(y) = R0

kV (y)PIt(1�Xk(Ek)�X) (4)

where Rt
k(y) is the allowed revenue for firm k year t with output y,

R0
k is the revenue in a base year 0, PIt is an inflation adjustment

factor (often CPI), Xk(Ek) is the individual efficiency requirement
for firm k (often smoothed over 10 years and capped to 2 % - 3 %
per year), and X is the general productivity requirement for all firms,
cf. [19]. The merger regulation in Norway adjusts the Xk term for
merging DSOs using the method in the next section.

IV. HORIZONTAL MERGERS

The previous framework can be extended for the analysis of merger
gains [3]. The merger gains will result from effects from changes
(improvements) in technical efficiency (learning), scope and scale.
We will now formalize these concepts.

A. Overall gains E
Consider the overall gains in terms of input reduction1 by a

(horizontal) merger of the firms in M . Initially, we calculate the
maximal proportional reduction in the aggregated inputs EM as:

EM = min{E 2 R+ |
�
E
X

k2M

xk,
X

k2M

yk� 2 T }

If EM < 1, the merger produces savings, and if EM > 1, the
merger is costly.

B. Learning effects L
The score EM does not take into account the catch-up of technical

inefficiency by potentially technically inefficient units in the merger.
To adjust the overall merger gains for the learning effect, we can
project the original firms to the production possibility frontier and
use the projected plans as the basis for evaluating the remaining gains
from the merger. Thus, we project (xk, yk) onto (Ekxk, yk) for all
k 2 M , where Ek is the standard efficiency score for the single kth

1An analogous derivation can be made for the expansions on the output
side. This would stress the possibilities to increase outputs with a factor F .
However, this is not relevant for unbundled distribution operators where the
output is exogenously given by independent retailers.

Firm, and use the projected plans (Ekxk, yk), k 2 M , as the basis
for calculating the adjusted overall gains E⇤M from the merger:

E⇤M = min
�
� 2 R+ |

�
�
X

k2M

Ekxk,
X

k2M

yk� 2 T
 
.

If we set

LM =
EM

E⇤M ,

we get EM = LM ·E⇤M , where LM 2 [0, 1] indicates what can be
saved by individual technical efficiency adjustments for the different
firms in M .

C. Scope effects H

The scope gains HM are derived from the average input reduction
in the production of the average output:

HM = min
H2R+

��
H

P
k2M Ekxk

|M | ,

P
k2M yk

|M |
�
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,

The use of averaging controls for scale effects, however it assumes
that the firms in M are not too different in initial scale. If the
scale differs within M considerably then the interpretation may be
ambiguous.

D. Scale effects S

The scale effects SM are captured by asking how much could have
been saved by operating at full rather than average scale:

SM = min
S2R+

��
S ·HM

X

k2M

Ekxk,
X

k2M

yk� 2 T
 
.

The rescaling is advantageous, SM < 1, if we have economies of
scale, and costly, SM > 1, if there are diseconomies of scale (e.g.
congestion and information costs).

E. All effects

Using the above notions of learning L, harmony H and size S
effects, we get our basic decomposition

EM = LM ·HM · SM .

The learning or technical efficiency measure LM captures what can
be gained by making the individual firms efficient. The remaining
potential savings, E⇤M , are created by the harmony or scope effect
HM , and the size or scale effect SM .

V. NORWEGIAN ELECTRICITY DISTRIBUTION

The Norwegian electricity distributors are unbundled only to trans-
porting electricity from the regional transmission level to the end
consumer since 1991. Until 1996 the DSOs were regulated using a
Rate of Return Regulation, from 1997-2006 a DEA-based revenue
cap was used, subsequently revised in 2007, cf. [20].

A. Model specification

An activity model for energy distribution should capture three
dimensions: (i) customer service, (ii) transportation work and (iii)
capacity provision, [19]. The first dimension is usually covered by
the total number of clients, potentially divided into voltage levels or
market segments. The second corresponds to total delivered energy,
if need be differentiated by voltage level. The third dimension is
covered by proxies for capacity such as installed transformer power
or peak power. In terms of input, most studies focus on the operating
costs, either in terms of physical (labor) or monetary units, while
using proxies for capital in terms of line length and/or installed

0 ≤ L ≤ 1 takes into account the catch-up of inefficiency by initially 
inefficient DSOs in the merger



Scale effect S

We assume that T satisfies free disposability, convexity and r
returns to scale [18].

The radial technical input-efficiency measure for DMU (x, y) is
E(x, y) : Rmx
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0 ! R0 defined as
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. E can be

interpreted as a lower bound for the proportion of necessary input
�x to achieve the observed output y. A DMU is technically input-
efficient if and only if the corresponding score E = 1, the efficient
DMUs form the efficient frontier.

The associated underlying cost model for a DMU is given by

C(y|w) = min
x

{wx|(x, y) 2 T} (3)

Theoretically, the regulator would set the reimbursement (tariff
allowance) for the firm to C(y, w). However, given the cost of ad-
justment for a capital-intensive industry, the actual implementation in
regulation (e.g. Norway and Germany) is made through a revenue-cap
regime where the efficiency improvement requirement is smoothed

Rt
k(y) = R0

kV (y)PIt(1�Xk(Ek)�X) (4)

where Rt
k(y) is the allowed revenue for firm k year t with output y,

R0
k is the revenue in a base year 0, PIt is an inflation adjustment

factor (often CPI), Xk(Ek) is the individual efficiency requirement
for firm k (often smoothed over 10 years and capped to 2 % - 3 %
per year), and X is the general productivity requirement for all firms,
cf. [19]. The merger regulation in Norway adjusts the Xk term for
merging DSOs using the method in the next section.

IV. HORIZONTAL MERGERS

The previous framework can be extended for the analysis of merger
gains [3]. The merger gains will result from effects from changes
(improvements) in technical efficiency (learning), scope and scale.
We will now formalize these concepts.

A. Overall gains E
Consider the overall gains in terms of input reduction1 by a

(horizontal) merger of the firms in M . Initially, we calculate the
maximal proportional reduction in the aggregated inputs EM as:

EM = min{E 2 R+ |
�
E
X

k2M

xk,
X

k2M

yk� 2 T }

If EM < 1, the merger produces savings, and if EM > 1, the
merger is costly.

B. Learning effects L
The score EM does not take into account the catch-up of technical

inefficiency by potentially technically inefficient units in the merger.
To adjust the overall merger gains for the learning effect, we can
project the original firms to the production possibility frontier and
use the projected plans as the basis for evaluating the remaining gains
from the merger. Thus, we project (xk, yk) onto (Ekxk, yk) for all
k 2 M , where Ek is the standard efficiency score for the single kth

1An analogous derivation can be made for the expansions on the output
side. This would stress the possibilities to increase outputs with a factor F .
However, this is not relevant for unbundled distribution operators where the
output is exogenously given by independent retailers.

Firm, and use the projected plans (Ekxk, yk), k 2 M , as the basis
for calculating the adjusted overall gains E⇤M from the merger:

E⇤M = min
�
� 2 R+ |

�
�
X

k2M

Ekxk,
X

k2M

yk� 2 T
 
.

If we set

LM =
EM

E⇤M ,

we get EM = LM ·E⇤M , where LM 2 [0, 1] indicates what can be
saved by individual technical efficiency adjustments for the different
firms in M .

C. Scope effects H

The scope gains HM are derived from the average input reduction
in the production of the average output:

HM = min
H2R+

��
H

P
k2M Ekxk

|M | ,

P
k2M yk

|M |
�
2 T

 
,

The use of averaging controls for scale effects, however it assumes
that the firms in M are not too different in initial scale. If the
scale differs within M considerably then the interpretation may be
ambiguous.

D. Scale effects S

The scale effects SM are captured by asking how much could have
been saved by operating at full rather than average scale:

SM = min
S2R+

��
S ·HM

X

k2M

Ekxk,
X

k2M

yk� 2 T
 
.

The rescaling is advantageous, SM < 1, if we have economies of
scale, and costly, SM > 1, if there are diseconomies of scale (e.g.
congestion and information costs).

E. All effects

Using the above notions of learning L, harmony H and size S
effects, we get our basic decomposition

EM = LM ·HM · SM .

The learning or technical efficiency measure LM captures what can
be gained by making the individual firms efficient. The remaining
potential savings, E⇤M , are created by the harmony or scope effect
HM , and the size or scale effect SM .

V. NORWEGIAN ELECTRICITY DISTRIBUTION

The Norwegian electricity distributors are unbundled only to trans-
porting electricity from the regional transmission level to the end
consumer since 1991. Until 1996 the DSOs were regulated using a
Rate of Return Regulation, from 1997-2006 a DEA-based revenue
cap was used, subsequently revised in 2007, cf. [20].

A. Model specification

An activity model for energy distribution should capture three
dimensions: (i) customer service, (ii) transportation work and (iii)
capacity provision, [19]. The first dimension is usually covered by
the total number of clients, potentially divided into voltage levels or
market segments. The second corresponds to total delivered energy,
if need be differentiated by voltage level. The third dimension is
covered by proxies for capacity such as installed transformer power
or peak power. In terms of input, most studies focus on the operating
costs, either in terms of physical (labor) or monetary units, while
using proxies for capital in terms of line length and/or installed

Scope gains H

We assume that T satisfies free disposability, convexity and r
returns to scale [18].

The radial technical input-efficiency measure for DMU (x, y) is
E(x, y) : Rmx

0 ⇥ Rmy
0 ! R0 defined as

E(x, y) = min �
s.t. �x �

Pn
i=1 ⇥

ixi

y 
Pn

i=1 ⇥
iyi

⇥ 2 �(r)

(2)

where �(crs) = Rn
0 ,�(vrs) =

�
⇥ 2 Rn

0 |
P

i ⇥
i = 1

 
. E can be

interpreted as a lower bound for the proportion of necessary input
�x to achieve the observed output y. A DMU is technically input-
efficient if and only if the corresponding score E = 1, the efficient
DMUs form the efficient frontier.

The associated underlying cost model for a DMU is given by

C(y|w) = min
x

{wx|(x, y) 2 T} (3)

Theoretically, the regulator would set the reimbursement (tariff
allowance) for the firm to C(y, w). However, given the cost of ad-
justment for a capital-intensive industry, the actual implementation in
regulation (e.g. Norway and Germany) is made through a revenue-cap
regime where the efficiency improvement requirement is smoothed

Rt
k(y) = R0

kV (y)PIt(1�Xk(Ek)�X) (4)

where Rt
k(y) is the allowed revenue for firm k year t with output y,

R0
k is the revenue in a base year 0, PIt is an inflation adjustment

factor (often CPI), Xk(Ek) is the individual efficiency requirement
for firm k (often smoothed over 10 years and capped to 2 % - 3 %
per year), and X is the general productivity requirement for all firms,
cf. [19]. The merger regulation in Norway adjusts the Xk term for
merging DSOs using the method in the next section.

IV. HORIZONTAL MERGERS

The previous framework can be extended for the analysis of merger
gains [3]. The merger gains will result from effects from changes
(improvements) in technical efficiency (learning), scope and scale.
We will now formalize these concepts.

A. Overall gains E
Consider the overall gains in terms of input reduction1 by a

(horizontal) merger of the firms in M . Initially, we calculate the
maximal proportional reduction in the aggregated inputs EM as:

EM = min{E 2 R+ |
�
E
X

k2M

xk,
X

k2M

yk� 2 T }

If EM < 1, the merger produces savings, and if EM > 1, the
merger is costly.

B. Learning effects L
The score EM does not take into account the catch-up of technical

inefficiency by potentially technically inefficient units in the merger.
To adjust the overall merger gains for the learning effect, we can
project the original firms to the production possibility frontier and
use the projected plans as the basis for evaluating the remaining gains
from the merger. Thus, we project (xk, yk) onto (Ekxk, yk) for all
k 2 M , where Ek is the standard efficiency score for the single kth

1An analogous derivation can be made for the expansions on the output
side. This would stress the possibilities to increase outputs with a factor F .
However, this is not relevant for unbundled distribution operators where the
output is exogenously given by independent retailers.

Firm, and use the projected plans (Ekxk, yk), k 2 M , as the basis
for calculating the adjusted overall gains E⇤M from the merger:

E⇤M = min
�
� 2 R+ |

�
�
X

k2M

Ekxk,
X

k2M

yk� 2 T
 
.

If we set

LM =
EM

E⇤M ,

we get EM = LM ·E⇤M , where LM 2 [0, 1] indicates what can be
saved by individual technical efficiency adjustments for the different
firms in M .

C. Scope effects H

The scope gains HM are derived from the average input reduction
in the production of the average output:

HM = min
H2R+

��
H

P
k2M Ekxk

|M | ,

P
k2M yk

|M |
�
2 T

 
,

The use of averaging controls for scale effects, however it assumes
that the firms in M are not too different in initial scale. If the
scale differs within M considerably then the interpretation may be
ambiguous.

D. Scale effects S

The scale effects SM are captured by asking how much could have
been saved by operating at full rather than average scale:

SM = min
S2R+

��
S ·HM

X

k2M

Ekxk,
X

k2M

yk� 2 T
 
.

The rescaling is advantageous, SM < 1, if we have economies of
scale, and costly, SM > 1, if there are diseconomies of scale (e.g.
congestion and information costs).

E. All effects

Using the above notions of learning L, harmony H and size S
effects, we get our basic decomposition

EM = LM ·HM · SM .

The learning or technical efficiency measure LM captures what can
be gained by making the individual firms efficient. The remaining
potential savings, E⇤M , are created by the harmony or scope effect
HM , and the size or scale effect SM .

V. NORWEGIAN ELECTRICITY DISTRIBUTION

The Norwegian electricity distributors are unbundled only to trans-
porting electricity from the regional transmission level to the end
consumer since 1991. Until 1996 the DSOs were regulated using a
Rate of Return Regulation, from 1997-2006 a DEA-based revenue
cap was used, subsequently revised in 2007, cf. [20].

A. Model specification

An activity model for energy distribution should capture three
dimensions: (i) customer service, (ii) transportation work and (iii)
capacity provision, [19]. The first dimension is usually covered by
the total number of clients, potentially divided into voltage levels or
market segments. The second corresponds to total delivered energy,
if need be differentiated by voltage level. The third dimension is
covered by proxies for capacity such as installed transformer power
or peak power. In terms of input, most studies focus on the operating
costs, either in terms of physical (labor) or monetary units, while
using proxies for capital in terms of line length and/or installed
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Unit B (76% efficient) merging with A = 86% efficient
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Importance of peer k 

An operator (xi, yi) is technically input-e�cient if and only if the corre-
sponding score D(xi, yi|⌦, r) = 1, the e�cient observations form the e�cient
frontier. The optimal multipliers �i from (2) for a firm i form the combina-
tions of the e�cient units (or the peers). As the multipliers are not bounded
under crs, the relative importance of a peer k in the target for a firm i can
be obtained by the normalized weight ⇢i,k:

Definition 1. ⇢i,k =
�
i
kP

k �
i
k
.

From linear programming theory we know that maximum number of peers
any one firm is compared to is mx+my, see Bogetoft and Otto (2011). When
the regulator assumes constant returns to scale, i.e. r = crs, the maximum
is reduced by one.4

2.2. Norwegian network regulation

The electricity supply chain is vertically constituted by generation, retail,
transmission, regional transmission, and (local) distribution. The latter three
stages are natural monopolies subject to tari↵- and access regulation to curb
the risk for market abuse, excessive rents and/or market distortions for the
unregulated segments (cross-subsidies, unequal connection conditions, etc.)
In Norway, the distribution system covers voltage levels up to 22kV. To the
extent that the Norwegian distribution system operators (DSOs) are also
active in other segments of the electricity supply chain, the firms need to at
least have separated accounts for their local distribution activities.

The regulation is designed, monitored and enforced by the Norwegian
Water Resources and Energy Directorate (NVE). Norway is a pioneer in
using frontier analysis to assess the firms’ performance; the first DEA-based
regulation was introduced in 1997, and the current regime is in place since
2007 (Edvardsen et al., 2006; Bjørndal et al., 2010).

Under this regime, NVE determines the allowed annual revenue for oper-
ator i in year t according to the following formula:

R
t(ct�2

i
, y

t�2
i

|⌦t�2
, crs) = ↵ Ĉ(ct�2

i
, y

t�2
i

|⌦t�2
, crs) + (1� ↵) ct�2

i
, (5)

where Rt is the annual revenue cap in year t, ↵ is the weight attributed to
the cost norm Ĉ based on DEA, ci is the actual cost incurred by the firm and
⌦t�2 is the reference set of DSOs under regulation. While ↵ was originally

4Thus under the current regime any given firm has a maximum of three peers (see
Section 2.3.

6

Relative impact of k on the target for i

H1: Peer predictability

Predictability
Important for investments›
Best practice regulation in energy transition›

NRA changes DEA model to
Fewer outputs›
Five› -year averages
Deterministic stable outputs ›



Peer stability

fashion and the frontier was notoriously unstable, making it di�cult for firms
to predict who they would be compared to in subsequent years. With the reg-
ulatory reform, however, predictability should have increased substantially.
As we cannot measure predictability directly, we use peer stability as a proxy.
For each DSO i, define the set of peers at time t as  t

i
✓ ⌦t. Then, let us

define a stable peer for i as a firm j that is a peer during two consecutive
periods (t� 1, t); j 2  t�1

i
\ t

i
. A measure of peer stability for i is then the

weighted share of stable peers:

Definition 2. PS
t

i
= 1

2

P
j2 t�1

i \ t
i
(⇢t�1

i,j
+ ⇢

t

i,j
)

where t indexes the time period, j indexes all firms that serve as firm
i’s stable peers i and ⇢

t

i,j
is the normalized weight from Definition 1 for the

importance of peer j on firm i’s reference set in year t. For any optimal
solution to (2) for any DSO i, �i

> 0 (Bogetoft and Otto, 2011); it then
follows directly that ⇢t

i,j
> 0 for all i, t and j 2  t�1

i
\ t

i
. Figure 2 shows that

peer stability has indeed increased remarkably as a result of the reform—it
roughly doubled. In addition, the reduction in outputs decreased the number
of peers the average firm is compared to in a given year (on the second y-
axis). Notice that the 2013 reform a↵ects the frontier retroactively as of
2011 (indicated by the vertical dotted line) because cost norms are based on
performance data from two years back (see Section 2.2).

Figure 2: Peer stability, 2006-2015
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Peer effects

3. Peer e↵ects

3.1. Modeling peer e↵ects

What is the e↵ect of the existence of a given peer on a firm’s observed
performance? In other words, if this peer disappeared from the frontier, e.g.
because its performance deteriorated or it merged with another entity, how
much would the e�ciency score of firm i change? Drawing on measures of
outlier detection in regulation (Agrell and Niknazar, 2013), and in particular
the dominance criterion developed in Banker (1996),8 we measure the size
of this peer e↵ect by comparing the e�ciency score of a firm i when one
of its peers k is part of the frontier with the corresponding score when k is
removed from i’s reference set. Technical e�ciency scores under this new
reference set can be calculated by solving (4) after removing the peer from
the reference set. This allows us to express the peer e↵ect, ⇠t

i,k
, as the ratio

of the e�ciency score firms receive when assessed against the full reference
set over the corresponding score when the peer is removed:

Definition 3. ⇠
t

i,k
= D(xt

i,y
t
i |⌦t

,r)
D(xt

i,y
t
i |⌦t

�k,r)
i, k 2 ⌦t

Proposition 1. 0 < ⇠i,k  1, i, k 2 ⌦t

Proof. It follows from the convexity of the production space that
D(xi, yi|⌦t

�k
, r) � D(xi, yi|⌦t

, r), i.e. ⇠
t

i,k
 1. Further, D(x, y|⌦, r) > 0,

thus ⇠t
i,k

> 0.

⇠
t

i,k
indicates by how much the observed e�ciency of firm i changes after

a firm k is removed. ⇠
t

i,k
< 1 implies that the observed e�ciency increases,

whereas ⇠t
i,k

= 1 means that there is no peer e↵ect and the firm is estimated
to be as e�cient as before. This is of course the case for comparisons with
ine�cient firms or peers that are located on a hyperplane spanned by some
other units, simply replacing it on the frontier. Note that the peer e↵ect is
not only relevant to a potential insider, but also to all firms for which k is a
peer.

What is the impact of such peer e↵ects on the firms’ revenue and their
profit? As described in Section 2, in the Norwegian system a firm’s revenue
increases, ceteris paribus, if its e�ciency estimate increases relative to the

8In this criterion, a unit k is said to be a dominant outlier if the ratioP
j2⌦�k

(D(xj ,yj |⌦�k,r)�1)2
P

j2⌦�k
(D(xj ,yj |⌦,r)�1)2 is below a threshold defined by the distribution F (|⌦k�1, |⌦k�

1).
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Peer effect and profitabilityindustry. This is because the regulator sets the firms’ total allowed revenue
such that the regulated sector as a whole earns the regulated rate of return.
A higher relative e�ciency score therefore translates into a higher share of
the industry’s allowed revenue.

Proposition 2. Ceteris paribus, firm i’s profit increases after peer k disap-

pears from the frontier if and only if ⇠i,k < ⇠̃i,k , where ⇠̃i,k ⌘
P

j 6=i c
⇤
jP

j 6=i c
⇤
j/⇠j,k

and

c
⇤
i
⌘ ciD(xi, yi|⌦) 8i, k 2 ⌦. Profitability increases in ⇠̃i,k � ⇠i,k, 8i, k 2 ⌦.

Proof. Suppressing the time index and the specification of the production
set (returns to scale) without loss of generality, we denote the actual cost as
ci, e�cient cost as c⇤

i
(⌦), and the reimbursement for firm i under reference

set ⌦ as ĉi(⌦), where

ĉi =
c
⇤
i
(⌦)P

j
c
⇤
j
(⌦)

X

j

cj

The static profit for firm i increases i↵ ĉi(⌦�k) > ĉi(⌦). I.e.,

ciD(xi, yi|⌦�k)P
j
cjD(xj, yj|⌦�k)

X

j

cj >
ciD(xi, yi|⌦)P
j
cjD(xj, yj|⌦)

X

j

cj

ciD(xi, yi|⌦)
⇠i,k

P
j
cjD(xj, yj|⌦)/⇠j,k

>
ciD(xi, yi|⌦)P
j
cjD(xj, yj|⌦)

X

j

c
⇤
j
> ⇠i,k

"
X

j

c
⇤
j
/⇠j,k

#

X

j

c
⇤
j
> c

⇤
i
+ ⇠i,k

"
X

j 6=i

c
⇤
j
/⇠j,k

#

⇠i,k <

P
j
c
⇤
j
� c

⇤
iP

j 6=i
c
⇤
j
/⇠j,k

⇠i,k <

P
j 6=i

c
⇤
jP

j 6=i
c
⇤
j
/⇠j,k

since
P

j
cj > 0 and D(xj, yj|⌦�k) = D(xj, yj|⌦)/⇠j,k.

To illustrate peer e↵ects, consider the simple numerical example provided
in Table 3, visualized in Figure 3. In the example, Firm 1 is the industry’s
most e�cient firm (D(xi, yi|⌦, crs) = 1), meaning it is on the frontier under
the crs assumption (indicated by the solid black line in the figure), followed
by Firm 2, with Firm 3 being the laggard. If Firm 1 is removed from the
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Cross-ownership

4. Cross-ownership

Part of the di�culties of writing and enforcing a contract that prevents a
peer firm from performing well are consequences of asymmetric information
and lack of control. To address these aspects, direct ownership ties might
be needed. This is a standard insight from the literature on incomplete
contracting (Aghion and Holden, 2011). To analyse whether such ownership
ties exist in Norwegian electricity distribution, we therefore collected ultimate
ownership data for all companies.14

4.1. Measuring cross-ownership

We measure cross-ownership for every pair of firms (i, j) 2 ⌦ across ul-
timate owners g (not regulated operators). If pairs are cross-held, there is
at least one ultimate owner g̃ that holds ownership shares in both firms. To
create continuous measures capturing the magnitude of cross-ownership, we
borrow a measure from the literature on common ownership. Let si

g
be the

proportion of the total shares in firm i owned by ultimate owner g. The
measure which we coin cross-product (CP ) is defined as the product of the
fraction of two firms cross-held shares (Hansen and Lott Jr, 1996; Freeman,
2017):

CPi,j 6=i =
X

g

s
i

g
⇥
X

g

s
j 6=i

g
(6)

where g indexes ultimate owners holding shares in both firm i and firm
j 6= i, and s

i

g
is the fraction of equity shares a given cross-holder g owns in

firm i. For example if owner g = A owns all shares in Firm 1 (s1
A
= 1) and

also has a minority share of 49% in Firm 2 (s21 = 0.49), then CP1,2 = 0.49.

4.2. Frontier connections

This section focuses on cross-ownership involving frontier firms as other
forms of cross-ownership should not be relevant with respect to peer e↵ects.15

Figure 5 provides a schematic overview of cross-ownership patterns involving
peers in Norwegian electricity distribution over the period under study. The
network graph displays the cross-ownership patterns of all firms (represented
by nodes) that have ownership ties to at least one of the frontier firms (the

14For more information on the ownership data, see Teusch (2017).
15However, we recognize that cross-ownership of non-peer units might facilitate arrange-

ments to organize side-compensations or increase the sustainability of tacit collusion.
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Peer effects of mergers

ties. In addition, as mentioned above, this includes Hafslund Nett AS, signif-
icantly larger than its main peer firm. An owner optimizing its portfolio of
frontier firms should thus find it optimal to persuade Askøy’s management
to decrease performance or at least refrain from pushing the frontier out even
further. Appendix A provides more details on peer ownership in 2015.

5. Horizontal mergers

Whereas cross-owned firms still remain in each others’ reference set, after
a full merger the constituent units are no longer compared to one another as
the inputs and outputs are then pooled in the e�ciency analysis (NVE, 2015).
This section shows that, because of this, horizontal mergers involving frontier
can come with peer e↵ects even in the absence of behavioral change on the
part of the frontier firms. Consequently, we propose a method to estimate
such e↵ects ex ante. We then discuss how we apply Bogetoft and Wang
(2005) to estimate potential e�ciency gains and apply our methodology to
all mergers that were implemented after the 2013 reform entered into force.

5.1. Modeling peer e↵ects of mergers

Whenever a frontier firm merges, the firms that were previously compared
to this firm will be assessed with reference to one or several new peer(s). This
could be either the merged entity or other firm(s) from the reference set.
This section suggests measuring the impact of this peer e↵ect by comparing
a firm’s e�ciency score when compared to the old reference set,

First some additional notation for the case of merger between h units in
an index set ⌥M . As before ⌦t is the index set of units prior to the merger.
⌦M = {1, 2, ...,M, ..., n� (h� 1)} denotes the post-merger index set, where
the insiders are included as one pooled entity M where xM =

P
m2⌥M xm

and yM =
P

m2⌥M ym. Technical e�ciency scores under this new reference
set can simply be calculated by solving (2) to obtain D(xi, yi|⌦M

, r) for all
i 2 ⌦M . This allows us to express the peer e↵ect of a merger, !M , as the ratio
of the e�ciency score firms receive when assessed against the old reference
set over the corresponding score based on the new set:

Definition 4. !
M

i
= D(xi,yi|⌦t

,r)
D(xi,yi|⌦M ,r) , i 2 ⌦M

.

0  !
M

i
 1 indicates17 by how much the e�ciency of firm i 2 ⌦M changes

after the merger. The interpretation is analogous to the unit-level peer e↵ect
⇠, i.e. !M

i
< 1 implies that the observed e�ciency increases, whereas !M

i
= 1

17Follows from D(xi, yi|⌦t, crs)  D(xi, yi|⌦M , crs) for all i 2 ⌦M .
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Change in efficiency score of i for merger M

signals absence of peer e↵ect on i. Note that we use the same observations
for both ex-ante and ex-post e↵ects; the only di↵erence is that the insiders’
inputs and outputs are pooled in the ex-post scenario as the unit M . Hence,
the peer e↵ect ! is a pure reference set e↵ect—by construction no actual
e�ciency improvement can take place. Also recall that the peer e↵ect is not
only relevant to the merging firms, but may a↵ect any firm whose pre-merger
set of peers contains a merging party.

What is the impact of such peer e↵ects on the firms’ revenue and profit?
As explained with respect to the general peer e↵ect developed in Section
3, mergers with peer e↵ects will not only make the merging parties’ look
more e�cient, but also all other firms that were compared to the pre-merger
frontier firm involved in the merger:

Proposition 3. Ceteris paribus, firm i’s profit increases if and only if

!
M

i
< !̃

M

i
, i 2 ⌦M

, where !̃
M

i
⌘

P
j 6=i c

⇤
jP

j 6=i c
⇤
j/!

M
j

8i 2 ⌦M . Profitability increases

in !̃
M

i
� !

M

i
.

Proof. Omit the time index and the specification of the production set
(returns to scale) without loss of generality. Denote firm i’s actual cost as ci,
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since
P

j
cj > 0 and D(xj, yj|⌦M) = D(xj, yj|⌦)/!M

j
.

Profit-maximizing firms should then have the incentives to propose any
mergers with !

M

i
< !̃

M

i
, even when they do not foresee any e�ciency e↵ects

from the transaction. In fact, if the peer gains, !̃M

i
� !

M

i
, are large enough,

even mergers with e�ciency losses could be firm-level rational. In order
to identify such strategic mergers when they are proposed it is therefore
important to also estimate the e�ciency e↵ect ex ante.

5.2. Modeling e�ciency e↵ects of mergers

The merger e↵ects under DEA can be decomposed using the Bogetoft and
Wang (2005) model into learning, scope (harmony) and scale (size) related
gains. The methodology is widely used in network regulation (e.g Bagdadio-
glu et al. (2007)) and beyond, including the German water industry (Zschille,
2015) and Danish hospitals (Kristensen et al., 2010). To consider the over-
all gains in terms of input reduction by a (horizontal) merger of the firms
m 2 ⌥M , first calculate the maximal radial reduction in the aggregated
(pooled) inputs EM :

EM = D(xM , yM |⌦t
, r) (7)

where merger e↵ects are estimated with respect to the old technology
set ⌦t which is based on observations from all firms that are contained in
the pre-merger reference set. This ensures that what is measured are real
e�ciency e↵ects and not e↵ects due to a changed reference set.

If EM < 1, the merger could produce savings, and if EM > 1, the merger
would appear costly.18 The score EM does, however, not take into account
the part of the potential savings that are not merger-independent. Impor-
tantly, if some of the insiders are technically ine�cient before the merger, this
ine�ciency is counted as a merger gain in EM . To adjust the overall merger
gains for such a learning e↵ect (which firms should be able to achieve on their
own without the need for a horizontal merger), Bogetoft and Wang project
the original firms to the production possibility frontier and use the projected
plans as the basis for evaluating the remaining gains from the merger. This
is done by adjusting each merging firm to technical e�ciency, i.e. contracting
input to

x
⇤
m
= D(xm, ym|⌦t

, r) · xm,m 2 ⌥M
. (8)

18EM  1 if r = crs.
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This controls for the individual catch-up e↵ects, providing the adjusted
overall merger gains E⇤

M
as

E
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= D
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X
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(9)

Setting

LM =
EM

E
⇤
M

(10)

one obtains EM = LM · E⇤
M
, where LM 2 [0, 1] indicates what can be

saved by individual technical e�ciency adjustments by the di↵erent firms in
M .

Assessing the harmony (or scope) e↵ect of a merger, HM , amounts to
examining how much one can reduce the average input in the production of
the average output:

HM = D
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!
(11)

where h = |⌥M |, she number of insiders involved in the merger M . The
use of averaging controls for scale e↵ects, however it assumes that the firms
in M are not too di↵erent in initial scale.

Finally, the scale e↵ects SM are captured by asking how much could have
been saved by operating at full rather than average scale:

SM = D

 
HM

X

m2⌥M
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m
,

X
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ym|⌦t
, r

!
(12)

The rescaling is advantageous, SM < 1, if there are economies of scale,
for example in procurement, sta�ng or from access to scarce managerial
or technical resources (Roeller et al., 2006) and costly, SM > 1, if there
are diseconomies of scale because of information costs (Grossman and Hart,
1986; McAfee and McMillan, 1995). E�ciency-decreasing mergers appear to
be surprisingly common in practice (Cronin and Motluk, 2007b; Kwoka and
Pollitt, 2010). Under the crs assumption, SM will of course always be equal
to 1.

Having defined the learning LM , harmony HM and size SM e↵ects, we
now decompose the potential gains of a merger M on technical e�ciency:

EM = LM ·HM · SM| {z }
E

⇤
M

(13)
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Network regulation in Norway

1991 to 1996 
Rate of return regulation (› RoR)

1997 to 2001 
Revenue cap regulation, with individual X based on DEA (ex post 1996)›

2002 to 2007 
Revenue cap regulation, with individual X based on DEA (ex post 2001)›
DEA under VRS assumption ›

2007 to 2009
DEA Yardstick model I (9 outputs), CRS›

2010 to 2012
DEA Yardstick model II (8 outputs), CRS›

2013 -
DEA Yardstick model III (3 outputs), CRS›

Norwegian revenue cap regulation

Annual revenue cap Cost norm DEA Actual cost

Weight for cost norm (0.6)

An operator (xi, yi) is technically input-e�cient if and only if the corre-
sponding score D(xi, yi|⌦, r) = 1, the e�cient observations form the e�cient
frontier. The optimal multipliers �i from (2) for a firm i form the combina-
tions of the e�cient units (or the peers). As the multipliers are not bounded
under crs, the relative importance of a peer k in the target for a firm i can
be obtained by the normalized weight ⇢i,k:

Definition 1. ⇢i,k =
�
i
kP

k �
i
k
.

From linear programming theory we know that maximum number of peers
any one firm is compared to is mx+my, see Bogetoft and Otto (2011). When
the regulator assumes constant returns to scale, i.e. r = crs, the maximum
is reduced by one.4

2.2. Norwegian network regulation

The electricity supply chain is vertically constituted by generation, retail,
transmission, regional transmission, and (local) distribution. The latter three
stages are natural monopolies subject to tari↵- and access regulation to curb
the risk for market abuse, excessive rents and/or market distortions for the
unregulated segments (cross-subsidies, unequal connection conditions, etc.)
In Norway, the distribution system covers voltage levels up to 22kV. To the
extent that the Norwegian distribution system operators (DSOs) are also
active in other segments of the electricity supply chain, the firms need to at
least have separated accounts for their local distribution activities.

The regulation is designed, monitored and enforced by the Norwegian
Water Resources and Energy Directorate (NVE). Norway is a pioneer in
using frontier analysis to assess the firms’ performance; the first DEA-based
regulation was introduced in 1997, and the current regime is in place since
2007 (Edvardsen et al., 2006; Bjørndal et al., 2010).

Under this regime, NVE determines the allowed annual revenue for oper-
ator i in year t according to the following formula:

R
t(ct�2

i
, y

t�2
i

|⌦t�2
, crs) = ↵ Ĉ(ct�2

i
, y

t�2
i

|⌦t�2
, crs) + (1� ↵) ct�2

i
, (5)

where Rt is the annual revenue cap in year t, ↵ is the weight attributed to
the cost norm Ĉ based on DEA, ci is the actual cost incurred by the firm and
⌦t�2 is the reference set of DSOs under regulation. While ↵ was originally

4Thus under the current regime any given firm has a maximum of three peers (see
Section 2.3.
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DEA models

and ‘coast’ (which includes wind speeds)—tend to vary substantially by year
and region because of changing weather conditions. Second, before the re-
form, firms were compared to yearly observations from their peers; with the
reform the regulator switched to relying on five-year averages.

Table 2: Outputs used in DEA model

Variable Unit of measurement 2007-2009 2010-2012 2013+

Delivered energy MWh X X
Customers - cottages # X X
Customers - residential # X X
Customers - total # X
High-voltage (HV) lines km X X X
Substations # X X X
Transformers Weighted measure X
Forest Forest index ⇥ HV overhead lines X X
Snow Snow index ⇥ HV overhead lines X X
Coast Coast index ⇥ HV overhead lines X X

Source: NVE (2012).

Since the reform, the frontier is fairly static, as illustrated in Figure 1.
However, we note that this increase in peer predictability also comes with
the drawback of facilitating strategic behavior. In particular, the 2013-reform
was a game changer in this regard, enabling firms to anticipate their peers,
to estimate their economic impact and to calculate the value of (strategic)
restructuring.

Figure 1: Frontier stability, 2011-2015

The reason we stress these changes is that before the 2013 reform, DEA
e�ciency scores varied substantially across years in a largely unpredictable
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Mergers 2011-2015

Table 5: Mergers and takeovers (2011  t  2015)

Merged firm (t+ 1) Constituent firms (t) Year (t)

TrønderEnergi Nett AS Malvik Everk AS, TrønderEnergi Nett AS, Tydal KF 2012

Mørenett AS Tafjord Kraftnett AS, Tussa Nett AS 2013
Hafslund Nett AS Fortum Distribution AS, Hafslund Nett AS 2013
Nordlandsnett AS Dragefossen Kraftanlegg AS, Nordlandsnett AS 2013

Eidsiva Nett AS Eidsiva Nett AS, Elverum Nett AS 2014
Fosen Nett AS Fosen Kraft AS, Rissa Kraftlag SA 2014
ISE Nett AS Fauske Lysverk As, Sørfold Kraftlag AS 2014
Nordvest Nett AS Ørskog Energi AS, Vestnes Energi AS 2014

Glitre Energi Nett AS EB Nett AS, Hadeland Energinett AS, Lier Nett AS 2015
Haugaland Kraft Nett AS Haugaland Kraft Nett AS, SKL Nett As 2015
Nordlandsnett AS Nordlandsnett AS, Rødøy-Lurøy Kraftverk AS 2015
Norgesnett AS Askøy Energi AS, Follo Nett AS, Fredrikstad Nett AS 2015
TrønderEnergi Nett AS Selbu Energiverk AS, TrønderEnergi Nett AS 2015

Note: In case of a takeover, the acquiring firm is marked in bold.
Sources: NVE, Company register and DSO websites.

Of particular interest to this work is the Norgesnett merger in 2016, as
two of the three merging firms were on the frontier in the year prior to the
merger (see Figure 1) and Askøy served as peer to both Frederikstad and
Follo in the years preceding the merger (see Figure 5). Contrastingly, none
of the firms in any of the other mergers was on the frontier in the years prior
to the merger.

Figure 6 shows the distribution of the merging parties across Norway. As
is standard in the Norwegian context (Agrell et al., 2015), virtually all merg-
ers take place between geographically adjacent or close firms. This makes
intuitive sense in electricity distribution since merger-specific e�ciency gains
generally are expected as resulting from economies of scope and scale in main-
tenance, customer service and billing as well as research and development
(Yatchew, 2000; Kumbhakar et al., 2015; Saastamoinen et al., 2017), many
of which have an important spatial dimension.22 The Norgesnett merger
(coloured in red in the map) is thus atypical in that the merging parties are
not adjacent but are scattered across the country.

22Admittedly, billing and central administration-related synergies could also be obtained
by geographically dispersed firms. Against the background of digitalisation and outsourc-
ing, the spatial dimension of mergers may be decreasing in importance.
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Figure 6: Map of mergers and takeovers

Note: Geospatial data is from NVE’s website.

5.4. Estimating merger e↵ects

This section estimates the merger e↵ects measures developed in Sections
5.1 and 5.2.23 Table 6 shows the peer e↵ects of the Norgesnett mergers on

23Recall that these e↵ects are calculated based on historical cost data, actual peer e↵ects
may thus di↵er. This is a limitation of our ex-ante analysis.
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Efficiency effects L,H,S

learning e↵ects L, harmony e↵ects H, and scale e↵ects S, for each merger
M , calculated based on the methodology introduced in Section 5.2. Recalling
that learning e↵ects L < 1 indicate that the merging parties could improve
their e�ciency by catching up with the industry’s best-practice firms, the
table indicates that most firms do indeed have significant catch-up poten-
tial. This applies in particular to the firms involved in the ISE Nett AS and
Mørenett mergers (0.60 and 0.66, respectively). While firms should in prin-
ciple be able to reap such learning gains individually, mergers, being change
events, may facilitate adjustments to best practice.

Table 8: E�ciency e↵ects of mergers

Year LM HM SM

TrønderEnergi Nett AS 2012 0.78 1.00 1.03

Mørenett AS 2013 0.66 0.99 1.02
Hafslund Nett AS 2013 0.94 0.98 *
Nordlandsnett AS 2013 0.78 1.00 1.03

Eidsiva Nett AS 2014 0.84 1.00 1.25
Fosen Nett AS 2014 0.80 1.00 0.98
ISE Nett AS 2014 0.60 1.00 0.95
Nordvest Nett AS 2014 0.86 1.00 1.00

Glitre Energi Nett AS 2015 0.86 0.96 1.08
Haugaland Kraft AS 2015 0.71 1.00 1.01
Nordlandsnett AS 2015 0.72 0.99 1.04
Norgesnett AS 2015 0.96 0.99 1.05
TrønderEnergi Nett AS 2015 0.84 1.00 1.01

*As Hafslund is Norway’s biggest DSO, SM is not defined under the vrs assumption.

Harmony e↵ects, H, on the other hand, tend to be close to 1; meaning
such e↵ects are rather small. The mergers thus do not appear to be primarily
driven by the firms’ motivation to obtain reimbursements for the harmony
e↵ect (see Footnote 19).

The final column of Table 8 reports the estimates of the mergers’ scale
e↵ects. Values below 1 indicate that the merger brings economies of scale;
S > 1 implies diseconomies of scale. Taking the scores at face value, only
two mergers, Fosen Nett AS and ISE Nett AS, bring e�ciency gains (0.98
and 0.95, respectively). The other mergers, in particular the Eidsiva Nett
AS transaction, would appear to cause losses. However, as the scores are
calculated using historical cost data, they may fail to reflect dynamically
increasing scale economies that could result from changing service require-
ments, e.g. because of the transition to smart distribution systems (Jenkins
and Pérez-Arriaga, 2017). In addition, the DEA model itself may not be
accurate, e.g. because it does not account properly for the age of the distri-
bution assets (see Footnote 5).
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Characteristics of merging firms

Table 1: Summary statistics (2011-2015 averages)

Mean Median Min Max N

Totex (in 2015-kNOK) 120524.9 48729.1 9872.6 1961914.9 112
Customers (#) 26405.0 7164 1043 689215 112
Substations (#) 1134.6 383.5 61 17940 112
HV lines (km) 899.2 350.5 58 11781 112
CE(x, y) 0.72 0.71 0.44 1 112

In the second-stage analysis, the regulator then regresses the technical
e�ciency estimates, CE, on environmental factors to account for di↵erences
in operating conditions. The environmental variables include the share of
underground and submarine cables, the percentage of overhead lines going
through di�cult terrain, connections of small hydro plants, islands in the
concession area as well as climate and weather-related factors. We do not
perform the second-stage analysis as the focus of this paper is on frontier
regulation—and only the first stage is based on a frontier methodologyy.
While this is a limitation of our analysis, adding an additional layer of com-
plexity would complicate the estimation and interpretation of our results.
Finally, the regulator normalizes the e�ciency scores such that the industry
as a whole earns the regulated rate of return—for 2017 the rate was set to
6.15% before tax. Proposition 2 and Proposition 3 show how this calibration
a↵ects peer e↵ects.

2.4. Peer predictability

Predictability is generally viewed as an important enabler for investments
(Dixit and Pindyck, 1994), which are of particular relevance in a capital-
intensive sector such a electricity distribution. Not surprisingly, a stable and
predictable regulatory framework is routinely mentioned as best-practice to
encourage investments in the context of the energy transition (Gordijn and
Akkermans, 2007; Montes et al., 2007; San Román et al., 2011) and beyond
(Stern and Holder, 1999). Frontier regulation in particular has in the past
been attacked because of its frequently unstable e�ciency frontiers (Sexton,
1986; Cronin and Motluk, 2007a). To respond to these concerns, the Nor-
wegian cost model was changed in the 2013-reform, finalized in 2012 (NVE,
2012). Two changes to the DEA model used to assess the performance of
Norwegian distribution companies were critical. First, as shown in Table 2,
the number of outputs used to assess the firms was reduced by five. Impor-
tantly, three of the variables that were dropped—‘delivered energy’7, ‘snow’

7Electric heating is a major driver of electricity demand in Norway and to a large extent
determined by climatic conditions.
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PS in Norway 2011-15

fashion and the frontier was notoriously unstable, making it di�cult for firms
to predict who they would be compared to in subsequent years. With the reg-
ulatory reform, however, predictability should have increased substantially.
As we cannot measure predictability directly, we use peer stability as a proxy.
For each DSO i, define the set of peers at time t as  t

i
✓ ⌦t. Then, let us

define a stable peer for i as a firm j that is a peer during two consecutive
periods (t� 1, t); j 2  t�1

i
\ t

i
. A measure of peer stability for i is then the

weighted share of stable peers:

Definition 2. PS
t

i
= 1

2

P
j2 t�1

i \ t
i
(⇢t�1

i,j
+ ⇢

t

i,j
)

where t indexes the time period, j indexes all firms that serve as firm
i’s stable peers i and ⇢

t

i,j
is the normalized weight from Definition 1 for the

importance of peer j on firm i’s reference set in year t. For any optimal
solution to (2) for any DSO i, �i

> 0 (Bogetoft and Otto, 2011); it then
follows directly that ⇢t

i,j
> 0 for all i, t and j 2  t�1

i
\ t

i
. Figure 2 shows that

peer stability has indeed increased remarkably as a result of the reform—it
roughly doubled. In addition, the reduction in outputs decreased the number
of peers the average firm is compared to in a given year (on the second y-
axis). Notice that the 2013 reform a↵ects the frontier retroactively as of
2011 (indicated by the vertical dotted line) because cost norms are based on
performance data from two years back (see Section 2.2).

Figure 2: Peer stability, 2006-2015
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Cross-ownership in Norway 2011-15

blue nodes) between 2011 and 2015.16 If firms do not only have ownership
ties to the frontier firm, but are also compared to it, i.e. the frontier firm is
the firm’s peer, the edge is colored in blue. The size of the node indicates the
size of a firm’s cost base, measured in million Norwegian kronor (MNOK),
deflated to 2014 price levels.

Figure 5: Frontier connections (2011-2015)

The sociogram demonstrates that there were two main groups of cross-
owned firms in the sample. First, there is the group around Nord-Salten Kraft
AS depicted in the upper-left corner. While the frontier firm has ownership
ties to two firms for which it serves as peer, Nord-Salten’s performance in re-
cent years makes peer manipulation seem unlikely (see Table 4). The second
group of cross-owned firms is more relevant as it includes Askøy Energi AS
that influences the cost targets of four firms with which it also has ownership

16The figure only includes firms for which the 2011-2015 average of the CP measure
exceeds 5%. Similarly, links are only coded blue if the average weight ⇢ of the cross-owned
peer exceeds 20%.
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Peer effects Norway 2011-15

(x-axis) who represent a negligible share of the industry’s cost base (y-axis).
By contrast, both Askøy Energi AS and Eidefoss AS are noteworthy. Were
Askøy to disappear from the frontier, less than 20% of Norwegian DSOs
would benefit—yet these firms represent more than half of the cost base.
Were Eidefoss AS to disappear from the frontier, on the other hand, more
than half of the industry’s firms would benefit, but these firms represent less
than a quarter of the industry’s cost base. The reason is that Eidefoss serves
as a peer for many small DSOs, whereas Askøy, itself a small DSO, serves as
a reference for the largest Norwegian DSO, Hafslund—whose cost base was
43 times larger that of Askøy in 2015. Assuming that more concentrated
beneficiaries will find it easier to manipulate their peer’s performance, Askøy
Energi would appear to be the frontier firm most likely to be involved in
strategic action.

Figure 4: Bubble chart of peer e↵ects by frontier firm

Table 4 provides some indication of the conduct of the firms that were
on the frontier in at least one year of the study period. ⇠

t

k,k
indicates by

how much peer k’s measured performance would have increased had it been
removed from its own reference set ⌦.11 If frontier firms had decided to
decrease performance in order to make firms that were compared to them
look more e�cient, the peer e↵ect should have increased after the regulatory

11This corresponds to a peer’s supere�ciency score (Bogetoft and Otto, 2011).
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Peer behaviour

reform as its distance to the runner-up firm should have decreased. Indeed,
the firm that appears to have decreased performance (i.e. increased ⇠

t

k,k
) the

most is Askøy. While this is consistent with strategic behavior, there are
of course other plausible alternative explanations, such as the convergence
hypothesis (Lichtenberg, 1994)—specifically the possibility that the runner-
up firm was able to catch up with Askøy’s performance—or that Askøy’s
performance decreased temporarily because of costly reinvestments that will
only pay o↵ in the future.12

Table 4: Peer behavior (⇠tk,k)

2011 2012 2013 2014 2015

Askøy Energi AS 90.0 87.7 90.9 91.7 95.2
Eidefoss AS 98.2 97.9 97.3 94.9 92.2
Follo Nett AS 100 100 100 100 99.7
Nord-Salten Kraft AS 88.7 90.8 93.4 94.8 89.4
NTE Nett AS 98.4 97.0 97.8 99.7 100
Nord-Østerdal Kraftlag SA 99.9 100 100 100 100
Trøgstad Elverk AS 94.3 95.8 94.3 92.6 87.6

To sum up, this section has shown that there could have been strategic ac-
tion in the sector after the 2013 reform. The question that remains is how the
network operators could have implemented such action in practice? One pos-
sibility would be explicit collusion—one or several firms agree to compensate
the peer operator in return for a decreased performance (Tanger̊as, 2002).13

However, such side contracts would be di�cult to conclude and enforce as
they are likely illegal or at least incompatible with the regulated operations.
Similarly, while in principle self-enforcing (tacit) collusion is a possibility
under yardstick competition (Chong and Huet, 2009; Dijkstra et al., 2017),
it would appear highly unlikely to be sustainable in the Norwegian context,
given the large number of firms. Our analysis therefore focuses on two strate-
gies that are more plausible, implementable and observable. First, Section
4 analyses to what extent firms and their peers are connected through own-
ership ties and discusses under what conditions this is likely to facilitate
frontier manipulation. Second, Section 5 analyses horizontal mergers.

12The Norwegian regulator measures capital based on book values.
13Such compensation could hypothetically include contracts for goods and services

signed with the owners of the operator, transfer or sale of assets below market value,
or direct payments to managers or sta↵.
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Peer effects of Norgesnett merger on connected firms

all firms with ownership ties to the merging parties (as none of the other
mergers involved frontier firms, they do not come with a peer e↵ect). The
merging parties do indeed benefit from peer gains (! = 0.96 < !̂ = 0.99, cf.
Prop 3). By contrast, the other firms do not benefit from peer gains once we
perform the calibrations (! � !̂).

Table 6: Peer e↵ects of Norgesnett merger on connected firms

!
M
i !̃

M
i

Norgesnett AS 0.96 0.99
Hafslund Nett AS 0.99 0.98
Rakkestad Energi AS 1.00 0.98
Trøgstad Energi AS 1.00 0.98

Table 7 shows why: Other firms gain relatively more from the Norgesnett
merger. While the median firm (! = 1.00), and firms on average (! =
0.99) do look slightly less e�cient as a result of the Norgesnett merger (!̃
is approximately 0.98 for all firms without ownership ties to Norgesnett, see
Table 7, Row 2), one firm (Hurum Energiverk AS) managed to gain more
than the merging parties themselves (! = 0.95 < 0.96). Notice that the
merger imposes a positive externality on all firms with ! < !̃ (Proposition
3). This concerns a quarter of the firms that were not involved in the merger.
Consumers living in these regions, on the other hand, will face higher prices.24

The opposite e↵ects accrues to the regions with ! > !̃. Firms there will
see their revenues decrease, whereas consumers benefit from lower network
tari↵s.

Table 7: Peer e↵ects of Norgesnett merger on firms with no ownership ties to merging
parties

Mean Median Min Max N

!
M
i 0.99 1.00 0.95 1.00 106

!̃
M
i 0.98 0.98 0.98 0.98 106

Note: 26 firms (i.e. 25%) without ownership ties to Norgesnett AS see their profits increase
as a result of merger (see Proposition 3).

Naturally, mergers are not only about peer e↵ects. Table 8 therefore
reports our estimates of ex-ante e�ciency e↵ects for all mergers and acqui-
sitions that took place over our sample period. Specifically, the table lists

24As many DSOs, such as Hurum Energiverk AS, are, however, fully owned by the local
municipalities, consumers may be benefit through other channels, e.g. lower municipal
taxes.
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Analysis Norway

Yardstick regulation is effective against collusion, input-mix 
distortions, end-of-period gaming (ratchet)

Regulation method has become more predictable
Compact model ›
Stable peer firms ›

Stable frontier (since 1994…)
Firms may become profitable by › innovation (frontier shift)
Firms may become profitable by › strategic mergers (frontier regress)

Empirically 2011-15
At least one merger had › direct positive effects on revenue without any efficiency 
gains



CONCLUSIONS
Merger gains in regulation

Conclusions

Regulation must signal correct incentives for mergers ex ante
› The current model can be exploited 

Our measure of peer effects complements the decomposition 
› Quick calculation to estimate targets (quick wins)
› Tool for ex post review of mergers (revenue effects)

Policy options 
› Use distorted information (obfuscation) to increase uncertainty
› Use average-practice methods to limit impact
› Use sanctions for strategic mergers to decrease gains
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