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Abstract 
 
The overall purpose of this thesis is to study how the development of the electricity 
transmission grids in the Nordic countries can be given a stronger international perspective. 
This is a relevant issue for the further development of the regional Nordic electricity market. 
The thesis consists of an introductory chapter and two self-contained papers.  

Paper I analyses how an international cost sharing agreement for transmission 
investments could be designed to improve the regional perspective in grid development. The 
study is focused on how different agreements may affect the investment decisions made by 
TSOs for grid expansions where several countries are involved. This type of expansion has 
become a problem in grid development because although it is beneficial for several countries, 
it might still not be realised due to lack of a formalised practice for sharing the investment 
cost. The basis for cost sharing will be a cost-benefit analysis of the regional effects that a 
given expansion has. To model how a cost sharing agreement can be applied to this situation, 
two stages are defined. First a political stage where a cost sharing agreement is assumed to be 
formed among the countries in a region, followed by a TSO stage where decisions on specific 
expansions are made. The analysis is focused on the TSOs’ decisions in the second stage. 
Cooperative game theory (CGT) is used to predict under which agreements that an investment 
coalition is formed. The cost sharing agreements evaluated consist of combinations of a 
contribution principle, a compensation principle (to account for negative spill-overs) and an 
allocation rule. The results show that the design of the agreement will affect the decision to 
invest or not. Two alternative rules are identified as good choices for providing incentives to 
invest; the nucleolus and proportional rules. Regarding the compensation principles it is 
concluded that full compensation should not be used.  

Paper II develops an incentive regulation method that can be used to provide TSOs 
with economic incentives to focus on electricity market integration. A benchmark model is 
constructed to assess the performance of TSOs in facilitating cross-border trade. The model is 
based on the output-oriented technical efficiency of the TSOs, which is linked to market 
integration by defining an output measure for TSOs that includes the market expanding 
effects of trade. The output measure is the sum of national electricity consumption including 
imports plus exports of electricity. It is argued that TSOs can increase this output by 
expanding the trade capacities with neighbouring countries. The benchmark model is based on 
a stochastic production frontier defined by a translog output distance function with two 
outputs and three inputs. The frontier is empirically estimated by a fixed effects model using a 
panel data set of six TSOs. The included TSOs are the four Nordic and those of Belgium and 
the Netherlands (BL-NL). The estimated efficiency scores are in the range 61-100 percent, 
with the Nordic TSOs showing higher scores relative BL-NL. This can be explained by a 
lower level of electricity trade in the BL-NL region compared to the Nordic region. The use of 
the efficiency scores in a regulatory incentive scheme is demonstrated. The scheme is based 
on a reward/penalty mechanism that uses the efficiency scores to evaluate a TSO’s 
development between two periods in relation to a target efficiency level. The results of this 
study show that the suggested regulation method could be used as a means to evaluate and set 
targets for the TSO’s task of facilitating market integration.  
 
 

 i



 



Table of Contents 
 
 
 
 
Abstract...................................................................................................................................... i

Acknowledgments ................................................................................................................... iii

Preface....................................................................................................................................... 1

 

 
 
 
 
Paper I: Nylund, Hans., 2010. Transmission investments from a Nordic perspective:  

Incentive effects of different cost sharing agreements 
 

Paper II: Nylund, Hans., 2010. Incentives for transmission expansion: A regulatory  
   scheme to increase electricity trade capacities 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 ii



 



Acknowledgments 
 
 
There are several people who have contributed to the development of this thesis. First and 
foremost I would like to thank my advisor Robert Lundmark, who has greatly supported my 
research efforts. Your critical eye has made me sharpen my analyses. My assistant advisor 
Professor Patrik Söderholm has also been very important to me. I extend a warm thank you to 
both of you! 

This thesis is part of a research program on the Nordic electricity market initiated by 
Vattenfall AB. I would like to thank the participants in the program at Vattenfall; Mats 
Nilsson, Tobias Johansson and Kristian Gustafsson. A thank you also goes to Professor 
Niklas Rudholm who is also part of the program. I look forward to continue the research 
collaboration with this great team! The financial support of Vattenfall AB for this research is 
gratefully acknowledged.  
 Another group which has provided valuable input to my research is the Economic 
Unit’s International Advisory Board. I would therefore like to express my gratitude to its 
members; Professor Chris Gilbert at the University of Trento, Italy; Professor David 
Maddison at the University of Birmingham; and Professor John Tilton at Colorado School of 
Mines, USA. My colleagues at the Economics Unit have also been a great support for me 
during the last two years, both in my research and in providing a great workplace. Thank you: 
Anna O, Anna M, Bo, Eva, Jerry, Kristina, Linda, Magnus, Olle, Thomas, Åsa. I would also 
like to thank my former colleague and class mate Fredrik who helped me get settled at the 
beginning of my Ph.D-studies. 
 A welcome escape during long working weeks has been the coffee breaks at Uni:k with 
my friend Joakim, I will miss them when you’ve gone. As anyone who has been through it 
will tell you, a Ph.D-program can easily consume all the time you have. My rescue from a life 
at the office has been my lovely girlfriend Johanna. Your love, patience and support during 
the last two years has meant everything to me. 
 
Hans Nylund 
Luleå, October 2010  
 

 iii



 



 

Preface 
 
 

1. Introduction to research topic 
The topic of this licentiate thesis is the expansion of the high-voltage transmission grids on the 
Nordic electricity market. This concerns the integration of national transmission grids into a 
common infrastructure for electricity trade within the Nordic countries and to neighbouring regions 
such as continental Europe and the Baltic states. The national transmission grids in the Nordic 
region are currently connected to each other to varying extents and trade of electricity is conducted 
through the international power exchange Nord Pool. The ability to exchange electricity between 
countries in a large region gives implications of both technical and economic character. This 
includes higher utilisation of low cost generation, a larger market for competition, increased 
security of supply, and better access to regulating power to support the integration of renewable 
generation such as wind power in the electricity system. The potential to benefit from these 
possibilities is however limited by the scope and capacity of the transmission grids. The Nordic 
market is divided into price areas that are separated by capacity limitations, commonly referred to 
as bottlenecks. The capacities can be increased through investments in new cross-border lines or 
sometimes through grid reinforcements within countries. Grid investments are however expensive 
projects and when the scope of an expansion goes beyond national borders, questions of 
coordination and cooperation between responsible actors become important. It is in this situation 
that the problems addressed by this thesis have emerged.  
 When considering building a new transmission line between two countries, it is often the case 
that more than the two countries directly involved will benefit from the line. This is a positive side-
effect, but it also raises the issue of which countries that should contribute to the cost of building the 
line. The problem becomes more significant when the cost of the line is too large to justify an 
investment by the two countries alone. As a result, the line may not be built at all. This situation 
could be improved by a formal agreement on how to share the costs of the investment among the 
countries that benefit from it. Paper I provides an analysis of how such an agreement can be 
designed.  
 The development of the national transmission grids have historically been focused on 
providing reliable national electricity systems. Following the liberalisations of the electricity 
markets in the 1990s, and the creation of a common Nordic power exchange, the concept of a 
Nordic electricity system emerged. As a consequence, the international dimension of grid 
development has become more important. This evolution is not unique to the Nordic region but is 
ongoing in other parts of Europe as well, which has lead to the creation of several regional 
electricity markets. Grid development has therefore been faced with new requirements to provide 
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both national and international transmission capacity. Along with the cost sharing problem 
mentioned, this also creates a problem of reforming the grid development. The addition of a 
regional dimension to the conventional national focus takes time to implement in practice. The task 
of developing and maintaining the national transmission grids resides with the independent utility 
called the transmission system operator (TSO). This is usually a state-owned utility that operates as 
a natural monopoly under regulation and subject to owner directives. Paper II studies how the 
implementation of a regional perspective by the TSOs can be induced by regulatory methods. 
Following from the topics introduced above, the overall research question of this thesis can be 
formulated as: How can the regional perspective in grid development be improved?  
 

2. The Nordic electricity market 
2.1 Structure of the electricity market 
The electricity market can be divided into a competitive part and a regulated monopoly part. The 
first part consists of consumers, electricity producers and electricity suppliers. The producers sell 
their electricity at market prices through the wholesale power exchange Nord Pool, or via bilateral 
contracts with large industry consumers. Electricity suppliers are trading companies that buy 
electricity from the power exchange and sell it to end consumers through contracts of varying time-
range. Consumers are free to choose and switch supplier. The regulated part of the market consists 
of transmission and distribution companies, which provide the electricity networks that connect 
consumers to producers. The transmission company (TSO) is usually a state-owned national utility 
that operates the high-voltage grid, which can be seen as the highway of the electricity network. The 
high-voltage grid transmits the electricity from producers to the medium and low-voltage 
distribution grids, and is financed through user tariffs. The low-voltage networks are operated by 
distribution system operators (DSOs) with exclusive right to operate the network in an area. This 
monopoly status is granted because of the considerable scale economies involved in building 
electricity networks. It is not socio-economically viable to allow several parallel networks to be 
built in one area. Consumers must have a contract with a DSO to be delivered electricity. To 
maintain a competitive price level and service quality, the DSOs operate under regulatory 
supervision. In Sweden, the regulator is the Energy Markets Inspectorate.  
 
2.2 Nord Pool – the market place for electricity 
The regional electricity market of the Nordic countries is organised into one wholesale market and 
separate national retail markets. On the wholesale market about 2/3 of total electricity consumption 
is traded on the market place Nord Pool, the rest are bilateral contracts between buyers and sellers. 
Nord Pool is a day-ahead power exchange where producers and buyers make price and quantity 
bids to buy or sell for each hour the following day. Nord Pool sums the bids into hourly supply and 
demand curves for the coming 24 hours. The price for the Nordic market is set at the equilibrium of 
supply and demand for each hour and is called the system price (also spot price). This price setting 
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method is referred to as marginal cost price setting because the sell bids from producers will to 
some extent reflect the marginal cost of their generation technology. This means that when demand 
is high, power plants with higher production costs need to be utilised to balance the demand.  

Consumer and producers are spread out over a large geographical area in the Nordic market. 
Their ability to trade with each other will therefore be limited by the transmission capacity of the 
grids. To make trade through Nord Pool work under these limitations, the market is divided into 
price areas (which also constitute bidding areas). This method to handle trade constraints is called 
market splitting. Denmark and Norway consists of several price areas, while there are only one 
nation wide price area in Sweden and Finland. However, Sweden is to be divided into four price 
areas starting from November 2011. On any given hour, supply and demand in the price areas can 
be either in balance or in surplus/deficit under the given system price. In areas with surplus supply, 
the export capacity will be utilised to transmit power to areas with deficit supply. When export (or 
import) demand exceeds transmission capacity for an area, the area price will differ from the system 
price. The situation is depicted for two areas in Figure 1. 

Area A Nord Pool Area B 
Supply surplus 

 
Figure 1: Common market equilibrium and price area equilibriums for a surplus and a deficit 
area 
 
At the system price (Psys) determined in Figure 1, the sell bids made by producers in area A will 
exceed the buy bids from buyers in area A. This means that the surplus production on offer at 
system price in area A can be sold to the deficit area B, up to the limit set by the transmission 
capacity between A and B. In Figure 1 the transmission capacity is not enough to fully equalize the 
area prices to the system price. The resulting area prices are Pa and Pb. The price that buyers and 
sellers in an area pay or receive when importing or exporting is their own area price, as determined 
by the day-ahead bids given to Nord Pool (Swedish Energy Agency, 2004). This means that in 
Figure 1 the exporting producers in area A receives the price Pa, while the importing buyers in area 
B pay the price Pb>Pa. This price difference generates an income known as congestion rent, which 
is collected by Nord Pool and distributed among the TSOs as owners of the transmission lines.  
 

S 

D 

P 

Q 

P 
market place Supply deficit 

P
S 

S

Pb Psys 
Pa 

D
D

Q Q

Q export Q import 

 3



2.3 Electricity generation and trade patterns 
Electricity generation on the Nordic market consists of two main generation types; hydro and 
thermal power. Hydro generation dominates the northern part of the system with the main resources 
located in Norway and northern Sweden. Thermal generation is located in the southern part with 
nuclear power in Sweden and Finland and coal plants in Denmark. Figure 2 shows the electricity 
generation mix in the Nordic countries for the year 2008. 

Nuclear, 83,3 TWh
20%

Hydro, 238,4 TWh 
59%

Other thermal 
78 TWh

19%

Wind, 10 TWh
2%

 
Figure 2: Nordic electricity generation mix for the year 2008 
Source: Nordel, 2008a. 

 
As seen in Figure 2, hydro power is the largest source of electricity when looking at the Nordic 
countries aggregated. The respective generation shares of thermal and hydro power will vary 
between years depending on the precipitation levels. These generation types complement each other 
as thermal power can be utilised more in periods of low hydro generation. The geographical 
dispersion of hydro and thermal generation, and the differences in marginal cost of production 
(hydro and nuclear is low-cost), gives rise to certain trade patterns. Figure 3 displays the main 
transport channels for electricity trade on the Nordic market. 
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Figure 3: Transport channels in the Nordic transmission system  
Source: Own representation based on Nordel, 2004. 
 
The main direction of flow as described in Figure 3 is along the north-south axis. The motivation 
behind this flow is the complementary exchange between the hydro dominated areas in the north 
and the thermally dominated areas in the south, as well as the larger electricity demand in the 
southern part. In times of normal or high precipitation, the low cost hydro power is exported to 
Denmark and the European continent. In dry years or periods of high demand in the Nordic 
countries, thermal power is imported from Denmark and the continent. The east-west channel is 
used to balance the national systems in Sweden and Finland and increase security of supply 
(Nordel, 2008b). It also provides a link to Russia and Estonia via Finland. A transport channel 
consists of several connected lines with varying capacity. The channels can therefore be constrained 
by capacity bottlenecks along the way (Nordel, 2003). Such bottlenecks are referred to as cross-
sections. Figure 4 displays the total capacity of the installed cross-border transmission lines for the 
Nordic countries, together with the respective electricity exchange (import and export). 
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Figure 4: Cross-border transmission capacity (2008) and average electricity exchange (years 
2000-2008) 
Source: Nordel, 2008a, EIA, 2010. 

 
The relatively larger cross-border capacity of the Swedish grid can be explained by the larger size 
of the electricity demand, but also by the central geographical position of Sweden in the Nordic 
market. As can be seen from the transmission flows in Figure 3, the geographical position of a 
country can mean that its grid will be used for transit of electricity between two neighbouring 
countries. Finland’s relatively large electricity import is mainly from Russia.  
 
2.4 The role of the transmission system operator (TSO) 
Before the liberalisations of the electricity markets in the Nordic countries, the function of operating 
the national transmission systems was usually carried out by large state-owned energy companies 
such as Vattenfall in Sweden and Statkraft in Norway. When liberalisation of the markets was 
initiated during the 1990s, a natural step was to separate the function of system operation from that 
of power generation and trade. Independent nation-wide TSOs were therefore formed to ensure non-
discriminatory access for market participants to the main electricity infrastructure – the high-voltage 
transmission grids. The TSOs of the Nordic countries are; Statnett in Norway; Energinet.dk in 
Denmark; Svenska kraftnät in Sweden; and Fingrid in Finland.  

The tasks of the TSOs can be divided into a system operation part and a grid maintenance and 
development part. The main task of the system operation part is to ensure the operational security of 
the electricity system by maintaining the balance between supply and demand at all times. This is a 
fundamental requirement of electricity systems because electricity can not be stored, so the input to 
the system must equal the offtake (plus losses in transmission) to avoid blackouts. To fulfil this task 
the TSOs uses balancing power to regulate differences between planned and actual input and 
offtake from the electricity system. The main task of the second part is to plan and implement 
necessary expansion to the grid, so that there is sufficient transmission capacity for the market to 
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function efficiently. As explained in the introduction, this task has been given an international 
dimension in the development of a Nordic electricity market. A secure and capable infrastructure is 
a fundamental part of a well functioning electricity market. The TSOs’ management of the 
transmission system is therefore of great interest to analyse.   
 
2.5 The regional perspective 
The Nordic TSOs have a long history of cooperation on grid related issues through the organisation 
Nordel. Coordination of grid development in an interconnected electricity network is necessary to 
ensure the operational security. During the last decade, Nordel has presented two major grid master 
plans that outline planed expansions in the Nordic countries. Apart from the security aspect, these 
plans also contain analyses of the overall Nordic socio-economic effects of the expansions. The 
Nordel cooperation is an example of what the regional perspective in grid development means in 
practice. Figure 5 gives an illustration of the investment costs of new transmission capacity, 
exemplified by four current projects of regional character.  
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Figure 5: Investment cost (M€) and capacity (MW) of four Nordic transmission projects 
Source: Nordel, 2009; Svenska kraftnät, 2010. 

 
Fenno-Skan 2 is a second sub-sea cable between Sweden and Finland expected to be in operation in 
2011. South-West link is a combined project involving expansions inside Sweden as well as cross-
border with Norway, it is expected to be commissioned in parts during the period 2011-2016. 
Skagerrak IV is the fourth connection between Norway and Denmark, expected to be finished at the 
earliest by 2014 (Nordel, 2009). NordBalt will connect Sweden and Lithuania and will provide for 
an integration of the Baltic electricity market with the Nordic. The first three projects mentioned 
above are financed through an investment program developed by Nordel. This program uses the 
Nordic congestion rents to finance the investments and these funds are divided among the TSO’s 
according to each share of the total investment cost in the program called five prioritized cross-
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sections (Nord Pool Spot, 2009). The NordBalt expansion is financed bilaterally by Sweden and 
Lithuania and through financial support by the European Union amounting to 131 M €.  

The political consensus of developing the Nordic electricity market was formed by the Nordic 
council of ministers in the middle of the 1990s (Norden, 2004). At the same time the idea of an 
internal market for electricity within Europe was formed by the European Commission (EC, 2003). 
The EC’s plan has been to initiate liberalisation processes in the electricity markets of Europe and 
to push for integration between markets. In 2006, EC presented a regional initiative that defines 
seven regions of European countries where regional electricity markets should be developed. The 
next step will be to integrate these regions with each other to form a single European electricity 
market (EC, 2010). The Nordic countries together with Germany and Poland are part of the 
Northern region. To improve the development of regional integration the EC has recently (2009) 
launched EU-wide cooperative organizations for TSOs (ENTSO-E) and energy regulators (ACER). 
To facilitate the regional perspective of TSOs, ENTSO-E will present ten-year grid expansion plans 
for each region. However, the problems raised in the introduction have yet to be solved by these 
organisations.  
 

3. Summary of papers 
Paper I:  Transmission investments from a Nordic perspective: Incentive effects 
                   of different cost sharing agreements 
 
The purpose of this paper is to analyse how an international cost sharing agreement for electricity 
transmission investments could be designed to improve the regional perspective in grid 
development. The study is focused on how different agreements may affect the investment 
decisions made by TSOs for grid expansions where several countries are involved. This type of 
expansion has become a problem in grid development because although it is beneficial for several 
countries, it might still not be realised due to lack of a formalised practice for sharing the 
investment cost. This situation causes problems for the TSOs to implement a regional perspective in 
grid development.  

The basis for cost sharing will be a cost-benefit analysis of the regional effects that a given 
expansion has. To model how a cost sharing agreement can be applied to this situation, two stages 
are defined. First a political stage where a cost sharing agreement is assumed to be formed among 
the countries in a region, followed by a TSO stage where decisions on specific expansions are 
made. The analysis is focused on the TSOs’ decisions in the second stage. Coalition formation 
between TSOs is model with a partition-function approach allowing for spill-over effects from 
expansions. Cooperative game theory (CGT) is then used to predict under which agreements that an 
investment coalition is formed in the second stage. The cost sharing agreements evaluated consist of 
combinations of a contribution principle, a compensation principle (to account for negative spill-
overs) and an allocation rule. Three compensation principles are evaluated (full, less than full, and 
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no compensation) and four allocation rules (nucleolus, Shapley, proportional and equal), giving a 
total of 12 different solutions.  

As expected, the results show that the design of the agreement will affect the decision to 
invest or not. Two alternative rules are identified as good choices for providing incentives to invest; 
the nucleolus and proportional rules. Regarding the compensation principles it is concluded that full 
compensation should not be used, whereas the choice between the other two is undecided by the 
results.  
 
Paper II:  Incentives for transmission expansion: A regulatory scheme to increase 

electricity trade capacities 
 
The purpose of this paper is to develop an incentive regulation method that can be used to provide 
TSOs with economic incentives to focus on electricity market integration. The general approach of 
incentive regulation is to use regulatory supervision to set goals, and then relate the TSO’s goal 
fulfilment to its allowed economic earnings. To apply this to the TSOs’ activities in market 
integration requires a way to assess their performance in this aspect. For this purpose, a benchmark 
model is constructed that estimates the output-oriented technical efficiency of the TSOs. This is 
linked to market integration by defining an output measure for TSOs that includes the market 
expanding effects of trade. The output measure is the sum of national electricity consumption 
including imports plus exports of electricity. It is argued that TSOs can increase the output by 
expanding the trade capacities with neighbouring countries.  

The benchmark model is based on a stochastic production frontier defined by a translog 
output distance function with two outputs and three inputs. The frontier is empirically estimated by 
a fixed effects model using a panel data set of six TSOs. The included TSOs are the four Nordic and 
those of Belgium and the Netherlands (BL-NL). The estimated efficiency scores are in the range 61-
100 percent, with the Nordic TSOs showing higher scores relative BL-NL. This can be explained by 
a lower level of electricity trade in the BL-NL region compared to the Nordic region. The use of the 
efficiency scores in a regulatory incentive scheme is demonstrated. The scheme is based on a 
reward/penalty mechanism that uses the efficiency scores to evaluate a TSO’s development between 
two periods in relation to a target efficiency level. The results of this study show that the suggested 
regulation method could be used as a means to evaluate and set targets for the TSO’s task of 
facilitating market integration.  
 

4. General findings 
This thesis has studied two aspects of the Nordic electricity market integration that both relate to the 
development of the high-voltage transmission grids; the cost sharing agreement; and the market 
integration incentive. These aspects are united by their purpose to enhance the progress of market 
integration. A natural centre of attention for the analyses has been the TSO, which has a key 
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function in this development. The analyses have emphasized the importance of providing the 
correct incentives for TSOs to focus on increasing the cross-border trade capacities. For this to be 
possible, it is important that political and regulatory authorities provide the necessary institutional 
framework for the TSOs to operate in.  
 The models developed can be applied together and would complement each other in providing 
incentives for integration. The cost sharing agreement obviously requires the participation of 
several countries to be implemented, but the incentive regulation model could be applied separately 
by one country. However, the possibilities for a TSO to improve its efficiency will to some extent 
depend on the successful cooperation with other TSOs, which is best provided for by a cost sharing 
agreement.  
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Abstract 
The integration of the power transmission grids of the Nordic countries has lead to a larger need for 
a regional perspective with respect to grid development. Expansion of transmission capacity in a 
regional grid is a highly interdependent process that often results in spill-over effects on several 
countries. Investments that give regional benefits are not always profitable for one or two countries 
to pursue alone. Regional grid development therefore requires not only coordinated expansion plans 
but also sharing of the investment costs. A way to achieve this is to form a cost sharing agreement 
that defines how the costs of expanding the grids should be allocated among benefiting countries 
and, in the case of negative spill-overs, how countries with a net loss can be compensated. The 
purpose of this paper is to analyse how a cost sharing agreement should be designed to give 
transmission system operators (TSO) incentives to use a regional perspective in grid development. 
The problem is modelled as a coalition formation process using cooperative game theory (CGT) and 
a partition-function form. Different agreements on allocation rules and compensation principles are 
tested on two case-studies of Nordic transmission investments, using the core concept from CGT to 
predict the investment decisions of the TSOs. Results show that the best agreement design is that 
with less than full compensation to net losers combined with either the nucleolus or proportional 
allocation rules. 
 
 
 
                                                 
*An earlier version of this paper was presented at the 10th IAEE European conference, Vienna, Austria, 
September 7-10, 2009.  
 



 



1. Introduction 
The national electricity markets in the Nordic countries have during the last decade grown beyond 
national borders into a common Nordic market for electricity. This has been a politically driven 
development originating in a vision shaped in 1995 to create “A borderless [Nordic] electricity 
market with efficient trade with neighbouring markets” (Norden, 2004, p 1). The argued benefits 
from a common market are economic and security of supply related, as well as environmental 
(Nordel, 2008a). The basic parts of a regional electricity market such as the Nordic are harmonized 
national markets, a common marketplace for trade and a sufficient infrastructure. The focus of this 
paper is on the last component, the high-voltage transmission grids that form the infrastructure in 
the joint electricity market.  

Transmission grids have limitations on the amount of electricity that can be transferred. 
Where demand exceeds capacity, decisions need to be made on whether investments in new 
capacity are justifiable from a welfare-economic perspective. The answer to this can be found 
through cost-benefit analysis, but problems can arise when it comes to financing the investments. 
Benefits from an investment in new infrastructure in one country often spill-over across borders, but 
costs largely remain in the investing country (or countries in the case of cross-border investments 
between two countries). This means that in the absence of a system for sharing the costs, a common 
market will suffer the risk of underinvestment since local benefits do not always outweigh costs 
(Bougheas, et al 2003; Nordic Competition Authorities, 2007).  

The problem of allocating the cost of transmission expansion has been addressed in the 
literature by theories of coalition formation and cost allocation. The underlying idea is that the 
actors that benefit from an expansion can join together in a cooperative coalition and pursue the 
investment by sharing the cost in some way. The theoretical framework for this idea is game theory, 
which describes the situation as a game of interaction between different players. The solution to the 
game is a coalition structure and an allocation rule, which defines how the cost is divided among the 
coalition members. Accompanying this methodology is the definition and estimation of some 
measure (i.e. benefit or stand-alone cost) that can be ascribed to each player as a reasonable basis 
for allocations. This approach was first applied to electric power systems by Gately (1974). He 
applied cooperative game theory (CGT) to the expansion of the power system in four neighbouring 
states in India. Gately’s application relates to the minimization of the cost of providing electricity to 
a larger region by locating production to the most cost-efficient locations. Cooperation between 
states in this manner would thus generate an overall cost-saving compared to the sum of all state’s 
self-sufficiency costs. The cost-savings could then be redistributed to pay for the investments in the 
low-cost region(s). This approach is however obsolete in a market-oriented power system where 
electricity is traded through power exchanges and there is no central planning of the power 
generation sector. 
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More recent approaches of transmission cost allocation in electricity markets can be found in 
Contreras (1997) and Rudnick and Zolezzi (2002). Common to these approaches is the use of both 
physical and economic modelling of the transmission system. The physical models aim at 
simulating the electricity flow in the system to derive the individual actors’ (consumers or 
generators) use of the transmission system. The consumers are assumed to have a certain level of 
inelastic demand that they wish to have supplied at the lowest possible cost. To build the necessary 
transmission expansions at the lowest cost, they seek to form coalitions with other actors with 
similar needs. Once a cost-saving coalition has formed, the investment cost is allocated among the 
members of the coalition by means of a CGT-solution. By incorporating the consideration of the 
members’ respective opportunity costs, CGT-solutions guarantee that allocations are efficient and 
stable. The cost-oriented framework in these studies contrasts with how liberalized regional markets 
such as the Nordic electricity market function. The objective of such regional markets is the 
optimisation of the overall socio-economic welfare, which involves maximizing consumer and 
producer surplus. This requires a more market-oriented framework than strict cost-minimization.  

An example of a market-oriented framework can be found in Shang and Volij (2006). They 
model a bid-based, security-constrained economic dispatch network similar to the Nordic market. 
CGT is used to model how the cost of a transmission expansion can be allocated among the buyers 
and sellers that benefit from it, while those that suffer from the investment receive full 
compensation. Benefits are estimated as producer and consumer surplus. The framework in Shang 
and Volij (2006) is the closest one to this study. This paper extends their framework by introducing 
opportunity costs for the transmission system operators (TSO) and by using a partition-function 
form to model spill-overs from expansions. This allows for an analysis of how different agreements 
on cost allocations and compensation levels to net losers will affect the investment decisions of the 
TSOs. The purpose of the paper is to identify agreement designs that provide incentives for TSOs to 
invest in expansions of regional benefit. The analysis is limited to the effects that different 
agreements have on the investment decisions of the TSOs, and does therefore not answer which 
designs that are likely to lead to an agreement on the political level. The results are instead meant as 
an input to the political and regulatory process of developing such an agreement, since there is little 
point to an agreement that does not lead to any investments. The results are relevant both at the 
Nordic and European levels in the process of developing the European Commission’s vision of an 
internal electricity market in Europe (EC, 2003).  

The following section gives an overview of the integration process in the Nordic electricity 
market and the TSO’s role in transmission expansion. Case-studies of two existing cost-benefit 
analysis for Nordic transmission projects are presented and put into context. Section 3 describes 
cost-allocation theory and the game-theoretic model applied. Section 4 presents the results and 
implications of the analysis of the case-studies. Finally, section 5 draws the conclusions.  
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2. Background and case-studies 
2.1 The Nordic electricity market integration 
The national electricity markets of the Nordic countries have been integrated into a regional 
wholesale market through the introduction of the Nord Pool power exchange and by investments in 
interconnections between national grids. Progress is being made towards an integrated retail market 
as well. However, the process of integration is complicated due to the fact that the main institutional 
entities have remained national in scope and jurisdiction. These include regulatory authorities and 
transmission system operators. The regional market has been built on voluntary cooperation and 
consensus, but without a legal basis (EMG, 2008). There is Nordic cooperation between regulatory 
authorities and between system operators, but decisions regarding the electricity market are still in 
essence national. The problem of financing expansions under these conditions has been pointed out 
by several actors on the market (ETSO, 2006; Nordic Competition Authorities, 2007; EMG, 2008; 
Svenska kraftnät, 2009; Energy market inspectorate, 2009). A report to the 2008 meeting of the 
Nordic Council of Ministers1 (NCM) states: “The issues regarding allocation of costs and benefits 
of Nordic grid investments must now be addressed. Progress on this issue is critical, as projects 
may have costs in one country and benefits in other countries” (EMG, 2008, p 13). Figure 1 gives a 
simplified schematic description of the parts involved in the integration process. 
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Figure 1: Parts of the market integration process 

 
Figure 1 gives an overview of some of the tasks and functions necessary in developing a regional 
electricity market. The overall process in Figure 1 is driven by political forces at national, regional 
and EU level. The main functions supporting integration are the infrastructure and the institutional 

                                                 
1 The Nordic Council of Ministers is a regional partnership for the Nordic countries. The formal cooperation on energy 
issues is done through the Council.  
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entities. Development of these functions is provided by a series of sub-tasks, one of which is the 
subject of this study – the regional financing mechanism (indicated with dashed line in the figure). 
This task addresses the question of how the costs of transmission infrastructure of regional 
importance are to be financed. An existing mechanism for this is the inter-TSO compensation 
(ITC), which is a voluntary agreement meant to compensate for costs incurred on national grids as a 
result of hosting transit flows in-between two neighbouring countries. The ITC is mainly focused on 
compensations for existing infrastructure and has been criticised for several weaknesses that distort 
incentives for efficient investments in new transmission capacity (Elforsk, 2008; Gustafsson and 
Nilsson, 2008). The mechanism suggested in this study is focused on the financing of new 
investments in grid expansions that have significant regional benefits. It is based on the formation 
of a financing agreement that allows investment costs to be shared between the countries in a 
region.  
 
2.2 The role of the transmission system operator (TSO) 
The basic feature of any electricity transmission system is that, at all times, the amount of electricity 
fed into the system by producers must equal the amount taken out by consumers (minus losses on 
the grid). The task of ensuring that the system always maintains this balance between supply and 
demand is carried out by the transmission system operator (TSO). On the Nordic market each 
country has one national TSO that is responsible for balancing the national system. The role of the 
TSO also includes planning and financing of necessary expansions of the national grid. A key 
priority in this work is to ensure security of supply, which in this context basically means reducing 
the risk of blackouts. Another important consideration in expansion planning is the economic 
benefits that increased international trade capacity can bring. Cost-benefit analyses are used to 
estimate the benefits and costs from expansion projects over a specified time-period.  

Since the national grids are interconnected across the borders into a common Nordic grid, an 
expansion in one part of the system will affect the whole system. To promote an efficient expansion 
of the national grids and their interconnections from a Nordic perspective, the TSOs have 
cooperated in the organisation Nordel2, which have developed regional expansion plans with 
suggestions on expansions that are beneficial for the common market. The decision on what to build 
is however decided by the respective national TSO.  

The TSOs finance their grid investments through national tariffs. Congestion rent3 is also used 
for investments to varying extent. Cross-border lines between two countries, so called 
interconnections, are financed bilaterally by the two TSOs involved. The cost of the line is normally 
divided equally (Nordel, 2005). In Nordel’s 2004 investment program of five expansion projects, 
each investing country was compensated for its cost by sharing the Nordic congestion rent revenues 
in proportion to each country’s share of the total investment cost, in an agreement spanning five 
                                                 
2 Nordel is as of 01.07.2009 closed down and all tasks have been transferred to the newly formed pan-European 
organisation European Network of Transmission System Operators for Electricity (ENTSO-E). 
3 Congestion rent, also known as bottleneck-income, is generated from the trade between two areas with different price-
levels.  
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years (Nord Pool Spot, 2009). The two case-studies of transmission expansion projects presented in 
the next section is part of this program. Nordel’s model however suffers from some drawbacks. The 
use of congestion rent is an uncertain source of financing since the amount can vary to a high 
degree over the years due to the electricity flow. The new investments may also relieve congestion 
and thereby reduce the source of financing. Furthermore, it requires a group of investments on 
which to calculate each TSO’s investment share and the resulting allocations are not related to the 
benefits from the investments. The financing agreements analysed in this study are instead based on 
cost-benefit analyses and on the benefit-beneficiaries pay principle. However, this approach is also 
not without drawbacks because of the uncertainties in the estimation of the benefits from 
expansions. 
 
2.3 Case studies 
The basis for analysing a transmission expansion project with regional effects is a regional cost-
benefit analysis that estimates the monetary effects of a project in all countries in the region. The 
cost-benefit analyses are based on simulation models that predict the changes in electricity flow and 
the market effects resulting from an expansion in one part of the system. The effects that an 
expansion can bring includes; gains in producer and/or consumer surplus; increased security of 
supply; changes in congestion rent and grid losses; cost-savings from trade in regulating power; and 
increased competition (Nordel, 2003). Costs include the investment cost of the line, auxiliary parts 
and operation and maintenance costs (Nordel, 2008a). Two case-studies of expansion projects are 
used to illustrate and analyse the issues of spill-over benefits and difficulties in financing of 
transmission investments. The case-studies are Cross-section 4 in Sweden and the Great Belt in 
Denmark. The locations of these expansions are illustrated in Figure 2.  
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Figure 2: Two case-studies of grid expansion projects 

 
Cross-section 4 is a bottleneck (capacity constraint) in the Swedish transmission grid that regularly 
constrains the electricity flow in north-south direction. The Great Belt connection is a sub-sea cable 
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connecting the previously separate systems in eastern and western Denmark. Both of these projects 
are examples of expansions that although they are located within (and not between) countries, they 
still have large regional effects. This is because an increased internal capacity in a country will 
likely increase the capacity made available by the TSO on the country’s cross-border connections. 
This is due to the form of congestion management referred to as moving internal bottlenecks to the 
border (Nordic Competition Authorities, 2007). Internal bottlenecks inside a price area such as 
Sweden create a problem when the area price given through Nord Pool leads to surplus and deficit 
areas within the price area. It is the TSO’s responsibility to maintain balance in the system at all 
times and in this situation they can reduce the trade capacity on cross-border connections and/or use 
counter-trade4. In this choice the TSO has an incentive to reduce trading capacity rather than to use 
counter-trade because it is less costly (Nordic Competition Authorities, 2007). In the light of this it 
can be understood that an increased capacity internally in a country will have effects on 
neighbouring countries through increased trade capacity5. Table 1 displays the regional effects as 
estimated in cost-benefit analyses for the Great Belt (own calculation based on Energinet.dk, 2005) 
and Cross-section 4 (Gustafsson and Nilsson, 2008).  
 
Table 1: Present values of costs and benefits for the case-studies 
 The Great Belt Cross-section 4 
Assumptions for calculation:   
Time period: 10 years 50 years 
Discount rate: 5% 3.5% 
   
Costs: M € M € 
Investment cost 160 350 
Operation and Maintenance 8.03 - 
 
Benefits: 
Denmark 164.63 70 
Norway -12.05 210 
Sweden 14.05 240 
Finland -26.10 140 
UCTE* (Holland, Germany, Poland) 16.06 - 
Germany - -270 
 
Net present values: 
NPV for benefiting countries: 26.71 310 
NPV for whole region:  -11.44 40 
   
*UCTE=Union for the Coordination of Transmission of Electricity. A 
cooperative organisation of European TSOs, from 2009 a part of the new pan-
European ENTSO-E organisation. 

 
                                                 
4 Counter-trade is done by the TSO through regulating production and sometimes consumption in the deficit and surplus 
areas. The TSO buys power in the deficit area and pays generators to not produce in the surplus area. This leads to a 
cost for the TSO. 
5 A study done on behalf of the Nordic Council of Ministers shows that during the time period 2004-2006 the capacity 
made available on the cross-border lines was on average 75% of the full capacity (Team Nord, 2007). 
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The Great Belt 
The regional benefits from the Great Belt connection comes from reduced bottlenecks in the north-
south transmission channels of the Nordic grid, resulting from the connection of the parallel eastern 
and western channels (Nordel, 2008). The connection will also have specific benefits for Denmark 
arising from the linking of the two separate systems in eastern and western Denmark. The present 
value calculation shows that the investment is not profitable for Denmark alone, but when including 
the positive benefits for Sweden and the UCTE-area the investment shows a positive present value. 
However, if also including the negative benefits for Norway and Finland the investment results in a 
welfare-economic loss.  

The present value calculation of the costs and benefits for the Great Belt project is based on 
the Danish TSO Energinet.dk’s calculation for year 2010. As a basis for investment decision, 
Energinet.dk has chosen to make cost-benefit comparisons for two years only, 2010 and 2015. They 
have hence not made a present value calculation over the lifetime of the investment. The argument 
for this is that due to the high degree of interdependence between the parts in an electricity system, 
and the continuous expansion of the different parts, it is difficult to isolate the effects that a specific 
expansion will have over a longer period of time. Nordel however calculates the costs and benefits 
for each year during a 30 year lifetime in their Nordic grid master plan (Nordel, 2008a). The choice 
of this study is a middle course where the benefits and costs are calculated as present values over 10 
years. The discount rate is set at 5%, which is the same as in the Nordel grid master plan. In the 
Danish benefit the value of shared reserves and trade of regulating power is included. Also included 
is 20% of the benefit from increased competition in Denmark. The investment cost is treated as a 
one time cost and hence not present value calculated. 
 
Cross-section 4 
This investment gives a positive net benefit for the Nordic countries, while Germany will suffer a 
loss. The expansion will reinforce the north-south transport channel on the Nordic market. 
Congestion in this channel is related to large export of hydro power in the north to south direction 
(Swedish Energy Agency, 2006). An expansion of the cross-section gives increased flexibility in 
dry and wet years (Nordel, 2004). The negative benefit for Germany is due to increased imports 
from the Nordic countries which crowds out part of the more expensive German coal producers, 
resulting in a higher loss in producer surplus compared to the gain in consumer surplus. As with the 
Great Belt case previously described, the Cross-section 4 investment has large spill-over effects on 
neighbouring countries. Furthermore, there is a cost sharing problem because the economic value 
for Sweden alone is not enough to justify an investment.  

The cost-benefit analysis for Cross-section 4 is taken from Gustafsson and Nilsson (2008). 
They present estimates of the net benefits for the Nordic countries and Germany, based on a 50 year 
lifetime for the investment and a discount rate of 3,5%. These are more generous conditions than 
the ones used in the Great Belt example. The question of what is the more correct setting for 
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discount rate and lifetime is debatable6. It is however beyond the scope and purpose of this paper 
and the Cross-section 4 study will be used in its original setting. The effect on congestion rent is not 
included in the study.  

The presented cost and benefit estimates for the Great Belt and Cross-section 4 projects will 
be used as examples to demonstrate the use of cooperative game theory methods to allocate 
investment costs, and to analyse the incentive effects that different allocations have on the TSOs’ 
investment decisions. 
 

3. Cooperative game theory and cost allocation 
This part will present the theoretical framework of cooperative game theory and its application to 
cost allocation problems. A model for the process of reaching an investment decision involving 
several countries is presented, based on the game theory concepts. This model will subsequently be 
applied to the case-studies in part 4. 
 
3.1 The allocation problem in transmission expansion 
In the liberalized Nordic electricity market there is no border-tariff on trade between the countries 
and non-discriminatory access to the grids is guaranteed by the TSOs. The benefits of an expansion 
at some place will be available to all countries, but the cost of the investment can only be recovered 
nationally. This gives the appropriability problem known to public goods, since the investing 
TSO(s) can not obtain all the benefits from its investment. The situation then leads to the problem 
of free-riding and undersupply. The TSOs can in this sense be viewed as providers of a public good 
for which there is no formal agreement on how to divide the cost. There is an underlying efficiency 
problem when everyone could be made better off by providing more of the good through an 
appropriate payment plan. This situation can be represented as a cost allocation problem. 

The solution to a cost allocation problem is a rule that describes how the allocation should be 
performed. Two simple examples of allocation rules are equal division (everyone pays the same 
amount) and proportional division (allocation in proportion to some individual measure). A 
formalised way to analyse an allocation problem is to use cooperative game theory (CGT). It 
models the situation as a game consisting of players and outcomes. The usefulness of applying CGT 
to the cost allocation problem in transmission expansion is that it can predict which allocations that 
provides proper incentives for voluntary cooperation. Since expansions in the Nordic region are 
based on voluntary cooperation, this will need to be an essential part of a solution. 

The costs to be allocated in a transmission project are the investment cost and possibly the 
operation and maintenance costs. However, as seen in the case-studies there is also another cost in 
the form of welfare-economic losses for some countries. This means that compensations may have 
to be made to these countries to reach a wide agreement on the use of a regional perspective in grid 
development.   
                                                 
6 For a discussion see Gustafsson and Nilsson (2008) and California Energy Commission (2004). 
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3.2 The investment decision 
Before embarking on the CGT-concepts it is necessary to define some criteria for the investment 
decisions made by TSOs. A basic decision criterion is that the net present value (NPV) of the 
investment is positive, so that costs do not exceed benefits. In addition to this it is common practice 
in public investments to use a benefit/cost ratio (B/C) to compare and evaluate the return of 
different potential investments. For example, the U.S regional TSO of the PJM-region (covering 
three states) use a threshold B/C of 1.25 for approval of transmission investments with cross-state 
impacts (FERC, 2009). This means that benefits need to exceed costs by 25 percent for investment 
approval. The overall B/Cs of the case-studies are 1.16 for the Great Belt and 1.89 for Cross-section 
4. However, since the benefits and costs of these investments are divided among several countries, 
each country will have a different B/C from the investments. By assuming a general threshold B/C 
for the investment approval of each involved country, the investment decisions made under 
different allocations of costs and benefits can be predicted. This study will test two threshold B/C 
values of 1.06 and 1.12. The threshold value will be denoted (B/C)* in the following analysis. The 
chosen values of (B/C)* are lower than in the U.S. example above. This is because in the case of 
independent countries, there is no regional authority that can make the decision based on the overall 
B/C. Instead, countries make separate decisions based on country level B/Cs, and it is then 
reasonable to use lower thresholds to allow for larger flexibility in reaching an agreement. Since the 
TSO is assumed to not invest if the B/C is less than the threshold value, the (B/C)* can be regarded 
as the TSO’s opportunity cost of the investment.  
 
3.3 Overview of the CGT-models 
The game-theoretic model applied in this study is presented in section 3.7. The model makes use of 
several concepts in CGT and coalition formation, which are explained in sections 3.4-3.6. Figure 3 
gives an overview of how these concepts are related. 
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As seen in Figure 3, the occurrence of externalities (spill-over benefits) between coalitions in a 
game requires a more complex modelling approach than that of a classical CGT where no 
externalities are assumed. 
 
3.4 The cooperative form 
Solutions to allocation problems have a well-developed theoretical basis within the cooperative 
form7, with the established solutions of the Shapley value, the Core and the nucleolus. CGT 
abstracts from the detailed descriptions of procedures towards an outcome that is found in non-
cooperative game theory. Instead it focuses on the value of outcomes that result from cooperation 
and how the different characteristics of players will influence the possibility of a cooperative 
outcome (Brandenburger, 2007). Another important difference between the two branches is that the 
non-cooperative form does not allow for binding agreements between players, whereas the 
cooperative form does. The value of cooperation on the Nordic market can be found in the cost-
benefit analyses and binding agreements are to a relevant extent possible between the TSOs. CGT 
therefore qualifies as a relevant modelling tool for the problem of allocating the cost of transmission 
expansion in an international environment.  
 
The representation of an interaction as a game in cooperative form starts with defining a finite set of 
players N and a function v that associates with each subset of players a value denoted v(S) 
(Brandenburger, 2007). If all players cooperate in one coalition this is referred to as the grand 
coalition, which has the value v(N). A cooperative game is thus defined as a pair (N, v) and the 
function v is called the characteristic function. A subset of players is simply a group of players that 
can come together and form a coalition through binding commitments. The value v of a coalition is 
assumed to be expressed in monetary units and transferable between the members of the coalition. 
A coalition can also consist of a single player, in which case the characteristic function will define 
the value that the player can get by acting alone. This value is the player’s opportunity cost, denoted 
v(i) for player i. Definitions of the different coalitions that can be formed, and their 
respective values, gives a description of the game. The function v(N) will thus define the maximum 
value that can be created when all players cooperate as one coalition and the function v(S) the value 
of sub-coalitions. A cooperative game (N, v) defined for a common investment project α can be 
written as: 

NS ⊂

NS ⊂

 

                                                                  (1) ( )
⎭
⎬
⎫
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7 This was first formulated in the classical work Theory of Games and Economic Behavior (1944) by John von 
Neumann and Oskar Morgenstern. 
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where; v(Sα) is the value created by coalition Sα in project α; πi is player i’s gross benefit from α, as 
defined in a cost-benefit analysis; and C is the total cost of α. The definition in (1) means that the 
value of coalition S is either zero or the NPV of the investment, whichever is greater. A solution to 
the game is an allocation of the overall value v(S) among the players, given as a collection of 
numbers where  denotes the allocation to player 1 and so on (Brandenburger, 

2007). What will determine how the value v(S) is divided among the players? This will to a large 
extent depend on two aspects; a player’s opportunity cost and the marginal contribution that a 
player makes to a coalition’s value. The logic behind the first aspect is that a player will only join a 
coalition if he can get at least as high a reward as when acting alone, his opportunity cost. The 
second aspect can be interpreted as a player’s bargaining power (Brandenburger, 2007). A player’s 
marginal contribution to a coalition is defined as the amount by which the coalition’s value would 
shrink if the player were to leave. For example, in a game of four players the marginal contribution 
(MC) of player 1 can be defined as MC1 = v(1,2,3,4) – v(2,3,4).  

),...,,( 21 nyyyy = 1y

 
The characteristic function can be used to describe either costs or benefits of coalitions. Which one 
to choose depends on the context of the problem (Young, 1985). An allocation of benefits will also 
result in a parallel allocation of costs, and vice versa. The relationship between the two can be 
defined as:  
 

iii yx −= π                                 (2) 

 
where; xi is the cost allocated to player i; πi is the gross benefit that player i has from participating in 
a project; and yi is the benefit allocated to player i through an allocation rule. 
 
3.5 The partition-function form 
An important aspect of a cooperative game is whether the value of the game v(N) is simply the sum 
of the values of its parts, or if it is larger than this. A game is called additive if the parts sum up to 
the total value, i.e. v(A)+v(B)=v(A+B). If the value under cooperation is larger than the sum of the 
parts, then the game is super-additive, i.e. v(A)+v(B) ≤ v(A+B). In classical CGT, the game is 
always super-additive, meaning that the grand coalition always forms (everybody gains from 
cooperation). This is not consistent with the description of the transmission expansion problem as 
potentially consisting of both winners and losers. A new approach to CGT has addressed the issue 
of externalities between players through the partition-function form (see Bloch (2003) for a survey 
of the new approach). The partition function is an extension of the characteristic function in the way 
that the value it assigns to a coalition depends not only on the members of the coalition, but also on 
which other coalitions are formed at the same time – the coalition structure. Let τ denote a coalition 
structure that partitions the set of all players N into coalitions. Let v(Si, τ) be a function that assigns 
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a value to each coalition under the coalition structure τ. In this form, externalities between 
coalitions can affect the values of different coalitions.  

NS ⊂

A commonly applied version of the partition-function form is the two-stage cartel formation 
game (D’Aspremont et al., 1983; Bloch, 2003; Altamirano-Cabrera et al., 2006). In this game there 
is at most one coalition S (the cartel) consisting of at least two players. Players not in S are assumed 
to remain separate. This means that the coalition structure τ is completely defined by S, such 
that {} SiiS ∉∪=τ . In the two-stage game referred to, firms decide whether to join a cartel in the first 

stage and in the second stage the cartel chooses a price-level that maximizes its joint profit given 
the supply decisions of the firms outside the cartel (D’Aspremont et al., 1983). This model has also 
been applied to international environmental agreements where countries choose whether to sign an 
agreement in the first stage and then choose emission reduction levels in the second stage as an 
optimal response to other’s emissions (Altamirano-Cabrera et al., 2006). These games are open 
membership games, meaning that players are free to choose whether to join the coalition or remain 
as single players. Another version is exclusive membership games in which the coalition structure 
and the allowed memberships of the players are defined in advance. A version of this game, referred 
to as the game Γ, defines that coalition formation will only occur if all potential members agree to 
join (Bloch, 2003). It is this version that will be used in the game-theoretic model in this study. 
 
3.6 Valuation and payoffs 
A payoff is the value that an individual player receives in a game. Recalling the descriptions in the 
previous sections, this value will depend on the allocation rule and the coalition structure. Given 
that a fixed allocation rule is announced beforehand together with the coalition structure, we can 
predict the payoffs to each player of participating in the game. This prediction is called a valuation 
and can be denoted .  {}( )Sii iSv ∉∪

 
3.7 A game-theoretic model for transmission expansion   
This paper will apply a two-stage game in the following way. In the first stage the rules of the game 
are decided as follows. Countries are assumed to form a cost sharing agreement (CSA) on a 
political level defining how to share the costs of transmission investments that has spill-over 
benefits on several countries. Consensus on the methodology used to obtain regional cost-benefit 
estimates is also assumed. The CSA will define; (1) which countries that should contribute to an 
expansion; (2) a fixed allocation rule for the costs; and (3) a principle for compensation in case of 
negative spill-overs on some countries. One of the following three principles can be chosen; full 
compensation (FC); less-than full compensation (LFC); and no compensation (NC). In the second 
stage a specific expansion is proposed and payoffs to the TSOs (the players) are calculated based on 
the agreement from stage one. The payoff to a TSO is the net welfare-economic benefit that its 
country has from the expansion. The TSOs ( Si∈ ) that are ascribed a positive benefit from the 
expansion in the cost-benefit analysis then make strategic decisions based on their payoffs. The 
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available strategies are; join an investment coalition for the project (strategy 1); or stay outside 
(strategy 0). Since TSOs are regulated, they will recover their investment costs by tariffs approved 
by the regulator. Recovery of investment costs is assumed to be approved by the regulators for 
projects where the national B/C-ratio exceeds (B/C)*. A TSO is therefore assumed to choose 
strategy 1 as long as a project’s (B/C) exceeds (B/C)* (defined in section 3.2). The second stage of 
the game is repeated for each new transmission project. The TSO’s ( Si∉ ) that are ascribed a 
negative benefit in the cost-benefit analysis are passive in the game and can not influence the 
investment decisions of the benefiting TSOs. The two stages of the game are described in Figure 4. 
 

 
Figure 4: A two-stage model for a transmission expansion game 

 
The agreement in stage 1 sets the rules for the game in stage 2. Each new transmission project 
generates a new game in stage 2, but the agreement from stage 1 remains fixed. In this way the 
effects that different agreements have on the investment decisions of TSOs can be evaluated.  

The three principles for compensation to losing players can be modelled in the following way, 
where S is a coalition for a transmission project αk. The function v(S) defines the value of the game. 
This will be equal to the NPV calculated either for all countries (FC-principle) or benefiting 
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countries only (LFC and NC-principles). The claims and payoffs that are eligible under each 
principle are also defined.  
 
Full compensation principle (FC) 
Based on Shang and Volij (2006), the value of the game when full compensation to net losers is 
required, can be defined as: 
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The model (3) says that the value of coalition S is the sum of the members’ gross benefits minus the 
investment cost C and minus the full compensation to losing players outside S. 
 
Less-than full compensation principle (LFC) 
Under this principle the compensation to losing players is some amount less than their full loss. 
This game is modelled as: 
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The value of the game (4) is the sum of the members’ gross benefits minus the investment cost C. 
The losing players receive compensation by having claims on the value v(S) equal to their losses in 
absolute terms. In this way both benefiting and losing players have claims of equal merit on the 
value. The amount that each player receives will then depend on the specific allocation rule applied.  
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No compensation principle (NC) 
The value of this game is the same as that of (4), but since no compensations are made only the 
benefiting players have claims on the value. Given that the value v(S) is positive, the benefiting 
players join the coalition and share the value according to the chosen allocation rule. The model is 
defined in (5) below. 
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3.8 Allocation rules 
There are plenty of allocation rules that can be applied to an allocation problem. The rules can be 
divided into the categories of CGT rules and non-CGT rules. The first category of rules make use of 
CGT concepts such as marginal contribution and opportunity cost, while the second category are 
rules based on a general principle of division such as equal division. In part 4, two rules from each 
category are applied to the transmission expansion game. The CGT rules are the Shapley value and 
the nucleolus. The non-CGT rules are proportional division and equal division. This section will 
describe these rules along with the concept of the core, which can be used to evaluate the 
allocations of different rules. An allocation rule within the CGT framework is often referred to as a 
solution concept, and this term will be used in the following descriptions.  
 
The Core 
This is a solution concept that defines a set of allocations for which no player or subgroup of 
players can on its own attain a better allocation (Mas-Colell et al., 1995). A game with a non-empty 
core does in this sense contain allocations that can be voluntarily agreed to by all players and are 
thereby stable. An empty core on the other hand means that some players or groups of players are 
better off when acting alone than when cooperating with all players. The existence of a non-empty 
core in a game can be found by defining the characteristic function for the grand coalition v(N) and 
for all sub-coalitions v(S), . A non-empty core will exist if there is at least one allocation 

 for which  and 

NS ⊂

),...,,( 21 nyyyy = NSSvy
Si i ⊂∀≥∑∈

)( )(Nvy
Ni i ≤∑∈

holds. The boundaries of 

the core will therefore be determined by the players’ opportunity costs. In the two-stage model used 
in this study, the core is calculated only for the benefiting players Si∈ . This is because any players 
that have a net loss from an investment have agreed to the compensation level defined in the cost 

 15



sharing agreement and are therefore not involved in defining the boundaries of the core allocations 
for the investment. The core concept can be illustrated graphically for three-player games in the 
form of a triangle, as shown in Figure 5. 
 

Energinet.dk (DK) 

 
Figure 5: The core of the cost allocation game for the Great Belt investment with NC-

principle 

 
The area of the triangle in Figure 5 is equal to the investment cost of 168 M €. Each TSO’s share of 
the cost X is equally measured along the two axes streaming from its corner. In a corner all cost is 
allocated to the country of the corner, moving away from the corner means costs are transferred to 
the other countries. The shaded area in the top indicates the feasible set of core allocations. The 
dotted lines represent the opportunity cost of each TSO, derived from (B/C)* (se section 3.2). 
Figure 5 illustrates the case where (B/C)* is 1.06, which translates to a TSO maximum cost share of 
πi/1.06. The marginal contributions of the players in this context will be their benefits from the 
investment and these are represented by the lines of the main triangle. They imply that a player can 
not be allocated more benefit than the gross benefit ascribed to it in the cost-benefit analysis. 
 
The Shapley value (φ) 
This solution concept was introduced in Shapley (1953). It is based on the idea that players 
sequentially join a coalition. The marginal contribution (MC) of value that a player makes to a 
coalition will then depend on at which point in the coalition formation that he joins. The Shapley 
value assumes that all orderings of joining are equally likely. A player’s expected MC can then be 
found as the average value out of all possible orders of joining. This average calculated for each 
player is the Shapley value allocation, defined in (6) (Shang and Volij, 2006). 

           
         168 M € 

XDK ≤ 155.3 M€ 

UCTE 

XSE ≤ 13.3 M€ 

Svenska kraftnät (SE) 
XUCTE ≤ 15.2 M€ 
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The summation R is made for all n! different orders that the players in N can join in a coalition. Si is 
the group of players that precede player i in the coalition formation. In the transmission expansion 
problem as outlined in this paper, the Shapley value can be calculated by treating the situation as a 
claims problem. In this context each country is thought of as having a claim on a common surplus 
(Young, 1994). The surplus is given by the value of cooperation, previously defined as v(S). The 
claims of the benefiting countries are their gross benefits πi. The claims of losing countries are their 
loss from the investment. If claims are thought of as being met in the order they are put forward, 
then the value a country receives will depend on the order of the claims.  
 
The Nucleolus (η) 
Given an allocation of the full value v(N) among all players in N, each sub-coalition S can compare 
their payoff yi in the grand coalition N with that achievable under coalition S. This value can be 
defined as the excess e of coalition S in relation to the allocation yi. The idea of the nucleolus 
solution is to find the allocation that maximizes e for all coalitions , in order from smallest 
to largest e. The nucleolus solution is defined in (7) (Gers and Lozano, 2000). 
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The maximization problem in (7) can be solved by linear programming. There is however another 
method as shown by Aumann and Maschler (1985). By viewing the allocation problem as a 
bankruptcy problem, the nucleolus allocation can be found by applying the contested garment rule8 
to the problem. A bankruptcy problem is defined as an estate that is to be divided among a number 
of players with claims, ordered from smallest to largest. The claims of the benefiting countries are 
their gross benefits πi minus their opportunity costs v(i). The claims of losing countries are their full 
loss from the investment. The estate is defined as the NPV of the investment minus the opportunity 
costs. Aumann and Maschler (1985) showed that by transforming the n-player bankruptcy problem 
into a series of 2-person problems and then solving these with the contested garment rule, the 
resulting allocations are the same as the nucleolus allocations of the corresponding cooperative 
game. The contested garment rule divides the estate in steps. First it is divided equally among all 
until half of the smallest claim is met, or the estate has run out. Then it continues until the next 

                                                 
8 The contested garment rule is a two-person allocation rule that can be extended to n-persons. The rule is based on the 
“split the difference” principle. It has it’s origin in the Babylonian Talmud where it is formulated as follows: “Two 
cling to a garment, one take as much as his grasp reaches and the other take as much as his grasp reaches and the rest is 
divided equally between them” (Moulin, 2001). 
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smallest claim is met, or the estate has run out. If half of the largest claim has been met and there is 
still more to divide, then the rule changes so that the estate is given to the largest claimant until his 
loss is equal to the loss of the second largest claimant. This process is continued until the estate runs 
out. The resulting allocation is the nucleolus solution of an appropriately defined game. The 
nucleolus has the property that it will always be in the centre of the core as long as the game has a 
non-empty core.  
 
Proportional division 
This is the simple method of allocating resources in proportion to some individual measure, in this 
case the gross benefit πi. The cost allocation is defined as (8) for the FC-principle and as (9) for the 
LFC-principle. 
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In (9) the cost allocated to losing players represents their loss from the investment. The 
compensations are given by subtracting xi,LFC from |πi|. If the NC-principle is applied the allocations 
are calculated by (9) for Si∈ only.  
 
Equal division 
This rule simply divides the NPV of the investment equally among the number of claimants, 
regardless of the sizes of the individual claims. The number of claimants will depend on the 
compensation principle chosen. With the FC and LFC-principles the allocation is defined as in (10). 
 

N
NPVx iLFCFCi −= π,,         N = Number of players                              (10) 

 
 
Some properties of allocation rules 
An interesting property of allocation rules that is often considered in the literature is monotonicity. 
This refers to how allocations change if costs or benefits change. For example, if the cost of an 
investment increases after the allocation has been settled, how will the increase be shared by the 
players? If the allocation method applied is monotonic, no player’s cost share will be reduced as a 
consequence of the cost increase. It is known that the Shapley value, equal division and 
proportional division are monotonic, whereas the Nucleolus is not (Young, 1980). The 
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monotonicity property has the advantage of making the allocations of a rule more predictable, but it 
also makes the rule less flexible. Which quality that is more important in the case of Nordic 
transmission investments is not obvious. Nordel has done a study on different methods for financing 
and organizing common investments on the Nordic market (Nordel, 2005). The study stresses the 
importance of simplicity and transparency in a rule for its ability to be implemented in practice. The 
non-CGT rules have a strong claim in this sense because they are easily understood by everyone 
and results are predictable. The logic of the more sophisticated CGT-rules can be difficult to relate 
to the problem at hand. However, the flexibility of the Nucleolus rule has the great advantage of 
always giving allocations in the core (when it is non-empty), thereby giving the best potential for 
voluntary cooperation under various conditions. Still, the choice of a suitable allocation rule may 
not be settled solely on theoretical ground, it will also depend on the acceptance of the rule among 
the participants. Part 4 will illustrate the application of the different allocation rules to the case-
studies and discuss some implications of the results. 
 

4. Results and Discussion 
4.1 Coalition prediction in the case-studies 
Predictions of coalition formation are done by using the defined opportunity costs as the core 
constraints. Since coalition formation is studied under two levels of opportunity costs, two cores 
will be used for predictions. Core 1 is defined from (B/C)*=1.06 and core 2 from (B/C)*=1.12. The 
cost allocations include the share of the investment cost and any side-payments.  
 
4.2 The Great Belt 
The benefiting countries from this expansion are Denmark, Sweden and the UCTE-region. Norway 
and Finland will suffer a loss. The NPV is not enough to meet the compensations in full and hence 
this investment would not be realised under the FC-principle. Table 2 gives the allocations under 
LFC and NC. The nucleolus rule produces a separate allocation for each constraint because it uses 
the opportunity cost in the calculation.  
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Table 2: Allocations for the Great Belt 
The Great Belt Denmark 

(Energinet.dk) 
Finland 
(Fingrid) 

Norway 
(Statnett) 

Sweden 
(Svenska kraftnät) UCTE 

Gross benefit 
million €: 164.63 -26.10 -12.05 14.05 16.08 

Core constraint:      
Core 1: 0<Cost ≤ 
Core 2: 0<Cost ≤ 

155.3 
147 

- 
- 

- 
- 

13.3 
12.5 

15.2 
14.4 

Allocations 
Less than full compensation (LFC) 
 Cost ; Payoff Side-payment Side-payment Cost ; Payoff Cost ; Payoff 
Nucleolus (η)     1: 
                           2: 

152.2 ; 12.5 
145.8 ; 18.8 

+3.1 
+1.2 

 +3.1 
 +1.2 

10.1 ; 3.9 
11.4 ; 2.7 

   12 ; 4.1 
13.2 ; 2.9 

Shapley (φ)   157.3 ; 7.3** +3.6  +7.1    10 ; 4.1 11.4 ; 4.6 

Proportional 145.8 ; 18.9 +3  +1.4 12.4 ; 1.6 14.2 ; 1.8 

Equal   159.3 ; 5.3** +5.3  +5.3 8.71 ; 5.3 10.7 ; 5.3 
Coalition failures:  Core 1: Shapley, Equal. Core 2: Shapley, Equal. 
 
No compensation (NC) 
 Cost ; Payoff Side-payment Side-payment Cost ; Payoff Cost ; Payoff 
Nucleolus (η)     1: 
                           2: 

150.1 ; 14.6 
   145 ; 19.6 - -   8 ; 6 

10.6 ; 3.5 
  9.9 ; 6.1 
12.4 ; 3.7 

Shapley (φ)   151.8 ; 12.8* - -   7.6 ; 6.5   8.6 ; 7.5 

Proportional 142.1 ; 22.6 - - 12.1 ; 1.9 13.9 ; 2.2 

Equal   155.7 ; 8.9** - - 5.15 ; 8.9   7.2 ; 8.9 

Coalition failures: Core 1: Equal, Shapley. Core 2: Equal.  
*Allocation outside core 2 constraint, **Allocation outside core 1 and core 2 constraints. 

 
The identified coalition failures for the Great Belt investment are found by applying the core 
concept. For example, the Shapley cost allocation for Energinet.dk is 157.3 M€ with the LFC-
principle. The core can then be used to predict whether the Danish TSO will join a coalition for the 
investment or not under this allocation. Under core 1 the constraint for Denmark is 155.3, which 
means that they can not be allocated a higher cost than that. Since the actual allocation is 157.3, the 
Danish TSO would not agree to the investment.  

The results show that the Shapley rule and equal division fails to produce coalitions under 
both compensation principles due to the high cost allocations to Denmark. The effect of changing 
the (B/C)* constraint is seen in the Shapley allocation under the NC-principle, which is acceptable 
under core 1 but not core 2. These results can be illustrated graphically using a triangle, as 
previously described in Figure 5. Figure 6 illustrates both cores and indicates the locations of the 
different allocation rules under the NC-principle. Figure 6 is an enlargement of Figure 5 and the full 
triangle is therefore not shown. The grey-marked areas are the two sets of core allocations for core 1 
and 2 respectively. The dots indicate the position of the respective allocation rule. 
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Energinet.dk (DK) 

 
Figure 6: The cost allocations and core constraints of the NC Great Belt game 

 
When no compensation to net losers is required, the proportional, Shapley and nucleolus allocations 
are located within core 1 and the equal allocation just outside. This means that a coalition of the 
benefiting countries will form under all rules except for equal division. However, when increasing 
the (B/C)* to 1.12 for core 2, only the nucleolus and proportional allocations will result in coalition 
formation. The main difference between the rules in this case is the division of cost between the 
large claimant Energinet.dk and the two small (Svenska kraftnät and UCTE). The equal and 
proportional rules are at each end of this spectrum, with the proportional rule allocating the least 
cost to the largest claimant. This means that the countries with positive spill-overs, Sweden and the 
UCTE-region, will have to contribute more to the investment cost under the proportional rule 
compared with their contributions under the Shapley and nucleolus rules.  
 
4.3 Cross-section 4 
As indicated in Table 1 the Cross-section 4 investment has a positive NPV for the whole region. 
The only country that does not show a positive net benefit from it is Germany. The Nordic benefit is 
large enough to compensate the German loss in full. In this case all three compensation principles 
could be applied. Table 3 present the allocation results for the Cross-section 4 game. 
 
 
 
 
 

Svenska kraftnät (SE) UCTE XUCTE ≤ 15.2 

XDK ≤ 155.3 

XSE ≤ 13.3 

= Core 1 with (B/C)*=1.06 

    η1● 
  η2●

  φ● 
  E●

  P●

  = Core 2 with (B/C)*=1.12 

E = Equal 

P = Proportional 

φ = Shapley value 

η = Nucleolus 
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Table 3: Allocations for Cross-section 4 
Cross-section 4 Denmark 

(Energinet.dk) 
Finland 
(Fingrid) 

Norway 
(Statnett) 

Sweden 
(Svenska kraftnät) Germany 

Gross benefit 
million €: 70 140 210 240 -270 

Core constraint:      
Core 1: 0<Cost ≤ 
Core 2: 0<Cost ≤ 

66 
62.5 

132.1 
125 

198.1 
187.5 

226.4 
214.3 

- 
- 

Allocations 
Full compensation (FC) 
 Cost ; Payoff Cost ; Payoff Cost ; Payoff Cost ; Payoff Side-payment 
Nucleolus (η)   1: 
                         2: 

 65.4 ; 4.6 
    70.2 ; -0.2* 

131.4 ; 8.6 
  132.7 ; 7.3* 

197.5 ; 12.6 
  195.2 ; 14.8* 

225.8 ; 14.3 
  222 ; 18* +270 

Shapley (φ)    60 ; 10     130 ; 10*     200 ; 10**     230 ; 10** +270 

Proportional    65,8 ; 4,2*    131,5 ; 8,5*   197,3 ; 12,7*   225,5 ; 14,6* +270 

Equal          60 ; 10     130 ; 10*     200 ; 10**     230 ; 10** +270 
Coalition failures: Core 1:Equal. Core 2: All rules. 
 
Less than full compensation (LFC) 
 Cost ; Payoff Cost ; Payoff Cost ; Payoff Cost ; Payoff Side-payment 
Nucleolus (η)   1: 
                         2: 

33 ; 37 
31.3 ; 38.8 

72.2 ; 67.8 
73 ; 67 

138.2 ; 71.8 
135.5 ; 74.5 

166.5 ; 73.5 
162.3 ; 77.7 

+59.9 
+52 

Shapley (φ) 43.5 ; 26.5 93.5 ; 46.5 140.2 ; 69.8 160.2 ; 79.8 +87.3 

Proportional 46.7 ; 23.3 93.3 ; 46.7 140 ; 70 160 ; 80 +90 

Equal   8 ; 62 78 ; 62 148 ; 62 178 ; 62 +62 
Coalition failures: None. 
 
No compensation (NC) 
 Cost ; Payoff Cost ; Payoff Cost ; Payoff Cost ; Payoff Side-payment 
Nucleolus (η)   1: 
                         2: 

33 ; 37 
31.3 ; 38.8 

66 ; 74 
62.5 ; 77.5 

111.3 ; 98.7 
114.7 ; 95.3 

 139.6 ; 100.4 
141.5 ; 98.5 - 

Shapley (φ) 35 ; 35 76.7 ; 63.3 111.7 ; 98.3   126.7 ; 113.3 - 

Proportional 37.1 ; 32.9 74.2 ; 65.8 111.4 ; 98.6   127.3 ; 112.7 - 

Equal          0 ; 77.5** 62.5 ; 77.5 132.5 ; 77.5 162.5 ; 77.5 - 
Coalition failures: Equal. 

*Allocation outside core 2 constraint, **Allocation outside core 1 and core 2 constraints. 

  
With the FC-principle core 2 is empty and there are hence no core allocations and no coalition 
formation under any rule in that case. However, under the core 1 constraints the coalition would 
form with the nucleolus and proportional rules. Coalitions form with all rules for LFC. In the case 
of NC only the equal rule breaks the core constraints. In the last case it is not that the cost allocation 
is too large, but too small. The payoff to Energinet.dk is 77.5 which exceeds Denmark’s gross 
benefit of 70. They would hence get paid to join the investment without contributing anything, 
which obviously breaks the marginal contribution condition. Another interesting result emerges 
with the FC-principle. The allocations turn out to be the same for the Shapley and equal rules. It is 
clear that the Shapley rule has resorted to equal division in this game. This happens when the total 
value is smaller than the smallest claim and illustrates that the Shapley rule can change depending 
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on the game. This is in contrast to the non-CGT rules (equal and proportional) which always 
functions in the same way.  
 
4.4 Discussion of results 
The purpose of the case-study applications has been to illustrate how different designs of a regional 
cost sharing agreement would function and to draw conclusions about which designs are most 
suitable for transmission investments of regional scope. The results show that agreements requiring 
full compensation to net losers would have stopped the Great Belt investment and just barely made 
the Cross-section 4 investment possible. Agreements based on LFC are however successful in both 
cases except when the equal rule is used for the Great Belt. Based on these results it is concluded 
that the FC-principle and equal rule are not appropriate choices for the purpose of facilitating 
investments. Which of the two principles LFC and NC that is more appropriate is not answered by 
the results. Both principles lead to investments in the case-studies, but it is obvious that NC leaves a 
larger value for the benefiting countries to cover their investment costs. LFC might however be a 
necessary compromise for a long-term agreement since it reduces the cost associated with being a 
losing country in a regional grid development scenario. 

The main difference between the allocation rules is in the payoff-distribution between large 
and small players (in terms of gross benefit). The common pattern is that the proportional rule 
allocates most value to the largest player and the equal rule least, with nucleolus and Shapley 
located in-between. As previously stated, a general property of the nucleolus is that it will always be 
in the centre of the core as long as the core is non-empty. This means that if gradually reducing the 
size of the core, it is the rule that will provide core allocations for the longest time possible. It can 
therefore be viewed as the most flexible rule given that information on opportunity costs is 
available. The proportional rule can be thought of as a neutral method because it allocates an equal 
share of payoff relative claim, for all players. In comparison, nucleolus and Shapley give a larger 
redistribution of the value in the direction from large to small players. Under the conditions 
assumed for coalition formation in this paper, there is no incentive gain from such redistributions. 
However, in the negotiations leading up to an agreement (stage 1 in Figure 4) these distributions 
might influence the incentives to sign an agreement. 

A cost sharing agreement of the sort envisioned in this study is a test of the resilience of the 
political will behind the development of a highly integrated European electricity market. The results 
of the case studies indicate that a productive agreement would likely require that some countries 
accept a net loss. However, this would not be irrational since without an agreement a losing country 
would receive no compensation at all. The reason that it might be in everyone’s interest to choose 
LFC rather than NC is that the roles of winners and losers can change between projects. 
 

 23



5. Conclusions 
This paper analyses the problem of how to share the investment cost of transmission expansion 
among the countries in a regional electricity market. The purpose is to identify a cost sharing 
agreement that will improve the possibilities for TSOs to use a regional perspective in the 
development of the transmission grids. The need for cost sharing occurs when expansions with 
regional benefits are not made because they are not profitable for one or two countries to pursue 
alone, and there is no agreement on how to share the investment cost between more countries. This 
situation is modelled in two stages, first a political stage where a cost sharing agreement is assumed 
to be formed among the countries in a region, followed by a TSO stage where decisions on specific 
expansions are made by the TSOs. The analysis is focused on the TSOs’ decisions in the second 
stage. Coalition formation between TSOs is modelled with a partition-function approach allowing 
for spill-over effects from expansions. Cooperative game theory (CGT) is then used to predict under 
which agreements an investment coalition is formed in the second stage. The cost sharing 
agreements evaluated consist of combinations of a contribution principle, a compensation principle 
(to account for negative spill-overs) and an allocation rule. Three compensation principles are 
evaluated (full, less than full, and no compensation) and four allocation rules (nucleolus, Shapley, 
proportional and equal), giving a total of 12 different solutions.  

The performance of the agreements is evaluated using the core solution concept from CGT, 
applied on two case-studies of transmission expansion projects in the Nordic region. Results derived 
for the second stage show that the nucleolus and proportional rules are the best at providing 
incentives to form an investment coalition. The main differences between these rules are in the 
distribution of value between large and small players and in their computational complexity. The 
nucleolus allocates larger payoffs to small players’ relative large and requires information on 
opportunity costs for calculation. The proportional rule favours large players’ relative small and is a 
computationally transparent and simple rule. The theoretical properties of the nucleolus ensure that 
it will always produce a coalition as long as it is possible in a given problem and it is in this sense 
the best choice. However, due to its simplicity and predictability, the proportional rule is likely to 
be the easiest to implement in practice.  

Regarding the compensation principles it is concluded that “full compensation” is the least 
successful at producing a coalition. Which of the remaining two principles that is most suitable is 
not answered by the results. An analysis of the negotiation process in the first stage (the political 
level) could give more insight into the role of these principles in reaching an agreement. This 
provides an interesting topic for future research.   
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Appendix  
This appendix shows the calculations of the proportional method, the Shapley value (φ) and the 
nucleolus (η), as applied in this paper. Descriptions of the methods are found in sections 3.8-3.9. 
Only the calculations for the Great Belt case are included, since the calculations for Cross-section 4 
follow the same procedure. The TSOs are denoted by their country’s initials as follows; DK 
(Energinet.dk); NO (Statnett); SE (Svenska kraftnät); FI (Fingrid); UCTE. All values are in million 
€. 
 
The Great Belt 
 

No compensation principle 

 

Proportional 

 πi 
Proportion of 
total benefit 

Share of total 
cost xi 

Payoff yi 

     
DK 164.63 85% 142.05 22.58
SE 14.05 7% 12.13 1.93
UCTE 16.06 8% 13.86 2.20
   
Total claims:     194.74  
Total cost  168.03   Sum:     26.71
Surplus: 26.71   
 

Nucleolus for (B/C)*=1.06 (η1) 

Cost = 168.03 
Estate = v(S)-v(i) = 15.69 
Claims: (πi/ 1.06)     
 πi Nucleolus division: v(i) yi+v(i) xi 
SE 13.25 5.23 0.80 7.03 8.03 
UCTE 15.15 5.23 0.91 8.03 9.92 
DK 155.31 5.23 9.32 11.66 150.08 
      
Sum: 183.72 15.69 26.71 168.03 

 
 

 

 

 

 

 

 

 

 28



Shapley value (φ) 
Cost = 168.03  
v(S) = 26.71 

 

 
A 

Denmark 
B 

Sweden 
C 

UCTE 
Claim: 164.63 14.05 16.06 

Order of claims:  
ABC 26.71 0 0
ACB 26.71 0 0
BAC 12.66 14.05 0
BCA 0 14.05 12.66
CAB 10.65 0 16.06
CBA 0 10.65 16.06
Shapley value  yi: 12.79 6.46 7.46
Cost allocation xi: 151.84 7.59 8.60

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Less than full compensation principle 
 
Proportional 

Claims (πi) in 
absolute values: 

πi 
Proportion of 
total benefit 

Share of total 
cost xi 

Share of net 
benefit yi 

     
DK 164.63 71% 145.75 18.88
FI (-)26.10 11% 23.11 2.99
NO (-)12.05 5% 10.66 1.38
SE 14.05 6% 12.44 1.61
UCTE 16.06 7% 14.22 1.84
   
Total claims: 232.89   Sum:     26.71
Total cost*:  206.18   
Surplus:  26.71   

*Negative claims (the compensations) are added to the total cost 
 

Nucleolus for (B/C)*=1.06 (η1) 

Cost = 168.03 + compensations 
Estate = v(S)-v(i) = 15.69 
 πi Nucleolus division: v(i) yi+v(i) xi 
NO        (-)12.05 3.14 3.14 (8.91)
SE 13.25 3.14 0.80 3.93 10.12
UCTE            15.15 3.14 0.91 4.05 12.01
FI (-)26.10 3.14 3.14 (22.96)
DK 155.31 3.14 9.32 12.46 152.17
      
Sum: 221.87 15.69 26.71 174.30
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Shapley value (φ) 
v(S) = 26.71 
 A (DK) B (NO) C (SE) D (FI) E (UCTE) 

Claims: 164.63 12.05 14.05 26.10 16.06 
Order of claims:      
ABCDE 26.71 0 0 0 0 
ABCED 26.71 0 0 0 0 
ABDCE 26.71 0 0 0 0 
ABDEC 26.71 0 0 0 0 
ABECD 26.71 0 0 0 0 
ABEDC 26.71 0 0 0 0 
ACBDE 26.71 0 0 0 0 
ACBED 26.71 0 0 0 0 
ACDBE 26.71 0 0 0 0 
ACDEB 26.71 0 0 0 0 
ACEBD 26.71 0 0 0 0 
ACEDB 26.71 0 0 0 0 
ADBCE 26.71 0 0 0 0 
ADBEC 26.71 0 0 0 0 
ADCBE 26.71 0 0 0 0 
ADCEB 26.71 0 0 0 0 
ADEBC 26.71 0 0 0 0 
ADECB 26.71 0 0 0 0 
AEBCD 26.71 0 0 0 0 
AEBDC 26.71 0 0 0 0 
AECBD 26.71 0 0 0 0 
AECDB 26.71 0 0 0 0 
AEDBC 26.71 0 0 0 0 
AEDCB 26.71 0 0 0 0 
BACDE 14.67 12.05 0 0 0 
BACED 14.67 12.05 0 0 0 
BADCE 14.67 12.05 0 0 0 
BADEC 14.67 12.05 0 0 0 
BAECD 14.67 12.05 0 0 0 
BAEDC 14.67 12.05 0 0 0 
BCADE 0.61 12.05 14.05 0 0 
BCAED 0.61 12.05 14.05 0 0 
BCDAE 0 12.05 14.05 0.61 0 
BCDEA 0 12.05 14.05 0.61 0 
BCEAD 0 12.05 14.05 0 0.61 
BCEDA 0 12.05 14.05 0 0.61 
BDACE 0 12.05 0 14.67 0 
BDAEC 0 12.05 0 14.67 0 
BDCAE 0 12.05 0 14.67 0 
BDCEA 0 12.05 0 14.67 0 
BDEAC 0 12.05 0 14.67 0 
BDECA 0 12.05 0 14.67 0 
BEACD 0 12.05 0 0 14.67 
BEADC 0 12.05 0 0 14.67 
BECAD 0 12.05 0 0 14.67 
BECDA 0 12.05 0 0 14.67 
BEDAC 0 12.05 0 0 14.67 
BEDCA 0 12.05 0 0 14.67 
CABDE 12.66 0 14.05 0 0.00 
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CABED 12.66 0 14.05 0 0.00 
CADBE 12.66 0 14.05 0 0.00 
CADEB 12.66 0 14.05 0 0.00 
CAEBD 12.66 0 14.05 0 0.00 
CAEDB 12.66 0 14.05 0 0.00 
CBADE 0.61 12.05 14.05 0 0.00 
CBAED 0.61 12.05 14.05 0 0.00 
CBDAE 0 12.05 14.05 0.61 0.00 
CBDEA 0 12.05 14.05 0.61 0.00 
CBEAD 0 12.05 14.05 0 0.61 
CBEDA 0 12.05 14.05 0 0.61 
CDABE 0 0 14.05 12.66 0.00 
CDAEB 0 0 14.05 12.66 0.00 
CDBAE 0 0 14.05 12.66 0.00 
CDBEA 0 0 14.05 12.66 0.00 
CDEAB 0 0 14.05 12.66 0.00 
CDEBA 0 0 14.05 12.66 0.00 
CEABD 0 0 14.05 0 12.66 
CEADB 0 0 14.05 0 12.66 
CEBAD 0 0 14.05 0 12.66 
CEBDA 0 0 14.05 0 12.66 
CEDAB 0 0 14.05 0 12.66 
CEDBA 0 0 14.05 0 12.66 
DABCE 0.61 0 0.00 26.10 0 
DABEC 0.61 0 0.00 26.1 0.00 
DACBE 0.61 0 0.00 26.1 0.00 
DACEB 0.61 0 0.00 26.1 0.00 
DAEBC 0.61 0 0.00 26.1 0.00 
DAECB 0.61 0 0.00 26.1 0.00 
DBACE 0 0.61 0.00 26.1 0.00 
DBAEC 0 0.61 0.00 26.1 0.00 
DBCAE 0 0.61 0.00 26.1 0.00 
DBCEA 0 0.61 0.00 26.1 0.00 
DBEAC 0 0.61 0.00 26.1 0.00 
DBECA 0 0.61 0.00 26.1 0.00 
DCABE 0 0 0.61 26.1 0.00 
DCAEB 0 0 0.61 26.1 0.00 
DCBAE 0 0 0.61 26.1 0.00 
DCBEA 0 0 0.61 26.1 0.00 
DCEAB 0 0 0.61 26.1 0.00 
DCEBA 0 0 0.61 26.1 0.00 
DEABC 0 0 0 26.1 0.61 
DEACB 0 0 0 26.1 0.61 
DEBAC 0 0 0 26.1 0.61 
DEBCA 0 0 0 26.1 0.61 
DECAB 0 0 0 26.1 0.61 
DECBA 0 0 0 26.1 0.61 
EABCD 10.65 0 0 0 16.06 
EABDC 10.65 0 0 0 16.06 
EACBD 10.65 0 0 0 16.06 
EACDB 10.65 0 0 0 16.06 
EADBC 10.65 0 0 0 16.06 
EADCB 10.65 0 0 0 16.06 
EBACD 0 10.65 0 0 16.06 
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EBADC 0 10.65 0 0 16.06 
EBCAD 0 10.65 0 0 16.06 
EBCDA 0 10.65 0 0 16.06 
EBDAC 0 10.65 0 0 16.06 
EBDCA 0 10.65 0 0 16.06 
ECABD 0 0 10.65 0 16.06 
ECADB 0 0 10.65 0 16.06 
ECBAD 0 0 10.65 0 16.06 
ECBDA 0 0 10.65 0 16.06 
ECDAB 0 0 10.65 0 16.06 
ECDBA 0 0 10.65 0 16.06 
EDABC 0 0 0 10.65 16.06 
EDACB 0 0 0 10.65 16.06 
EDBAC 0 0 0 10.65 16.06 
EDBCA 0 0 0 10.65 16.06 
EDCAB 0 0 0 10.65 16.06 
EDCBA 0 0 0 10.65 16.06 
      
Shapley value yi 7.29 3.57 4.08 7.14 4.63 
      
Cost allocation xi 157.34 8.47 9.98 18.96 11.43 

 
 
Side-payments 
To calculate the allocation of the cost for the side-payments, the results of the allocation methods 
are compared with the allocations under the no compensation principle (without any side-
payments).  
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Abstract 
 
The transmission system operators (TSOs) of the Nordic countries play a crucial role in the 
development of an integrated electricity market in the region. They provide the transmission 
networks that enable trade of electricity between the countries. The TSOs are currently operating 
under rate of return or revenue-cap regulation as decided by the national regulators. These regimes 
may to differing extents provide incentives for cost-efficiency, but they do not explicitly give 
incentives for integration between national markets. The purpose of this paper is to design an 
incentive regulation scheme that provides TSOs with incentives to increase the cross-border trade 
capacities and thereby enhance market integration. The scheme is based on the output-oriented 
technical efficiency (TE) of the TSOs. This is linked to integration by defining an output measure 
for TSOs that includes the output expanding effects of trade. A benchmark model is used to 
estimate TE for six TSOs using a panel data set. The TSO’s production technology is defined by a 
stochastic output distance function that is estimated empirically by a fixed effects model. Estimated 
efficiency scores are in the range 61-100 percent. The use of the efficiency scores in regulation is 
demonstrated in a reward/penalty incentive scheme defined for a regulatory period. The model is 
interesting from a regulatory perspective as a tool to evaluate and enhance TSO performance in 
facilitating cross-border electricity trade. 
 
 
 
                                                 
* An earlier version of this paper was presented at the 11th IAEE European conference, Vilnius, Lithuania, 
August 25-28, 2010.  
 



 



1. Introduction 
The political vision of an integrated electricity market in Europe has been formed both at a regional 
level in the Nordic countries (Norden, 2004) and at a European level by the European Commission 
(EC, 2003a). Integration is thought to bring benefits arising from more efficient use of resources, 
such as higher utilization of cost-efficient generation and complementary benefits of different 
supply and demand structures between countries. The development of an integrated regional 
electricity market in the Nordic region is an ongoing process that involves several aspects of the 
electricity market. Wholesale markets have been integrated through a common power exchange and 
integration of retail markets is in progress through harmonization of diverse market conditions. An 
essential part of this process is the development of electricity transmission infrastructure that 
interconnects geographically separate markets and enables the physical exchange of electricity 
between countries.  

A key actor in this area is the transmission system operator (TSO) who owns, operates, 
maintains and develops the high-voltage transmission grid. The TSO is a natural monopoly utility 
that grants non-discriminatory access to the grid for market actors. Through this responsibility the 
TSO has a role in market facilitation, meaning that it provides the physical part of the market place 
that enables producer and consumers to meet and trade both nationally and across borders. This 
market place can be expanded through investments in new cross-border interconnections, national 
grid expansions and other congestion management measures that increase the trade capacity of 
existing connections. The direction of the TSO’s grid development and congestion management is 
thus of great interest from an integration perspective.  

As natural monopolies the TSOs are subject to regulation. In the Nordic countries the TSOs 
operate under rate of return and/or revenue-cap regulation (NordREG, 2007). These are economic 
regulations that focus on the economic aspects of the TSO-operation, such as reasonable tariffs and 
cost-efficiency. Regulations of grid development and congestion management are less developed. 
Directions for this have been given by the European Union (EU) in directives and legislations (EC, 
2003a, 2003b, 2007). Nordic energy regulators (NordREG) are working on indicators that can be 
used to monitor the TSOs compliance of the EU congestion management guidelines (NordREG, 
2008). Work is also in progress on how to transform directives and guidelines into incentive 
regulation that induces TSOs to enhance their performance of grid development and congestion 
management in a regional context (ERGEG, 2009; ECRB, 2010). It is to this area of regulatory 
development that the present paper seeks to contribute.  

The purpose of this paper is to design an incentive regulation scheme that can be used to 
provide TSOs with an economic incentive to increase the cross-border transmission capacity and 
thereby enhance market integration. To do this a benchmark model is constructed based on a 
parametric representation of the TSO’s production technology. The output of the TSO’s production 
is defined as total national electricity consumption including imports plus exports. In this way the 
volume of cross-border electricity trade that a TSO facilitates is captured by the model. The TSO’s 
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efficiency in operating and developing the grid from a trade facilitating regional perspective is then 
estimated as the output oriented technical efficiency, which is a measure of the potential to expand 
output. Underlying this methodology is the general effect of trade, which is that it increases the sum 
of consumption and production in a country.  

The paper is structured as follows. Section two gives an introduction to incentive regulation 
theory and efficiency analysis. This includes a description of the theoretical model used for 
estimating a production frontier and deriving efficiency scores. Section three gives the empirical 
version of this model and describes the data used. Results and a demonstration of the incentive 
regulation scheme are given in section four. Conclusions of the study are provided in section five. 
 

2. Incentive regulation and efficiency analysis 
2.1 Background to incentive regulation theory 
Regulation is commonly characterized as a principal-agent relationship between a regulator and a 
monopoly firm. In transmission the regulatory role is generally taken by the state authority 
responsible for the energy market. The firm subject to regulation is the TSO, which is usually a 
state owned utility. The form of TSO regulations varies between countries. For example, Sweden 
applies rate of return regulation and Norway revenue-cap. A typical attribute of a principal-agent 
relationship is the information asymmetry between the two. In transmission, the regulator wants the 
TSO to achieve specified objectives1 in an efficient manner, but it does not know all the 
circumstances applying to the realisation of the objectives. Such circumstances include the cost 
structure of the firm and the characteristics of its technology. For TSOs this can relate to the 
efficient level of costs for the operation and the potential for increased grid integration with other 
countries. In contrast to the regulator, the TSO is likely to have detailed knowledge of these things 
and of what is required to achieve different objectives. This asymmetry gives the TSO a strategic 
advantage because the regulator can not be sure that the objectives are met in an efficient way. This 
could lead to less efficient operation than in a competitive environment, where the TSO’s existence 
would not be protected by the monopoly status. There is therefore a need for regulation that gives 
TSOs economic incentives to achieve objectives in an efficient way.  

The traditional economic regulations cost of service and rate of return has been criticised for 
causing moral hazard problems since the TSO has little incentive to reduce its costs when prices are 
allowed to follow costs (Joskow, 2005). Price-cap and revenue-cap regulation and the associated X-
factor efficiency targets have been introduced by some regulators to give TSOs economic incentives 
to lower their costs by allowing them to keep all or some of the surplus between realised costs and 
revenue-cap. This solves the moral hazard problem by giving incentives for higher managerial 
effort, but gives rise to the problem of adverse selection (Joskow, 2005). This is caused by the 
                                                 
1 The objectives are set by the state as owner directives. For example, one of the objectives of the Swedish TSO 
Svenska kraftnat (Svk) is to work for increased integration of the electricity markets and transmission grids in the 
Nordic countries. The economic objective for Svk is to maintain a rate of return of 6 percent (Ministry of Enterprise, 
Energy and Communications, 2009). 
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asymmetric information problem, which creates uncertainty for the regulator about what the TSO’s 
inherent cost structure is and what potential efficiency gain that could be made. For example, some 
TSO’s might have higher costs of operation than other due to characteristics of the operating 
environment beyond the TSO’s control. Without sufficient information about the cost implications 
of these circumstances, the regulator faces the risk of setting the revenue/price-cap either too high 
or too low in relation to the actual efficient cost level. If set to high, the consumers will pay higher 
prices than the competitive level. If set to low, the TSO can not earn enough revenue to cover its 
costs.  

A remedy to the information problem is the application of yardstick competition (Shleifer, 
1985) or competitive benchmarking (Jamasb and Pollitt, 2001). These methods derive a benchmark 
or reference performance against which a TSO’s actual performance can be compared. The 
benchmarks can be derived through parametric or non-parametric methods that estimates or 
calculates a production or cost frontier that defines the maximum production or minimum cost 
levels attainable for different input and output levels in the industry (Battese et al, 2005). This 
increases the regulators information about the efficient levels of cost and production and informs 
the decision of suitable revenue or price-caps. The application of a benchmark model for TSOs 
requires the use of international comparisons since there is usually only one or very few TSOs 
within a country.  

An important part of the benchmark methodology is the recognition of the heterogeneity of 
TSOs operating environments. This can be accounted for by normalizing the benchmarks with 
regards to observable heterogeneity of the TSOs. The occurrence of unobserved heterogeneity other 
than inefficiency poses a larger problem, since such heterogeneity may be confounded with 
inefficiency in a benchmark model. Greene (2005) suggest models that to some extent can 
distinguish between the two, but the main approach is to look for potential sources of unobserved 
heterogeneity between TSOs and take this into account when interpreting results. Well designed 
incentive regulation can hence be an effective way to provide regulated firms with incentives to 
exert managerial effort to reach the uncovered efficiency potential in their operation.  

Before applying a benchmark model it is necessary to find measures that capture the TSO’s 
performance in achieving the relevant objectives. Depending on what the objectives are, the model 
will generally use a cost or production based representation of the TSO’s production possibilities. 
This results in cost efficiency (CE) or technical efficiency (TE) performance measures. TE is a 
purely physical notion relating to the maximum technically feasible output producible by a given 
input bundle, referred to as output oriented TE, or the minimum input bundle necessary for 
producing a given output, referred to as input oriented TE. No behavioural assumptions on 
producers are necessary for estimating TE. CE is an input oriented measure describing the minimum 
cost achievable for a given output. It rests on the assumption of cost minimizing behaviour. 
Regulation theory is for the most part concerned with CE, since it is the potential for cost-savings 
that is interesting to regulators (Jamasb and Pollitt, 2003). This study will however use TE as the 
efficiency measure because an output-orientation is applied. Cost based efficiency measurement is 
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based on input-orientation only and can therefore not be used as an alternative (dual) representation 
of the technology in the case of output-oriented efficiency measurement. The dual representation in 
this case would be a revenue function (Färe et al, 1995).  
 
2.2 An incentive scheme 
As discussed in section 2.1, an incentive scheme is based on a performance measure that can be 
used as an indicator of a TSO’s performance in one or several aspects, at different points in time. 
Connecting the TSO’s performance over time with financial rewards and penalties will result in an 
incentive for the TSO to focus its operation towards the objectives that give a reward, rather than a 
penalty. The difficulty in designing an incentive scheme is to define a performance measure that 
both reflect the aspect of operation that is subject to improvement and that can also be accurately 
measured. Likewise important is that the TSO can affect the level of the measure, meaning that it 
can control at least some of the factors determining its performance. If these points can be fulfilled 
an incentive scheme can be constructed based on the measure. As mentioned, this study will use the 
output oriented technical efficiency (TE) as the performance measure (sections 3.1 and 4.1 elaborate 
this choice further). A reward/penalty incentive scheme based on TE can be formulated as: 
 

S
iS

S
iT

S
iT

i TE
TETE

I
*−

=             S = Period 1; T = Period 2                      (1) 

 
where; Ii is the value used to define a reward or penalty for TSO i; TES

iS is i’s efficiency in period S; 
TES

iT is i’s efficiency in period T determined in relation to period S technology; and TE*S
iT is the 

target efficiency for i in period T (also defined in relation to period S technology). Period S is a 
series of years (in this study 2000-2008) for which a reference technology is estimated and a 
reference value of TEi is determined as the average efficiency for i during the period. Time period T 
is the regulatory period for which the target efficiency is set in relation to the reference technology 
for S. Equation (1) gives the percentage that a TSO’s efficiency in period T exceeds or fall short of 
the target. If the improvement in TEi between periods S and T is larger than the target, the value of Ii 
will be positive and the TSO will receive a reward. If not, Ii will be negative and the TSO will 
receive a penalty.  

The size of the reward or penalty is not specified by (1) it only defines by how many percent 
the firm exceeds or fails the target. To define a financial reward or penalty, the percentage Ii needs 
to be transformed into monetary terms. There are plenty of ways that this can be done. The simplest 
example is to use Ii directly as a percentage change in allowed revenue or tariff-level under 
revenue- or price-cap regimes, or in the regulated rate of return. Alternatively, if the level of Ii is 
unreasonable to use directly, it could be transformed into a more suitable magnitude by defining the 
reward or penalty as a function of Ii (see ERGEG (2009) for an example). Another consideration is 
to put a cap on the size of the potential reward or penalty to limit the risk exposure of the TSO. 
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The target in (1) is set in relation to the full efficiency level for period S, estimated in the 
benchmark model introduced in section 2.3.1. The point of this methodology is to function as a tool 
that the regulator can use to ensure that the TSO is operating in the direction defined by its 
objectives. In this study the objective meant to be induced by equation (1) is the regional 
perspective in grid operation and development. 
 
2.3 Efficiency analysis and benchmarking 
To derive a best practice benchmark which the TE of individual TSOs can be measured against, a 
representation of the technological possibilities of TSOs is necessary. Such a representation can be 
obtained from observations of the input and output combinations of different TSOs. Non-parametric 
techniques such as DEA achieve this by enveloping all observations in a linear “hull”, where the 
best observations define the shape of the hull (Battese et al., 2005). Parametric techniques on the 
other hand begins with defining a functional relationship between outputs and inputs and estimates 
the parameters of this function using statistical methods. This results in the traditional production 
function reflecting the average performance of the observed firms.  

However, for the purpose of efficiency studies it is more appropriate to define a function that 
reflects the best performance of firms. This is referred to as a production frontier and is commonly 
estimated by the methods of Stochastic Frontier Analysis (SFA). TSOs that deviate from the 
frontier in SFA, or the “hull” in DEA, are defined as inefficient to a degree determined by the size 
of the deviation. In DEA, all the deviation is defined as inefficiency. In SFA, the deviations are 
allowed to be caused by both a random error effect and inefficiency. SFA can also take advantage 
of panel data to give more consistent estimates of individual inefficiencies. It is therefore the choice 
of this study to use SFA to estimate the TE of TSOs. To allow for a multiple-output and multiple-
input representation of the TSO’s production technology, the SFA-model is estimated by a 
stochastic distance function approach. These methods are described in the following section.    
 
2.3.1 Stochastic distance function 
In most cases the production output of firms consists of several different products. For example, 
TSOs transmit electricity to customers within a geographical area. In this case the output produced 
can consist of both the amount of electricity transmitted and the size of the area transmitted to. To 
represent such a technology in a production function requires that the outputs are aggregated into a 
single measure. If this is not possible, an alternative is to use a distance function. This is a 
parametric representation of a multiple-input multiple-output technology based on input- and output 
sets. The distance function approach is the one chosen in this study because it is difficult to 
aggregate the outputs that will be defined for the TSOs (see part 3). The output-oriented distance 
function DO described in this section is based on Kumbhakar and Lovell (2003) and Coelli and 
Perelman (1999). 
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The distance function is based on a representation of a multiple-input multiple-output technology 
defined by the technology set: 
 

T = {(x, y): x can produce y}                              (2) 
 
where x and y are vectors of non-negative real numbers for inputs and outputs respectively. The set 
T thereby contains all bundles of x and y that are feasible for the technology T. For the purpose of 
an output oriented efficiency measurement we can then use T to define an output set P(x) for a given 
input vector x as: 
 

P(x) = {y: x can produce y} = { y: (x, y) ∈ T }                                        (3) 
 
P(x) is assumed to fulfil the assumptions listed in Färe and Primont (1995). The set P(x) with the 
distance function DO defined is illustrated in Figure 1 for a two-output technology.  
 

P(x) 

y /u 

y 

y2 

y1 
 

Figure 1: The output-oriented distance function 
Source: Kumbhakar and Lovell, 2003. 

 
The boundary of P(x) represents the production possibility frontier on which the efficient level of 
production is located. The output vector y (consisting of a combination of outputs y1 and y2) in 
Figure 1 is producible using input vector x, but given the available production technology T the 
same input vector could potentially produce the larger output y/u. DO measures the radial distance 
from the output vector y to the boundary of P(x) and is interpreted as the extent to which y can be 
radially expanded and still be producible by the given input vector. It is defined as: 
 

( ){ )(/:min),( xPuyuyxDO ∈= }                                         (4) 

 
where; u is the minimum amount by which y can be deflated, and hence the maximum amount that 
output can be expanded, for a given input vector. In Figure 1 the distance function is equal to u. 
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Since it follows that u ≤ 1. If u = 1 then production is located at the boundary of P(x), 

which implies that the firm is fully efficient. DO is non-increasing and quasi-convex in x and non-
decreasing, linearly homogenous and convex in y. The relationship between DO and technical 
efficiency is relatively straight forward. The reciprocal of DO is equal to the classical Debreu-Farrell 
measure of output oriented TE, which says that an output vector is technically efficient if no 
equiproportionate (radial) expansion of all outputs is possible (Kumbhakar and Lovell, 2003). From 
this definition follows that TE ≥ 1. The convention in the efficiency literature is to transform this 
measure to a number between 0 and 1, which can be interpreted as an efficiency score in 
percentage. When the distance function is estimated in logarithmic form (as in this study) the 
transformation is done as: 

)(xPy∈

 
( )uTE ˆexp −=                                  (5) 

 
Econometric estimation of DO can be made by assigning it a functional form. This study will use a 
stochastic translog production frontier as the functional form and the procedure for empirical 
estimation is outlined below. Initially, DO is specified using a translog production function with M 
outputs, K inputs and J non-controllable inputs2 as: 
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where; yit is the output of firm i in time t; xkit are inputs used by i in time t; zjit are non-controllable 
inputs affecting i’s production in time t; vit is a symmetrically distributed time-varying error term; 
and α0, β and θ are unknown parameters to be estimated. The βs satisfy the following identifying 
restrictions; βmn = βnm; and βkl = βlk for all m, n, k and l. To estimate (6) by econometric methods, 
homogeneity of degree one in outputs is imposed by normalizing with one of the outputs M and 
introducing a symmetric random error term vit to obtain: 
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where TL(…) is the translog function from (6). Rearranging gives: 
 

                                                 
2 The non-controllable inputs are added as shift factors to the function to adjust for factors beyond the TSO’s control. 
See section 3.3 for a discussion of these. 
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which can be estimated econometrically if we can define an estimator for the unobserved term          
-ln(DOit).  
 
The stochastic production frontier model offers such an estimator by introducing a composed error 
term for equation (8), defined as follows for the case of a distance function: 
 

iitit uv +=ε                                                                    (9) 

 
where; vit is the symmetrically distributed time-varying error term introduced in (7); and ui is a non-
negative time-invariant error term interpreted as firm specific inefficiency (Kumbhakar and Lovell, 
2000). This implies that ui can be used as an estimator for -ln(DOit) under the assumption that it is 
time-invariant. The term stochastic frontier is used for this model because firm-specific deviation 
from the frontier is allowed to consist of both a random error component and an inefficiency 
component. One approach to estimate (8) with this error structure is to use a modified version of the 
fixed or random effects panel data models (FEM and REM). The following section will discuss 
some of the characteristics of these models and suggest which is the most appropriate for this study. 
The necessary modifications for estimation of (8) will then be given for the chosen model. 

The standard versions of FEM and REM assume that the parameters (the βs) of the production 
function are the same for all firms, but that there are firm specific effects caused by time-invariant 
heterogeneity among firms. The virtue of the panel data models is that they provide an estimator for 
the firm-specific effects. FEM and REM differ in the treatment of these effects. In FEM, all time-
invariant heterogeneity is included in the effects by means of firm specific intercepts αi. In REM, 
the effects are defined as random variables ui that include time-invariant heterogeneity not captured 
by any of the regressors in the model. REM thereby allows for observable time-invariant 
heterogeneity to be excluded from the firm specific effects, while FEM will always include it. This 
flexibility however requires that the effects are uncorrelated with the regressors, otherwise the 
results will be biased.  

A way to check for this correlation is to use the Hausman test. This test is based on the 
difference between the FEM and REM estimators. If the regressors and the individual effects are 
uncorrelated then both estimators will be consistent, if they are correlated then only FEM will be 
consistent (Greene, 2008). The null hypothesis is defined as no correlation between regressors and 
individual effects. The test has a χ2-distribution with (K-1) degrees of freedom, where a test statistic 
less than χ2

crit is interpreted as no correlation. When applied to the sample the Hausman test gives a 
test statistic of 59.98, which exceeds χ2

crit=15.09 at the 1 percent significance level. The FEM 
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specification is therefore preferred to REM based on the confirmed correlation between the firm-
specific effects and the regressors. 

However, the issue of time-invariant regressors also needs to be addressed before a suitable 
choice can be made. The inputs and outputs of the TSO’s production technology used in this study 
(see section 3) do not contain any completely time-invariant regressors. Still, it does contain 
regressors that can be considered as slowly changing variables, such as capital stock. This could 
potentially be a problem in FEM if the within-group variation is not enough to avoid collinearity 
with the fixed effects. When within-group variation is low and N (groups) is small relative T 
(observations), estimation by OLS with dummy variables is preferred to the within-transformation 
approach, because the latter is based on data in deviation from means (which will be scarce in this 
case). The application of FEM to the dataset shows that all first-order parameters are statistically 
significant (see part 4) and reasonably similar in magnitude to those of REM and pooled OLS. This 
indicates that the variation in the data set is sufficient to validate the use of a fixed effects approach. 
Based on this, and the result of the Hausman test, it is therefore concluded that FEM is the 
appropriate choice for the study. The following section will describe the modified version of FEM 
that can be used to estimate the time-invariant term in (8) -ln(DOi). 

In the distance function described in Figure 1, the most efficient TSO will define the 
boundary of the production possibility set P(x), also referred to as the frontier. In FEM, the TSO-
specific intercepts αi are used to identify the most efficient TSO, which will be the one with the 
largest negative αi (because the dependent variable in (8) is negative). The other TSOs will deviate 
from the frontier by a distance defined by ui. The fixed effects estimation of the stochastic distance 
function is thereby expressed as:  
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where: 
{ }jjiiu αα ˆmaxˆˆ −−=                 (11) 

 
and the αi are estimated by dummy variables. Equation (11) will ensure that ûi = 0 when i = j and 
that ûi > 0 when i ≠ j. This means that when ûi is inserted into equation (5) to calculate the TE-score, 
the most efficient firm will have a score of 1 (indicating 100 percent efficiency) and the others 
somewhere between 0 and 1. Efficiency is thereby expressed in relative terms in this formulation. 
The modified FEM approach outlined above provides consistent estimation of time-invariant 
inefficiency as the length of the time-period T→∞. Statistical inference in FEM is made only for the 
included TSOs (compared to REM where inferences are made for the population of TSOs).    

The methodology outlined in this section assumes that inefficiency is time-invariant during 
the period used for estimation. This is a reasonable assumption because efficiency is related to the 
capital input used and this changes slowly over time. Transmission projects can have lead-times of 
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five to ten years from initiation to finish. The national versus regional direction in grid development 
can therefore be seen as a long-term choice that affects the efficiency level of a TSO. This view is 
further developed in sections 3.1 and 4.1. The effect of technical change (technological progress) is 
not included in the model. This means that changes in TE scores between two periods are only 
explained by changes in technical efficiency3.  
 

3. Inputs and outputs of the TSO’s production 
To estimate the distance function described in part 2 it is necessary to define the inputs xk and 
outputs ym of the TSO’s production technology.  
 
3.1 Outputs 
The TSO operation includes several tasks. Nordel and NordREG has summoned the core tasks of 
the Nordic TSO as; Ensuring the operational security of the power system; Maintain the momentary 
balance between supply and demand; Ensure and maintain adequacy of the transmission system in 
the long term; and enhance the efficient functioning of the electricity market (NordREG, 2006) (see 
also Agrell and Bogetoft (2009) for a definition of core functions of TSOs). The last two tasks 
relates to the TSO’s role as market facilitator, meaning its function in making electricity trade 
possible in- and between countries. This involves planning the expansion of the electricity grid from 
both national and Nordic perspectives. The extent to which the TSOs perform this role will affect 
the physical integration of the Nordic electricity grids and thereby the expansion of national markets 
to a Nordic market. Physical integration has an economic impact through the price-effects that 
result from trade between countries with different power generation costs and different willingness 
to pay by consumers. The effects on a country’s electricity consumption and production from 
increased trade capacities can be captured in an aggregate measure as: 
 

Y1 = National electricity consumption including imports + exports        (12) 
 
Using this as a definition of electricity output means that output will continue to grow as cross-
border transmission capacity is expanded, as long as price differences occur between the two areas4.  
Transmission capacity can be expanded in a number of ways: By investing in new cross-border 
interconnections; By increasing the capacity available on existing interconnections through removal 
of internal transmission constraints; By using counter-trade to simulate a larger capacity than the 
physically available.  

                                                 
3 Inclusion of a time-trend for neutral technical change was tested but showed very little influence on results. The 
estimated coefficient of time was -0,0009 and non-significant.  
4 The physical flow of electricity between countries is not only due to contractual exchanges, it can also involve flows 
caused by the physical characteristics of electricity networks, i.e. that electricity will flow in the path of least resistance. 
The majority of flows are however induced by actual trade contracts between buyers and sellers. 
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The reasoning above highlights the importance of the TSO’s role in market integration. It can 
also be used to argue that a TSO can affect the size of the electricity output by integrating its grid 
with those of neighbouring countries. One condition for this to hold is that the electricity production 
and demand structures in the countries can complement each other. Another condition for 
integration to affect output is likely to be that the electricity markets in the region are liberalised and 
that trade can be conducted through a common power exchange. The Nordic power system has 
complementary benefits through hydro- and thermal power dominated parts, as well as differences 
in demand due to seasonal temperature differences. Regional electricity trade can be efficiently 
conducted through the Nord Pool power exchange. The use of (12) as an output measure is likely to 
capture the results of the TSO’s tasks of expanding the transmission grid and enhancing the 
efficient function of the market. This is because the output measure can be expected to increase if 
these tasks are successfully performed by the TSO, given that exogenous factors that also affect 
output is controlled for. More uncertain is to what extent the task of maintaining the operational 
security of the power system is captured by the output measure. These and other tasks that are not 
accounted for could be supervised through complementary methods such as quality regulations 
(Joskow, 2005).  

Another important task of the TSO is to provide transmission service to the whole country 
(unless there is more than one TSO in the country). The production of this service is related to the 
geographical size of the country, which obviously differs for different TSOs. This is a source of 
heterogeneity that needs to be accounted for in comparisons of TSO performance. The network size 
measured as total length of lines from 110 kV and above will therefore be used as a second output 
(Y2) in addition to the output defined in (12).  

The output measures presented here assumes that the TSO can affect the amount of output 
produced. This represents a different view than that traditionally taken in studies of transmission 
and distribution utilities (for a summary of studies see Jamasb and Pollitt, 2001). Because the 
demand for transmission services is a derived demand originating from the derived demand for 
electricity, it has been assumed that the TSO meets a given demand that it can not affect. A natural 
output measure then becomes the amount of electricity transferred by the TSO. The reasoning in 
this section on the contrary argues that the TSO can affect the demand by enlarging the market by 
increasing the possibilities for international electricity trade. 
 
3.2 Inputs 
Definitions of the production technology for TSOs are sparse in the literature. For the most part it is 
cost functions that are specified and used in benchmarking (e.g., Jamasb and Pollitt, 2001; Agrell 
and Bogetoft, 2009). Pollitt (1995) provides a description of the production technology for the 
transmission service using three inputs and three outputs. The inputs suggested are: Number of 
employees; Circuit km*Capacity (kV); and Electric energy losses. The following three outputs are 
suggested: Electric energy entered; Maximum system demand; and Circuit km. This specification of 
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the capital input has been used in studies of distribution system operators (DSOs) as well (Cullman 
et al., 2006). 

Comparisons of the capital input of TSOs, defined as circuit km*capacity (kV), poses a 
problem because different TSOs own different amounts of the high-voltage grids (110 kV and 
above). The relevant capital input to produce the output measure (12) could be argued to be the total 
transmission and distribution network, but the view taken in this study is that it is the high-voltage 
part of the network that provides the essential capacity necessary for producing the output. Even if a 
TSO does not own the entire high-voltage grid it will still take advantage of its total capacity when 
operating the system. The capital input used in the efficiency analysis will therefore be defined as 
circuit km*capacity (kV) for voltage levels of 110 kV and above.  

The labour input of TSOs is difficult to compare for a number of reasons. TSOs differ in the 
range of activities that they engage in besides the core tasks. For example, some TSOs have the 
system responsibility for gas transmission in addition to electricity, which is likely to require more 
labour. Differences in the extent of ownership of the high-voltage grid also causes different labour 
requirements. The issue of contracting out work furthermore complicates comparisons. Labour is 
therefore excluded as an input factor. However, this is not believed to cause any serious bias in the 
results since the substitution possibility between capital and labour in the production process is 
likely to be small for TSOs.  

Statistics of electrical energy losses are in most cases only available for the whole electricity 
system on national level (i.e. including distribution networks). This input is therefore excluded due 
to lack of data. 
 
3.3 Non-controllable inputs 
The operating environments for TSOs differ from each other in some aspects. When attempting to 
empirically estimate the production technology of the TSO it is therefore necessary to adjust for 
factors beyond its control. This is done by including variables that affect the level of production, but 
are non-controllable by the TSO. These types of variables are commonly referred to in the literature 
as environmental variables or non-controllable inputs (NC-inputs) (Battese et al., 2005). The latter 
term will be used here. Two variables are considered relevant NC-inputs for TSO operations; these 
are the gross domestic product (GDP) and the intensity of electricity use. GDP will capture 
differences in the relative sizes of electricity demand between countries, as well as demand 
variations over time due to business cycles. Electricity intensity will adjust for the differences in 
demand size that are due to differences in the intensity of electricity use between countries. It is 
measured as electricity consumption divided by GDP. Differences between countries in this 
measure can be due to different industrial demand, but also in the demand for heating due to climate 
conditions. A cold winter will for example be reflected in this measure as a higher intensity of use 
for that period.  
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3.4 Model specification 
The production frontier is modelled using the stochastic distance function estimated by the FEM 
approach described by (10). The NC-inputs are added as shift variables to the translog function in a 
log-linear way, following Coelli et al., (1999). This means that cross-terms are not implemented for 
these variables; they are only included to adjust the level of the frontier that a given TSO is 
measured against. The derived efficiency scores will thereby be net of the influences from the NC-
inputs. Table 1 summarises the variable specifications used for the inputs and outputs described in 
the previous sections. 
 
Table 1: Variable specifications 

Inputs Non-controllable inputs Outputs 

Capital = Line length*kV 

capacity 

(Including cross-border lines) 

GDP = Gross domestic product (€ 

PPP) 

Y1 = Total national electricity 

consumption including imports + 

exports (GWh) 

 

Electricity intensity = Total 

national electricity consumption / 

GDP (GWh / € PPP) 

Y2 = Network size measured as 

total line lengths of 110 kV and 

above (km) 

 
 
3.5 Data 
The data used for estimation is a balanced panel data set of six TSOs spanning the years 2000-2008. 

The included TSOs are the four Nordic TSOs and those of the Netherlands and Belgium. They are 

the following: Energinet.dk (Denmark); Statnett (Norway); Svenska kraftnät (Sweden); Fingrid 

(Finland); Tennet (the Netherlands); and Elia (Belgium). The number of observations is 54 in total. 

Tennet and Elia are included to increase the sample size. They are believed to be suitable 

comparators to the Nordic TSOs because they operate on liberalised electricity markets with 

international trade and are nation-wide TSOs (unlike for example the four TSO operating in 

Germany). Since 2008 the Netherlands is also connected to the Nordic market via a sub-sea 

connection to the Norwegian grid.  

The data has been collected from publicly published information including annual reports, 

Eurostat, OECD and Nordel annual statistics. The output variable is constructed from Eurostat data 

on total electricity consumption excluding the energy sector plus data on electricity exports taken 

from the international energy statistics published by the U.S. Energy Information Administration. 

National GDP is taken from OECD-statistics and adjusted to constant prices base year 2005 and 

recalculated to Euro purchasing power parities (PPP). All variables are normalised by their mean 

values prior to estimation, which allows the first order coefficients to be interpreted as distance 

elasticities evaluated at the sample means (Kumbhakar et al., 2007). Table 2 presents descriptive 

statistics on TSO-level for the variables used, given prior to normalisations. 
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Table 2: Descriptive statistics 

 Mean Std.Dev. Minimum Maximum 
Statnett     
Y1  121284 7636 108702 130062 
Y2 18672 630 18246 19540 
Capital 3348732 95948 3212649 3533884 
GDP 174206 25801 149590 214220 
Electricity 0.638 0.087 0.520 0.744 
Energinet.dk     
Y1  44417 2516 40206 47938 
Y2 5946 99 5814 6110 
Capital 1197208 27712 1165024 1240400 
GDP 150279 5573 142252 159318 
Electricity 0.220 0.005 0.211 0.228 
Fingrid     
Y1  84378 5046 75772 89925 
Y2 21903 395 21486 22530 
Capital 4158491 67518 4057272 4289292 
GDP 133193 10540 122746 150962 
Electricity 0.612 0.030 0.567 0.659 
Svenska kraftnät     
Y1  146039 4476 140900 154341 
Y2 30723 70 30700 30910 
Capital 7255533 30400 7245400 7336600 
GDP 247842 16653 229206 276659 
Electricity 0.529 0.036 0.474 0.579 
Tennet     
Y1  108635 5614 101817 118425 
Y2 3500 98 3380 3612 
Capital 748927 16622 728780 767520 
GDP 480994 27460 447564 523285 
Electricity 0.215 0.007 0.208 0.227 
Elia     
Y1  88128 2445 84850 91918 
Y2 3500 98 3380 3612 
Capital 748927 16622 728780 767520 
GDP 280815 7206 270875 293815 
Electricity 0.286 0.004 0.279 0.291 
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4. Results and analysis 
Table 3 presents the estimated efficiency scores and table 4 the estimated coefficients of the 
production frontier.   
 
Table 3: Technical efficiency scores 

 TE 
Statnett  0.97 
Energinet.dk  0.85 
Fingrid  1.00 
Svenska kraftnat 0.86 
Tennet  0.73 
Elia  0.61 
Average technical efficiency 0.84 

 
Expressed in percentage, the average estimated TE is 84 percent and the estimated individual 
efficiencies range from 61-100 percent. To understand what the scores mean, one has to recall the 
inputs and outputs that was used to model the TSO’s production. The outputs were defined as 
electricity consumption plus trade (Y1) and network size (Y2). This means that the efficiency of a 
TSO shows the potential to which these outputs could be proportionally increased for a given level 
of capital input and demand structure (defined by the non-controllable inputs). For example, an 
efficiency score of 90 percent can be interpreted as an 11 percent (100/90) potential to increase the 
output.  

Given the outputs used, the differences in the TE scores are likely to be related to the amount 
of cross-border trade in the region where the TSO is operating. If a well developed framework for 
electricity trade has been developed between the countries in a region, it could be expected that the 
Y1 measure is larger than in a comparable region without the same progress. The TSOs included in 
this study provides an opportunity to compare TSOs operating in two regional markets in Europe, 
the Nordic region and the region of Belgium (BL), the Netherlands (NL) and France (FR)5. The 
national markets of BL-NL-FR have been coupled through their national power exchanges since 
2006, compared to the Nordic countries which have had a common power exchange for the whole 
region since 2000. The calculated efficiency scores given in Table 3 indicates a difference in 
efficiency between the two regions, with BL-NL showing efficiency scores of 0.61 and 0.73 
compared to the Nordic region with scores from 0.85-1. Figure 2 displays electricity trade (the sum 
of imports and exports) divided by GDP (as a representation of demand size).  
 

                                                 
5 The French TSO RTE is not included in this study because the French electricity market has not been liberalised, it is 
therefore excluded to reduce the heterogeneity in the sample.  
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Figure 2: Ratio of electricity trade to GDP (MWh/M€ PPP), average value during the period 

2000-2008 

 
The calculated ratio in Figure 2 gives an idea of the share of electricity trade in relation to national 
demand. Although this measure does not take into account the intensity of electricity use, it still 
indicates an underlying difference between the Nordic region and BL-NL in the volume of trade (as 
a comparison, Denmark has about the same intensity of use as BL-NL). The higher efficiency 
scores for the Nordic TSOs in relation to BL-NL can therefore have an explanation in the level of 
trade in the regions. This would be in line with the purpose of using the efficiency scores as a 
measure of the TSO’s performance in facilitating cross-border trade. There are of course other 
actors than the TSOs who have a role in integrating national markets. The investment plans of TSOs 
are usually dependent on political approval and regulatory and legal bodies have a role in 
harmonising market conditions between countries, so that trade is efficiently accommodated. 

The differences in efficiency scores between the Nordic TSOs are also interesting to analyse. 
Figure 3 displays the average capacity utilisation of cross-border interconnections for the years 
2000-2008, calculated as GWh exchange per GWh interconnection capacity.  
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Figure 3: Average capacity utilisation (GWh) of interconnectors, years 2000-2008 
Source: Calculated from Nordel annual statistics, 2000-2008. 
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The capacity utilisation measure in Figure 3 shows to what extent the TSO’s total cross-border 
capacity is utilised. Fingrid shows the highest average utilisation of available transfer capacity, 
followed by Statnett, Energinet.dk and Svenska kraftnät. The utilisation measure may indicate some 
of the reasons behind the efficiency ranking. Fingrid and Statnett, with the highest utilisation, are 
also at the top in efficiency.  

The estimated coefficients of the distance function (10) are presented in Table 4. The 
expected signs of the estimated coefficients in Table 4 are reversed in the case of an output distance 
function compared to a traditional production function. This is because the parameters in DO 
measure the variables’ effects on the distance measure, which for theoretical consistency should be 
decreasing in inputs and increasing in outputs. The coefficient of the input variable Capital has the 
expected negative sign, as well as those of the NC-inputs GDP and Electricity intensity. As 
previously explained, the first-order coefficients can be interpreted as distance elasticities evaluated 
at the sample means. A one percent increase of the Capital input would therefore reduce DO by 0.69 
percent, which means that inefficiency would be increased.  

All coefficients of the regressors are statistically significant at least at the 2 percent level, 
apart from the cross-term of Capital and Network size. The TSO-specific effects (αi) are likewise 
significant apart from Energinet.dk and Svenska kraftnät, which have coefficients close to zero. A 
more informative test of the significance of the TSO-specific effects is the F-test for group effects 
vs. a common intercept (Greene, 2008). The null hypothesis of no group effects is rejected in this 
test at the 1 percent level and the significance of the group effects can therefore be confirmed. 
 
Table 4: Estimated coefficients of the distance function 
Variable / TSO Coefficient 
Network size / Y1 β1 0.89** 
Capital β2 -0.69** 
(Network β3 -0.018 
GDP θ1 -0.27** 
Electricity intensity θ2 -0.24** 
Statnett α1 -0.160** 
Energinet.dk α2 -0.030 
Fingrid α3 -0.190** 
Svenska kraftnät α4 -0.034 
Tennet α5 0.13* 
Elia α6 0.31* 

Statistical significance in a two-tailed t-test: 
*10 percent level.  
**2 percent level or higher. 
 
Tests of the regularity conditions for the distance function are performed both at mean values and 
for all data points in the sample. The monotonicity requirements are fulfilled for inputs and outputs 
at all data-points.  The curvature requirement of convexity in outputs is likewise fulfilled. However, 
quasi-convexity in inputs was not confirmed. Violations of some regularity conditions are common 
in empirical estimation of distance functions (Perelman and Santin, 2008). It is an indication that 
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results need to be interpreted with caution. A way to obtain more consistent results is to impose 
regularity conditions by estimating the model in a Bayesian framework, as suggested by Coelli and 
O’Donnell (2003). 
 
4.2 An application of the integration incentive scheme   
The efficiency scores of Table 3 can be used in incentive regulation as follows. First, the reference 
and regulatory time periods are specified and denoted S and T respectively. These periods do not 
have to be of the same length. In fact it may be preferable to use a long period for S to derive a 
reliable estimate of the reference technology, and then use a shorter period for T that will make it 
easier to set targets and increase the incentives by giving the reward/penalty with shorter intervals. 
Although the long lead times in transmission investments could support the use of a longer T-
period, this can also be handled by taking into account the expansion projects that were initiated in 
the previous period (T-1) when setting the target for T.  

To illustrate the functioning of the incentive scheme, this study will give an example using 
Svenska Kraftnät (Svk) and the years 2000-2008 as period S and 2009-2013 as period T. The TE for 
Svk during period S was estimated to 0.86 (see Table 3). Svk has three ongoing expansion projects 
of regional importance, of which two are expected to be finished during period T. An assessment of 
the overall prospects for grid expansions during the coming period should also be made, 
considering the progress in other areas relevant for market integration6. Taking these factors into 
account, together with the efficiency potential indicated by the TE score in period S, a target 
efficiency is set. By means of example, the target is set to a TE score of 0.89 in period T. At the end 
of T, Svk’s new TE score is determined by inserting the observed values of inputs during T into the 
estimated distance function for S. The fitted values of outputs are then subtracted from observed 
values to obtain the residuals and the firm specific intercept is calculated as the average of the 
residuals. The procedure described in section 2.3.1 can then be applied to derive the TE score for 
period T. Assuming that the new TE score for Svk is 0.9, the incentive scheme is calculated as: 
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In this case Svk has increased its efficiency from 0.86 to 0.90 between periods S and T. This 
exceeds the efficiency target by 1.2 percent, which means that Svk will receive a financial reward. 
Since they operate under a rate of return (RoR) regulation, the value of Ii could be translated into an 
increased RoR. A simple transformation could be 0.5*Ii, which would give an uplift in RoR of 0.6 
percentage points for the next regulatory period. The scheme could likewise be incorporated into 

                                                 
6 Examples of factors influencing electricity market integration are the implementation of EU legislations such as the 3rd 
package (EC, 2007), the political ambitions of the nations in the region to further integrate the national markets, 
licensing procedures for new transmission lines, and the progress of market harmonisation in legal and institutional 
frameworks.   
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revenue cap and price cap regimes. The power of the incentive scheme is that it gives the TSO a 
financial incentive to work for increased electricity trade, thereby facilitating the further integration 
of the Nordic electricity market. The scheme could be used separately by a single regulator, but 
would probably be more successful if implemented by several national regulators since efficient 
grid integration involves all TSOs in a region.  
 

5. Conclusions 
This paper presents a method to evaluate and regulate TSO performance in the area of electricity 
market integration. The purpose of the paper is to develop a regulatory incentive scheme that 
provides TSOs with economic incentives to focus on integration. The scheme is based on a 
benchmark model that estimates the output-oriented technical efficiency of the TSOs. This is linked 
to integration by defining an output measure for TSOs that includes the market expanding effects of 
trade. The measure is the sum of national electricity consumption including imports plus exports of 
electricity. It is argued that TSOs can increase this output by expanding the trade capacities with 
neighbouring countries.  

A stochastic production frontier for the TSO technology is defined by a translog output 
distance function with two outputs and three inputs. The frontier is empirically estimated by a fixed 
effects model using a panel data set of six TSOs. The included TSOs are the four Nordic and those 
of Belgium and the Netherlands (BL-NL). The estimated efficiency scores are in the range 61-100 
percent, with the Nordic TSOs showing higher scores relative BL-NL. This is suggested to be due 
to a lower level of electricity trade in the BL-NL region compared to the Nordic region. The use of 
the efficiency scores in a regulatory incentive scheme is demonstrated. The scheme is based on a 
reward/penalty mechanism that uses the efficiency scores to evaluate a TSO’s development between 
two periods in relation to a target efficiency level.  

The incentive scheme presented is based on the results, not the methods, of the TSO’s actions 
in facilitating trade. The TSO is thereby given large flexibility in deciding on the best means for 
reaching the results. Further integration of electricity markets is a political ambition both at the 
Nordic level and EU-wide. The model presented in this paper is of interest in this development, 
since grid expansions are an essential part of integration. It could be used as a tool for regulators to 
evaluate and enhance the performance of TSOs in facilitating cross-border trade. Setting an 
efficiency target for a TSO however requires a general analysis of the environment that the TSO is 
operating in, since the options available for a TSO to improve its efficiency is bounded by 
regulations, owner directives and political approval of investment plans.  
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