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Abstract 

This thesis deals with issues related to investments and regulation of high-voltage electricity grids, 
and to the households’ demand for electricity. The thesis consists of four self-contained papers. 
Papers I and II address the challenge of reaching agreements on the expansions of electricity grid 
infrastructure across national borders. Agreements can be problematic to reach due to regional 
welfare-effects from new infrastructure, which leads to questions of how investment costs should be 
shared and under what circumstances cooperation will be rational for all nations. This relates to 
both the allocation rule used, and the number of countries involved in the sharing (e.g., bilateral or 
regional). These issues are analysed by game theoretic methods and a numerical optimisation model 
of the electricity systems of six European countries. Results show that proportional sharing of 
investment costs in relation to benefits is the most practical solution, and that it also gives outcomes 
in terms of welfare and transmission capacity that are very close to the regional welfare optimum.  
 The utilities responsible for the transmission system operation and the grid development are 
the national Transmission System Operators (TSO). The TSOs are monopoly utilities that operate 
under regulatory oversight. The absence of competition in this sector means that regulators have an 
important role in monitoring performance and ensuring overall efficiency. One way to do this is by 
frontier benchmarking methods. However, there are in general no national comparators for TSO, 
which means that performance needs to be measured against international comparators. Paper III 
applies a benchmark model to analyse the technical efficiency of 29 European TSO. Data 
envelopment analysis (DEA) is used to estimate efficiency scores and different approaches to 
account for the heterogeneity in operating environments are tested. Results show that the average 
technical efficiency is between 88% and 94%, depending on model and data sample. While this 
indicates that there are efficiency differences between the TSOs, the extension to regulation of 
TSOs is not straight forward since the reasons for inefficiency may be due to factors that are outside 
the TSO’s control. 
 In Paper IV attention is turned towards the households’ demand for electricity. The 
question answered is how the ageing populations in OECD countries, and the consequential changes 
in population age-structures, may affect the residential demand for electricity. The implications of 
changing demography is analysed by a family life-cycle model, and an empirical analysis is made 
by specifying an econometric model of electricity demand that includes the population age-structure 
by four age-group variables. Results show that the oldest age-group has the largest positive effect 
on aggregate per capita consumption, while the other groups have lower but similar effects. The 
results have implications for projections of future electricity demand and for policies aimed at 
influencing households’ electricity demand, not the least since the share of elderly in the 
populations of western societies will increase by several percentage points over the coming decades.  
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Preface 
 

 

 

1. Introduction 
The research presented in this thesis deals with some of the challenges that electricity markets 

are facing today and for the coming decades. Two important challenges are to secure the 

future electricity supply and at the same time transform the system towards renewable 

electricity generation. In the Nordic countries and Europe, these challenges are being met by 

the development of a European market for electricity. A key challenge in this development is 

the large investment needs in new electricity infrastructure. The high-voltage electricity grids 

that span our country-sides are an essential part of a well-functioning electricity market. The 

grids have become increasingly important following the liberalisation of electricity markets in 

Europe and the opening of national electricity markets to international trade. The integration 

of electricity markets across borders has been followed by the need for international 

cooperation on grid planning, financing and regulation. Investments in new transmission links 

are expensive and new capacity can have large effects on electricity prices and the economic 

welfare. It is therefore important that the decisions made are based on a framework that goes 

beyond national borders and takes into account the effects on a larger scale. At the same time 

it is important to understand the determinants of electricity demand to make accurate 

projections of future needs. A prevailing demographic trend in western societies is the ageing 

of our populations. An interesting question is therefore in what ways the population age-

structure may affect electricity consumption. Preparing for the future is important in the area 

of electricity because it takes a long time to develop new electricity infrastructure and 

production capacity. It is to the understanding of these issues that the thesis hopes to 

contribute. 

 The starting point of an economic analysis of markets is to study in what ways the 

market of interest differs from the function of a competitive market. The infrastructure part of 

the electricity market is characterised by natural monopoly utilities that own and operate the 

electricity grids. As such, they are subject to regulation to avoid misuse of market power and 

to promote efficient operation and service quality. However, regulation is subject to 

asymmetric information problems between regulator and grid operator, and the problem of 

designing incentive mechanisms that stimulate efficiency and goal attainment. The 
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international dimension of grid development involves externalities between countries and 

free-ride problems akin to public goods. These are examples of market imperfections that 

make the electricity grid sector interesting to study from the theoretical perspective of 

economics. 

 Previous research on electricity markets have looked extensively at the functioning of 

the competitive part of the market. The general findings for the Nordic electricity market have 

been that the market functions efficiently and that market power is not systematically 

exploited by generators (Amundsen and Bergman, 2006; Fridolfsson and Tangerås, 2009; 

Bask, Lundgren and Rudholm, 2011; Brännlund and Söderholm, 2012). The literature has 

however identified potential issues related to cross-ownership of nuclear and hydro power 

plants, long-run investment incentives in generation capacity, and local market power in times 

of transmission constraints. The problem of achieving efficient transmission expansion under 

the vertically separated market structure has gained increased attention during the last decade. 

Hogan (1998), Rosellón (2003), Brunekreeft, Neuhoff and Newbery (2004), and Joskow 

(2006) analyse and discuss different market designs for reaching efficient outcomes both for 

short-term congestion management and long-term investments in new transmission capacity. 

Solutions have been suggested under national frameworks, but the problems of coordination 

and cost allocation of international expansions have proven more difficult to solve. 

International expansions necessarily involve harmonisation of different national frameworks. 

The involvement of EU in the development of European regulations and organisations in the 

energy sector is an example of how these problems are being addressed in practice. 

 This thesis contributes to the literature on transmission expansion with two essays on 

regional cross-border cooperation and cost sharing in electricity grid development. These two 

essays use empirical studies to evaluate the incentive effects and efficiency of different cost 

sharing solutions. The third essay contributes to the literature on regulation of grid operators 

by performing an international benchmark efficiency analysis for European countries. Finally, 

an empirical analysis of residential electricity demand contributes to the evidence on the 

relation between population age-structure and electricity demand. The following section gives 

a brief introduction to the Nordic electricity market and its infrastructure part. Summaries of 

the essays and general findings are presented in the last section.  
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2. The electricity market 
2.1 Market structure 

The deregulation of electricity markets in the Nordic countries took place during the 1990s. 

This introduced competition and market-based pricing into the previously regulated electricity 

sector. Instead of vertically integrated companies that owned and operated the whole chain 

from generation, distribution, and final sales, the structure was now separated into a wholesale 

market and a retail market where independent producers and retail companies trade at market 

prices. The main high-voltage transmission grid was brought under the control of an 

independent regulated utility – the transmission system operator (TSO). The wholesale market 

was organised as a common Nordic power pool where electricity could be traded across 

borders. An overview of the current market structure is given in Figure 1.  

 

 
Figure 1: Market structure of a deregulated electricity market 
Source: Own representation based on Kirschen and Strbac (2004). 
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As illustrated in Figure 1, there are two central markets where electricity is traded - the 

wholesale market and the retail market. In addition to these there are also markets for 

balancing power, financial instruments, emission permits and electricity certificates. The 

difference between electrical power flows and monetary transactions are emphasised in the 

figure by marking the electricity flows in bold. The end-consumer has a contract with an 

electricity supply company, and also pays grid tariffs to the local gird distributor (DSO) and 

the TSO.  

 

2.2 The Nord Pool power exchange and trade flows 

About 80% of the Nordic wholesale electricity trade is made through the Nord Pool power 

exchange and the rest are bilateral contracts between producers and large consumers. 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 system price for the Nordic market is 

set at the equilibrium of supply and demand for each hour. When demand is high, power 

plants with higher production costs need to be utilised to balance the demand. The Nordic 

electricity generation capacity consists mainly of 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. The total Nordic generating capacities by 

technology are: hydro 50 GW; nuclear 12.1 GW; other thermal power 30 GW; wind power 

8.9 GW (NordReg, 2013). Actual electricity generated depends on the respective technology’s 

capacity factor and availability. The different generation technologies complement each other 

as thermal power can be utilised more in periods of low levels in the water reservoirs. Hydro, 

nuclear and wind power have low marginal costs of production and coal and other thermal 

generation have higher costs. The different generation costs are reflected in the prices on the 

power exchange, but price-levels will also depend on the demand situation as the available 

capacity can reach its limit during peak load periods (cold winter days).  

 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 with more participants that can increase competition, 

improved security of supply, and better access to regulating power to support the integration 

of renewable generation such as wind power in the electricity system. Historically, the 

interconnections between countries were mainly built for reliability reasons, but after the 
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deregulations the economic value of trade has become important as well. Consumers 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 the trade through Nord Pool work under the physical restrictions of the grids, the market 

is divided into price areas that will have different prices when there are congestions in the 

grid. This method to handle trade constraints is called market splitting (also market coupling). 

Denmark, Norway and Sweden consist of several price areas, while Finland is one national 

price area. The transfer capacity between price areas are allocated by the power exchange 

such that it is utilised optimally given supply and demand conditions (so-called implicit 

auction). On any given hour, supply and demand in the price areas can be either in balance or 

in surplus/deficit under a given system price. In areas with supply surplus, 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 2.  

 
Figure 2: System equilibrium and price area equilibriums for a surplus and a deficit 
area 

At the system price (Psys), determined by the Nord Pool power exchange in Figure 2, 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 2 the transmission 

capacity is not enough to fully equalise 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 
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Nord Pool (Swedish Energy Agency, 2004). This means that the exporting producers in area 

A receive 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 (price difference times quantity 

traded), which is collected by Nord Pool and distributed among the TSOs as owners of the 

transmission lines. The net welfare-economic effects on producers and consumer in the 

respective areas are given by the grey marked areas in Figure 1. For area A, producers gain 

and consumers lose due to the higher price-level given by the export demand (producer 

surplus, PS). In area B the opposite occurs and consumers gain from the import supply 

(consumer surplus, CS). The Nordic market was split into price areas 75% of the time in 2012 

(NordReg, 2013). Figure 3 displays the price areas in dotted lines and also shows the main 

electricity flows in the Nordic power system. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Transport channels and price areas in the Nordic transmission system  
Source: Own representation based on Nordel, 2004; Nordreg 2013. 
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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 the southern areas and onwards to the European continent. In dry years or periods of high 

demand in the Nordic countries, thermal power is imported from Denmark and the European 

continent. The east-west channel is used to balance the national systems in Sweden and 

Finland and to increase the security of supply (Nordel, 2008). A transport channel consists of 

several connected lines with varying capacity. The channels can therefore be constrained by 

capacity bottlenecks along the way. A direct link between Sweden and Lithuania is under 

conctruction (the NordBalt project, Swedish National Grid, 2010) and plans are made for a 

link between Norway and Great Britain (Nordreg, 2013).  

 

2.3 The role of the TSO 

The tasks of the TSO 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 cannot 

be stored, so the input to the system must equal the output (plus losses in transmission) at all 

times to avoid system failures. To fulfil this task the TSO uses balancing power to regulate 

differences between planned and actual input and output 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 function efficiently. This task has 

been given an international dimension in the development of regional electricity markets. 

Figure 4 gives an illustration of the investment costs of new transmission capacity, 

exemplified by four projects of regional character. Fenno-Skan 2 is a second sub-sea cable 

between Sweden and Finland that went into 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 in 2014 (Nordel, 2009). 

NordBalt will connect Sweden and Lithuania and will provide for a further 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-sections (Nord Pool Spot, 2009).  
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Figure 4: Investment cost (M€) and capacity (MW) of four Nordic transmission projects 
Source: Nordel, 2009; Svenska kraftnät, 2010. 

 

The NordBalt expansion is financed bilaterally by Sweden and Lithuania and through 

financial support by the European Union amounting to 131 M€.  

 

2.4 Regional market development 

The political consensus of developing the Nordic electricity market was formed by the Nordic 
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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.  
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3. Summary of papers 

Paper I: Regional Cost Sharing in Expansions of Electricity Transmission Grids 

 

This paper addresses the issue of how several countries in a region can share the investment 

costs of new electricity transmission capacity that have welfare effects for the whole region. 

Cooperation of this type is in essence voluntary, since there is no supranational authority that 

can enforce a certain cost allocation. Therefore, the situation differs from that of allocating 

electricity grid costs nationally. The problem is particularly interesting for European 

electricity grids, because there are no cross-border tariffs on transmission of electricity. This 

means that the transmission grids have some public goods characteristics in an international 

context. The grids are non-excludable goods, but at the same time rivalry in consumption 

because the capacity is limited. Cooperative efforts can therefore be hindered by the 

incentives to free-ride on the investments of others. A first step towards a solution to this 

problem is to consider the benefits that different countries receive from a proposed 

investment, and base a cost allocation scheme on the benefits received. Different allocation 

rules can be used for this purpose. This paper analyses how four allocation rules may affect 

the incentives to cooperate on expansion projects. The regional welfare effects of transmission 

projects are exemplified by a case-study of a regional transmission expansion plan that was 

implemented on the Nordic electricity market. 

 The analysis employs a cooperative game theory framework, and a partition-function 

form, to structure the problem. Four different cost allocation rules are applied to the case of 

the Nordic expansion plan. The performance of the different rules is then evaluated in relation 

to the country specific benefit-cost ratios that results in each case. The evaluated rules are: the 

equal rule; the proportional rule; the Shapley value; and the Talmud rule. It is found that the 

proportional rule is the best choice in terms of supporting cooperative incentives in different 

scenarios. This is because it maintains positive benefit-cost ratios for all countries under lower 

overall net benefit than any of the other rules. Besides the choice of allocation rule, the results 

also emphasize that the combination of different projects into an expansion plan can be a way 

to avoid incentives to free-ride. The results are relevant for the development of international 

cooperation on grid expansions and as an input to regulations and policies aimed at promoting 

regional perspectives, in particular for the case of a single internal energy market in Europe.  
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Paper II: Regional versus Bilateral Cost Sharing in Electricity Transmission Expansion  

                (with Jonas Egerer) 

 

The purpose of this paper is to compare the results of using two different inter-country cost 

sharing frameworks for the investment costs of cross-border expansion of electricity 

transmission capacity. These types of expansions can have welfare effects on a whole region 

of countries, while the sharing of investment costs have traditionally only been made 

bilaterally between two countries. This arrangement can potentially hinder some investments 

that would benefit the whole region, but that are not profitable for only two countries to make. 

An alternative to this framework is to use regional sharing that includes several countries. 

This study compares bilateral cost sharing based on the equal rule, with regional cost sharing 

based on the proportional rule. The latter is based on allocating costs in proportion to the 

welfare effects of the expansions. In order to evaluate the effects on welfare and transmission 

capacity under the different frameworks, two models are used: (1) a numerical optimisation 

model of the electricity systems of six European countries; and (2) a non-cooperative game 

theory model. The optimisation model calculates the national welfare outcomes of different 

expansions in the cross-border transmission links, while the game theory model is used to 

identify a set of stable outcomes with respect to nationally rational investment decisions. An 

iterated procedure is used to identify the stable outcomes by elimination of dominated 

expansion strategies for each player. This results in a set of Nash equilibriums in pure 

strategies.  

The expansion game does not converge to a unique outcome, but to a set of alternative 

stable outcomes. The two frameworks are therefore compared in terms of average outcome 

and by the number and spread of the outcomes. Regional cost sharing by the proportional rule 

is shown to gives stable outcomes that are closer to the regional welfare optimum compared to 

bilateral sharing. The average increase in total welfare is 97% of the optimum under regional 

sharing, compared to 82% under bilateral sharing. It is concluded that a regional framework 

for cost sharing of transmission investments could be part of the solution to the problems of 

insufficient cross-border transmission capacity, which has been identified as a major issue in 

the development of the European electricity market.  
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Paper III: International Benchmarking of European Electricity Transmission System 

                 Operators – a Non-Parametric Analysis of Technical Efficiency  

 

The responsible utility for grid operation and development are the national transmission 

system operator (TSO), which is a monopoly utility that operates under regulatory oversight. 

This paper addresses the issue of how to evaluate the performance of the TSO. The purpose is 

to estimate the technical efficiency for 29 European TSOs by means of frontier benchmarking 

techniques. This methodology has the potential to derive information about the efficient levels 

of operation in the sector, which is otherwise difficult to tell. Such information is relevant for 

regulatory purposes, such as protecting consumers from paying unnecessary high prices for 

the grid service. The information derived, in the form of efficiency scores, can potentially be 

used to set improvement targets for the TSO. The application of frontier methods to study the 

efficiency of TSOs is however complicated by the heterogeneity of their operating 

environments. Another concern is the relatively few number of comparators, which can make 

it difficult to estimate a reliable frontier. These issues make the choice of benchmark 

methodology particularly important. Several approaches are therefore tested and compared. It 

is concluded that data envelopment analysis (DEA) is better suited for the data sample used, 

compared to econometric methods such as COLS and SFA. Different approaches are also 

tested for the inclusion of environmental variables, which account for the heterogeneity of 

operating environments. Results show that the average technical efficiency of the TSOs is 

between 88% and 94%, depending on model and data sample. While this indicates that there 

are efficiency differences between the TSOs, the extension to regulation of TSOs is not 

straight-forward since the reasons for inefficiency may be due to factors that are outside the 

TSO’s control. A more in-depth analysis of these issues is therefore required before 

conclusions can be made about the efficiency of specific TSOs. 

 

Paper IV: The Influence of Population Ageing and Demographic Change on Residential 

      Electricity Demand in OECD-countries 1980-2006 

 

The purpose of this paper is to estimate in what ways the population age-structure influences 

the residential demand for electricity. This topic is motivated by the demographic trend of 

ageing populations around the world. In a group of OECD-countries analysed, the share of 

people aged 65 years and older is projected to increase from around 17% today to 28% in the 

year 2040. Broad age-groups such as young, middle-aged and elderly, tend to have different 
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demographic characteristics such as household size, dwelling size, income and consumption 

patterns. Different age-groups can therefore be viewed as representing different compositions 

of these characteristics, something that has been analysed in the literature by the family life-

cycle concept. This study employs an econometric panel-data model to estimate the aggregate 

residential electricity demand per capita. The effect of the population age-structure is 

incorporated by including four age-group variables, specified by their respective percentage 

shares of the total population. The data set includes 15 OECD countries for the period 1980-

2006. Results show that the elderly age-group (65+ yr.) has a positive effect on per capita 

residential electricity demand, and that it is also the largest and most significant effect among 

the four age-groups. The young age-group (20-29 yr.) is also shown to have a positive effect, 

whereas the effects of the two middle-aged groups are uncertain. An illustrative example for 

Sweden indicates that the projected population age-structure for 2030 would in its own cause 

an increase of around 5-10% in average per capita electricity consumption. Besides 

projections of future electricity demand, the results are also relevant for energy efficiency 

policies directed at households since it indicates the effects that different age-groups have on 

aggregate residential electricity consumption. The aggregate results derived in this study 

should be complemented by more studies at the micro level to increase our knowledge about 

the consumption of different age-groups. 

 

4. General findings 
The research presented in this thesis has focused on two different aspects of the electricity 

market. The main part, consisting of Papers I, II and III, focus on topics related to the 

electricity transmission grids. The last part, Paper IV, study the demand side of the electricity 

market and its relation to demographic developments. Papers I and II study the problem of 

how cooperation between countries can be facilitated to give more efficient levels of 

investments in cross-border transmission capacity. The solutions studied are based on 

different ways of sharing the investment costs. This relates to both the allocation rule used, 

and the number of countries involved in the sharing (e.g., bilateral or regional). In a 

comparison of different allocation rules, it is concluded that the proportional rule performs 

best in terms of maintaining the incentive to cooperate under different scenarios, when 

decisions are based on the national welfare outcomes (Paper I). It can also be recommended 

from a practical point of view, due to its simplicity and transparency. However, it does come 

with the requirement that countries agree on joint methodologies for estimating the welfare 
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effects. The results of an analysis based on a combination of an electricity system 

optimisation model and a game theory model, show that regional cost sharing gives 

considerably better outcomes in terms of overall regional welfare and transmission capacity 

(Paper II). While this result is not surprising, it does contribute with a quantification of how 

much better the outcome would be. Under proportional sharing of costs in relation to benefits 

received, the outcome is shown to be very close to the regional welfare-optimum. These 

results support the initiatives for regional cost sharing that have been made on the Nordic 

electricity market, and recently also by the EU. 

 The efficiency of the regulated utility that operates the national transmission grid (e.g., 

the TSO), is important because the high-voltage grid is the platform for the competitive part 

of the electricity market. The results of a frontier benchmark study performed on European 

TSOs show the existence of inefficiencies in the TSO-sector (Paper III). However, it is 

complex to compare different TSOs and the efficiency results require more in-depth analyses 

on the causes of the inefficiencies. The results support the conclusion drawn in previous 

studies, which is that great care must be taken if using frontier benchmarking in regulation of 

TSOs.  

 The ageing of the population is a dominant demographic trend in many countries. 

Previous studies have found that an increased share of elderly in the population increases the 

residential electricity consumption. Results from this thesis confirm this relationship and 

extends the approach in previous studies by also estimating the effects of the young and 

middle-aged groups (Paper IV). It is found that the young group (20-29 yr.) also has a 

statistically significant positive effect on the residential electricity consumption, but that the 

effect of the elderly group (65+ yr.) is larger. The effects of the middle-aged groups (30-44 yr. 

and 45-64 yr.) are more uncertain and require further study. The results imply that the 

projected future population age-structure will have a positive effect on the residential 

electricity demand.  
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Abstract 

This paper studies international cooperation on electricity transmission expansions in a region 
of countries that shares a joint electricity infrastructure. The purpose is to analyse how the 
regional effects of expansion can be managed under the constraints of voluntary cooperation. 
In particular, the sharing of investment costs and the regional welfare effects are analysed. A 
case study is made of a transmission investment agreement on the Nordic electricity market. 
The incentives to cooperate under different allocation rules for the investment costs are 
analysed, using the framework of cooperative game theory and an application of benefit-cost 
ratios as decision criteria. Results show that both cost sharing and the composition of 
expansion plans are important for reaching regional agreements. Agreements based on 
proportional division of costs in relation to benefits were identified as the best choice for 
voluntary cooperation. The results are relevant for the development of international 
cooperation on grid expansions and as an input to regulations and policies aimed at promoting 
regional perspectives, in particular for the case of a single internal energy market in Europe.  
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1. Introduction 
This paper studies international cooperation on electricity transmission expansions in a region 

of countries that shares a joint electricity infrastructure. What factors are important for such 

cooperation to succeed and in what ways can policy support the development of joint 

transmission projects? The problem of reaching international agreements in this area can in 

part be understood from a public goods perspective. The defining characteristics of pure 

public goods (as opposed to private goods) are non-excludability and non-rivalry in 

consumption. Between pure public goods and private goods are a range of goods that 

experience these characteristics to differing degrees. Two general examples are: club goods 

that are non-rival and excludable; and common-pool resources that are rival and non-

excludable. Financing the provision of non-excludable goods poses difficulties compared to 

excludable goods because people can choose to consume them without paying, thus giving 

rise to free-ride incentives. In a national context, these types of goods are therefore typically 

in part or fully provided by the government and financed by taxes. However, the benefits of 

some public goods extend beyond national borders, making them regional, international or 

even global in provision and consumption. Examples of these types of public goods range 

from greenhouse gas mitigation and peace-keeping activities, to agreements on product 

standards and transnational infrastructure (Barrett, 2007; Estevadeordal (ed)., 2004). Some of 

these goods require mainly coordination to be supplied, such as agreement on standards, while 

others also require financing. For the goods that require financing and have positive cross-

border externalities, there is a risk of under-provision and non-Pareto efficient allocations. 

The problem with the provision of these goods is that there is no international authority that 

can levy taxes on nations to finance them. Instead, financing is in essence voluntary and will 

depend upon international cooperation and negotiations. If successful, these processes will 

result in some agreement on how costs shall be allocated. 

 The electricity grids in Europe, and their cross-border interconnectors, are an interesting 

example of a good that can be characterised as a regional public good. The development of a 

single European electricity market represents a shift from mainly national markets towards 

regional and international markets. This requires large investments in new transmission 

capacity. In what sense can the provision of the necessary transmission capacity be viewed as 

a regional public good? Due to adopted regulation in the EU (EC, 2003) there are no cross-

border tariffs on electricity and it is not allowed to exclude anyone from consuming the grid 

service. Still, the grids have limited capacity so congestion can occur. This means that grids 



 2 

are partially rival in consumption but non-excludable. The provision of transmission capacity 

with trans-European benefits may potentially be subject to free-ride incentives as 

infrastructure provided by one country (or jointly by two countries) may be used by other 

countries without facing additional tariffs. There exists a financial compensation mechanism 

for the costs of transit of electricity through countries that lie in-between generation and 

consumption points (EC, 2010). However, this mechanism is not designed to finance new 

transmission capacity and has been recognised as an insufficient solution to the problem of 

the under-provision of capacity (Gustafsson and Nilsson, 2009). This makes it interesting to 

analyse how international agreements on transmission investments can be reached.  

Electricity grids are operated by so-called transmission system operators (TSOs), which 

are typically state-owned utilities that are independent of market actors. The TSOs operate, 

maintain and plan the national high-voltage electricity transmission grids and the cross-border 

interconnections between the national grids. This makes the TSOs the decision-making agents 

of interest in the analyses, and the variable of study is their decisions on transmission 

investments with cross-border externalities. Grid expansion planning and investment can be 

modelled as an interactive decision problem between decision-making agents. Cooperative 

game theory (CGT) provides a framework for analysing these interactions and predicting an 

outcome. This theory has been applied in the literature to the study of cost allocation for 

investments in electricity girds. Gatley (1974) provides an early example in an application to 

four neighbouring states in India under centralised planning of the power sector. More recent 

approaches have used a decentralised planning framework. Contreras and Wu (1999) and 

Rudnick and Zolezzi (2002) use combined economic and physical modelling of sample 

transmission systems to derive cost allocations based on generators and consumers usage of 

the systems. Shang and Volij (2006) model a bid-based, security-constrained economic 

dispatch network, similar to the liberalised market operation under a power exchange, and 

derive CGT-solutions for cost allocations based on consumer and producer surpluses.  

Common to these approaches is that they take place in a national institutional setting 

where there is an authority with the power to allocate the cost among the players (i.e., 

generators and consumers). Externalities between players can thus be internalised and free-

riding avoided. As previously explained, these problems cannot be avoided in an international 

environment without such an authority. Buijs and Belmans (2012) analyse the regional 

transmission planning problem and compare welfare outcomes under national versus 

supranational grid planners. They highlight the importance of side-payment mechanisms, but 

do not analyse specific allocation rules. Public goods provision has been studied in the 
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literature with both normative and positive approaches. Since this paper deals with a public 

goods problem in an international context, it is natural to choose a positive approach in the 

analysis since there is no supranational authority that can impose normatively preferred 

solutions. For a discussion on normative versus positive interpretations of provision processes 

for public goods, see Tulkens (1978). 

This paper analyses how agreements on transmission investments with a regional public 

good character can be reached by means of cost allocation between national TSOs. It applies a 

CGT-model in partition-function form that allows for externalities between coalitions. Cost-

benefit analyses are used as estimates of the net benefits from expansions. A difficulty in 

solving CGT-games is the large amount of data needed to describe the value of all possible 

options available to players in a game. In previous studies these data were generated in power 

system simulation models, but in practice the data are not likely to be available due to the 

complexity of liberalised electric power systems. This limits the applicability of classical 

CGT solutions such as the nucleolus and the core. Nevertheless, the general structuring of the 

problem in game-theory terms provides useful insights to the problem and will here be used as 

a framework for evaluating different potential solutions.  

To evaluate the incentive effects of different cost allocation rules, this study will test 

which rule that sustains a positive net benefit and gives the highest possible benefit-cost ratios 

for all players when gradually increasing the cost. It is found that the proportional rule 

performs best in this context. The paper thus contributes with: (a) an empirical study of 

regional cooperation on the Scandinavian electricity market including a cost sharing 

agreement; (b) a descriptive model of cooperation with and without side-payments; and (c) an 

analysis of which allocation rule that gives the best incentives for cooperation under 

incomplete information. The study is limited to how the total costs of regional expansions are 

divided between TSOs, and it does not address the subsequent allocation to national grid 

users. Implementations of agreed investments are subject to regulatory approvals and 

permitting procedures, which are not analysed here. The economic regulations that TSOs 

operate under can also influence investment incentives, but this is outside the scope of the 

study. Results are relevant both at the Nordic and European levels in the process of 

developing the internal electricity market in Europe, as envisaged by the European 

Commission (EC, 2003). 

The paper is outlined as follows. Section 2 is a case-study of the Nordic “Priority Cross-

sections” agreement including two cost-benefit analyses from previous studies and a 

calculation of the agreement’s cost allocations. Section 3 describes the theoretical framework 
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and presents a descriptive model of regional cooperation on grid expansions. The results of 

applying different allocation rules are presented and analysed in Section 4. Conclusions are 

given in section 5.  

 

2. Case-study of the Priority Cross-sections agreement 
The Nordic countries have been forerunners in the development of a regional electricity 

market and international cooperation in transmission expansion planning. An important step 

was the “Priority Cross-sections” agreement (PCS), which was a regional expansion plan that 

contained five investments with cross-border externalities (Nordel, 2004). This agreement 

was reached in 2004 by Nordel – an association of the TSOs in the Nordic countries of 

Denmark, Norway, Sweden, Finland and Iceland. As of 2009, Nordel is incorporated into the 

pan-European TSO-organisation ENTSO-E.  
 

2.1 TSO cooperation in the Nordic electricity market 

The electricity market of the Nordic countries operates as a regional market with a joint power 

exchange (Nord Pool). The national grids are interconnected by cross-border links with 

limited transmission capacity. This regional market has been built on voluntary cooperation 

and consensus without a legal basis (EMG, 2008), but with political support for the 

development of a Nordic electricity market (Nordic Council of Ministers, 2004). 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 in the 

market (ETSO, 2006; Nordic Competition Authorities, 2007; Swedish National Grid, 2009; 

Energy Markets Inspectorate, 2009). In the Nordic market each country has one national TSO 

that is responsible for the operational balance of 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 avoiding 

electricity blackouts. Another important consideration is the economic benefit that increased 

international trade capacity can bring. Cost-benefit analyses (CBAs) are used to estimate the 

benefits and costs from expansion projects over a specified time-period. The effects that an 

expansion can generate include: gains in producer and/or consumer surplus; increased security 

of supply; changes in the congestion rent and grid losses; cost-savings from trade in 

regulating power; and increased competition. Costs include the investment cost of the line, 
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auxiliary parts and operation and maintenance costs (Nordel, 2008). The congestion rent (CR) 

is an income for TSOs that arises from price-differences between geographical areas that are 

engaged in electricity trade.  

The CBAs can be national or regional in scope, and are based on simulation models that 

predict the changes in electricity flow and the market effects resulting from an expansion in 

the system. A regional scope is important in the analyses because national grids are 

interconnected across borders and an expansion in one part of the system can affect the 

electricity flow in the entire interconnected system.  

 

2.2 The Priority Cross-sections agreement 

In 2004, Nordel agreed on an expansion plan called Priority Cross-sections (PCS), consisting 

of five transmission investments of regional importance. The expansions in the PCS-

agreement are depicted in Figure 1. 

 

 
 
 
 
 
 
 
 
 

 

 

 

 

Figure 1: Grid expansions in the Priority Cross-sections expansion plan 

 

The TSOs’ cost-benefit analyses for these expansions have not been published, except for the 

Danish TSO Energinet.dk’s analysis of the Great Belt expansion (GB in Figure 1). An 

external analysis has been made for the Cross-section 4 expansion (CS4 in Figure 1) by 

Gustafsson and Nilsson (2008). The present study will therefore focus particularly on these 

two expansions. Cross-section 4 is a bottleneck (capacity constraint) in the Swedish 

transmission grid that regularly constrains the electricity flow in the north-south direction. 
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GB 
 

Norway 
Sweden 

Finland 

Denmark 



 6 

Congestion in this channel is related to large transmission of hydro power in the north to 

south direction. The Great Belt connection is a sub-sea cable connecting the previously 

separate systems in eastern and western Denmark. The regional benefits from this connection 

come 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, 2004).  

Both of the above projects are examples of expansions that although they are located 

within (and not between) countries, still have large regional effects. This is because the 

utilisation of capacity on existing cross-border links is dependent upon the capacity on the 

internal national grids. One study has shown that during the years 2004-2006 the capacity 

made available on the Nordic cross-border links was on average 75% of the full capacity 

(TemaNord, 2007). In the short-term, internal congestion can be managed either by moving 

internal bottlenecks to the border (Nordic Competition Authorities, 2007), or by counter-trade 

(paying generators (consumers) to adjust production (consumption) in deficit and surplus 

areas so that balance is maintained). The long-term solution is to invest in new transmission 

capacity and/or implement internal price areas.  

Table 1 displays the regional effects estimated in CBAs for the Great Belt (recalculated 

based on Energinet.dk, 2005) and Cross-section 4 (recalculated based on Gustafsson and 

Nilsson, 2008). The benefits were estimated under the assumption that all five expansions in 

the PCS-plan were built. To be comparable, the cost and benefit estimates in these analyses 

have been recalculated to a 30-year lifetime using a 5% discount rate. This is the same 

lifetime and discount rate that Nordel used in their Grid master plan 2008 (Nordel, 2008). 

Energinet.dk’s CBA for the Great Belt contains cost-benefit comparisons for two years only, 

2010 and 2015. The present value calculation in Table 1 for this investment is based on the 

calculation for the year 2010. The CBAs contain effects on consumer and producer surplus 

and for the Great Belt also changes in congestion rents (CR). The investment costs are treated 

as one-time costs and hence not present value calculated (i.e., they do not include operation 

and maintenance costs). Also included in Table 1 is the result of combining the two 

expansions to simulate the effect of a regional expansion plan. 
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Table 1: Present values of costs and benefits for the GB and CS4 expansions and their 
combination as an expansion plan, M€ 
 The Great Belt 

(GB) 
Cross-section 4 

(CS4) 
Expansion plan 

(GB+CS4) 
    
Investment cost: 160 200 360 
    
Net benefit:    
Denmark (DK) 66.0 45.9 111.9 
Finland (FI) -52.0 91.8 39.8 
Norway (NO) -24.0 137.7 113.7 
Sweden (SE) 28.0 157.3 185.3 
    
Net present value 
(NPV): -142.0 232.7 90.7 

    
Sources: Calculations based on Energinet.dk (2005) and Gustafsson and Nilsson (2008). 

 

The estimates in Table 1 provide an illustration of what the regional effects of expansions can 

look like. In the modified CBA for Great Belt the net present value (NPV) has a large 

negative value, partly due to the negative effects on NO and FI, but also because the positive 

benefits for DK and SE are less than the investment cost. Cross-section 4 gives a large 

positive NPV and has positive benefits for all Nordic countries. The combined benefits of the 

two investments can in this case be derived by adding the benefits since they are each 

estimated under the assumption that the other expansion is made. This can then be considered 

as a joint CBA. Table 1 shows that an expansion plan containing both projects gives positive 

net benefits for all countries.  

Grid investments are financed through national tariffs and to some extent by CR. The 

investment costs of cross-border links are traditionally shared equally by the two TSOs 

involved (Nordel, 2005). However, for the PCS-plan in Figure 1, the TSOs made a cost 

compensation agreement to address the regional effects of the investments. In this agreement, 

each TSO was compensated for its cost by allocating the Nordic CR revenues in proportion to 

each TSO’s share of the total investment cost of the plan, in accordance with a scheme that 

gradually changed to 50/50 sharing between the TSOs owning the links (Nord Pool Spot, 

2011). The agreement was effective during the period September 2006 – December 2011. The 

CR had previously been shared according to a combination of consumption share and 

deviation from the Nordic system price (Nordel, 2005). Table 2 displays a calculation of the 

redistributions that the agreement resulted in, based on statistics of CR earned on internal 

Nordic interconnectors during the period 2007-2011.  
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Table 2: Cost sharing in Nordel’s Priority Cross-sections agreement, M€ 

 Denmark Finland Norway Sweden 
     
Investment cost in PCS-plan 300 120 164 356 
1. Congestion rent in agreement  321 120 201 364 
2. Congestion rent without agreement 
    (50/50 sharing) 283 23 412 288 

Received side-payment  
(Difference between 1 and 2) 38 97 -211 76 

Resulting cost allocation 262 23 375 280 
     
Note: Amounts in year 2005 prices, M€. Missing monthly values for spring 2007, fall 2008 and fall 2009 have 
been corrected for by calculating the yearly values based on the average monthly value for the respective year. 
Statistics were not available for September-December 2006 and have been replaced by average monthly value 
for 2007-2011. 
Source: Calculation based on statistics from Nord Pool Spot (2007-2011). 

 

Table 2 is an attempt to construct and disclose the ex post cost-effect of Nordel’s agreement. 

The 50/50 alternative is included as a comparison to show what the amounts would have been 

if no cost-related sharing was applied. Effective side-payments between TSOs are estimated 

in relation to this 50/50 status-quo scenario. The total CR during the period was higher than 

the total investment cost and each country’s cost share was covered by the agreement. The 

side-payment calculation shows that Norway was the only country that made net side-

payments (amounting to 211 M€) to the other countries. The side-payments’ share of the total 

investment cost was 22 percent.  

The PCS-agreement essentially consisted of an allocation of parts of the benefits (CR) 

in proportion to costs. Since the amount of CR generated during the period could not be 

known with certainty in advance, the cost outcome of the agreement must have been 

uncertain. One likely reason for the use of this method is that it did not require the use of 

national tariffs for side-payments, something which was not supported by national 

regulations. The allocation rule used in the PCS-agreement is only applicable if the plan 

contains expansions (and thereby costs) by all TSOs, since otherwise there is no quantity to 

share benefits in proportion to. The approach taken in this study is instead to use the estimated 

benefits of an expansion plan as the basis for allocating investment costs ex ante (with the 

assumption that side-payments would be supported by the national regulations). In this way 
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costs can be allocated to non-expanding TSOs as well, and the outcome for each TSO is 

known in advance.  

 

2.3 The investment decision 

Turning to the question of investment decisions, an obvious economic requirement for 

deciding to invest is that the NPV is non-negative, so that benefits are at least as large as 

costs. The cost used in the calculations should include the TSO’s cost of capital (i.e., the cost 

of financing the investment). The Danish TSO Energinet.dk applied a correction factor of 

1.17 to the initial investment cost, to account for the cost of capital and other unspecified 

costs (Energinet.dk, 2005). Still, there remains the question of which expansions to invest in. 

A common way to handle the complexity of this issue is to use benefit-cost ratios (B/C) to 

compare and evaluate the return or profitability of different potential investments. For 

example, the US regional TSO of the PJM-region (covering 14 states) uses 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 B/C for 

the PCS-plan is not available because CBAs are not published for all investments. Combining 

the GB and CS4 expansions gives a B/C of 1.25. However, since in our case the benefits and 

costs are divided among several countries, each country can have a different B/C from the 

investments. The incentives to invest can therefore be analysed both in relation to the net 

benefit received and the profitability as measured by the B/C-ratio.  

The presented cost and benefit estimates for the GB+CS4 expansion plan will in the 

following sections be used as an example in the analysis of international agreements for 

transmission investments. The analysis will try to answer how regional effects can be 

managed and under what conditions cost sharing is necessary and will work.   

 

3. Theoretical framework and application 
This section describes the theoretical framework consisting of the coalition formation theories 

of cooperative game theory (CGT) and the partition-function form. Building on these theories 

and the empirical background from section 2, a descriptive model of regional cooperation on 

grid expansions is developed.  
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3.1 The cooperative and partition-function forms 

CGT was first presented in von Neumann and Morgenstern (1944). Several solutions to cost 

allocation problems have since then been developed within CGT, with the established 

solutions of the Shapley value, the Core and the nucleolus (Young, 1994a). CGT abstracts 

from the detailed descriptions of procedures towards an outcome that are found in non-

cooperative game theory. Instead it focuses on the worth (e.g., the coalition’s net benefit) that 

result from cooperation, and how the different characteristics of players will influence the 

possibility of a cooperative outcome. Another important difference between the two branches 

is that only the cooperative form allows for binding agreements between players. The 

representation of an interaction as a game in cooperative form is defined as a pair (N, v), 

where N is a finite set of players and v is a coalitional function that associates with each 

subset of players NS ⊂ a worth denoted v(S). The worth of a coalition is usually expressed in 

monetary units that may or may not be transferable between members of the coalition. If the 

worth is transferable the game is referred to as a transferable utility game (TU-game), and 

otherwise as a non-transferable utility game (NTU-game). The solution to a game is given by 

an allocation rule that defines the payoff for each player in the game through a vector yi.  

A limiting assumption of CGT is that the worth of different coalitions is independent of 

each other, meaning that externalities between coalitions cannot be included in the analysis. 

This limitation is addressed in the partition-function form (see Bloch (2003) for a survey). In 

this approach, the worth of a coalition depends both on its members and on the other 

coalitions formed at the same time – the coalition structure. Let P denote a coalition structure 

from the set of all possible structures that partitions the set of all players N into coalitions S. 

The partition-function v(S, P) assigns a worth to each coalition NS ⊂ under the coalition 

structure P. The payoff to each player will then depend on both the coalition structure and the 

allocation rule. If a fixed allocation rule is applied, it is possible to calculate the payoffs to 

each player i under a given coalition structure. This is formalised by a valuation vi(P) that 

maps a vector of individual payoffs iy  to each coalition structure P.  

 

3.2 Solutions to cooperative games and the approach of this study 

The solution to CGT-games in partition-function form involves both a coalition structure and 

an allocation rule. It is difficult to determine a solution if both of these aspects are variable, 

since the coalition structure may depend on how worth is shared within coalitions and the 

worth of coalitions also depend on which other coalitions are formed through externalities. 
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This study will assume a simple coalition structure with only one coalition S and remaining 

players as separate singletons j (D’Aspremont et al., 1983; Bloch, 2003). The coalition 

structure P is then completely defined by S, such that { } SjjSP ∉∪= . The potential members 

of S will be defined by a regional expansion plan that optimises overall welfare. Proposed 

members will make decisions to join the coalition or not depending on their payoffs inside 

and outside the coalition. In the coalition the payoffs are defined by an allocation rule and the 

outside payoffs are given by the spill-over benefits from S. The model is further detailed in 

section 3.4.  

 The choices of players to join a coalition or not will generally depend on their best 

alternative payoff option, which can be a stand-alone option or another coalition. In CGT-

games this is formalised in the core solution concept (Young, 1994a). However, the core is 

not well-defined in partition-function games. The core, as well as other well-known CGT-

solutions such as the nucleolus, also requires knowledge of the worth of all possible options in 

the game. As mentioned in the introduction, this information is not likely to be available ex 

ante for the situations studied here. This study will therefore evaluate the potential of different 

allocation rules to give cooperative outcomes for regional grid expansions. The evaluation 

will be made from two criteria: (a) the rules’ ability to give positive net benefits to all 

members of S; and (b) the rules’ effect on the profitability of the investments for each 

member, measured by B/C-ratios. The next section details the different allocation rules tested. 

 

3.3 Allocation rules 

The allocation rules presented in this section are: the Shapley value; the Talmud rule; the 

proportional rule; and the equal rule. These rules are chosen for their different characteristics. 

The proportional rule and the Talmud rule represent different notions of fairness – 

proportionality versus equality (Hougaard, 2009). The Shapley value is a classical solution to 

allocation problems and it balances fairness considerations and bargaining power, whereas the 

equal rule signifies the simplest way of sharing something. 

 

The Shapley value (φ) 

This solution concept was first presented by Shapley (1953). It is based on the idea that 

players sequentially join a coalition. All orderings of joining are assumed equally likely. The 

Shapley value is here used in the context of a claims problem. Specifically, each player is 

thought of as having a claim on a surplus created in a common project (e.g., an expansion 
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plan) (Young, 1994b). The surplus is given by the worth of cooperation v(N). The claims of 

the players in S are their gross benefits πi from the project. If claims are thought of as being 

met in the order they are put forward, then the value a player receives will depend on the 

order of the claims. A player’s expected value can then be found as his average from all 

possible orders of joining. This average calculated for each player is the Shapley value 

allocation, defined in (1) (Shang and Volij, 2006). 
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The summation R is made for all n! different orders of joining for the N players. Si is the 

group of players that precede player i in the coalition formation. The cost allocations are 

given by xi = πi – yi. 

 

The Talmud rule 

This rule has its origin in the Babylonian Talmud where it is discussed in regards to the 

rationing of an estate among claimants. The Talmud rule for n-person allocation problems is 

calculated by the following procedure described in Aumann and Maschler (1985). The 

procedure defines the problem as a rationing problem where the claims of players are ordered 

from smallest to largest. The coalitional worth is divided in steps as follows. First it is divided 

equally among all players until half of the smallest claim is met, or the worth has run out. 

Then it continues until half of the next smallest claim is met, or the worth has run out. If half 

of all claims have been met and there is still more to divide, the rule changes so that the worth 

is allocated to the largest claimant until his loss is equal to the loss of the second largest 

claimant. This process is continued until the worth runs out. The logic is that if the worth is 

less than half of the claims the focus is on sharing the gains equal, whereas if it is more than 

half the focus is on sharing the losses equal. The Talmud rule is defined in (2) (Hougaard, 

2009), where: v(N) is the worth to be divided; πi is the claim defined as the gross benefit of 

player i; Π is the total sum of claims; and α and β are values chosen so that the respective 

shares yi add up to Π.   
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The cost allocations are given by xi = πi – yi. 

 

Proportional rule 

The proportional rule is the simple method of allocating resources in proportion to some 

individually specific quantity, in this case the gross benefit πi. The cost allocation is defined 

as in (3), where C is the total cost. 

 

Cx n

i
i

i
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π

π
         (3)  

  

Equal rule 

The so-called equal rule simply divides the total cost C equally among the players in the 

coalition as specified in (4). 

 

N
Cxi =                  (4) 

 

3.4 A model of regional cooperation in transmission expansion  

Regional cooperation in expansion planning and investments will here be defined as a group 

of TSOs that engage in cooperation with the aim of developing a plan that maximises the joint 

welfare of their countries. Planning is done under the condition of delivering positive gross 

benefits to all countries (the net benefits are determined at the later stage when cost 

allocations are defined). The planning restriction is made because the side-payment possibility 

is assumed to be limited to cost sharing and not include benefit sharing. This is motivated by 

practical feasibility. The benefits consist mainly of estimated changes in consumer and 

producer surplus and other “intangible” benefits such as security of supply and increased 

competition. Extracting these benefits by tariffs for the purpose of side-payments can be 

difficult for TSOs to gain acceptance for, especially since the actual realisation of the benefits 

depends on market outcomes that may diverge from estimated outcomes. Cost sharing relates 

to concrete projects and involves smaller amounts than benefits, which arguably makes them 

more feasible to finance via national tariffs. The extent of cooperation will further depend 

upon the presence of free-rider incentives. Since binding agreements on investments are 

possible both with and without side-payments, the cooperation will be formalised as two types 
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of cooperative games in partition-function form – an NTU-game and a TU-game. As 

explained in section 3.2, the optimal regional expansion plan will define the coalition 

structure { } SjjSP ∉∪= with one investing coalition S and a set of non-investing singletons j. 

The plan and coalition structure is defined for a given time period. The NTU-game is 

formalised in (5) and the TU-game in (6), where: C denotes the total cost of the plan; xi is the 

cost allocation to player i; πi,j is the present value gross benefits to players i,j, and yi is the 

present value net benefit to player i. 
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Cost allocation:      Siyx iii ∈∀−= π      

 

The coalitional worth in the NTU-game (5) is defined as the net present value of the plan for 

members of S and the spill-over benefits for the singleton players. The payoffs and cost 

allocations resulting from the plan are determined by the CBAs with the rule of 50/50-cost 

sharing for cross-border links between connecting TSOs only. Internal links are paid by the 

expanding TSO alone. In the TU-game in (6) the payoffs and cost allocations are determined 

by the CBAs and a chosen allocation rule for the cost. The strategies of the TSOs are to join 

the coalition S if the payoff received in the coalition is higher than when staying outside. For 

the purpose of this study, the game is limited to the players’ evaluations of proposed plans and 
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allocation rules and does not explicitly model the planning of expansions. Figure 2 illustrates 

the model. 

 

 
Figure 2: A model of regional cooperation with and without side-payments  

 

The left side of Figure 2 describes the process of the NTU-game and the right side the TU-

game. Transmission expansion takes place in the following way in the model. At the initial 

planning stage, a regional expansion plan that maximises the welfare in the relevant region of 

countries is identified jointly by the TSOs. The national gross benefits from the plan are 
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defined by a joint CBA. This is similar to the regional grid plans of Nordel (Nordel, 

2004/2008). The plan will propose a coalition S of TSOs that will make the expansions. In the 

NTU-game it is only the TSOs who will make the actual expansions (expanding TSOs) that 

are members of the proposed coalition S. In contrast, the TU-game will include non-

expanding TSOs in the coalition if they have a positive benefit from the plan. An expanding 

TSO always has the possibility to block a plan if its payoff is less than the corresponding pay 

off in the absence of the plan. Non-expanding TSOs can only block a plan that requires their 

participation in cost sharing. If a plan is blocked there are two alternatives for moving 

forward: change the contents of the plan or renegotiate the allocation rule applied. In the 

NTU-game, only the first option is available, whereas both could be feasible in the TU-game.  

 In addition to TSOs, there may also be third party developers such as generators who 

are interested in building new links (see Nylund and Nilsson (2012) for a discussion). This 

group of actors is therefore included as a potential partner in Figure 2, although the details of 

including them in expansion plans are not analysed in this study. To illustrate how the 

coalition formation works in the game, the expansion plan GB+CS4 is used as a hypothetical 

example of a plan. Table 3 displays the worth (NPV) of different coalitions for this plan. 

 

Table 3: Coalition structures and worth for the plan GB+CS4 

Coalition structure Coalitional worth, M€ 
  
{SE, DK}, {FI}, {NO} {-62.8}, {39.8}, {113.7} 
{SE, DK, FI}, {NO} {-23}, {113.7} 
{SE, DK, NO}, {FI} {50.9}, {39.8} 
{SE, DK, NO, FI} {90.7} 
  

 

Without side-payments the coalition for the GB+CS4 plan would only contain the expanding 

TSOs’ of SE and DK. Table 3 shows that for this coalition structure the plan has a negative 

NPV for the expanding TSOs, while the singleton players FI and NO get positive spill-overs. 

It is obvious that SE and DK would not agree to invest in this case, so a new plan would be 

necessary. Under planning with side-payments, all four TSOs would be included in the plan 

which would have a worth of 90.7 M€. Would all TSOs agree to form this coalition? The 

alternative structures show that the smallest coalition that is profitable is {SE, DK, NO}, 

where FI would receive a positive spill-over of 39.8 M€. Since the alternative coalitions {SE, 

DK} and {SE, DK, FI} are not profitable, there is a free-rider incentive for FI on the coalition 
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{SE, DK, NO}. In this case we could predict that the coalition {SE, DK, NO} forms if they 

can agree on an allocation rule that makes all the members better off than without the plan.  

However, in general the occurrence of free-rider incentives could block this type of 

plan. For example, if the situation were such that both NO and FI could separately form 

profitable coalitions with {SE, DK}, then both have a free-ride incentive which may prevent 

either from joining the coalition. It is clear that the possibility for side-payments may not be 

sufficient for cooperation in these cases. This is the problem of under-provision of regional 

public goods explained in the introduction. As shown in Figure 2, one way to overcome this 

can be to recompose the plan and include expansions by more actors (i.e. NO and/or FI). In 

lack of other choices, the best solution is to apply the allocation rule that gives the best 

incentives for cooperation. Which rule would be best for the case of regional grid expansions? 

Section 4 analyses four different rules and gives some answers to this question. 

 

4. Results and Discussion 
The TU-game model and the GB+CS4 plan are now applied to test the outcomes of the four 

allocation rules described in section 3. The plan provides a good example for analysis because 

the benefits are asymmetrically distributed between the players. Benefit-cost ratios are used to 

show the profitability of the plan for each TSO under the different rules. Table 4 displays the 

payoffs and B/C-ratios resulting from each allocation rule. The cost shares are not included in 

the table because it is the payoffs that are interesting from the incentive perspective. The 

corresponding cost shares are given by gross benefit minus payoff.  

 

Table 4: Payoffs and B/C-ratios for different allocation rules in the expansion plan 

GB+CS4 

   Allocation rule                                  Payoff M€ B/C-ratio 
  
Talmud   
{DK, FI, NO, SE} {23.6, 19.9, 23.6, 23.6} {1.27, 2.0, 1.26, 1.15} 
   
Shapley value   
{DK, FI, NO, SE} {26.9, 10.0, 26.9, 26.9} {1.32, 1.33, 1.31, 1.17} 

  
 

Proportional 
 

 
{DK, FI, NO, SE} {22.5, 8.0, 22.9, 37.3} {1.25, 1.25, 1.25, 1.25} 
   
Equal   
{DK, FI, NO, SE} {21.8, -50.2, 23.7, 95.3} {1.24, 0.44, 1.26, 2.06} 
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The results in Table 4 illustrate the different characteristics of the rules. In the following 

analysis some players will be labelled as small or large depending on the size of their gross 

benefit. The Talmud rule allocates the smallest player half its claim while the remaining 

players’ get equal payoffs because the worth of the coalition is not large enough to cover half 

of the next smallest claim. The favouring of the smallest player is obvious when looking at the 

B/C where FI has 2.0 and SE only 1.15. The equal rule has the opposite effect and benefits the 

larger players while leaving the smallest player FI with a negative payoff. The Shapley value 

gives a more balanced distribution of payoffs compared to the Talmud rule, although 

maintains a disadvantage for the largest player (SE) with a lower B/C than the others. The 

proportional rule results in equal B/C of 1.25 for all players and can therefore be viewed as 

the most neutral of the rules. In comparison, the Talmud rule and the Shapley value give a 

larger redistribution of cost in the direction from small to large players, generally increasing 

the B/C for small players and decreasing it for large players. The failure of the equal rule to 

give positive payoffs to all players demonstrates the poor results in terms of incentive 

compatibility that equal sharing can give when the benefits from a plan are unevenly 

distributed. In plans with balanced distribution of gross benefits, equal division of the costs 

can work. The total side-payments in M€ for the different allocation rules and their percentage 

share of the total investment cost are (percentage shares in parentheses); Talmud 110 (31); 

Shapley value 116.7 (32); proportional 122.6 (34); equal 180 (50). For the PCS-plan the side-

payments share was 22 percent (see section 2.2).  

The ability of the different rules to sustain cooperation can be tested by gradually 

increasing the total investment cost. This has the corresponding effect of reducing the 

investment’s profitability as reflected in the B/C. A reasonable assumption is that the 

incentives to invest increases with higher B/C. Rules that avoid giving relatively low B/C for 

some player(s) should therefore be better suited for cooperative outcomes. The relevance of 

this can be seen by assuming that TSOs require a certain B/C to accept an investment. For 

example, with a B/C requirement of 1.10 for investment approval and a total cost for the 

GB+CS4 plan of 400 M€ (a 40 M€ increase), the B/C for the proportional rule would be 1.13 

for all players. For the Shapley value and the Talmud rule it would be below 1.10 for the 

largest player SE, which would then choose not to invest. By equalising the player’s B/C, the 

proportional rule keeps them as high as possible in each given cost scenario. From this 

perspective it is therefore the best choice. A study by Nordel (2005) also stresses the 

importance of simplicity and transparency in a rule for its ability to be implemented in 

practice. The proportional rule and equal division have an advantage in this sense because 
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they are easily understood and results are predictable. The logic of the Shapley value and the 

Talmud rule may be less transparent. In the context studied here, the proportional rule stands 

out as the most suitable choice for cost sharing. It can be expected to give cooperative 

outcomes in more circumstances than the other rules by equalising the profitability for all 

players, and it is based on simple and transparent calculations. Indeed, the proportional 

principle was the one used in the PCS-agreement (see section 2.2). 

Side-payments require an appropriate institutional framework in order to be 

implemented in practice. New regulatory initiatives from the EU (EC, 2011) are directed at 

making side-payments easier for projects of common interest by giving responsibility for this 

to the European Agency for the Cooperation of Energy Regulators (ACER) and national 

regulators. Another policy that can make the conditions for agreements easier is EU financial 

support of expansions. This has been implemented under the Trans-European Energy 

Networks (EC, 2006) and the European Energy Program for Recovery (EC, 2009). By 

lowering the investment cost for involved actors, these policies in effect increases the worth 

of the coalitional games used in this analysis. For example, in the expansion plan used in 

Table 4 a reduced investment cost of 10 percent would increase the NPV by 40 percent. This 

makes it easier to reach an agreement and may also reduce the amount of redistribution 

needed. Another effect is that it would make the profitability of expansions more robust to 

unforeseen cost increases. The use of financial support could therefore have several positive 

effects on the factors influencing agreements, and could be considered as a complement to 

policies for cost sharing.  

 

5. Conclusions 
Some transmission expansions have wide-spread effects on several countries, involving both 

technical and economic aspects. The absence of cross-border tariffs for electricity in Europe 

means that grid capacity used for European trade can be characterised as a regional public 

good. The lack of strong supranational authorities to govern grid development can lead to 

free-rider problems in the provision of new grid capacity. Ensuring voluntary cooperation 

between countries is therefore essential. The use of coalition formation theory in this study 

has shown the importance of providing proper investment incentives for several countries 

when there are benefit spill-overs from expansion projects. The case-study of the Nordic 

TSOs’ Priority Cross-sections agreement showed that both cost sharing and a combination of 

several expansion projects were important parts of the agreement. TSO-cooperation on 
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regional expansions was modelled as a cooperative game with or without side-payment 

possibilities. For the side-payments case, different cost allocation rules were evaluated and the 

recommended rule was proportional division in relation to the gross benefits received. The 

proportional rule sustained cooperation longer than the other rules when gradually increasing 

the total cost, by maintaining the profitability of the investment (the B/C-ratio) as high as 

possible and equal for all TSOs. It is also based on a simple and transparent calculation that 

facilitates practical implementation. The study was limited to cost allocation rules and did not 

analyse surplus sharing in extent of that resulting from cost sharing. The need for such sharing 

could be further studied, as well as the general effects on welfare from applying proportional 

cost sharing as opposed to traditional two-country cost-sharing in grid expansions.  
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Abstract 

The costs of cross-border transmission links have traditionally been shared equally between 
the two involved countries. However, capacity expansions are likely to create positive and 
negative externalities on a larger scale for all countries in a meshed electricity network. In this 
paper we compare a regional cost sharing framework (i.e., proportional allocation) to the 
traditional bilateral framework (i.e., equal allocation) with respect to the effects on welfare 
and grid capacity. The analysis combines a numerical optimisation model of the electricity 
market and a game-theoretical representation of the choices made by TSOs on capacity 
expansions. The model includes a stylised electricity system representing six European 
countries. Results show that the consideration of load-flow patterns compared to directed 
flows reduces the number of stable outcomes. The expansion game does not converge to one 
unique outcome, but to a set of stable outcomes. Regional cost sharing by the proportional 
rule gives stable outcomes that on average include more investments and are closer to the 
system-wide welfare optimum compared to bilateral equal sharing. A regional framework for 
cost sharing of transmission investments should therefore be considered as part of the solution 
to the problems of insufficient cross-border transmission capacity, which has been identified 
as a major issue in the development of the European electricity market.  
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1. Introduction 
The planning and expansion of electricity transmission grids have mainly been done from 

national perspectives because the investment costs of new capacity are paid nationally, or 

shared between two countries when building a new cross-border link. This is despite the facts 

that benefits of new grid capacity often spreads to several neighbouring countries and that 

grid planning from a supranational perspective could bring higher overall benefits. This topic 

is of increased importance since the liberalisation of electricity sectors around the world and 

the progression of system transformation towards renewable generation. It is particularly 

relevant for Europe where insufficient cross-border capacities have been identified as one 

obstacle to the on-going integration of national electricity markets to a single European 

market. The EU initiated the process by Directive 96/92/EC (EC, 1996), followed by 

Directive 2003/54/EC, which concludes that the ‘experience in implementing this Directive 

[96/92/EC] shows the benefits that may result from the internal market in electricity, in terms 

of efficiency gains, price reductions, higher standards of service and increased 

competitiveness’ (EC, 2003: p.37). In the last years the focus has shifted towards 

infrastructure. The need for additional cross-border infrastructure, which is unlikely to come 

about in nationally planned systems, resulted in several initiatives. EC (2009) accelerated the 

unbundling between generation/supply and the Transmission System Operator (TSO) and 

initiated the ten-year network development plans. In addition, EC (2010) addresses the issue 

of cost allocation for transmission investments.  

The cost structure of electricity transmission systems generally consists of high fixed 

costs and low variable costs. Transmission tariffs are the main source of cost recovery. 

Depending on market design, some rents are also collected as congestion rent on capacity 

between price areas. While these rents may cover some of the costs they are generally not 

sufficient (Perez-Arriaga et al. 1995). In the European interconnected electricity system, the 

costs are not shared system-wide but within some entity, such as the transmission system 

operator’s (TSO) control area (which is typically nation-wide). Thus, the agents benefitting 

from transmission capacity may not always coincide or be limited to the ones paying for the 

capacity. From this perspective, transmission infrastructure in multinational markets has some 

public goods characteristics (see Nylund (2013) for a discussion). There exists an inter-TSO 

compensation mechanism (ITC) for transit of electricity (EC, 2010), but it is currently not 

designed to provide financial compensation for new capacity. The problem of cost allocation 

in electricity transmission has been studied by game theory models for the national context 
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(Rudnick and Zolezzi, 2002; Contreras and Wu, 1999). However, with a social planner trying 

to maximise social welfare of one single country, the transmission investment diverges from 

the welfare optimal investment for the entire multi-national system (Buijs and Belmans 

(2012), Meeus and Saguan (2011)). To what extent can the sharing of investment costs 

between several countries help to overcome this issue?  

In Europe, the investment costs of cross-border links are traditionally shared equally 

between the two countries making the expansion. The sometimes wide-spread regional effects 

of grid expansions have motivated discussions on regional cost sharing according to benefit 

distribution, as for example in the proposed EU policy for projects of common interest (PCI) 

(EC, 2011). Real world examples of regional cost sharing are also present with the case of the 

“Priority Cross-sections” program by the (former) regional TSO group Nordel (Nordel, 2004). 

Since each country/TSO has decision power over their own investments, cooperation on 

expansions needs to be incentive compatible and rational for each participant. Within EU 

policy and regulatory framework it is possible to envision the formation of a general 

agreement for cost sharing in transmission expansions with regional benefits. An intuitive and 

transparent way to allocate the investment costs in such an agreement is in proportion to the 

benefits received, defined by joint cost-benefit analyses (CBAs). Nylund (2013) analyses 

different allocation rules for regional cost sharing in transmission expansions and 

recommends the proportional rule. An important question to answer is therefore what the 

effects on expansions would be if the traditional bilateral cost sharing was replaced by a 

regional cost sharing agreement. 

The purpose of this paper is to analyse the outcomes on transmission capacity and 

economic welfare when investment decisions are made under bilateral cost sharing by the 

equal rule, compared to regional cost sharing by the proportional rule. The expansion 

decisions of the TSOs are modelled by non-cooperative game theory and a numerical 

optimisation model of the stylised electricity systems of six European countries. The paper is 

outlined as follows. Section two presents the theoretical framework and the applied 

methodologies. Section three describes the application of the numerical optimisation model to 

the electricity systems of six European countries. The results of the optimisation and the game 

theoretic analysis are presented and discussed in section four. Section five concludes.  
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2. Methodology 
This section describes the theoretical background, the defined framework, and the applied 

methodologies on the non-cooperative investment game played by several countries.  

2.1 Theoretical background 

The economic analysis is based on welfare theory applied to an electricity spot market with 

short-term marginal cost pricing. The welfare term is defined as the consumer and producer 

surplus as well as network congestion rents. The market price is determined by the 

intersection of the inverse demand function and the supply curve defined by the marginal 

costs of the suppliers. Exchange capacity between different price zones is implicitly auctioned 

into the market dispatch to maximise system welfare.  

This setting represents the prevailing market design in Central and Western Europe. It 

also indicates that the market dispatch of the entire system is optimised without considering 

implications at the national level. As soon as limited inter-zone capacity becomes binding, 

electricity prices deviate across different national price zones. While additional cross-border 

capacity is required for the on-going integration of national electricity markets, these 

investments also affect the national welfare level. Thus, national regulators and TSOs might 

have second thoughts on investments which provide this additional exchange capacity.  

The two deviating objectives of integration and national welfare are illustrated in 

Figure 1. The problem formulation separates the decision on transmission investments in the 

upper-level (leader) from the market dispatch in the lower-level (follower) into a bi-level 

optimisation problem. The central-planner with the objective of welfare optimisation is a 

special case of investment planning with a single objective. As the leader and the follower 

have the same objective value the bi-level model can be simplified to a common linear 

optimisation problem (Kirschen and Strbac, 2004).  

 

Figure 1: Bi-level optimisation problems 
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More generally, the objective of the leader diverges from the optimisation of system welfare 

in the market dispatch. The formal representation results in a mathematical problem with 

equilibrium constraint (MPEC). Buijs and Belmans (2012) argue that the benchmark for 

transmission planning should be a Pareto-planner rather than a central-planner. In this case 

only investments that do not decrease any country’s welfare remain possible. They apply the 

bi-level optimisation model with a Pareto-planner as well as single profit seeking countries as 

leaders in the upper-level. Other examples of applications of bi-level models to electricity 

transmission can be found in Garces et al. (2009), Jenabi et al. (2013), and Drondorf et al. 

(2010). Compared to one leader, this paper assumes an interaction of several nationally 

motivated transmission planners. Consideration of not only the market effects of transmission 

planning, but also the interaction of multiple national transmission planners, results in a 

generalised Nash equilibrium. These models with multiple objectives (leaders), so called 

equilibrium problems with equilibrium constraints (EPECs), are very difficult to handle. 

Thus, this paper does not formulate an optimisation problem to find optimal strategies. 

Rather, it examines the payoff matrix for a set of possible expansion strategies with a game 

theory model for stable outcomes. 

Due to the complexity of the game, the other parameters of the market level 

(e.g., generation capacity) are assumed to be constant, and the focus is instead on national 

strategies in the expansion of cross-border transmission capacity. In the analysed framework, 

countries try to increase their national welfare value by strategic decisions on investment in 

their own cross-border links. Obviously, all players involved in the investment have to agree 

for the realisation of the expansion. We also make the assumption that players can decide on 

the investment only once. The existing exchange capacity is available in the electricity market 

and cannot be reduced by holding back capacity by any player. The framework combines two 

models in consecutive order: 

(i) A numerical mixed-integer optimisation model to calculate the optimal network 

expansion strategy for the entire system as well as the payoff matrix with national 

welfare results for every combination in the set of possible network expansions. 

(ii) A game theory model to derive stable outcomes for the pre-defined cost allocation 

schemes. 
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The framework applies these models in the following steps: 

1) The welfare optimal network expansion strategy for the entire system is determined by 

a mixed-integer expansion model with endogenous decision on transmission capacity. 

2) The payoff matrix of national welfare values for the short-term system operation is 

derived by running the model for welfare maximisation with every predetermined set 

of possible network expansions.  

3) The payoff matrix is tested for stable outcomes with respect to nationally rational 

network expansions. This is done for both of the discussed allocation rules for network 

investment costs (equal and proportional). 

2.2 Optimisation models  

The problems are implemented in the General Algebraic Modelling System and solved using 

the commercial solver CPLEX. 

 

Transmission investment model 

The first step of the framework uses a bi-level optimisation model to calculate the optimal 

network investment strategy for the entire system. It maximises system welfare from the 

market dispatch minus the network investment costs. As the central-planner has the same 

objective of welfare maximisation the model is simplified to a mixed-integer linear problem 

with integer variables on transmission capacity. The resulting expansion strategy does not 

consider national welfare outcomes at this stage.  

All model equations are included in Appendix A. The objective value is the system 

welfare (w). It is represented in the objective function (Eq. 1) by the area below the inverse 

demand function1 minus generation costs, summed up over all countries (c), hours (t), and 

technologies (s), minus infrastructure costs.2 The endogenous integer decision to invest in 

network capacity requires a positive integer variable (build) for every network link (l) and the 

parameter for investment costs (CostL).  

 

max𝑤𝑠𝑡𝑟𝑎𝑡𝑒𝑔𝑦 =  ∑ �𝐴𝑐,𝑡𝑑𝑐,𝑡 + 0.5 ∗ 𝑀𝑐,𝑡𝑑𝑐,𝑡
2 − ∑ �𝑔𝑐,𝑠,𝑡 ∗ 𝐶𝑐,𝑠�𝑠 �𝑐,𝑡 − ∑ (𝑏𝑢𝑖𝑙𝑑𝑙 ∗ 𝐶𝑜𝑠𝑡𝐿𝑙)𝑙  

           (Eq. 1) 
                                                           
1 The inverse demand function is defined by the prohibitive price (A) and the negative slope of the demand 
  function (M). 
2 The notation uses capital letters for parameters and small letters for endogenous variables and sets. 
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Additional constraints of the model are the generation constraint (Eq. 2) which limits the 

hourly output for every generation technology to the installed capacity (Gmax) multiplied by 

an hourly availability factor (Ava). Four constraints describe the hydro pumped storage plants. 

They include their maximal capacity (GStor) which limits pspG and pspD, the variables for 

generation and pumping (Eq. 3/4). The storage is also constrained (Eq. 5) by the maximum 

storage level (LStor) on the energy content (level). In Eq. 6, the storage level of the hour (t) 

depends on the usage of the storage, its cycle efficiency, and the level in the previous hour (t-

1). Except for the free objective value all other variables are defined as positive variables. 

One special characteristic of electricity flows is their physical flow patterns, which 

include loop-flows throughout the network. In the transmission expansion game both 

transport-flows and load-flows are examined. The transport-flow approach assumes that 

electricity can be allocated freely on the direct links between two countries without the 

occurrence of loop-flows. The transmission capacity of the link remains the only limiting 

factor. The load-flow approach describes how electricity injected in the network takes both 

direct and indirect paths to the location of consumption. This characteristic has implications 

for the transmission expansion game as it can cause positive as well as negative externalities 

on the level of available transmission capacity. 

The constraints of the transport-flows include the energy balance and three constraints 

for electricity flow. The energy balance (Eq. 7a) requires generation to equal demand and 

network in- and outflows for every hour and country. The positive and negative capacity 

constraint (Eq. 8a/9a) limits the flows (f) on each link to a maximum exchange capacity (Cap) 

in both directions. Network expansion relaxes these constraints. The value of the parameter 

MW_Step defines the step size for the expansion of exchange capacity and is multiplied with 

the integer variable for network investment (build). The connection between the links and the 

countries is included in the incidence matrix (Eq. 10a).  

To consider loop-flows in the network we implement the DC load-flow simplification 

(Schweppe et al., 1988), which requires two additional constraints (Leuthold et al., 2012). The 

consideration of loop-flows includes the same capacity constraint on line flow and network 

expansion (Eq. 8b/9b). Instead of the free flow variable (f) the network flow is constraint by 

the angle difference times the network transfer matrix (H) which reflects the physical network 

characteristics. To enforce unique solutions for the flow angles (delta) the value for delta is 

forced to zero for one reference country with a value for the slack parameter not equal to 

zero (Eq. 12b). The energy balance (Eq. 7b) is similar to the transport approach but network 

in- and outflows also depend on the flow angles and the physical network characteristics (B). 
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The additional constraints in the load-flow approach provide a more restricted solution space. 

As the flow allocation on individual lines relies on the entire network, capacity expansion 

between countries might not be available to full capacity without additional investments in 

indirect routes between the two countries. 

 

Dispatch model 

The second step of the framework calculates the national welfare outcomes for the two cost 

sharing frameworks. To limit the number of possible investments the solution space of the 

game is restricted to combinations of capacity up to the level in the welfare optimal solution, 

plus one additional step for every transmission link. For each combination a reduced linear 

version of the mixed-integer model with fixed integer variable is solved.  

 

2.3 Game theory model 

The third step of the framework applies non-cooperative game theory. The decision makers in 

transmission expansions are assumed to be the TSOs, which by game theoretic terminology 

are labelled as the players in the game. A fundamental assumption on the behaviour of the 

players is that they will make rational choices among the different payoff options available to 

them. The relevant payoffs are defined to be the national welfare outcomes of different 

expansion options, given by step two in the optimisation model and specified as the level of 

consumer and producer surplus plus congestion rent and minus the investment cost. A TSO is 

thereby assumed to represent the interest of its country when making expansion decisions, and 

the terms “TSO”, “Country” and “Player” can therefore be interpreted as interchangeable 

entities in the following analysis. The expansion game will be analysed under two different 

cost allocation rules for the investment costs of expansions:  (a) bilateral sharing between two 

connecting countries based on the equal rule; and (b) regional sharing between all countries 

that benefit based on the proportional rule (in proportion to the benefits received).  

Expansions in cross-border links require the cooperation of at least two TSOs. When 

modelling the decisions on expansions it is therefore relevant to consider that an expansion 

choice cannot be realised independently by one player, but needs to be matched with the 

choice of at least one more player. The interdependencies in grid expansions that underlie the 

national welfare outcomes are incorporated in the payoff matrix from the optimisation model. 

In order to identify the outcomes that are likely to result from the game, it is assumed that 

players have exclusive decision rights on expansions connecting to their own territory. A 

player is thereby defined as a veto player for the own expansions that it can block. An 
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outcome is defined as stable if it is not blocked by any player. To derive the stable outcomes it 

is therefore important to know who has the decision right for a particular expansion.  

The procedure to identify the stable outcomes includes: (1) The optimisation model that 

derives the payoff matrix for all technically feasible outcomes using a step-wise procedure 

that increases trade capacities in pre-defined steps. The step-wise procedure starts from a 

baseline grid and continues up to pre-defined maximum capacities. (2) The set of outcomes is 

refined to the stable outcomes by using the following assumptions and procedure. For each 

incremental capacity step on a specific trade link, and conditional on the capacity on other 

trade links, a player’s payoff can either be increased, decreased or remain unchanged 

compared to the previous step. A veto-player is assumed to block capacity steps that have a 

lower payoff compared to the previous or following step. All non-blocked outcomes can 

thereby be derived by checking all capacity expansion steps and their combinations for each 

player with this procedure. The stable outcomes are then defined as the non-blocked outcomes 

with the highest payoffs for each player (the dominated strategies are eliminated) and are 

equal to the Nash equilibriums in pure strategies for the game (Varian, 1992). This means that 

in the stable outcomes each player makes an optimal choice given the expectation of what the 

other players will choose. 

Will the game have a unique stable outcome? The answer to this question depends on 

the payoff distributions and the veto rights of players in the different outcomes. If there is a 

single outcome with the highest payoffs for all players, it will be a unique outcome of the 

game. However, in games where veto-players prefer different outcomes it is not possible to 

predict a unique outcome without additional assumptions on how the players resolve conflicts. 

In practice this may depend on many factors, which in turn are difficult to formalise. Yet, 

without any further assumptions we can characterise the set of stable outcomes for the 

different cost sharing frameworks and flow representations by how close they are to the 

optimal welfare outcome, and by the number and range of the outcomes. It is also interesting 

to characterise each outcome by dividing the players into those who make expansions and 

those who do not. This is conveniently formalised by coalition structures that partition the set 

of players into to expanding and non-expanding players for each outcome. The results section 

will present and analyse the stable outcomes in this way (see section 4). 

 The players’ choices on expansions can be summarised as a multinational expansion 

plan, which remains fixed for a given time-period. The players’ farsightedness in choosing 

strategies is therefore limited to the development of the given plan, and does not take into 
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account any strategic implications for future negotiations of expansion plans. The 

assumptions on the game are summarised in Appendix B. 

 

3. Application on European countries 
The framework is applied to a set of six countries, illustrated in Figure 2. The model data 

provide a general representation of the real world electricity market setting with some 

assumptions where necessary. The stylised network represents the national electricity systems 

of Belgium and the Netherlands combined (BN), France (FR), Germany (DE), 

Switzerland (CH), Austria (AT), and Italy (IT). The connections represent lines with existing 

trade capacity for electricity between the countries.  

 

Figure 2: Stylised network with six countries and exchange capacity in MW 

 

The model is run for 672 operational hours (4 weeks) composed of 168 hours (1 week) from 

each season of the year 2012. The four weeks allow representing the strong seasonal and daily 

variation in hourly demand and renewable generation levels. The welfare results are then 

aggregated to annual values to make them easier to interpret and evaluate. 

The data set includes parameters of yearly and hourly character for the reference year 

of 2012. The infrastructure data (parameters on the network and the generation capacity) is 

kept constant for all hours of the year. The level of demand and availability of renewable 

generation varies on an hourly basis. The initial trade capacities between the six countries 

represent realistic net transfer capacities (ENTSO-E, 2011). All transmission lines are 

considered to be equal in their physical characteristic (length, and impedance in the load-flow 
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model). Rosellón and Weigt (2011) use a line expansion cost of 100 € per km per MW. Since 

the stylised model applied here only includes the capacity and not the line lengths, a general 

hourly cost of 10 € per MWh is used. This is high for an individual line, but is chosen to also 

reflect the required upgrades of the hinterland networks which are not represented in the 

scope. It also addresses the issue of social acceptance for new transmission lines. Both these 

aspects increase the real cost of additional cross-border trade capacity.  

The hourly demand function for electricity is derived for each country with an hourly 

reference demand for every country (ENTSO-E, 2013), a reference price (45 €/MWh) and the 

short-run elasticity of demand (-0.10).3 The data set includes eleven different generation 

technologies. Figure 3 shows the installed capacity on national level.  

 

Figure 3: National generation capacities for each generation technology4 
Sources: Platts, 2012; EWEA (2013); Eurobserver (2013). 

 

Approximated values for the variable generation costs of the technologies are stated in Table 

1. The power plants are assumed to be available with a fixed percentage over the entire year. 

Exceptions are wind and photovoltaic (PV) with an hourly availability factor based on 

regional data for 2012.5 Storage capacity is implemented to operate throughout one model 

                                                           
3 As the elasticity of demand has strong implications the results section includes a sensitivity test with an 
elasticity of -0.25. Dahl (2011) provides a survey of estimated electricity demand elasticities and presents a 
median short-run elasticity of -0.14 and an average of -0.21. 
4 The generation capacities are aggregated from detailed power plant data (Platts, 2012) and additional sources 
for renewable generation capacity EWEA (2013) and Eurobserver (2013). 
5 The regional time series include data by the following TSOs: 50Hertz (2013); Amprion (2013); Tennet (2013); 
Terna (2013); TransnetBW (2013); and RTE (2013); as well as by EEX (2013). In case no data is available for one 
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week, has a storage size equal to seven times its generation capacity, and runs with a cycle 

efficiency of 0.75. 

 

Table 1: Variable costs for each generation technology6 

Technology Cost Technology Cost Technology Cost 
Hydro power 0 €/MWh Nuclear 12 €/MWh Open gas turbine 80 €/MWh 
Biomass 10 €/MWh Lignite 15 €/MWh Open oil turbine 140 €/MWh 
Photovoltaic 0 €/MWh Hard coal 40 €/MWh  
Wind 0 €/MWh Combined cycle (gas)  50 €/MWh  

 

4. Results and discussion 
4.1 System welfare optimal expansion 

Before presenting and comparing the results of the expansion games, we give a brief 

description of the optimal system welfare level for the load-flow (transport-flow) model. The 

welfare maximising expansion strategy provides an annual net increase of 3.33 (2.65) billion 

€. The gain with additional capacity is higher in the load-flow model due to the more 

constrained network setting. The additional cross-border capacity is also greater with 

20,000 (17,000) MW and requires 1.75 (1.49) billion € of annualised capital expenditures. 

Figure 4 displays the welfare optimal expansion strategy. In the load-flow model, the 

expansions of cross-border capacity are located between IT and all its neighbours and in the 

triangle of BN, FR, and DE. Due to the unconstrained flow distribution in the transport model 

(less externalities by loop-flows), the investments increase from FR to BN and IT and 

decrease on the other lines. The welfare distribution between the countries has no effect on 

the welfare optimal investment decision. 

 

 

 

 

 

                                                                                                                                                                                     
country and technology the time series of the neighbouring country is applied. For a more realistic 
representation (revision downtime, etc.) the availability factors for conventional capacities are fixed to 0.85 
and to 0.60 for biomass. 
6 The calculation of variable generation costs assumes resource prices of 2 €/MWh for lignite, 12 €/MWh for 
hard coal, 26 €/MWh for natural gas and 47 €/MWh for oil, efficiency values of 35% for gas turbines, 40% for 
steam turbines and 56% for combined cycle turbines, and a CO2 price of 10€/t. The assumed prices are in the 
range of market prices for the last years. The variable costs are rounded to the stated values. 
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Investments in the transport model       Investments in the load-flow model 

                    
Figure 4: Welfare optimal transmission investments for transport and load flow in MW 

 
4.2 Non-cooperative results 

The outcome of the strategic interaction between TSOs on grid expansions is defined by the 

set of stable outcomes for each cost sharing framework and flow representation.  

 

Transport-flow model 

With equal sharing, the game for the transport-flow model results in 28 stable outcomes. The 

average capacity expansion is 11,900 MW (70% of the optimum) and the average welfare 

gain is 2.1 billion € (79% of the optimum). The aggregations to national level (Table 2) 

indicate a wide range of possible welfare changes for each country. Except for AT, the 

average welfare results are below those given by the system welfare optimum. Yet, the stable 

outcomes give a strong incentive for gaming as most countries could get national welfare 

gains of up to several 100 million € compared to the system welfare optimum. 

 According to the system welfare benefits, the outcomes can be aggregated into two 

general categories in this case. The first category of 17 outcomes include strategies with a 

1,000 MW expansion between FR and DE but only limited upgrades of the links from FR to 

BN and IT (at most 5,000 MW in combined capacity). The second category of 11 outcomes 

excludes the expansion to DE, and the links from FR to BN and IT are expanded with at least 

12,000 MW in combined capacity. In the second category the average expansion increases 

from 8,700 MW to 16,800 MW and the average welfare gain from 51% to 98% of the welfare 

optimum. In a game with such a broad distribution of possible outcomes it could be difficult 
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to decide on a common expansion plan and there is a high risk to have a joint planning with 

insufficient investments. 

 

Table 2: National welfare changes for equal cost allocation (Bilateral) 

[M€] AT BN CH DE FR IT 
Minimum 137 -112 122 -801 475 84 
Maximum 440 772 710 -293 1,451 1,139 
Average 323 363 362 -559 925 703 
Optimum 239 410 390 -754 1,380 985 

 

In case of regional cost sharing the number of stable outcomes is reduced to eight as the 

redistribution of costs according to benefits creates more balanced national payoffs. The 

average welfare gain is 2.5 billion € (94% of the optimum) and the average capacity increase 

is 19,900 MW (117% of the optimum). The over-investment in the average case, compared to 

the welfare optimum, is partly due to an over-investment of 1,000 MW between DE and BN 

or FR in all but one outcome, and an over-investment of 1,000 MW between IT and AT as 

well as CH. In this case it is clear that regional cost sharing will give a better outcome from a 

welfare perspective compared to bilateral sharing.  

 

Table 3: National welfare changes for proportional cost allocation (Regional) 

[M€] AT BN CH DE FR IT 
Minimum 118 462 310 -837 1,164 876 
Maximum 282 551 373 -690 1,378 1,051 
Average 233 505 346 -786 1,286 959 
Optimum 227 468 332 -754 1,356 1,021 

 

Load-flow model 

The coalition structures in Table 4 are denoted by grouping the investing TSOs as one 

coalition and the non-investing TSOs as separate players. In the payoff columns the non-

investing TSOs’ payoffs are market in grey. With equal sharing, the game for the load-flow 

model results in six stable outcomes. While the overall number of stable outcomes is lower 

than in the transport-flow model, their relative performance to the welfare optimum is similar. 

The average capacity expansion is 12,300 MW (62% of the optimum) and the average welfare 

gain is 2.7 billion € (82% of the optimum). The stable outcomes also include two types: (1) 

two strategies (excluding BN/DE or CH) with lower average welfare gains (64%) and 
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capacity investments (50%) and; (2) four strategies (including all countries except for one 

without DE) closer to the system optimum (91% welfare and 68% capacity increase). 

 

Table 4: Stable states for the DC load-flow model 

Coalition structure  Expansions, MW Payoffs, M€  

Bilateral cost sharing  AT BN CH DE FR IT    %  

{AT, CH,  FR, IT},  
{BN}, {DE} 

3,000: CH-IT 
4,000: AT-IT, FR-IT 

436 26 93 -261 384 1,397 62 

{AT, BN, DE, FR, IT},  
{CH} 

1,000: AT-IT, DE-FR 
3,000: FR-IT 
4,000: BN-FR 

291 685 -460 87 1,129 448 65 

{AT, BN, CH, FR, IT},  
{DE} 

3,000: AT-IT, BN-FR, CH-IT 
5,000: FR-IT 

348 535 -21 -246 1,151 1,443 96 

{AT, BN, CH, DE, FR, IT} 1,000: DE-FR, CH-IT 
2,000: AT-IT 
3,000: BN-FR 
4,000: FR-IT 

441 558 -182 -40 1,097 817 81 

 1,000: BN-DE 
2,000: AT-IT, CH-IT 
3,000: BN-FR 
4,000: FR-IT 

306 666 159 -181 1,052 1,054 92 

 1,000: BN-DE 
3,000: BN-FR, CH-IT 
4,000: AT-IT 
5,000: FR-IT 

414 605 115 -259 1,025 1,276 95 

Regional cost sharing     

{AT, BN, CH, DE, FR, IT} 1,000: DE-FR 
3,000: BN-DE, CH-IT 
4,000: AT-IT, BN-FR 
5,000: FR-IT 

431 721 145 -384 1,120 1,158 96 

 1,000: DE-FR, CH-IT 
3,000: AT-IT, BN-DE, CH-IT 
4,000: BN-FR 
6,000: FR-IT 

413 687 57 -371 1,190 1,283 98 

 

With regional sharing, only two outcomes remain stable. Both are close to the welfare 

optimum (96% and 98%) and include 20,000 MW in capacity increase (with a slightly 

different distribution on lines than in the welfare optimum). Also, individual countries have 

similar payoffs for both options. In this application the regional cost allocation combined with 
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a load-flow representation is able to provide good results both for welfare and capacity. The 

lower number of stable outcomes indicates the reduced possibilities of gaming for specific 

outcomes as the loop-flows make them more reliant upon each other. 

 

Sensitivity analysis 

The short-run demand elasticity is of central importance as it determines the effect of price 

changes on consumer surplus. Thus, in addition to an inelastic demand (elasticity of -0.10), 

the sensitivity of the results is tested using a demand elasticity of -0.25.  

 In the system optimal outcome of the transport-flow model the overall welfare gain 

decreases by 30% and the expansion capacity decreases on three lines by 1,000 MW each to 

14,000 MW. With equal sharing the average welfare gain is 91% of the optimum and capacity 

expansion 75% of the optimum, with regional sharing it is 95% for welfare and 111% for 

capacity. In the load-flow model the optimal outcome is 27% lower in welfare and has 

4,000 MW lower capacity (16,000 MW in total). All lines (except IT to AT/CH) decrease by 

1,000 MW. For equal sharing the average welfare gain is at 82% and capacity expansion at 

69%, while regional sharing yields an average of 90% for welfare and 98% for capacity. 

 

5. Conclusions 
This paper has analysed transmission expansion in cross-border electricity networks and how 

it is affected by the way that investment costs are shared between countries. Two cost sharing 

frameworks have been compared: traditional bilateral cost sharing by the equal rule between 

connecting countries only; and regional cost sharing by the proportional rule according to 

benefits received for all countries that benefit. The analysis was conducted using a numerical 

optimisation model applied to an exemplified network with six European countries, in 

combination with a game theoretical model that predicts the results of strategic interaction 

between countries in expansion decisions.  

Results show that several possible stable outcomes can result under both cost sharing 

frameworks. The outcomes are fewer and much less spread out with regional sharing, 

indicating that the uncertainty of the outcome under this framework is lower. In the best cases 

the bilateral outcomes are on par with the best of the regional outcomes, but on average the 

outcomes differ significantly. Regional sharing gives an average capacity increase equal to the 

system welfare optimum, whereas bilateral sharing reached 62% of the optimum on average, 

using a load-flow representation of the grid. The corresponding increase in total welfare is 
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97% of the optimum with regional sharing and 82% with bilateral. Comparing the two shows 

that regional sharing gives 18-19% larger welfare on average and 62-67% more capacity. 

Average investment costs increase by the same percentage as capacity since a standard cost 

per MW capacity is used in the models. With a transport-flow representation there are more 

stable outcomes for both sharing frameworks, while the average welfare gains are similar to 

the load-flow results. The difference in welfare gain between the two cost sharing frameworks 

is reduced when demand elasticity is changed from -0.10 to -0.25, but regional sharing still 

gives around 10% higher welfare on average.  

Regional sharing gives better results because it makes more investments profitable by 

allocating the costs to more players, and also prevents players that receive positive spill-over 

benefits from expansions to free-ride on others. It thereby reduces the risk that expansion 

options are blocked by some countries due to negative welfare effects. In absence of a 

supranational planner that can impose the first-best solution, it appears that regional cost 

sharing is a close second best. A regional agreement of the type presented in this study 

imposes new rules on the interactions between TSOs in their grid planning. However, it does 

not imply that grid planning must be done by a supranational planner, rather it gives TSOs the 

economic incentives (in terms of national welfare) to pursue expansions that are closer to a 

supranational planner’s choice. A regional cost sharing framework is in this sense a middle-

way between bilateral cost-sharing and the idealised supra-national planner. Still, the 

realisation of a regional cost sharing agreement on a European scale may face serious 

opposition since it could involve a large number of countries with diverging priorities with 

regards to infrastructure investments. In this sense it is reassuring that bilateral sharing gives 

at least on average a reasonably good welfare outcome. 

It is also possible to consider combinations of the two separate cases studied here. 

Regional sharing could be limited to particular investments that are difficult to realise under 

bilateral sharing. This seems to be the reasoning behind the EU’s proposal for regional cost 

sharing of special “Projects of Common Interest” and the Nordic TSOs’ “Priority Cross-

sections” program. In a real world application of regional sharing it could also be relevant to 

include some internal expansions since the trade capacities on cross-border links can be 

limited by the capacity of internal grids. 
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Appendix A: Optimisation model for network investments 

max𝑤𝑠𝑡𝑟𝑎𝑡𝑒𝑔𝑦 =  ∑ �𝐴𝑐,𝑡𝑑𝑐,𝑡 + 0.5 ∗ 𝑀𝑐,𝑡𝑑𝑐,𝑡
2 − ∑ �𝑔𝑐,𝑠,𝑡 ∗ 𝐶𝑐,𝑠�𝑠 �𝑐,𝑡 − ∑ (𝑏𝑢𝑖𝑙𝑑𝑙 ∗ 𝐶𝑜𝑠𝑡𝐿𝑙)𝑙  

           (Eq. 1) 

𝑠. 𝑡. 

𝑔𝑐,𝑠,𝑡 ≤  𝐺𝑚𝑎𝑥𝑐,𝑠 ∗ 𝐴𝑣𝑎𝑐,𝑠,𝑡                                                                    ∀𝑐, 𝑠, 𝑡 (Eq. 2) 

𝑝𝑠𝑝𝐺𝑐,𝑡 ≤ 𝐺𝑆𝑡𝑜𝑟𝑐                                                                                       ∀𝑐, 𝑡    (Eq. 3) 

𝑝𝑠𝑝𝐷𝑐,𝑡 ≤ 𝐺𝑆𝑡𝑜𝑟𝑐                                                                                      ∀𝑐, 𝑡 (Eq. 4) 

𝑙𝑒𝑣𝑒𝑙𝑐,𝑡 ≤ 𝐿𝑆𝑡𝑜𝑟𝑐                                                                                        ∀𝑐, 𝑡 (Eq. 5) 

𝑙𝑒𝑣𝑒𝑙𝑐,𝑡 − 𝐸𝑓𝑓 ∗ 𝑝𝑠𝑝𝐷𝑐,𝑡 + 𝑝𝑠𝑝𝐺𝑐,𝑡 = 𝑙𝑒𝑣𝑒𝑙𝑐,𝑡−1                              ∀𝑐, 𝑡 (Eq. 6) 

Transport-flow equations: 

𝑑𝑐,𝑡 + 𝑝𝑠𝑝𝐷𝑐,𝑡 =  𝑔𝑐,𝑡 + 𝑝𝑠𝑝𝐺𝑐,𝑡 + 𝑛𝑒𝑡𝑖𝑛𝑝𝑢𝑡𝑐,𝑡                                 ∀𝑐, 𝑡 (Eq. 7a) 

𝑓𝑙,𝑡 ≥ −𝐶𝑎𝑝𝑙 − 𝑏𝑢𝑖𝑙𝑑𝑙 ∗ 𝑀𝑊_𝑆𝑡𝑒𝑝                                                       ∀𝑙, 𝑡  (Eq. 8a) 

𝑓𝑙,𝑡 ≤ +𝐶𝑎𝑝𝑙 + 𝑏𝑢𝑖𝑙𝑑𝑙 ∗ 𝑀𝑊_𝑆𝑡𝑒𝑝                                                       ∀𝑙, 𝑡   (Eq. 9a) 

𝑛𝑒𝑡𝑖𝑛𝑝𝑢𝑡𝑐,𝑡 = ∑ �𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑐𝑒𝑙,𝑐 ∗ 𝑓𝑙,𝑡�                                                  ∀𝑙, 𝑡𝑙   (Eq. 10a) 

DC load-flow equations: 

𝑑𝑐,𝑡 + 𝑝𝑠𝑝𝐷𝑐,𝑡 =  𝑔𝑐,𝑡 + 𝑝𝑠𝑝𝐺𝑐,𝑡 + 𝑛𝑒𝑡𝑖𝑛𝑝𝑢𝑡𝑐,𝑡                                 ∀𝑐, 𝑡 (Eq. 7b) 

𝑓𝑙,𝑡 ≥ −𝐶𝑎𝑝𝑙 − 𝑏𝑢𝑖𝑙𝑑𝑙 ∗ 𝑀𝑊_𝑆𝑡𝑒𝑝                                                       ∀𝑙, 𝑡  (Eq. 8b) 

𝑓𝑙,𝑡 ≤ +𝐶𝑎𝑝𝑙 + 𝑏𝑢𝑖𝑙𝑑𝑙 ∗ 𝑀𝑊_𝑆𝑡𝑒𝑝                                                       ∀𝑙, 𝑡   (Eq. 9b) 

𝑛𝑒𝑡𝑖𝑛𝑝𝑢𝑡𝑐,𝑡 = ∑ �𝑑𝑒𝑙𝑡𝑎𝑐𝑐 ∗ 𝐵𝑐,𝑐𝑐�𝑐𝑐                                                       ∀𝑐, 𝑡  (Eq. 10b) 

𝑓𝑙,𝑡 = ∑ �𝑑𝑒𝑙𝑡𝑎𝑙,𝑐 ∗ 𝐻𝑙,𝑐�𝑛                                                                          ∀𝑙, 𝑡 (Eq. 11b) 

𝑠𝑙𝑎𝑐𝑘𝑐 ∗ 𝑑𝑒𝑙𝑡𝑎𝑐,𝑡 = 0                                                                                ∀𝑐, 𝑡 (Eq. 12b) 
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Appendix B: Assumptions on the non-cooperative game 
 

Assumptions on the game 

- Static game with simultaneous moves, described in strategic form with: 

Players=TSOs; Strategies=Transmission expansion choices; Payoffs=National 

welfare.  

- Complete information, meaning that the complete payoff matrix is known to all 

players. 

- Each player has exclusive decision power over grid expansions on its own territory. 

- The number of expansion options is finite. 

- The stable outcomes of the game are defined by Nash equilibriums in pure strategies.  

- The strategic considerations include blocking of expansion by single players and 

preferring different stable outcomes:  

o If any player has the power to increase its own welfare, given a particular 

outcome, by reducing or increasing investment on one of its own lines the 

outcome is not considered to be stable. 

o Also the incentive to diverge to a different expansion path can result in a non-

stable outcome if all players involved in changed planning are better off 

compared to the initial outcome. 

Assumptions on the local objective function 

- Players are rational and seek to maximise their own welfare.  

- Welfare is defined as the sum of consumer surplus, producer surplus and congestion 

rents minus costs for transmission investments. The congestion rent is shared equally 

between the two adjacent players.  

Assumptions on the market design 

- Short-term marginal pricing with implicit auctioning of exchange capacity defines the 

market outcome. 

- Static setting for generation capacities, their variable costs, and the demand functions. 

- Transfer flows are modelled with the two approaches a) transport-flows and b) load-

flows (DC load-flow approximation). 
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Assumptions on cost sharing 

- Bilateral game: Expansion costs for cross-border links are shared equally (50/50) 

between the two TSOs involved only.  

- Regional game: Players have signed a general agreement stating that the investment 

cost of expansions will be shared in proportion to benefits received for each player, 

including players that receive positive spill-over benefits. There is no compensation 

for negative spill-overs, with the motivation that it may induce strategies for gaining 

compensation instead of participating in building new expansions. 
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Abstract 

The electricity transmission system operator (TSO) is a monopoly utility that operates the 
national high-voltage electricity grid. Due to the lack of competition in this area of the 
electricity market, there is a need for regulatory oversight of the TSO to ensure efficient 
operation and tariff levels. The purpose of this paper is to analyse the technical efficiency 
(TE) of European TSOs by means of a benchmark model. Since there is usually only a single 
TSO in each country, international comparators are used to obtain information about the 
efficient levels of operation. However, benchmarking of TSOs from different countries is 
complicated by a range of factors: there are a limited number of comparators; consistent data 
must be available for chosen variables; differences in operating environments must be 
controlled for and; a reliable benchmark model must be constructed. This paper provides an 
analysis of these issues and presents the results of a non-parametric data envelopment analysis 
(DEA) model including up to 29 European TSOs. The results show that the average TE in the 
industry is between 88% and 94%, depending on model and data sample. While this indicates 
that there are efficiency differences between TSOs, the extension to regulation of TSOs is not 
straight-forward since the reasons for inefficiency may be due to factors that are outside the 
control of the TSO.  
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1. Introduction 
The problem of regulating monopoly utilities is centred on information, and in particular on 

the asymmetry of information between the utility and the regulator. This is well founded in 

economic theory as the principal-agent problem, where the principal (the regulator) wants the 

agent to achieve objectives in an efficient manner, but it cannot supervise everything that the 

agent does. Furthermore, under imperfect information the principal may not know what the 

efficient levels of the objectives are, and therefore cannot properly evaluate the effort of the 

agent. A proposed method to reduce the information asymmetry is to estimate an efficiency 

frontier that defines the efficient level of production. The principal can then use this 

information to set appropriate goals for the agent. This is the essence of the problem studied 

in this paper, applied to electricity transmission system operators (TSO) and their regulation 

by national regulatory authorities (NRA). The purpose is to evaluate the technical efficiency 

of European TSOs by frontier methods. In order to do this, an international benchmarking 

model for TSOs is constructed based on available data. Several methods are evaluated and 

useful approaches for TSOs are suggested.  

 The TSO is typically a state-owned utility that owns, operates, maintains and develops 

the national high-voltage transmission grids. Together with the low-voltage distribution 

system operators (DSO), it provides the physical infrastructure for the electricity market and 

enables producer and consumers to trade electricity both nationally and across borders. TSOs 

have historically been regulated mainly by so-called rate of return regulation, but different 

forms of incentive regulation have been introduced in recent years. The purpose of the 

regulatory benchmarking is usually to determine the efficient level of costs for the utility. This 

is then used in the process of determining regulated price levels or revenues, and to set targets 

for efficiency improvements for a specific regulatory period. The main methods used to 

derive benchmarks are based on estimating or calculating an efficient frontier against which 

the regulated firm’s efficiency can be measured. There are number of methods that can be 

used to derive benchmarks for these purposes. The most common ones are the non-parametric 

data envelopment analysis (DEA) and the parametric corrected ordinary least squares (COLS) 

and stochastic frontier analysis (SFA). Common to these methods is the selection of input and 

output variables that reflect the firm’s production process, either in the form of cost data or 

physical quantities. Depending on the purpose and available data, the frontier models can be 

used to estimate cost efficiency and/or technical efficiency scores (Battese et al., 2005).  
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Jamasb and Pollitt (2003) and Brophy Haney and Pollitt (2009; 2012) provide international 

surveys of regulatory practices within electricity and gas network industries, and in the 2012 

study particularly for electricity transmission. According to the latter study, 13 of 25 

regulators use some form of benchmarking in the regulation of TSOs. The use of frontier 

based benchmarking is however problematic to apply on TSOs because there are often only 

one or very few TSOs in a country, compared to DSOs that can be in their hundreds. This 

means that international comparators must be used, which is complicated for a number of 

reasons: there are a limited number of potential comparators; consistent data must be available 

for chosen variables; differences in operating environments must be controlled for; different 

accounting practices can make cost data difficult to compare; TSOs in different countries can 

have different scope of responsibilities (i.e. different division of the higher-voltage grid 

between the TSOs and DSOs and also responsibility for gas transmission). These issues are 

not only challenging for practical reasons, but also demands that the benchmarking method 

used can handle these constraints. 

Nevertheless, there are some examples of frontier benchmarking studies applied on 

TSOs. The most comprehensive study of European TSOs to date is the e3 Grid Project, 

conducted on behalf of the Council of European Energy Regulators (CEER) (Sumicsid, 

2009). This project included the participation of 19 NRAs and 22 TSOs and spanned the years 

2003-2006. Several models were tested and it was concluded that DEA was the best choice 

for the given data. Average cost efficiency of the TSOs was shown to be 87%, indicating that 

there are efficiency gains to be made. The results on country level are however confidential. 

Other studies of TSOs have mainly analysed the United States (US), which has a different 

structure of the transmission sector compared to the European. For instance, in the US there 

are many electricity transmission companies (more than one per state) and regional 

transmission organisations that coordinate and operate the system. In addition, the federal 

regulator has a standardised cost reporting system that facilitates comparisons. Pollitt (1995) 

compared the technical efficiency of 129 state-owned and private TSOs in the US using both 

DEA and an OLS cost function. Results showed an average efficiency of 80-90% depending 

on model and no significant difference with respect to ownership. Von Geymueller (2009) 

presents a DEA analysis of cost efficiency on 50 US TSOs for the years 2000-2006, in which 

he compares a static versus dynamic modelling of the capital input. In another paper, von 

Geymueller (2007) make a similar analysis on 7 European TSOs for the years 1999-2005, 

although emphasising that the results are mainly interesting from a methodological 

perspective due to the small sample size (the efficiency scores were not identified by TSO). 
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Llorca et al. (2013) study the influence of weather factors on the cost efficiency of 59 US 

TSOs for the years 2001-2009, using SFA cost models. They find that low temperature, wind 

speed and precipitation have negative effects on efficiency, and the average cost efficiency 

was 85%. Examples of frontier efficiency studies for DSOs can be found in Cullmann and 

Hirschhausen (2008), which performs cross-country comparisons of DSO, and Veiderpass 

(1993) which contains DEA analyses of Swedish DSOs. Both these studies estimate technical 

efficiency. 

The use of frontier benchmarking in the regulation of electricity grid utilities is not 

without critique. Brunekreeft (2013) particularly discusses the use of international 

benchmarking for TSOs and highlights the lack of robustness in derived efficiency scores, 

which can vary substantially depending on methodology and variables used. The future grid 

investment needed due to increased share of renewable generation must be compatible with 

the regulations, so that necessary investments are not delayed or cancelled in response to 

efficiency targets. Brunekreeft (2013), as well as Brophy Haney and Pollitt (2012), comes to 

the conclusion that benchmark efficiency scores for TSOs should not be used directly to set 

efficiency improvement targets, but instead be used as guidelines in the regulatory process of 

determining such targets (e.g., in negotiations and discussions with the TSO).  

This study contributes with an analysis of the technical efficiency of European TSOs, 

based on data for 29 TSOs. There are no studies with published results for this sample size for 

European TSOs to the author’s knowledge. The study therefore fills a gap in the academic 

literature and complements the studies done for US TSOs. European TSOs represent a vast 

range of different operating environments with respect to geographical, economic, population 

and power systems characteristics. Therefore, this study is also a test of the feasibility of 

comparing diverse utilities for the purpose of efficiency analysis and regulation. The choice of 

technical instead of cost efficiency is partly motivated by data availability and consistency. 

By only comparing capital inputs for the same voltage-levels (220 kV and above), the risk of 

mixing different scopes of grid ownership can be avoided. This in comparison to a capital cost 

measure that would be difficult to disaggregate into different voltage-levels (different 

accounting practices further complicates the comparability of cost data). In addition, the 

measurement of technical efficiency has the advantage of not relying on any behavioural 

assumptions (e.g., cost minimisation). This can be particularly important when comparing 

regulated and often state-owned monopoly utilities, which may not always operate according 

to such norms (Estache et al., 2004).  



4 
 

The paper is structured as follows. Section two gives a brief description of regulation theory, 

discusses and describes the benchmarking method chosen, and defines the variables and data 

used. Section three presents and analyses the results. Section four gives concluding remarks.   

 

2. Theoretical background, methodology and data 
2.1 Background to incentive regulation theory 
As mentioned in the introduction, the typical attribute of a principal-agent relationship is the 

information asymmetry. In the transmission sector, 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. This makes it difficult to directly supervise the 

TSO’s performance. Important circumstances include the cost structure of the firm and the 

characteristics of its technology and operating environment. 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 more 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 cannot be sure that the 

objectives are met in an efficient way. There is a risk that the TSO could extract information 

rent resulting in higher prices for consumers, compared to a competitive environment where 

the TSO’s existence would not be protected by a monopoly status (Estache et al., 2004). 

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 have 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; Laffont and Tirole, 1993). 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 at the 

same time it gives rise to the problem of adverse selection (Joskow, 2005). This is caused by 

the asymmetric information problem, which creates uncertainty for the regulator about what 

                                                 
1 For example, for the Swedish TSO (the Swedish National Grid) the objectives are set by the state as owner’s 
directives. Among the objectives are: maintain high operational security for the grid; ensure sufficient grid 
capacity; work for increased grid integration with neighbouring countries; operate at least as cost efficiently as 
comparable firms; maintain a rate of return of 6% on capital (Ministry of Enterprise, Energy and 
Communications, 2012). 



5 
 

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 it is 

set too high, the consumers will pay higher prices than necessary, and if it is set to low the 

TSO cannot 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 estimate 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 regulator’s information about the efficient levels of cost and production and 

informs the decision of suitable revenue- or price-caps. The efficiency scores derived from 

benchmarking are then used as indicators 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 

regulation scheme is to define a performance measure that both reflect the aspect of operation 

that is subject to improvement and that can be accurately measured. Likewise importantly 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. 

An important part of the benchmark methodology is the recognition of the 

heterogeneity of the TSOs’ operating environments. This can be accounted for by normalising 

the benchmarks with regard to the 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. It is therefore 

important to look for potential sources of unobserved heterogeneity across different TSOs, 

and take this into account when interpreting results.  
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2.2 Benchmark techniques 
The general choice of benchmark technique is between parametric (COLS, SFA) and non-

parametric methods (DEA). This section describes these techniques and discusses their 

application to the data in this study.  

 

2.2.1 COLS and SFA 

Parametric methods are based on a production function approach and the models are 

estimated by econometric methods. This requires the definition of a functional relationship 

between inputs and outputs of the production process. The most common of these is the 

Translog function, which is a second order approximation to any underlying production 

function. Multi-output technologies can also be estimated with econometric methods by using 

distance functions. The simplest parametric method is COLS, which is an OLS regression of 

the production function. The COLS efficiency scores are derived by correcting the OLS 

intercept to the level of the highest residual, so that all observations are either on or below the 

estimated “frontier” (opposite for a cost function) (Battese et al., 2005). With this method all 

deviation from the frontier is defined as inefficiency for the individual firm. SFA is a more 

sophisticated parametric method that allows deviation from the frontier to be caused by both 

random noise and inefficiency. It rests on the assumption that the error term consists of two 

parts: a noise term that is assumed to be normally distributed and an inefficiency term that is 

assumed to follow a positive half-normal distribution. This model is estimated by maximum 

likelihood. If panel data are available, the traditional regression based fixed or random effects 

models (FEM and REM) can also be used to estimate the inefficiency term under the 

assumption that it is time-invariant (Kumbhakar and Lovell, 2000).  

 The parametric methods have some considerable disadvantages when used with small 

samples. For instance, the degrees-of-freedom become small when several variables are 

included (i.e., for translog and the distance function specifications). The SFA models, 

regardless of sample size, require that the data and model conform to the distributional 

assumptions made for the inefficiencies. In practice this is a problem since small changes in 

the model and sample can make a previously working model inestimable, which makes it a 

less robust method compared to COLS. In terms of fixed and random effect panel data 

models, the FEM is inappropriate for international benchmarking since time-invariant 

characteristics that are not due to inefficiency will be regarded as such. REM has better 

capability to deal with this problem because time-invariant variables can be included as 

explanatory variables. For this reason, a REM was initially specified on a panel of 21 TSO for 
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the years 2003-2009 using a translog distance function with two outputs. However, the REM 

specification could not be estimated due to collinearity. Moreover, the use of the less complex 

Cobb-Douglas specification is not appropriate for multi-output models because it has the 

wrong curvature in output space (Coelli and Perelman, 1999). Since the data set for this study 

contains at most 29 TSOs it was concluded that it is too small to give meaningful results using 

a parametric method.  

 

2.2.2 DEA 

The non-parametric DEA technique (Charnes et al., 1978), uses linear programming to 

calculate a step-wise frontier based on the data for inputs and output quantities. Efficiency 

scores are then derived as the potential for a radial (proportional) reduction of input quantities 

for given output quantities (or if an output-orientation is used: the potential for radial increase 

in outputs given inputs) (Battese et al., 2005). Figure 1 describes the input-oriented technical 

efficiency TEI for a firm B that uses a technology with two inputs x1 and x2 to produce output 

q, assuming constant returns to scale.   

 

 
Figure 1: Illustration of an input-orientated technical efficiency calculation 
Source: Battese et al. (2005).  

 

The isoquant in Figure 1 is defined by the input quantities of the efficient firms C and D, and 

their convex combinations (i.e. point A). Firm B uses input quantities in excess of the frontier 

level, given by point A as the intersection of the isoquant and the ray OB.  

Isoquant / Frontier 

A 

B 

x1 

x2 

O 

D 

C 
TE

I
 = OA/OB 

Firm B’s input usage 
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The isoquant is formally defined by: 

 

 𝐿(𝐪) ≡ {𝐱: (𝐱,𝐪) ∈ 𝑇}        (1) 

 

The definition in (1) states that L(q) is defined by the input vector x that can be used to 

produce the output vector q, given that the input-output vector (x, q) is part of the technology 

set T of all feasible input-output vectors. Using (1), DEA can be applied to derive input-

oriented technical efficiencies by calculating the isoquant L(q) and the firm specific 

efficiencies by the linear programming problem given by (Battese et al., 2005): 

 

 𝑚𝑖𝑛𝜃,𝛌 𝜃,  

            st. 

  
−𝑞𝑖 + 𝐐𝛌 ≥ 0,
𝜃𝑥𝑖 − 𝐗𝛌 ≥ 0,

𝛌 ≥ 0
         (2) 

 

where X and Q are matrices of inputs and outputs for all firms and qi and xi are the 

corresponding column vectors for firm i; λ is a I×1 vector of constants where I is the number 

of firms;  θ is a scalar that gives the efficiency score for firm i as a value between 0 and 1. The 

problem must be solved once for each firm to derive all the efficiency scores. A θ-value of 1 

means that the firm is fully efficient. It is common to express θ as a percentage by multiplying 

it by 100. 

An advantage of DEA compared to the parametric methods is that it does not require 

the specification of a functional form for the production process. It is sufficient to determine 

the input and output variables, and make an assumption on the returns to scale. In (2) the 

assumption is constant returns to scale (CRS). The program can be modified to accommodate 

variable returns to scale (VRS) by the additional convexity constraint I1’λ=1, where I1 is a 

column vector of ones. Non-increasing returns to scale (NIRS) can be imposed by instead 

adding the constraint I1’λ≤1 (Battese et al., 2005). Besides modelling different returns to 

scale, these modifications can be used to calculate scale efficiency (SE), given by 

SE=TECRS/TEVRS. If a firm has scale inefficiency it means that it could increase its technical 

efficiency score by changing its scale of operation towards the optimal scale for the 

technology. It is possible to make a prediction about what scale a firm is operating on by 

estimating the efficiency scores under both VRS and NIRS. If TEVRS=TENIRS the firm is 
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operating under decreasing returns to scale (DRS), whereas if TEVRS≠TENIRS the firm is 

operating under increasing returns to scale (IRS). If TEVRS=TECRS the firm is operating under 

CRS (Battese et al., 2005).  

 The use of DEA with small samples can be problematic because a majority of the 

firms could be used to define the frontier and hence be classified as fully efficient. If a model 

with many variables is used in combination with a small data set it is likely that no firm is 

found to be inefficient. It is therefore important to balance the choice of variables to describe 

the technology with the capacity of the data set to give a meaningful representation of it. 

Another drawback of DEA compared to some of the parametric methods (SFA and panel 

models) is that it does not account for noise in the data. A firm’s deviation from the frontier is 

therefore only defined as inefficiency. DEA however allows for a higher flexibility in 

defining the frontier, compared to the parametric methods that require a functional 

relationship to be specified. As argued in the e3 Grid report by Sumicsid (2009), this may to 

some extent substitute for the advantage of noise in the parametric methods (which may 

instead suffer from misspecifications).  

Confidence intervals for the efficiency scores in DEA can be derived by a 

bootstrapping procedure (Simar and Wilson, 1998). The occurrence of outliers can have a 

large impact on the efficiency scores if the outliers are used to construct the frontier. 

Andersen and Petersen (1993) developed a method by which “super-efficient” firms can be 

identified and ranked relative to other fully efficient firms. The method re-estimates the 

frontier after excluding a fully efficient firm and calculates by how much the excluded firm’s 

inputs can be radially increased relative to the re-estimated frontier. If the increase is large it 

means that the firm has a potentially large impact on the efficiency scores of other firms and 

could be regarded as an outlier. The potential of the impact can be seen from the number of 

firms that use the super-efficient firm as a peer (comparator) in the calculation of efficiency 

scores.   

Besides the traditional input and output variables, there are also variables that affect 

the production process but are not controllable by the firm. These are commonly referred to as 

environmental variables or non-discretionary variables. In a benchmark model it is very 

important to consider the effects of such variables because they can have large influences on 

the efficiency scores. There are several approaches to account for environmental variables in 

the DEA technique. One of the most common is to use a second-stage regression where the 

efficiency scores from a DEA model (using traditional inputs and outputs) are regressed on 

the environmental variables (Battese et al., 2005). A Tobit regression model that allows for a 
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censored dependent variable is usually applied because the dependent variable is limited to 

the range 0-1. The efficiency scores can then be corrected by using the results of the second-

stage regression.  

Two different correction methods are tested in this study. The first method uses the 

residuals of a Tobit regression to derive adjusted scores, as described in (3) (Tupper and 

Resende, 2004). This method will be referred to as the RES method. 

 

𝜃𝑖
𝑎𝑑𝑗 = 𝜀𝑖 + �1 −𝑚𝑎𝑥 𝜀𝑗�   j=1,…,I                (3) 

 

The second method uses the estimated coefficients of the environmental variables z in the 

Tobit regression to adjust the scores to a common level of the environment, as determined by 

the sample means of the variables (Yu et al., 2009). The method is described in (4) and will be 

referred to as the BETA method. 

 

𝜃𝑖
𝑎𝑑𝑗 = 𝜃𝑖 + ((𝑀𝑒𝑎𝑛 𝑜𝑓 𝑧𝑛 − 𝑧𝑛𝑖) × 𝛽𝑛)     (4) 

 

The deviation from the sample mean environment is calculated for each firm and the 

adjustment is derived by multiplying the deviation by the estimated coefficient and adding it 

to the efficiency score. Another approach is to include the environmental variables directly in 

the DEA model as non-discretionary inputs or outputs, given that the directions of influence 

of the variables are known. This can be accomplished by modifying the linear programming 

so that efficiency is only measured as the potential for radial reduction in discretionary inputs 

(for input-oriented efficiency measures) (see Banker and Morey, 1985). DEA showed good 

results when applied to different models using the data set in this study, and it is therefore 

chosen for the main analysis. 

 

2.3 Benchmark model 
Table 1 presents the variables, methods and data used in some previous efficiency studies of 

TSOs. The majority of the previous studies have used DEA and three out of five have looked 

at technical efficiency. 

  



11 
 

Table 1: Input and output variables in previous studies 
Study Method and Data Inputs Outputs 

Pollitt (1995) DEA, TE 
 
United States 
1990 
 
129 TSOs 

Employees 
 
Circuit km*voltage 
level (kV) 
 
Transformer capacity 
(MVA) 
 

Electricity entered 
 
Peak load 
 
Circuit km 

Von Geymueller 
(2007) 
 
 

DEA, TE 
 
European 
1999-2005 
 
7 TSOs 
 

Employees 
 
Transformer capacity 
(MVA) 

Domestic electricity demand 
(TWh) 

Sumicsid (2009) DEA, CE 
 
European  
Static for 2006 
Dynamic for 2003-2006 
 
22 TSOs 
 

TOTEX (costs for 
construction, 
maintenance, 
planning and 
administration) 
 

Composite grid measure 
 
Population density 
 
Capacity of renewable 
generation connected 
 

Von Geymueller 
(2009) 

DEA, TE 
 
United States 
2000-2006 
 
50 TSOs 

Materials and 
Supplies cost ($) 
 
Wage and Salaries 
cost ($) 
 
Network length 
(miles) 
 
Transformer capacity 
(MVA) 
 

Electricity transferred (MWh) 

Llorca et al., (2013) SFA Cost frontier, CE 
 
United States 
2001-2009 
 
59 TSOs 

TOTEX Outputs:  
- Electricity delivered 
- Peak load 

Cost drivers: 

Network length (Pole miles) 

Labour price 

Capital prices  

Investment proxy 

3 weather variables: 

Min temperature, Average wind 

speed, Average precipitation 

  

The most common input variables in the production frontier models (TE) are transformer 

capacity and a measure of network length. Another common variable is a measure of labour 
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input, either as the number of employees or wage costs. The most common output variable is 

a measure of transferred electricity, which is used in four of the five studies. This measure can 

be the actual electricity transferred by the TSO or an approximate measure such as domestic 

electricity consumed if there is a single national TSO. These measures are not exactly the 

same, as part of the electricity consumed nationally may be transferred only on the lower 

voltage networks and some electricity may be exported abroad. However, as von Geymueller 

(2007) argues, the two measures are highly correlated. Peak load, which is measured as the 

maximum consumption during a single hour of the year, is used as output in two of the 

studies. This variable gives an indication of the grid capacity that is necessary to meet demand 

and can be important when comparing the capital inputs of TSO in countries with different 

demand structures. Pollitt (1995) discusses the importance of network density and uses circuit 

length as a proxy output for the dispersion of the network. Population density is used in the 

study by Sumicsid (2009), with the argument that more densely populated areas give more 

meshed grid layouts with higher load and increased costs. The study also includes the share of 

renewable generation as a cost driver with the motivation that more grid capacity is needed to 

handle intermittent power flows, and may also require connections to remote locations. This 

variable is likely to become increasingly important in the future with the expected increase of 

renewable energy sources. 

In a sample of European countries there will obviously be large differences between 

countries with respect to both population density and land area. This will affect the amount of 

capital input required to supply the transmission service. Sumicsid (2009) uses a composite 

grid measure constructed by weighting of over 1,200 different grid assets. It is likely that the 

necessary grid size with respect to land area is accounted for in this measure. A much 

simplified proxy for required grid size with respect to land area is of course to include the area 

itself as an output, but that it is a very crude measure of required grid size since large areas 

may be unpopulated. Pollitt’s suggestion of including circuit length as output is therefore 

more precise for this purpose. Circuit length also reflects geographical requirements such as 

topology, which can increase the necessary grid length (i.e. mountainous terrain can require 

longer grids). It does mean that part of the capital input (circuit length*kV capacity) is also 

included as an output, which may seem strange. However, in a DEA efficiency model that 

includes electricity transferred as an output, this can be an advantage. It means that if a TSO 

increases its inputs by investing in new transmission links it will not automatically get a lower 

efficiency score, since the circuit length output will also increase. The efficiency can instead 

be measured in relation to the changes in electricity transferred. If investments in new grid 
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capacity are chosen efficiently so that congestions are reduced or new trade links are possible, 

it should lead to increases in the amount of electricity transferred. 

 Llorca et al. (2013) used climate variables to study the effect of climate on cost 

efficiency (see Table 1). They found that low temperatures have a negative effect on cost 

efficiency, arguable due to equipment failures caused by snow and ice. A low temperature can 

however also reduce transmission losses on a grid, and high temperatures have been shown to 

be correlated with a higher frequency of failures in transformers (Yu et al., 2009).  

 Based on the review of previous studies and the available data for European TSOs, the 

variables in Table 2 are selected for the benchmark analysis in this study. The variables are 

classified as inputs, outputs and environmental variables.  

 

Table 2: Selected variables for the benchmark models 
Inputs Output Environmental variables 

 
Length of circuits* (km)×Capacity (kV) 
 
Transformer capacity (MVA) 
 

 
National electricity  
consumption + exports 
(GWh/year) 

 
Peak load (GW) 
 
Length of circuits (km) 
 
Population density (Persons/km2) 
 
Heating degree days (Eurostat’s 
definition) 
 

*=Circuits ≥220 kV 

 kV=kilovolt; MVA=Megavolt ampere; GWh=Gigawatt  

 

The selected input variables given in Table 2 are the network measure used by Pollitt (1995) 

and Transformer capacity. To be comparable, the network measure is the grid for 220 kV or 

more, although some TSOs also operate 110-150 kV lines (these are otherwise operated by 

DSOs). The output is the annual national electricity consumption with electricity exports 

added, excluding consumption in the energy sector and grid losses. This is chosen as a proxy 

for electricity transferred by the TSO, which is only available for some TSOs. It is similar to 

the measure in von Geymueller (2007), but also includes exports to account for electricity 

transferred to other countries. The measure is highly correlated with electricity transferred 

since national grid data is used, and in the few cases where there are more than one TSO per 

country, it is treated as a single national TSO (refers to AT, DE and GB). Labour input is not 

included for reasons of data availability and comparability. The data on number of employees 

that can be found in annual reports are difficult to compare for several reasons. For example: 

TSOs can have different scope of responsibilities such as operation of gas transmission 
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networks in addition to electricity; there can be differences in the extent of ownership of the 

higher voltage grids (i.e., 110-150 kV lines); and subcontracting of tasks can make reported 

labour input different from actual.  

Four environmental variables are considered. These are variables that affect the capital 

inputs requirements, but are not controllable by the TSO. By using load management, the 

TSO may have a marginal influence on peak load but not to the extent that it should be 

categorised as controllable. Length of circuits and population density are included to reflect 

the characteristics of the grid. Heating degree days (HDD) is used as an indicator of climate 

conditions. Although the effect of HDD on technical efficiency is not certain, it is included as 

a potential environmental factor that could explain differences in efficiency across TSOs.   

Due to missing data on transformer capacity for some TSOs, two models will be 

estimated: One including both capital inputs (25 TSOs) and one without transformer capacity 

(29 TSOs). The year with greatest availability of data is 2009, and this will therefore be used 

for the benchmark model. To reduce the influence of yearly fluctuations, the average value for 

the years 2007-2011 is used for the output variable, peak load and HDD. Table 3 summarises 

the applied models.  

 

Table 3: Applied benchmark models 
Variable DEA_1 DEA_2 DEA_2 RES DEA_2 BETA DEA_3 

No.TSOs 25 25 25 25 29 

National electricity 
consumption+exports (O) 

X X X X X 

Circuit length×capacity (I) X X X X X 

Transformer capacity (I) X X X X  

Peak load (E) X  X X X 

Circuits (E) X  X X X 

Population density (E)   X X  

HDD (E)   X X  

 

Based on the method discussion in section 2.3, two different approaches are tested for the 

inclusion of the environmental variables. The models DEA_1 and DEA_3 include peak load 

and circuit length as non-discretionary output variables in the DEA model and exclude 

population density and HDD. The DEA_2 model uses a two-stage procedure: 1) the DEA 

model is applied without any environmental variables; 2) the second stage procedures 
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described in section 2.3 are applied separately to correct the efficiency scores from the first 

stage using all environmental variables. 

 

2.4 Data 
The included 29 TSOs are listed in Table 4. Countries with more than one TSO are treated as 

single national TSOs in the benchmark model. 

 

Table 4: TSO included in the study 

TSO Country Country 
code TSO Country Country 

code 

APG; VUEN Austria AT Terna Italy IT 

Elia Belgium BE Creos Luxemb. Luxembourg LU 

ESO 

Swissgrid 

CEPS 

Bulgaria 

Switzerland 

Czech Republic 

BG 

CH 

CZ 

MEPSO Former Yugoslavian 

Republic of 

Macedonia 

MK 

Amprion 

TransnetBW 

TenneT DE 

50Hertz 

Germany DE TenneT NL 

Statnett 

PSE Operator 

REN 

The Netherlands 

Norway 

Poland 

Portugal 

NL 

NO 

PL 

PT 

Energinet.dk Denmark DK Transelectrica Romania RO 

REE Spain ES Svenska kraftnät Sweden SE 

Fingrid Finland FI ELES Slovenia SI 

RTE France FR SEPS Slovak Republic SK 

National Grid 

SONI Ltd 

SHETL 

SP Transmission 

Great Britain GB Elering AS 

LITGRID AB 

Augstsprieguma. 

Estonia 

Lithuania 

Latvia 

EE 

LT 

LV 

IPTO SA Greece GR    

HEP-OPS Croatia HR    

MAVIR Hungary HU    

EirGrid Ireland IE    

 

The main sources of data are the statistical yearbooks of the association European Network of 

Transmission System Operators (ENTSO-E, 2009-2011) and its former association Union for 

the coordination of Transmission of Electricity (UCTE, 2000-2007). The data on circuit 

length and capacity, transformer capacity and peak load are taken from these sources. Data 

have been verified against the TSOs’ annual reports for cases where there have been large 
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changes in reported values between years. Electricity consumption and exports, HDD and 

population data are from Eurostat (2013a; b; c; d). Land area is taken from the World Bank 

(2013). For the grid data there are varying availability for different TSOs and years. The least 

available variable is transformer capacity, where data on four TSOs are missing (AT, DE, 

NO, SE). Figure 2 displays the data for the network measure (Circuit length×kV capacity), the 

output measure (Electricity consumption + export) and population density for the 29 TSOs 

included. 

 

 
Figure 2: Country data for the Network, Output and Population density, year 2009 
Sources: Based on data from ENTSO-E (2009-2011); UCTE (2000-2007); Eurostat (2013c); World Bank 

(2013). 

 

As shown in Figure 2 there are large differences in the size of the variables for different 

countries and their respective TSOs. Based on output, three groups can be distinguished from 

Figure 2: a small group of countries that are significantly larger than the others (DE, ES, FR, 

IT and UK); a large group of countries in the middle; and a group of very small countries. A 

few countries have network measures that are relatively large compared to the output values 

(e.g., BG, ES, FR, RO and SE). This can be explained by the relative large land areas of these 

countries. BE, NE and LU are the only countries that have relatively larger output than 
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network, something which is reflected in their high values for population density. Descriptive 

statistics for the data set and 2009 are given in Table 5. 

 

Table 5: Descriptive statistics for 2009 

 Unit Mean Std.dev. Max Min 

Electricity consumption + export GWh/year 114235 140989 578009 6863 

Circuit lenght×Capacity km*kV 292971 362120 1435116 5698 

Transformer capacity MVA 41 62 247 2.5 

Peak load GW 19 23 91 1 

Population density Persons/km2 128 102 488 16 

Circuit length km 9667 11722 47820 259 

HDD - 154634 154913 547660 1259 

 

 

3. Results and discussion 
This section presents and discusses the results of the efficiency benchmark models. First, the 

results for the main model DEA_1 are presented. Secondly, the second-stage regression 

results for the DEA_2 model are given, followed by the adjusted efficiency scores from the 

RES and BETA methods. Thirdly, the results for the DEA_3 model are presented, and finally 

the correlations between different model results are displayed.  

 

3.1 Results 
Table 6 presents the efficiency scores for the DEA_1 model including 25 TSOs. The table 

gives the efficiency scores under three different assumptions of returns to scale (constant and 

variable RS and non-increasing RS), and also gives the implied scale efficiencies (SC) and the 

implied returns to scale. Bootstrap confidence intervals are given for the CRS efficiency 

scores, based on 500 re-samples.  
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Table 6: Efficiency scores for the model DEA_1 (3 outputs; 2 inputs) 

Country 
code 

Rank 
CRS 

DEA_1 
CRS (%) 

DEA_1 
VRS (%) 

DEA_1 
NIRS (%) 

DEA_1 
SC (%) 

Returns 
to scale 

95% confidence 
interval (CRS) 

Lower Upper 
AT - - - - - - - - 
BE 1 100.0 100.0 100.0 100.0 CRS 100.0 100.0 
BG 17 93.9 94.6 93.9 99.3 IRS 94.6 96.9 
CH 1 100.0 100.0 100.0 100.0 CRS 100.0 100.0 
CZ 11 99.4 100.0 100.0 99.4 DRS 99.9 100.0 
DE - - - - - - - - 
DK 23 83.5 87.1 83.5 95.9 IRS 84.2 91.5 
ES 1 100.0 100.0 100.0 100.0 CRS 100.0 100.0 
FI 16 93.9 94.7 93.9 99.2 IRS 94.9 100.0 
FR 12 98.0 100.0 100.0 98.0 DRS 97.9 100.0 
GB 20 90.7 100.0 100.0 90.7 DRS 90.0 95.5 
GR* 1 100.0* 100.0* 100.0* 100.0* CRS 100.0 100.0 
HR 14 97.1 100.0 97.1 97.1 IRS 97.8 100.0 
HU 25 80.0 80.6 80.0 99.2 IRS 80.6 83.2 
IE* 1 100.0* 100.0* 100.0* 100.0* CRS 100.0 100.0 
IT 15 95.7 100.0 100.0 95.7 DRS 97.0 100.0 
LU* 1 100.0* 100.0* 100.0* 100.0* CRS 100.0 100.0 
MK 24 83.3 100.0 83.3 83.3 IRS 83.9 87.7 
NL 1 100.0 100.0 100.0 100.0 CRS 100.0 100.0 
NO - - - - - - - - 
PL 1 100.0 100.0 100.0 100.0 CRS 100.0 100.0 
PT 1 100.0 100.0 100.0 100.0 CRS 100.0 100.0 
RO 22 87.3 87.4 87.3 99.9 IRS 87.8 91.2 
SE - - - - - - - - 
SI 1 100.0 100.0 100.0 100.0 CRS 100.0 100.0 
SK 21 90.1 90.9 90.1 99.1 IRS 90.8 93.6 
EE 13 97.7 100.0 97.7 97.7 IRS 98.0 100.0 
LT 18 93.1 96.4 93.1 96.6 IRS 93.5 98.2 
LV 19 92.9 100.0 92.9 92.9 IRS 93.2 97.3 
Average  94.4 96.9 95.1 97.5    
* = Outliers excluded from defining the frontier. 

 

Under the CRS assumption, the results in Table 6 indicate that ten TSOs are fully efficient. 

Three of these (GR, IE and LU) were identified as outliers by the super-efficiency method 

(see section 2.2.2) and were therefore excluded from constructing the frontier to avoid biasing 

the other scores downward. The TSO in Greece (GR) had a super-efficiency score of 138%, 

which can be explained by a partly misrepresented capital input because GR does not have 

any 220 kV lines, but uses 150 kV lines instead. This means that only their 400 kV lines are 

included in the benchmark data. The Irish TSO (IE) had the highest super-efficiency score of 

291%. It seems to be related to a very low transformer capacity relative output, which could 

be due to data error. The Luxembourg TSO (LU) is the smallest TSO in the sample and has 

the lowest network measure which could make it an outlier (the super-efficiency score is 
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145%). The Belgium TSO (BE) was also identified as super-efficient (137%), which could be 

related to Belgium’s high population density (2nd after NL in the sample). It was however kept 

as a comparator since the result could not be related to any data errors.  

 With the VRS assumption, the efficiency scores increased as expected. The number of 

fully efficient TSOs is 18 out of the total 25. This is likely because of a lack of sufficient 

comparators in all sizes. The returns to scale column in Table 6 gives an idea of whether a 

CRS assumption is appropriate or not for the technology. For the 25 TSOs there are ten 

operating at CRS, eleven at IRS and four at DRS. As expected, it is the largest TSOs that have 

DRS while the smallest tend to have IRS. However, in several cases the difference between 

the VRS and NIRS scores are very small and the average scale efficiency for the sample is 

97.5%, which indicates that a CRS assumption for the technology is not unreasonable (only 

one TSO has SC<90%). The bootstrap confidence intervals for the scores of the less than fully 

efficient TSOs have an average spread of 3.6 percentage points. The upper limits of the 

intervals for some TSOs are at 100%, which means that the implied existence of inefficiency 

in those firms cannot be statistically verified. Likewise, nine TSOs have inefficiency effects 

(under CRS) that are verified at the 5% significance level.   

 For the DEA model without environmental variables included, a second-stage 

regression was performed in which the efficiency scores were regressed on the environmental 

variables using a Tobit regression. Table 7 gives the results. 

 

Table 7: Second-stage regression of DEA_2 efficiency scores on environmental variables 
Variable Coefficient Std.error p-value 
Constant 0.15 0.21 0.4800 
Peak load -0.011** 0.0058 0.0600 
Circuit length 2.05E-05** 0.11E-04 0.0666 
Population density 9.47E-05** 0.50E-04 0.0557 
HDD 0.00205*** 0.00069 0.0021 
** and *** indicates statistical significance at the 10% and 5% levels respectively. 

 

The environmental variables in Table 7 are all statistically significant at least at the 10% level. 

Peak load was the only variable with a negative effect on efficiency scores. Circuit length was 

shown to have a positive effect on efficiency, indicating that larger grids are more efficient. 

This is unexpected since a larger grid means a larger capital input in the efficiency model, 

which should have a negative effect on efficiency score. Population density has a positive 

sign, which seems reasonable given the results of DEA_1 in Table 6 where the most densely 

populated countries (BE and NL) had fully efficient TSOs. The variable Heating degree days 



20 
 

(HDD) was also shown to have a positive effect, which is contrary to the effect of temperature 

on cost efficiency found in Llorca et al., (2013). However, the result for HDD could be due to 

other effects as discussed in section 2.3. The results from Table 7 were used to adjust the 

efficiency scores of the DEA_2 model (which does not include environmental variables). The 

second-stage correction methods (3) and (4), described in section 2.2.2, were applied to adjust 

the efficiency scores. Results are given in Table 8.   

 

Table 8: Efficiency scores for DEA_2 with second stage corrections 

Country 
code 

DEA_2 
CRS  
 (%) 

DEA_2_RES 
Adjusted scores 

 (%) 

DEA_2_BETA 
Adjusted scores 

 (%) 
AT - - - 
BE 100.0 68.4 68.5 
BG 49.0 55.4 62.8 
CH 64.0 39.8 44.6 
CZ 95.9 84.2 91.2 
DE - - - 
DK 44.7 38.4 45.6 
ES 90.5 79.1 86.1 
FI 77.8 71.7 78.9 
FR 58.6 61.4 68.8 
GB 59.7 54.8 62.0 
GR* - - - 
HR 59.3 66.6 74.0 
HU 63.2 60.2 67.5 
IE* - - - 
IT 58.2 61.4 68.8 
LU* - - - 
MK 46.5 53.5 60.9 
NL 100.0 62.3 42.5 
NO - - - 
PL 69.8 57.9 64.8 
PT 50.3 61.9 69.3 
RO 27.5 19.4 26.5 
SE - - - 
SI 100.0 100.0 107.4 
SK 72.3 65.0 72.2 
EE 66.3 65.7 73.0 
LT 64.9 63.3 70.7 
LV 62.4 62.9 70.3 
Average 67.3 61.5 67.1 
* = Outliers excluded from defining the frontier. 
  

The DEA_2 efficiency scores can be viewed as gross scores, because they include the 

influence of the environment in the efficiency scores. In comparison, the efficiency scores of 
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the DEA_1 model in Table 6 are net of the influence of peak load and circuit length upon 

efficiency. As expected, the gross scores for DEA_2 were considerably lower for the majority 

of TSOs. The adjusted scores given by the correction methods indicate large changes for some 

TSOs. Most notably, the fully efficient scores for BE and NL were downward adjusted to 

between 42.5% and 68.5%. The adjustments for the other TSOs’ scores were usually within 

10-15 percentage points of the gross scores. Compared to the scores of DEA_1 in Table 6, all 

scores are lower with the second-stage corrections. The average adjusted efficiency is 61.5% 

and 67.1%, which seems unreasonably low compared to DEA_1 with an average of 94.4%. 

This could be due to the inclusion of the two additional variables population density and 

HDD. The effects of these variables were tested by adjusting the DEA_1 scores with the 

second stage methods using only population density and HDD. The results, given in table A1 

in the Appendix, showed that none of the variables were significant in the second-stage 

regression. The adjustment of the DEA_1 scores was small or zero for the majority of TSOs, 

but the scores of BE and NL were downward adjusted from 100% to between 93-96% and 95-

97% respectively, and the score for FI was upward adjusted from 94% to between 97% and 

99%.  

 The final results are for the DEA_3 model that excludes the Transformer capacity 

input. This model allows the inclusion of four additional TSOs that lacked data for this 

variable. Table 9 gives the results for the DEA_3 model and sample. The average efficiency is 

88.5% in the DEA_3 model, compared to 94.4% in DEA_1. This is expected since more 

variables tend to give higher estimated efficiencies. Five of the TSOs that are 100% efficient 

in DEA_1 report inefficiency in DEA_3 (ES, NL, PL, PT, SI). For two of them (ES and PL) 

the inefficiency is confirmed by the 95% confidence intervals. Average scale efficiency is still 

high at 95%.  
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Table 9: Efficiency scores for DEA_3 with 29 TSOs (3 outputs; 1 input) 

Country 
code Rank 

DEA_3 
CRS 
(%) 

DEA_3 
SC  
(%) 

Returns to 
scale 

95% confidence interval  

Lower Upper 

AT 12 91.2 99.8 CRS 92.1 98.5 
BE 1 100.0 100.0 CRS 100.0 100.0 
BG 18 85.2 99.0 IRS 85.7 91.1 
CH 1 100.0 100.0 CRS 100.0 100.0 
CZ 25 81.1 99.4 DRS 82.4 87.9 
DE 14 90.7 90.7 DRS 89.8 96.3 
DK 20 82.9 95.4 IRS 84.3 91.7 
ES 13 91.0 95.4 DRS 88.4 94.6 
FI 22 81.7 99.7 CRS 82.8 87.7 
FR 8 96.2 96.2 DRS 93.8 99.3 
GB 16 86.8 86.8 DRS 87.8 95.8 
GR 1 100.0* 100.0* CRS 100.0 100.0 
HR 17 86.5 94.2 IRS 87.0 91.8 
HU 29 70.7 98.0 IRS 71.2 75.4 
IE 1 100.0* 100.0* CRS 100.0 100.0 
IT 10 91.6 91.6 DRS 92.8 98.9 
LU 1 100.0* 100.0* CRS 100.0 100.0 
MK 28 73.7 73.7 IRS 74.5 78.9 
NL 9 92.0 92.0 DRS 93.0 100.0 
NO 1 100.0 100.0 CRS 100.0 100.0 
PL 11 91.5 95.2 DRS 91.9 97.9 
PT 7 97.2 98.8 IRS 97.9 100.0 
RO 21 82.1 97.5 DRS 82.2 87.4 
SE 27 78.4 94.6 DRS 78.4 83.9 
SI 15 89.5 89.5 IRS 91.2 100.0 
SK 26 80.0 95.8 IRS 80.5 85.9 
EE 19 84.4 91.5 IRS 84.7 89.7 
LT 23 81.4 91.1 IRS 81.7 86.7 
LV 24 81.4 87.7 IRS 81.7 85.5 
Average  88.5 95    
* = Outliers excluded from defining the frontier. 
 

3.2 Analysis and implications 
The average TE for DEA_1 was 94.4% which is somewhat higher than the results for US 

TSOs in Pollitt (1995), which showed an average TE of 85-90% for models with 

environmental variables included. One explanation to the difference is likely to be the lower 

number of comparators in this study. An interesting feature of the results is the correlation of 

the estimated efficiency scores between models. The Pearson correlation of the efficiency 

scores are given in Table 10. Spearman’s rank correlations are given in Table 11. 
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Table 10: Pearson correlation of efficiency scores to DEA_1 
 DEA_1 
DEA_2 0.63 
DEA_2_RES 0.55 
DEA_ 2_BETA 0.46 
DEA_3 0.80 
 

Table 11: Spearman’s rank correlations 

 
DEA_1 DEA_2 DEA_3 

DEA_1 1 
  

DEA_2 0.53 1 
 

DEA_3 0.73 0.39 1 

 

Table 10 shows that the correlation of efficiency scores between DEA_1 and DEA_2 is low. 

Surprisingly, the second stage adjusted DEA_2 scores have lower correlation with DEA_1 

than the gross DEA_2 scores, despite the fact that the latter contains no environmental 

variables. DEA_1 and the adjusted DEA_2 models represent different approaches to handle 

environmental variables. DEA_1 includes them directly in the DEA calculation, while DEA_2 

adjusts for them based on the results of a second-stage regression. If the environmental 

variables are highly correlated with the traditional inputs and outputs, the second-stage 

regression will be biased to some extent (Battese et al., 2005; Simar and Wilson, 2007). It is 

likely that this is the case here, since the second-stage adjusted results differ so much from the 

DEA_1 results. This indicates that Peak load and Circuit length are central factors when 

comparing technical efficiency and should be used in the first stage of the DEA calculation. 

The test with a second-stage adjustment of DEA_1 for Population density and HDD (Table 

A1 in the Appendix) showed small corrections to the scores, which seems to indicate that they 

are less correlated to the traditional inputs and outputs and that the approach works better in 

this case. These conclusions are however only indicative since the results are based on small 

samples in the context of efficiency analysis. 

 DEA_3 scores have a correlation of 0.80 with DEA_1, which is fairly high but does 

indicate some difference in the results. Indeed, the rank correlation in Table 11 reveals a 

rather modest correlation of 0.73 between DEA_1 and DEA_3. The difference between these 

models could partly be caused by the addition of four new TSOs in DEA_3, of which one 

(NO) is a frontier firm that may have changed the shape of the frontier somewhat. The impact 

of NO on the correlation of DEA_1 and DEA_3 scores is checked by re-estimating DEA_3 

without NO. The correlation is slightly lower at 0.78 compared to 0.80, which confirms that 
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the inclusion of NO as a frontier firm did not cause the difference between the models. The 

main reason is instead likely to be the exclusion of the Transformer capacity input in DEA_3. 

It means that the technology frontier in DEA_3 becomes different from DEA_1 (the number 

of outputs are the same in both models). The difference in ranking between the two models is 

an indication that transformer capacity is an important input that needs to be accounted for in 

efficiency comparisons of TSOs. The results of Table 9 for DEA 3 should therefore be seen 

only as a simplified example.  

Another interesting part of the results are the scale efficiencies and the implied returns 

to scale. As noted above, the average scale efficiencies are high at 97.5% in DEA_1 and 95% 

in DEA_3. Given the relatively small number of comparators, a CRS assumption is therefore 

more appropriate than VRS, since the latter will result in a majority of firms being located on 

the frontier and in this way conceal actual inefficiencies. The TSOs of the largest countries 

were shown to operate under decreasing returns to scale. This motivates the existence of more 

than one TSO in countries such as DE and GB, which have 4 TSOs each. However, this 

conclusion rests on the results of models with capital inputs only. The inclusion of a labour 

input may result in other conclusions. It can be argued that larger control areas of TSOs make 

for more efficient system operation, since system coordination and planning can be made on a 

larger scale (see, for example, Tangerås (2012) and EMG (2008) for discussions). Sumicsid 

(2009) used non-decreasing returns to scale in the e3 Grid study with the argument that there 

may be diseconomies of being small but not large, since large utilities can reorganise into 

separate parts. This has the same effect on the efficiency scores of the small TSOs in Table 6 

as the VRS specification (i.e., the scores are increased).  

As long as the sample size is relatively small, there will always be a high level of 

uncertainty in the estimated efficiency scores. The scores can therefore only serve as 

indicators of possible inefficiencies and be used as basis for discussion about the potential 

sources of inefficiency. Since the capital inputs of TSOs are only variable in a perspective of 

5-10 years or longer, the efficiency scores derived from a single year cross-section will reflect 

long-term choices on grid planning and investments. This can involve issues such as grid 

integration with neighbouring countries, something which generally increases trade and the 

output measure used in this study. The electricity market design can also have an influence on 

the efficiency score, since it may affect the operation of the transmission grid. An example is 

Sweden, where the market design was recently altered from a single national price area to 

four price areas. This enables more efficient operation of congestion in the grid since prices 

are allowed to differ within the control area. Decisions on market design and grid investments 
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usually involve more actors than the TSO, which means that the TSO may not be solely 

accountable for estimated inefficiencies. Rather, the meaning of the efficiency scores needs to 

be interpreted in the particular framework that a given TSO operates in. The application of 

benchmarking in incentive regulation of TSOs therefore requires significant analyses in 

addition to a benchmark model such as in the one employed in this study. 

 

4. Conclusions 
This study has conducted an international benchmark efficiency analysis of European TSOs. 

Three different DEA models were applied to estimate the TSOs input-oriented technical 

efficiency. The inclusion of environmental variables was tested by two approaches: 1) Direct 

inclusion in the DEA model; and 2) Adjustment of efficiency scores by a second-stage 

regression. Results show that the first approach is best for the sample used, but the two 

approaches could also be combined. For the main model (DEA_1), the estimated efficiency 

scores are generally high with an average of 94.4% and a range of 80-100%. Scale efficiency 

is also high with an average of 97.5%, indicating that a CRS assumption for the technology is 

reasonable and appropriate given the relatively small number of comparators. Parametric 

methods such as COLS and SFA were tested initially, but do not perform well with the 

relatively small sample in the study. It is therefore concluded that DEA is the best choice in 

this case.  

 The results indicate the existence of inefficiencies in the studied group of European 

TSOs. The sources of the potential inefficiencies warrant more in-depth research. It could in 

part be related to circumstances outside the TSO’s control, such as government regulations 

and market design. A shortcoming of the models applied in the study is the exclusion of a 

labour input, which is due to lack of comparable data. It would also have been desirable to 

include a measure of quality, such as the frequency of power interruptions. Future studies 

should take these points into account and also investigate the possibility of including non-

European TSOs as comparators to increase the sample size and improve the robustness of the 

efficiency scores.  
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Appendix 
Table A1: Efficiency scores for DEA_1 with second stage corrections 

Country 
code 

DEA_1 
CRS  
 (%) 

DEA_1 RES 
Adjusted scores 

 (%) 

DEA_1 BETA 
Adjusted scores 

 (%) 
AT - - - 
BE 100.0 95.6 93.3 
BG 93.9 94.3 95.5 
CH 100.0 98.2 98.6 
CZ 99.4 98.8 99.7 
DE - - - 
DK 83.5 82.9 83.8 
ES 100.0 99.5 100.5 
FI 93.9 97.4 99.2 
FR 98.0 97.3 98.1 
GB 90.7 87.6 87.1 
GR* - - - 
HR 97.1 97.2 97.5 
HU 80.0 79.6 81.3 
IE* - - - 
IT 95.7 93.1 96.3 
LU* - - - 
MK 83.3 83.4 85.2 
NL 100.0 94.5 97.2 
NO - - - 
PL 100.0 99.6 98.4 
PT 100.0 98.7 101.3 
RO 87.3 87.4 76.7 
SE - - - 
SI 100.0 99.9 100.6 
SK 90.1 89.9 89.5 
EE 97.7 100.0 98.9 
LT 93.1 94.7 94.1 
LV 92.9 95.0 93.8 
Average 94.4 93.8 93.9 
b HDD = – 0.717E-05 (p-value: 0.7199) 
b Population density = 0.000296 (p-value: 0.1520) 
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Abstract 

This paper presents a study of the development of the residential sectors’ electricity demand 
in selected OECD-countries over the period 1980-2006. The paper has a particular focus on 
the changing age-structure of the populations, with the purpose of identifying its potential 
effects on electricity demand. The ageing of populations since the 1980s is associated with 
changing household compositions and patterns of consumption, which makes it interesting to 
analyse the relationship between demand and demographic change. The methodological 
approach is to estimate the residential electricity demand by econometric methods based on a 
panel-data set of 15 OECD-countries. A first-order serial correlation model and a partial 
adjustment model are estimated and compared. The models are based on aggregate annual 
data that include information on: energy prices and income; structural variables such as 
dwelling size and household size; heating degree days, and population age-structure measured 
by the share of four age-groups in total population. Results show that the elderly age group 
(65+ yr.) has a positive effect on per capita residential electricity demand, and that it is also 
the largest and most significant effect among the four age-groups. The young age-group (20-
29 yr.) is also shown to have a positive effect, whereas the effects of the two middle-aged 
groups are uncertain. The results have implications for projections of future electricity 
demand and for policies aimed at influencing households’ electricity demand, not the least 
since the share of elderly in the populations of western societies will increase by several 
percentage points over the coming decades. 
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1. Introduction 
What are the driving forces of residential electricity demand? The question naturally covers a 

wide scientific field including components of technical, economic and behavioural character. 

These components include for example: housing characteristics such as size and heating 

technology; ownership of electrical appliances; energy prices and income; and household 

composition. The structure of these components may change over time, causing changes in 

demand. Some of the components change slowly over time giving them a structural character 

(e.g., housing characteristics and household composition), whereas others may vary more 

frequently (e.g., prices and temperature). A particular component that has begun to attract 

interest in energy demand studies is the ageing of populations in the western world. This trend 

changes household compositions and patterns of consumption in societies, which can have 

potential effects on residential electricity demand. Understanding how demographic 

components affect demand is therefore important for predicting future demand as well as for 

designing appropriate policies to affect the level of demand.  

 Residential electricity demand has been studied by a range of approaches, including 

statistical and econometric analyses based on household surveys or aggregate consumption 

data, and engineering end-use models using metering data and measures of appliance 

ownership. Espey and Espey (2004) and Madlener (1996) provide recent surveys of 

econometric approaches and Larsen and Nesbakken (2004) compare an engineering and an 

econometric model of end-use electricity consumption. The interaction between technical and 

behavioural components in consumption has generally been recognised, but the aspects are 

integrated to varying degrees in the literature. Van Raaij and Verhallen (1983) developed a 

behavioural model of energy use describing energy related behaviour as arising from socio-

demographic characteristics, values, attitudes and knowledge in combination with dwelling 

and appliance features and climate. Perrels et al. (1996) presents a household energy demand 

model that integrates technical and lifestyle components. The model identifies lifestyle by the 

expenditure pattern of time and money and defines ten household types distinguished by age 

and household composition. The most important components of household energy demand 

have generally been identified in the literature as dwelling size (floor area or rooms per person 

or dwelling), household size (number of persons in the household), appliance ownership and 

type of heating technology (Schipper et al., 1996; Bedir et al., 2013), and income and energy 

prices (Espey and Espey, 2004).  
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The influence of age on demand has also been studied to some extent. York (2007) and Kim 

and Seo (2011) both estimate panel-data econometric models based on aggregate energy 

consumption, and in the latter case also electricity consumption, with the share of elderly in 

population as an explanatory variable. They find positive and significant relationships with 

estimated elasticities with respect to the elderly group of 0.84 for energy (York) and 0.41 for 

electricity (Kim and Seo). York argues that the result on energy demand can be due to 

changes in production and consumption patterns and spatial distribution of the population. 

Kim and Seo argues that the result on electricity demand can be due to characteristics of 

elderly such as longer home occupancy, higher temperature sensitivity leading to increased 

heating and cooling demand, and an older and less efficient appliance stock. Age is also 

commonly included as a demographic variable in micro-econometric studies based on 

household survey data. Damsgaard (2003) provides an application to Swedish residential 

electricity demand that includes age of the oldest household member, with a significant 

positive elasticity of 0.12 in one of several models estimated. Brounen et al. (2011) analyse 

the electricity and gas consumption of some 300 000 Dutch households, which are almost 

exclusively heated by gas. They find that elderly households consume 30% more gas for 

heating compared to similar middle-aged households without children, but 2-4% less 

electricity. The result indicates the higher thermal comfort of elderly households.   

Studies on energy efficiency in households have shown that behavioural patterns, in 

addition to appliance ownership, have a high influence on energy consumption. Lindén et al. 

(2006) concludes that policies directed towards energy savings need to be adapted to different 

consumer groups since awareness and behaviour differs between for example young and old 

households. Söderholm and Ek (2010) studies the effects on household’s stated willingness to 

save electricity in response to information about electricity saving. They find that retired 

people have a higher stated willingness to accept electricity saving measures, compared to the 

average respondent. 

Demographic variables such as age, household size and composition, income and 

consumption pattern are usually related to each other, which motivates the approach of 

studying energy consumption as a function of a composite of these variables. This can be 

done by viewing different compositions of these variables as stages in a Family Life Cycle 

(FLC). An FLC can contain varying numbers and definitions of stages, typically around 10 

household categories are used consisting of combinations of age-group and family 
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composition (see Murphy and Staples (1979) for an overview). For example, Perrels et al. 

(1996) use three age-groups (below 30, 35-60 and 60+) and four household compositions 

(single, couple, family and one-parent family) to define household type. Fritzsche (1981) 

applies the FLC-classification suggested by Murphy and Staples (1979) to analyse energy 

consumption patterns of households. Using expenditure survey data for the US for 1972-73, 

he analyses deviations from mean consumption for households in different FLC-stages. He 

finds that both household energy and electricity consumption follow an inverted U-shaped 

curve, increasing gradually through the FLC until the children leave home and then declining. 

The consumption in the end stage is higher than the beginning stage, which is explained by 

perpetuated usage patterns and habits and a higher thermal preference in the older households. 

Another example that utilises only age-groups (and not household composition) is given by 

Kronenberg (2009), which estimates the impact of demographic change on energy 

consumption and greenhouse gas emissions in Germany. The analysis is based on a household 

budget survey from which age-specific consumption patterns are derived for households 

classified in six different age-groups, defined by age of the main income earner. An 

environmental input-output model is then used to predict the changes in consumption and 

emissions up to 2030. Results show that demographic change will increase household 

expenditure on energy for heating purpose and reduce it for motor vehicle fuel, which is 

consistent with the different energy consumption pattern of elderly vs. young households. The 

study’s conclusion is that demographic change up to 2030 will not lead to a reduction of 

energy use.  

The purpose of this study is to analyse the effect that changes in the population age-

structure has on residential electricity consumption per capita. A demand function that 

incorporates the effects of the population age-structure is constructed by including four age-

group variables, defined by the share each group in the total population. This function is 

estimated by an econometric approach based on aggregate data to accommodate a long time 

period and inclusion of several countries. The main contribution of the study to the literature 

on residential electricity demand is the inclusion of the whole population age-structure in the 

econometric analysis, not only the elderly group. This is an important extension towards a 

more complete understanding of the relationship between population age-structure and 

electricity demand. The results are interesting both for projections on future electricity 
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consumption and for the development of policy measures aimed at influencing the level of 

electricity consumption.  

The paper is outlined as follows. Section two gives some background information on 

the development of residential electricity demand and demography for the studied period and 

countries, and it also provides an analysis of the interaction between age and demographic 

characteristics. Section three describes a theoretical framework for electricity demand and 

presents the econometric models and data used. Results are presented and discussed in section 

four, while section five summarises the conclusions made. 

 

2. The development of residential electricity demand and demography in 

selected OECD-countries  
This section describes some general trends in the development of residential electricity 

demand and demography since the 1980s in OECD-countries. The analysis has a particular 

focus on the countries that are included in the econometric analysis in sections 3 and 4. These 

countries have been selected based on data availability and include: Austria (AT), Belgium 

(BE), Canada (CA), Switzerland (CH), Germany (DE), Denmark (DK), Spain (ES), Finland 

(FI), France (FR), Hungary (HU), Japan (JP), the Netherlands (NE), Norway (NO), New 

Zealand (NZ), Sweden (SE) and the United States (US).  

 

2.1 Residential electricity consumption 

Taken as an aggregate for the countries in the study, residential electricity consumption makes 

up about 30% of total electricity consumption and the share has been relatively stable during 

the period 1980-2006 (IEA, 2013). Residential consumption increased by 90% and population 

by 19% during the period. This makes a resulting per capita increase of 71%. As a 

comparison, the corresponding increase in per capita total residential energy demand was 4%. 

These figures give an indication of the increased importance of electricity as energy carrier in 

the residential sector. The main uses of electricity in households are (for EU-15): appliances 

(25%); space heating (22%); lighting (12%); and water heaters (9%) (JRC, 2006). The use of 

electricity for space heating varies between countries with the largest shares in NO, SE, FI, 

FR, NZ, CA, (other fuels are also important for heating in these countries). In the other 

countries the main fuel for space heating is natural gas followed by oil, biomass and district 

heating (IEA, 2009). The main end-use electrical appliances are white goods such as freezer 



5 

 

and refrigerators (15%), small appliances like IT-devices and TVs (10%) and lighting (12%). 

Within these three uses, the share of lighting has been stable at 20% between 1990 and 2005, 

whereas the share of small appliances has increased (from 27% to 38%) and large appliances 

have decreased (from 54% to 45%) partly due to efficiency improvements (Odyssee, 2013). 

Another component affecting consumption is the size of dwellings. Average dwelling size 

(DWS), measured as rooms per dwelling, increased in 12 of the countries studied (+11% on 

average) and decreased with same amount in the remaining four. DWS mainly influences the 

need for space heating and lighting. Figure 1 shows the development of residential electricity 

consumption per capita in five of the countries in the study. 

 
Figure 1: Residential electricity consumption per capita in five countries 1980-2006 
Source: IEA, 2013.  

As seen in Figure 1, there are large differences in the level of consumption between countries. 

Sweden has the highest per capita consumption, which may partly be explained by its cold 

climate, the relatively large share of electricity heating, and its low average household size. 

Spain has the lowest consumption level, partly explained by a warm climate and the largest 

average household size of the countries included in the study. Besides the consumption levels, 

another interesting feature of the data is the difference in development over time. Sweden has 

a very sharp increase in residential electricity demand during the 1980s, something which can 

be explained by a conversion from oil to electricity heating following the oil price shocks of 

the 1970s and early 1980s. Since the late 1980s the increase in electricity use has ceased in 

Sweden. A similar pattern is seen for Germany, although less pronounced due to its rather low 
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share of electricity for heating purposes (IEA, 2009). The other countries in figure 1 display a 

steady increase in per capita consumption during the period.  

 

2.2 Demographic development 

The demographic characteristics of the populations can be analysed by broad age-groups. This 

section presents demographic data categorised by four or five age-groups. The typical trends 

in demographic development during the analysed period 1980-2006 include the reduction in 

the population share of the age-group 0-19 yr. (from around 30% to 23% or below), the 

increase in the share of the age-group 30-49 yr. (from around 25% to a peak around 30% in 

2000 and then decline), and the increase in the share of elderly aged 65 yr. and older (from 

around 13% to 17%) (OECD, 2013a). Some countries have seen more pronounced changes: 

In Japan the share of elderly increased from 9% to 20% and the share of the 0-19 yr. group 

declined from 30% to 18%; In Spain the 0-19 yr. group decreased from 35% to 20% while the 

30-49 yr. group increased from 25% to 33%. Figure 2 displays the average population trends. 

 

Figure 2: Percentage share of different age-groups in total population 1980-2040, 

averages for 14 OECD countries 
Sources: OECD, 2013a, OECD, 2013b. 

The US and Japan are excluded from the presentation in Figure 2 due to their significantly 

larger populations and somewhat non-typical development (younger in US and older in 

Japan). Also included in Figure 2 is a population projection up to year 2040. The total 
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percentage change in the population age-groups between 1980 and 2006 are: a decrease of 

20% for each of the two youngest groups 0-19 yr. and 20-29 yr.; an increase of 13% in the 30-

49 yr. group; an increase of 21% for the 50-64 yr. group; and an increase of 16% for the 65+ 

yr. group. Overall, the population development during the period represents an ageing of the 

population that can be explained by a drop in birth rates (-8% on average) and mortality rates 

(-15% on average) (World Bank, 2013). 

 The distribution of households by size is interesting since the economies of scale in 

household resource consumption differ depending on the number of household members. 

Figure 3 shows the distribution of households by size for four years between 1981 and 2008, 

based on averages of eight European countries (AT, BE, DE, DK, FI, FR, NE, SE). 

 
Figure 3: Distribution of households by size, averages for eight European countries 
Sources: Eurostat, 2013a; Eurostat, 2013b; Dol and Haffner, 2010. 

As shown in Figure 3 there was a large shift in the share of small and large households. The 

share of one person household increased by 41% from 1981 to 2008, while the share of 

households with four or more persons decreased by 36%. The share of two-person households 

increased by 10% while three-person households decreased by 23%. Household size (HS) by 

age of householder is also interesting since it provides a link between population age-structure 

and the distribution of households by size. Figure 4 displays average HS by age of reference 

person in 1994 and 2005 for nine European countries (AT, BE, DE, DK, ES, FI, FR, NE, SE).  
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Figure 4: Average household size by age of household reference person for nine 

European countries, 1994 and 2005 
Source: Eurostat, 2013c. 

As shown in Figure 4, HS decreased in all age-groups between the years 1994 and 2005. This 

is representative of a general trend in HS during the studied period, where average HS taken 

for all age-groups and countries declined by 15% between 1980 and 2006. This variable is 

linked to electricity consumption because larger households consume more electricity in total, 

but usually less per capita due to economies of scale (larger HS tends to give more efficient 

energy use since more persons can share the same energy services). The pattern of HS by age 

illustrates one component of the family life-cycle concept, with typically larger HS during 

family forming years 30-49 and lower before and after.  

 Another component is dwelling size. Figure 5 displays the average number of rooms 

per dwelling for different household compositions, and for one person households also by 

age-group. As expected, the data in Figure 5 show that dwelling size increases with HS. The 

data also show that the dwelling size of one-person households increases with age-group so 

that one-person elderly households on average have larger dwellings compared to younger 

households of the same size. More detailed statistics on dwelling size by age of household 

reference person and household composition are not available for European countries to the 

author’s knowledge.   
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Figure 5: Average rooms per dwelling by household composition, average for EU-15 

countries year 1999 
Source: Eurostat, 2013d. 

 

2.3 Consumption patterns 

Statistics on mean residential energy expenditure (excluding vehicle fuels) are available by 

age of household reference person from national household budget surveys collected by 

Eurostat. Figure 6 displays these statistics for the EU-15 group of countries as average 

expenditure per household and per capita (included countries are: AT, BE, DE, DK, FI, FR, 

ES, EL, IE, IT, LU, NE, PT, SE, UK). The per capita measure is calculated by dividing the 

household expenditure for each age-group with its average HS (see Figure 4). The 

expenditure is denoted in purchasing power standard, an artificial currency unit used by 

Eurostat (derived from Purchasing Power Parities (PPPs) using EU averages as baseline). 
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Figure 6: Mean expenditure on residential energy by age of household reference person, 

averages for EU-15 countries year 1999 
Sources: Eurostat, 2013e, Eurostat, 2013f. 

The statistics in Figure 6 are calculated by multiplying the mean consumption expenditure by 

age of reference person with the consumption share for “Electricity, gas and other fuels” by 

age of reference person. Results show that per household expenditure increases with age until 

the 45-59 yr. group and then decreases in the oldest group, but still remains higher than the 

youngest group. Expenditure per capita generally increases with the age of the reference 

person, with the exception that expenditure is slightly lower for the 30-44 yr. group (where 

HS is the largest) compared to the 20-29 yr. group. The high per capita expenditure for the 

60+ yr. group reflects the larger share of total expenditure used for energy in this group (5.1% 

versus 3.4-3.9% for the other age-groups). The consumption category used for Figure 6 

excludes vehicle fuels, but includes other energy carriers besides electricity such as natural 

gas, heating oil and district heating. It is thus not possible to directly infer the observed 

pattern to electricity consumption.  

 Figure 7 shows expenditures on household appliances by age of household reference 

person. The expenditures on household appliances show a similar pattern to that of energy 

expenditure, with exception for the oldest group. This is expected since the capital stock of 

durables is built up during the middle-aged stages, reducing the need for much additional 

expenditures after that stage.  
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Figure 7: Average expenditure on household appliances by age of household reference 

person, EU-15 countries year 1999 
Sources: Eurostat, 2013e; Eurostat, 2013f. 

The age-related patterns of HS, DWS, energy and appliance expenditure shown in Figures 4-

7, indicate that age has a clear relationship to electricity consumption. The pattern of per 

household energy expenditure by age in Figure 6 is similar to that described by Fritzsche 

(1981) for household energy and electricity consumption by the stage of family life-cycle 

(FLC). This correspondence is not surprising since the FLC-stages are naturally related to 

different age-groups, and age may therefore functions as a marker for FLC-stage.  

What kind of age-related pattern could we expect to see for the per capita electricity 

consumption in households? Answering this question could help predict how electricity 

consumption patterns could change when the population age-structure changes. The statistics 

presented in this section suggest that the pattern should not be too far from that of per capita 

energy expenditure displayed in Figure 6, which implies that the order of the effects are (from 

low to high): Age 30-44; Age<30; Age 45-59; Age≥60. The next sections will present an 

econometric study of the relationship between population age-structure and per capita 

residential electricity consumption. Four age-groups are chosen for the analysis: 20-29; 30-49; 

50-64; and, finally, 65 and older. These groups are somewhat different than the ones used by 

Eurostat and shown in Figures 4, 6 and 7. The reason for not using Eurostat’s age-groups in 

the econometric analysis is that they do not correspond as well with the FLC-stages discussed 

in the introduction. The four groups chosen are believed to better represent the FLC-stages 
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such that on average: 20-29 represents young couples or singles without children; 30-49 

couples or singles with children at home; 50-64 couples or singles without children at home; 

and 65 and above elderly retired couples or singles without children at home. The age-group 

0-19 is not included because it does not represent separate households; it is implicitly 

included in the household size of the other age-categories.  

 

3. Econometric model and data 
This section presents a theoretical framework for electricity demand, specifies the 

econometric models applied and describes the data used.  

 

3.1 Theoretical framework for electricity demand 

The demand for electricity is a derived demand, originating from the need for light, heat and 

other services produced by electrical appliances. Household production theory (HPT), 

introduced by Becker (1965), provides a framework for analysing this type of demand. HPT 

defines goods such as electricity as inputs into the household’s production of composite 

commodities such as energy services S. An example of an energy service is a warm house. 

This energy service could potentially be produced by a variety of fuel inputs, such as 

electricity, gas or fuel oil, in combination with some capital stock of heating technology. The 

combination of fuel and capital would in this case make a composite energy commodity that 

is part of the household’s utility function. This can be formalised in a utility maximising 

framework as follows, based on the description in Alberini and Filippini (2011).  

Let S=S(E, G, F, CS) be the production function for the composite energy commodity 

with inputs Electricity (E), Gas (G), Fueloil(F) and Capital stock (CS). The energy 

commodity is part of the household’s utility function U=U(S, X; Z, W), where: X denotes a 

composite numeraire good with price 1; Z demographic characteristics; and W climate 

variables. The household maximises utility by first minimising the cost of producing the 

energy commodity S, giving the cost function C=C(PE, PG, PF, PCS, S). Partial differentiation 

of C w.r.t PE gives the input demand function for electricity E=E(PE, PG, PF, PCS, S) by 

Shephard’s lemma. In the next step, the household maximises total utility U subject to the 

income constraint Y=C(PE, PG, PF, PCS, S)+1×X. The demand for the energy commodity S is 

found by Lagrange optimisation of U, giving: S*=S*(PE, PG, PF, PCS, Y; Z, W). Inserting S* 
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into the input demand function for electricity gives a model of electricity demand defined as 

in (1). 

E=E(PE, PG, PF, PCS, S*(PE,PG, PF,PCS,Y; Z,W))  

  = E(PE, PG, PF, PCS, Y; Z,W)        (1) 

Equation (1) can be given an econometric specification and estimated, depending on data 

availability.  

 

3.2 Econometric model specifications  

The price of the capital stock PCS in Equation (1) is difficult to find cross-sectional data on 

and it is therefore excluded. Differences in PCS between countries will to some extent be 

captured by the fixed-effects in models (3) and (4). However, for long time-series this may 

still be problematic if appliance prices change over the period. In their study of electricity 

demand in 48 US states, Alberini and Filippini (2011) incorporates the price of the numeraire 

good X by normalising the price variables with the consumer price index. This study instead 

normalises the price variables by purchasing power parities, since country comparisons are 

being made. Equation (2) below is an empirically version of equation (1), based on available 

variables: 

 

CONScap = f (GDPcap, PE, PG, PF, HS, DWS, HDD, URBAN,  

AGE2029, AGE3049, AGE5064, AGE65+)                (2)

    

where: CONScap is the annual residential electricity consumption per capita; GDPcap is GDP 

per capita; PE is the average annual electricity price for households; PG is the average annual 

natural gas price for households; PF is the average annual fuel oil price for households; HS is 

the average household size; DWS is the average dwelling size; HDD is heating degree days; 

URBAN is the share of population living in urban areas; AGE2029 is the share of population 

aged 20-29 yr; AGE3049 is the share of population aged 30-49 yr;  AGE5064 is the share of 

population aged 50-64 yr; and AGE65+is the share of population aged 65 years and older. 

Descriptive statistics for the variables are given in section 3.4, Table 1. GDP per capita is 

included as a general indicator of the income level and URBAN is included to capture effects 

on electricity consumption due to the level of urbanisation.  
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Equation (2) is estimated econometrically by a log-linear fixed effects panel-data model. Two 

different specifications are tested to control for capital stock changes and two samples are 

used based on data availability for the HDD variable. Before presenting the model 

specifications, the modelling choice is discussed below. When panel-data is available, a fixed 

effects model is suitable for estimating model (2) because it allows for unobserved time-

invariant characteristics of each country to be reflected in individual intercept terms. It also 

allows such characteristics to be correlated with the explanatory variables. For example, 

heating technology and appliance stock are unobserved in the model, and are likely to be 

correlated with the energy price variables. Another example is the temperature zone, which is 

unobserved in the sample without the HDD variable included.  

In addition to the correlation issue, there are at least two major concerns when 

estimating Equation (2): a) the electricity price may be endogenous; b) the demand will 

consist of two responses: a short-run utilisation choice and a long-run capital stock choice. 

Regarding the price variable as exogenous, rather than endogenously determined in 

simultaneous supply and demand interaction, may be adequate for several reasons (Alberini 

and Filippini, 2011). The price variable is based on average annual price and not the specific 

price schemes that consumers may choose among. Furthermore, the electricity price for 

households is influenced by the total supply and demand balance which includes industry and 

service sectors as well. Another reasons is that price has been regulated (rather than market 

based) for some periods. A statistical test for endogeneity of the price variable was made and 

it did not indicate that the variable is endogenous in this case (Hausman test with electricity 

tax as instrumental variable using Equations (3) and (4) below). The division of the 

consumer’s decision into utilisation and capital stock choices is likely to give different 

responses to changes in prices and income in the short versus long-run. This implies that 

demand is a dynamic process in the long-run, as opposed to a series of independent and 

immediate choices. A common approach when data on capital stock is not available is to 

include a lag of the dependent variable in the model (Madlener, 1996). This results in a 

partial-adjustment model that allows the capital stock to adjust with a lag to the consumers’ 

preferred long-run level. In the following this is referred to as the LDV-model. With a log-

linear specification the long-run elasticities can then be derived by dividing the coefficients on 

the explanatory variables with one minus the coefficient on yt-1.   
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A known problem with the LDV-model with fixed effects is that the coefficients for yt-1 and 

the explanatory variables will be biased to some extent, due to correlation between yt-1 and the 

error term (Nickell, 1981). In practice, this is mainly a problem for panels with short time 

periods (T<10) because the bias will go to zero as T goes to infinity. As shown in Monte 

Carlo simulations by Beck and Katz (2009) and Judson and Owen (1999), the bias becomes 

small for T>20. At T=30 the bias for the coefficient on yt-1 is shown to be between -0.05 to -

0.066 and for the other explanatory variables between 0.006 to 0.02, depending on the data 

generating process (for OLS without fixed effects the bias on yt-1 is positive instead of 

negative). It is also shown that the efficiency of the OLS estimator with a lagged dependent 

variable and fixed effects is on par or better than alternatives based on instrumental variables 

when T=30.  

Another way to account for the dynamic process of demand is to specify an AR1 

process, which transforms (differences) the explanatory variables by the estimated serial 

correlation coefficient (r) of the errors (which is a consequence of the un-modelled dynamics). 

If the “carry over” from one year to the next is large (higher coefficient on the LDV or r), the 

difference between the LDV and AR1 models will be large (Beck and Katz, 2009). The model 

specifications are defined in Equations (3) and (4) below. 

     
AR1 

itn i

ttiitntiitntiit

vu

TTZZXXyy

+−+

−+−+−+−=−

∑ −

−−−−

1

101,1,01,

)1(

)()()ln(ln)1(lnln

ρ

ρδργρβραρ
 (3) 

 
LDV 

itn tiiitnitnit eyuTZXy ++++++= ∑ − −1 1,00 lnlnln φδγβα      (4) 

 

where:  i = Country i; i,…,n. 

  t = Year 

  yit = Per capita residential electricity demand 

Xit = Vector of explanatory variables including Prices, GDPcap, HS, DWS, 
and HDD 

Zit = Vector of explanatory variables including AGE and URBAN 

T = Linear time trend 
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 Σn-1 ui = Country specific intercepts  

 vit and eit = Error terms 
      

As seen in the description above, the explanatory variables for AGE and URBAN are used in 

level (non-logged) form. This is because they are already expressed as percentage shares and 

have a one percentage point increase interpretation. If the age-variables were used in logged 

form the effect of a one percentage increase of an age-share would partly depend on the 

relative size of the age-group, which makes comparisons between the effects of different age-

groups misguided. Equations (3) and (4) are estimated for two different samples based on data 

availability of the HDD variable. Sample a contains 15 OECD countries for the period 1980-

2006, excluding data on the HDD variable. Sample b contains 11 European OECD countries 

for the period 1980-2006, including data for all variables. A time-trend is included in the 

models to account for trends in the variables. 

 

3.3 Estimation methods 

The data set used for the econometric models are characterised by T>N (the number of years 

observed are larger than the number of countries included). This has some implications for 

estimation, since traditional panel-data models have T<N and asymptotic properties based on 

N→∞. In our case, it is the time dimension that dominates (T=27 and N=15) and this is 

commonly referred to as Time Series Cross Section (TSCS) data. Models for TSCS data view 

N as fixed and have asymptotic properties based on T→∞ (Beck and Katz, 1995).  The 

distinguishing features of TSCS data are error structures that are both temporally and spatially 

correlated, in addition to group-wise heteroskedastic. A traditional way to estimate models for 

TSCS data is to use FGLS, as suggested by Parks (1967). Parks’s model accounts for the 

complex error structure, but it has been criticised by Beck and Katz (1995) for giving 

inaccurate results unless T is considerably larger than N. They instead suggest a method based 

on OLS and Panel Corrected Standard Errors (PCSE). However, since this method is based on 

the OLS estimator it will be biased if there is correlation between explanatory variables and 

the error term or if there is un-modelled serial correlation (for an analysis see Kristensen and 

Wawro, 2003). Performing a Hausman test for correlation between X and e in a standard 

FEM/REM panel-data model does point to correlation for the data set used in this study. 

Unfortunately, the test is inconclusive when applied to the Equations (3) and (4). On 

theoretical grounds it is however reasonable to expect that there are un-modelled country 
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specific effects such as different heating technologies, and that such effects are correlated 

with the explanatory variables.  

Based on the discussion above and the characteristics of the data set, Equations (3) and 

(4) are estimated by FGLS with fixed effects included. For comparison, the LDV model is 

also estimated with PCSE without fixed effects (results provided in the Appendix). The 

models are estimated with balanced panels and are implemented in the TSCS model in the 

econometric data software program Limdep. Hypotheses tests using Wald and Lagrange 

Multiplier test statistics show that both group-wise heteroskedasticity (Wald test) and 

contemporaneous cross-group correlation of errors (LM test) are present in the models at the 

1% significance level (Wald statistic=1337.74; LM statistic=340.66; Critical value=30.58; the 

test-statistics have chi-squared distributions with N-1 degrees of freedom under the 

hypothesises of homoscedasticity and no cross-group correlation) (Greene, 2002).  

 

3.4 Data 

The statistical data for the variables outlined in Equation (1) have been collected from a 

variety of sources. Residential electricity consumption is taken from the International Energy 

Agency (IEA, 2013). Gross Domestic Product per capita (GDPcap) is taken from Penn World 

Tables version 7.1, series: Purchasing Power Parity (PPP) converted GDP per capita chained 

series at 2005 constant prices (Heston et al., 2012). Prices for electricity (PE), natural gas (PG) 

and fuel oil (PF) are average annual prices in PPP converted US$ for households from IEA, 

2012b. Missing values for gas price for Denmark 1980-81 have been replaced by linearly 

interpolated values calculated from 1979 and 1982 prices. Missing values for fuel oil for 

Hungary (1995-2006) and New Zealand (1988-2006) have been replaced by calculated values 

using the oil price index for each country to represent the price development for missing 

years.  

Statistics on household size (HS) do not exist in the form of complete time series for 

most countries, except for the US (United States Census Bureau, 2012). However, there are 

statistics for specific years from the 1980s until 2010 from a variety of sources. The United 

Nations (UN) statistical office has gathered data on average HS for countries world-wide for 

specific years in their publication series Compendium of Human Settlements Statistics (United 

Nations, 1983; 1995; and 2001). OECD has data for early or mid-2000 for member countries 

(OECD, 2012). European data are available in the EU publication Housing Statistics in the 
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European Union that contains HS data for every five years since 1980 for selected countries 

(National Board of Housing, Building and Planning, Sweden and Ministry for Regional 

Development of the Czech Republic, 2005; Dol and Haffner, 2010). Eurostat also has 

European data from 2004 to 2011 (Eurostat, 2013g). Data for Japan are taken from the 

Japanese Statistics Bureau (Statistics Bureau, 2012). From these sources it was possible to 

find at least one HS value for each country in the study at the beginning of the 1980s, the 

beginning or middle of the 1990s and several years during 2000-2010. For most countries the 

data is available for every fifth year. Using linear interpolation, complete time series were 

created for each country. This approach is likely to give a good approximation for missing 

years because HS change slowly over time and does not fluctuate much between years.  

Sufficient statistics on dwelling size (DWS) measured as housing area are difficult to 

find for panel data purposes. However, another measure that is more widely available is the 

number of rooms per dwelling. Statistics on this measure will be used for the DWS variable. 

Availability of data is similar to that for HS so complete time series are generated by linear 

interpolation. Source of the data are: United Nations, (1983; 1995; and 2001); National Board 

of Housing, Building and Planning, Sweden and Ministry for Regional Development of the 

Czech Republic, (2005); Dol and Haffner, (2010). 

Statistics on age-groups are taken from World Bank (2013) and Eurostat (2013h). 

Heating degree days data were only found for European countries (Eurostat, 2012). The data 

used are for actual heating degree days and have been calculated by Eurostat as (18°C – 

Tm)×days if Tm≤15°C where Tm=(Tmin+Tmax)/2 and T is the temperature. Data on the 

share of electrical heating are difficult to find. The only available source was IEA (2009), 

which gives the shares of different fuels used for heating including electricity for the years 

1990 and 2006. These data are available for thirteen of the countries in the study. Using this 

data it is possible to test if the countries with a relatively high share of electricity heating (CA, 

FI, NO, NZ, SE) have a significantly different response to an increase in the share of elderly, 

since this age-group is known to have a higher thermal preference (see section 4.2). Table 1 

shows descriptive statistics for the variables used (in level form). 
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Table 1: Descriptive statistics 
Variable Unit Mean Std.Dev. Min Max 
CONScap KWh/capita 2650.88 1701.64 468.67 8054.16 

GDPcap PPP US$/capita 26974.50 7083.19 10999.20 50509.00 

PE PPP US$/MWh 108.81 45.89 21.76 236.92 

PG PPP US$/MWh 30.87 20.31 0.00 99.38 
PF 

 
PPP US$/thousand litres 387.79 162.75 125.68 1081.99 

HS Persons per household 2.54 0.31 2.00 3.50 

DWS Rooms per dwelling 4.47 0.90 2.69 6.70 

HDD - 3636.14 1318.96 1481.52 6650.71 

URBAN % 77.82 7.70 57.08 97.32 

AGE2029 % 14.64 1.64 11.45 19.24 

AGE3049 % 28.65 1.97 23.53 32.71 

AGE5064 % 16.39 1.91 12.93 21.67 

AGE65+ % 14.19 2.14 9.05 20.38 

 

The data series are tested for stationarity and all series are shown to be either stationary or 

trend-stationary. The dependent variable CONScap is approximately normally distributed. 

Correlations between the variables are checked, but do not indicate any problematic 

correlations (see Table A1 in the Appendix). Most correlations are below 0.4 and the highest 

correlations are between PE and PG (0.76) and HDD and PG (-0.77). 

 

4. Results and discussion 
This section presents and discusses the results for the two different econometric specifications 

for sample a, containing 15 OECD countries for the years 1980-2006. The sample contains 

405 observations. The results for the smaller sample b (297 observations), including the HDD 

variable, are given in the Appendix, Table A3.  

4.1 Results 

Results for sample a are presented in Table 2 (see sections 3.2 – 3.3 for estimation details). 

The estimated fixed effects are given in table A2 in the appendix. The results presented in 

Table 2 show both similarities and differences between the two estimation methods. 
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Table 2: Estimation results of the econometric models for sample a 
Variable AR1 LDV 
 Coefficient p-value Coefficient 

(long-run in parenthesis)  
p-value 

ln GDPcap 0.070* 0.0829 0.083***   (0.66) 0.0001 

ln PE -0.076*** 0.0000 -0.045*** (-0.36) 0.0000 

ln PG -0.037*** 0.0011 0.011 0.1039 

ln PF 0.014* 0.0903 0.00018 0.9726 

ln HS 0.0080 0.9547 0.065 0.2593 

ln DWS 0.36*** 0.0000 -0.013 0.6241 

ln HDD - - - - 

URBAN 0.0062*** 0.0001 0.0023*** (0.018) 0.0000 

AGE2029 0.031*** 0.0000 0.0033**   (0.026) 0.0285 

AGE3049 0.0051 0.3174 0.0031       (0.025) 0.1371 

AGE5064 -0.011 0.1051 0.00062    (0.0050) 0.8217 

AGE65+  0.034*** 0.0000 0.0048*** (0.038) 0.0052 

T 0.016*** 0.0000 -0.00031 0.7151 

ln yt-1 - - 0.875*** 0.0000 

Common 
intercept 

4.94*** 0.0000 -0.17 0.4759 

r 0.81  -0.044  

*, ** and *** indicates statistical significance at 10, 5 and 1% level respectively, in two-tailed t-tests.  
 

Since the models are estimated in log-linear form we can interpret the coefficients on the 

logged variables as elasticities. The coefficients on the level variables can be transformed to 

elasticities by the formula 100×(exp(βi×Δxi – 1) (Wooldridge, 2006). When interpreting the 

results of the LDV-model it is important to distinguish between the short-run responses given 

by the coefficients in the table and the long-run responses given in parentheses (derived from 

division with (1-ϕ)). The income variable GDPcap is significant in both models. In the AR1 

model the elasticity is 0.07 and in the LDV model the short-run elasticity is 0.083 and the 

long-run is 0.66. This implies that a one percentage increase in GDP per capita gives a short-

run increase in per capita electricity consumption around 0.07-0.08% and a long-run increase 

of 0.66%, representing the changes in short-run utilisation and long-run capital stock 

adjustment respectively.  

The price elasticity of electricity is negative and statistically significant in both 

models. The LDV model gives a smaller short-run elasticity (-0.045) than the AR1 model (-

0.076), but implies a long-run elasticity of -0.36. The response to gas-price changes is 
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estimated to be negative and statistically significant in the AR1 model, but positive (although 

insignificant) in the LDV model. Negative gas-price elasticity implies that gas is a 

complement to electricity, which can be explained by the fact that gas is used to generate 

electricity in countries where gas is used as fuel, so an increase in the gas price gives an 

increase in the electricity price. The price of fuel oil is estimated to have a positive effect on 

electricity consumption (statistically significant in the AR1 model). It indicates that fuel oil is 

a substitute to electricity, which is true in some cases where it has been used for heating 

purposes instead of electricity.  

 The HS coefficient has an unexpected positive sign in both models, but is statistically 

insignificant. The result may partly be due to the inclusion of the age-variables that are likely 

to capture the effect of changing HS over time that is due to the population age-structure. The 

general trend in declining average HS for all age-groups should however be captured by the 

HS variable (in the results for sample b the HS variable is negative and statistically significant 

in the LDV model). The coefficient for the DWS variable has the expected positive sign and is 

statistically significant in the AR1 model. In the LDV model it has an unexpected negative 

sign but is statistically insignificant. The coefficient for the URBAN variable has a positive 

sign and is statistically significant in all models and samples. It implies that consumption per 

capita has increased as a result of an increase in the share of the population living in urban 

areas. A similar result was found in the econometric study by York (2007). It could be 

explained by a larger share of single households and small HS in urban areas, compared to 

rural areas.  

 The patterns of the age-variables are highly interesting for the purpose of this study. 

As previously noted, the coefficients on the age-variables indicate the response to a 

percentage point increase of the share (not a one percentage increase). The expected effects of 

the age-groups, discussed at the end of section 2, were suggested to be (in order from low to 

high effect): AGE3049, AGE2029, AGE5064, AGE65+. Results across samples and models 

confirm that AGE65+ has the highest positive effect on per capita consumption. AGE2029 is 

also shown to have a statistically significant and positive effect in both sample a (Table 2) and 

b (Table A3 in the Appendix). The results for the middle-aged groups are more uncertain. 

AGE3049 and AGE5064 are statistically insignificant in both models in sample a. However, 

in sample b both of the variables are statistically significant in the LDV model and one in the 

AR1 model. The differing results between samples may indicate that it is difficult to isolate 
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the separate effects of these two variables. A simple extension is therefore made where 

AGE3049 and AGE5064 are combined into one age-group variable AGE3064. Running 

regressions for the LDV and AR1 models with three instead of four age-variables shows that 

AGE3064 is positive in both models and samples, and statistically significant in all except for 

the AR1 model with sample a (see Table A4 in the Appendix for results from sample a). In 

the LDV model the size of the coefficient on AGE3064 is in-between AGE2029 and AGE65+, 

while in the AR1 model it has the lowest coefficient of the age-variables. The statistically 

significant and positive effect of AGE3064 does indicate that the separate variables AGE3049 

and AGE5064 have positive effects as well. The precise sizes of the effects of these two 

variables are however difficult to draw conclusions on based on the econometric results.  

A one percentage point increase of the share of elderly (65+) in the population would 

give an increase in the per capita consumption of residential electricity of 3.46% in the AR1 

model and 3.91% in the LDV model (long-run effect). The corresponding increases for 

AGE2029 are 3.15% and 2.68%. The size of these responses may seem large, but cannot be 

judged in isolation. An increase in the share of one age-group is accompanied by a decrease in 

at least one other age-group, which will have a reducing effect on the aggregate consumption 

(given that the effect of the other age-group(s) is positive). The estimated effects of the age-

variables must therefore be viewed in the context of the whole population structure (an 

example is given in section 4.3).  

The result that all age-coefficients have positive signs may seem illogical since it 

implies that the per capita consumption in each group is higher than the average per capita 

consumption for the whole population. It is however explained by the exclusion of the 

relatively large 0-19 yr. age-group from the model, which means that the overall average per 

capita consumption can be lower than that implied for any of the included groups.  

 The time-trend T is positive and statistically significant in the AR1 model, implying 

that there is a positive trend in consumption around 1-2% per year. It also accounts for such 

trends in the explanatory variables, mainly GDPcap. The trend is statistically insignificant 

and very small in the LDV model, which is explained by the presence of the lagged dependent 

variable which accounts for the trend over time.  
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4.2 Discussion 

This section discusses some modelling issues and their implications for the estimated results, 

focusing on the age-variables. The serial correlation coefficient r is given for each model at 

the bottom of Table 2. For the AR1 model it is 0.81, indicating a large persistence or “carry 

over” in the residuals between consecutive years. Indeed, this is likely to be the expected 

capital stock effect that changes slowly over time. The serial correlation in the LDV model is 

negligible (-0.044) which demonstrates that the dynamics are sufficiently modelled in this 

specification. Both models proved to be poolable over time when tested for the significance of 

including slope and country dummies for the period 1995-2006 (using heteroskedasticity 

robust F-tests).  

A plot of the residuals does not indicate any large or systematic misspecifications for 

the 15 countries used to estimate the results in Table 2. The initial model regressions also 

included the country Austria (AT), but the residual plot indicated misspecifications for AT 

with considerably larger residuals for some years compared to the other countries and it was 

therefore excluded. The general sensitivity of the age-variable results to the sample used was 

tested by excluding one country at a time form the regression, using the LDV model with 

sample a and without AT in the sample. This test showed that AGE65+ remained the highest 

coefficient in all cases except when the Netherlands was excluded, in which case AGE2029 

had a higher coefficient. The same test for sample b showed that AGE65+ had the highest 

coefficient in all cases, while AGE2029 usually had the lowest coefficient. Results for sample 

b using OLS and PCSE without fixed effects (Table A5 in the Appendix) also gives an idea of 

the sensitivity of the results to the estimation method used.  In this case, AGE65+ was the 

only significant age-variable and had the highest coefficient too. In summary, the results that 

AGE65+ has the highest effect on average per capita consumption seem robust to changes in 

sample and estimation methods. The results for the other age-groups depend more on the 

model and sample used, but as argued in the previous section it seems clear that all age-

variables have positive effects. The sizes of the age-coefficients are similar in samples a and b 

for the AR1 model, but not for the LDV model which shows much larger coefficients in 

sample b. It is unclear what causes these results, but the larger sample a gives long-run age-

coefficients similar in size to the AR1 model and also has significant coefficients on GDPcap 

and PE, indicating that the larger sample gives more convincing results. 
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As mentioned earlier, one factor that distinguishes the models from each other is the way that 

the dynamics are modelled. While the AR1 model assumes that the effects of explanatory 

variables are instantaneous, the LDV model allows them to have a lagged effect giving a 

partial adjustment of consumption over time. The elasticities estimated by Equations (2) and 

(3) are based on averages of the within estimates for all included countries, since the between 

country variation is captured in the fixed effects. Depending on the degree of variation in the 

explanatory variables between countries, the elasticity estimates of the AR1 model can 

represent varying time-ranges. If there is large variation between countries the elasticity can 

represent long-run responses to different conditions, such as price levels (Espey and Espey, 

2004). In the sample there are relatively large differences in demographic structure for some 

countries, most notably for the age-structures of Spain, Japan, Canada, the US and New 

Zealand and also for the household compositions of some countries. The similarly sized age- 

coefficients in the in the LDV model (long-run) and AR1 model implies that the effects in the 

latter model also represents long-run responses to changes in age-structure. As a comparison, 

the long-run electricity price elasticity given by the LDV model is about five times larger than 

the corresponding elasticity in the AR1 model. This implies that the variation in price levels 

between countries has not been large enough to give price elasticity estimates that reflect 

long-run responses in the AR1 model, while the variation in the age-variables (and their 

associated demographic features) has.  

 The estimated coefficients are assumed to be the same for all countries in the sample. 

This can be questioned because the share of electricity heating varies between countries, 

which could potentially give different responses to changes in the explanatory variables. Data 

on the share of electricity heating is available for 13 of the countries in the study for the years 

1990 and 2006 (IEA, 2009). Since the elderly group has a higher thermal preference, it is 

therefore tested if this group gives a significantly different response in the countries with a 

relatively high share of electricity heating (CA, FI, NO, NZ, SE). A slope dummy for the 

elderly group is included for these countries, but results show that it is insignificant in both 

models: AR1: coeff.=0.004, p-value=0.5837; LDV: coeff.= -0.004, p-value=0.1859). It is 

therefore concluded that common responses for all countries are sufficient with respect to 

electricity heating differences. The standard error of the common coefficient for AGE65+ 

gives an idea of the variance of the response between countries possibly due to electricity 
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heating (standard error in parentheses): AR1: coeff.=0.034 (0.0047); LDV: coeff.=0.0048 

(0.0017).   

 

4.3 Implications 

The results give some support for the use of age-variables as a means to represent the effects 

that demographic change has on per capita residential electricity consumption. Due to the 

somewhat different results in the models and samples estimated, it is difficult to draw definite 

conclusions about how the whole population age-structure affects electricity consumption. 

What can be said with some certainty based on the results is that an increase of the share of 

elderly in population has the largest positive effect on residential electricity consumption and 

that the other age-groups have lower but significant positive effects. This emphasises the 

importance of looking at the whole population age-structure when analysing the effects of an 

ageing population, since the estimated responses are assumed to work both ways (i.e. a 

decrease in a group will have a reducing effect on per capita consumption).  

Population projections can be used to analyse the effects of future population 

structures. For example, the prognosis for the year 2030 for Sweden is a total population 

increase of 8.2% compared to the year 2010, with the following changes in population 

structure: 0-19 yr. +0.12% points; 20-29 yr. -1.37% points; 30-49 yr. -1.75% points; 50-64 yr. 

-1.23% points; and 65+ yr. +4.23% points (Eurostat, 2013i). Based on the results in Table 2 

for the significant age-variables AGE2029 and AGE65+, and using the estimated combined 

effect of the middle-aged groups given by the variable AGE3064 (Table A4 in the Appendix), 

the change in population structure would alone generate a net increase in average per capita 

electricity consumption of 10% in the AR1 model and 5% in the LDV model. This shows that 

the effect of the large increase in the elderly group is not offset by the reductions in the other 

age-groups. The corresponding effects on total residential consumption (including the effect 

of population growth in addition to the changed population structure) are an increase of 19.4% 

in the AR1 model and 13.6% in the LDV model. This can be compared to the case of 

population growth with unchanged population structure, which would give an increase in total 

consumption of 8.2% (equal to the total population growth). An extension to a complete 

prognosis of future consumption requires prognosis data on all the included variables in the 

chosen model, and is outside the scope of this paper.  
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The sometimes statistically insignificant and contrary results for the HS and DWS variables 

indicates that data on average population values for these variables are less important and that 

age-variables could be used to represent demographic effects instead (regressions without the 

age-variables included did not change the results on HS and DWS to any relevant extent). This 

is encouraging for future studies of electricity consumption, since data on age-structure is 

widely available for long time-series and many countries. In contrast, household composition 

statistics are mostly limited to survey data for specific years and countries. Without being 

restricted to available data for HS and DWS, a natural extension of the research in this study is 

to construct a larger data set with more countries and longer time-period. Aggregate 

approaches such as the one used here should however be complemented by micro-studies 

based on survey data, since aggregate analyses can only give hints about the processes 

occurring at the micro level. It is important to remember that the results of the econometric 

models represent an average of the demand responses in the included countries. This means 

that country specific responses can be different due to local circumstances. The results should 

therefore be viewed as general indicators of the direction and size of responses. The subject 

requires further study at the micro level to increase the certainty of the results and the extent 

to which they may vary between countries. 

 

5. Conclusions 
This paper has analysed the relationship between population age-structure and residential 

electricity demand. It has argued that different age-groups have different effects on the 

average per capita consumption, and that the population age-structure will therefore influence 

the level of aggregate electricity demand for the residential sector. The relationship between 

age and consumption was argued to be caused by the demographic characteristics associated 

with different age-groups, such as household size, dwelling size, capital stock, and appliance 

utilisation. The concept of Family Life-Cycle stages was used as a framework for explaining 

differences between age-groups. Two econometric models were applied to estimate a demand 

function using a panel data set of 15 OECD countries over 27 years.  

 The results show that the population share of the young (20-29 yr.) and elderly (65+ 

yr.) age-groups have a statistically significant and large effect on the average per capita 

residential electricity consumption. Both have positive effects on consumption, with the 

elderly group having the largest effect. The middle-aged groups (30-49 yr. and 50-64 yr.) do 
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not have consistent and significant effects across the estimated models, but aggregating the 

two groups into one shows that the age-group 30-64 yr. does have a positive and statistically 

significant effect. A larger data set may give more specific information on the separate effects 

of these variables.  

The results have implications for predicting the effects of future population structures 

on residential electricity demand. A simple example for Sweden shows that the projected 

population age-structure for 2030 would, in its own, increase the average per capita 

consumption by around 5-10% compared to the unchanged age-structure of 2010. This is due 

to the large projected increase of the share of elderly in the population (+4.2% points). Many 

western societies face large changes in population age-structure over the coming decades, 

mainly an ageing of the population. This emphasises the importance of knowledge about the 

consumption levels of different age-groups. Besides predicting future demand, the results are 

also relevant for energy efficiency policies directed at households since it indicates the effects 

that different age-groups have on aggregate residential electricity consumption. The aggregate 

results derived in this study should be complemented by more studies at the micro level to 

increase our knowledge about the consumption of different age-groups. The effects of the 

middle-aged groups particularly call for more study.  
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Appendix 

Table A1: Correlation coefficients for explanatory variables (as defined in Equation 1) 

 
GDPcap PE PG PF HS DWS AGE2029 AGE3049 

GDPcap 1 -0.07 -0.22 -0.02 -0.55 0.4 -0.3 0.43 

PE  -0.07 1 0.76 0.41 0.15 0.17 -0.03 0.16 

PG -0.22 0.76 1 0.06 0.35 0.03 0.16 0.17 

PF -0.02 0.41 0.06 1 -0.09 -0.09 -0.36 -0.06 

HS -0.55 0.15 0.35 -0.09 1 0.18 0.57 -0.47 

DWS 0.4 0.17 0.03 -0.09 0.18 1 0.23 -0.04 

AGE2029 -0.3 -0.03 0.16 -0.36 0.57 0.23 1 -0.37 

AGE3049 0.43 0.16 0.17 -0.06 -0.47 -0.04 -0.37 1 

AGE5064 0.06 0.41 0.18 0.38 -0.37 -0.24 -0.58 0.09 

AGE65 0.42 0 -0.32 0.18 -0.54 0.12 -0.43 0.23 

HDD 0.25 -0.75 -0.77 -0.17 -0.56 -0.28 -0.25 0.04 

URBAN 0.32 0.22 -0.01 0.06 -0.3 0.32 -0.27 0.04 

 
AGE5064 AGE65 HDD 

     AGE5064 1 0.24 -0.01 
     AGE65 0.24 1 0.18 
     HDD -0.01 0.18 1 
     URBAN 0.17 0.41 0.07      

 

Table A2: Fixed effects for sample a 

Country code AR1 LDV 
 Coefficient p-value Coefficient p-value 

BE 4.94*** .0000 -0.17 .4759 

CA 0.76*** .0000 0.10*** .0000 

CH 0.25*** .0000 0.02 .2993 

DE 0.00 .9525 0.02 .3815 

DK 0.13*** .0021 0.01 .5957 

ES -0.63*** .0000 -0.02 .3481 

FI 0.61*** .0000 0.10*** .0000 

FR 0.10** .0420 0.04*** .0097 

HU -0.41*** .0000 0.04 .2438 

JP 0.01 .8951 0.01 .4028 

NL -0.25*** .0000 -0.01 .3185 

NO 1.26*** .0000 0.18*** .0000 

NZ 0.43*** .0000 0.07*** .0004 

SE 0.73*** .0000 0.14*** .0000 

US 0.73*** .0000 0.09*** .0000 
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Table A3: Estimation results for smaller sample with HDD variable (sample b) 

Variable AR1 LDV 
 Coefficient p-value Coefficient p-value 

ln GDPcap 0.038 .5569 0.018 .5264 

ln PE -0.067*** .0013 -0.0075 .5446 

ln PG -0.019 .2474 -0.0065 .5485 

ln PF 0.0057 .6192 0.016** .0394 

ln HS 0.11 .6370 -0.16** .0482 

ln DWS 0.56*** .0001 0.0003 .9941 

ln HDD 0.16*** .0000 0.13*** .0000 

URBAN 0.0073*** .0004 0.0024*** .0001 

AGE2029 0.030*** .0000 0.0051** .0220 

AGE3049 0.030*** .0002 0.0091*** .0034 

AGE5064 0.013 .2497 0.0093** .0175 

AGE65+  0.044*** .0000 0.020*** .0000 

T 0.013*** .0009 -0.0038*** .0009 

ln yt-1 - - 0.851*** .0000 

Common 
intercept 

2.22** .0227 -0.97** .0169 

 

Table A4: Estimation results with three age-groups 

Variable AR1 LDV 
 Coefficient p-value Coefficient p-value 

ln GDPcap 0.029 .4920 0.069*** .0006 

ln PE -0.070*** .0000 -0.044*** .0000 

ln PG -0.044*** .0002 0.0069 .2779 

ln PF 0.0090 .2960 -0.001 .8450 

ln HS 0.1032 .4913 0.089 .1159 

ln DWS 0.4155*** .0000 -0.017 .5180 

ln HDD - - - - 

URBAN 0.0045*** .0038 0.0020*** .0000 

AGE2029 0.0296*** .0000 0.0035** .0236 

AGE3064 0.0081 .1231 0.0043** .0261 

AGE65+  0.0365*** .0000 0.0049*** .0045 

T 0.0147*** .0000 -0.001 .5531 

ln yt-1 - - 0.882*** .0000 

Common 
intercept 

4.98*** .0000 -0.153 .5336 
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Table A5: Estimation results for LDV model estimated with OLS and PCSE without fixed 

effects, sample b 

Variable LDV (OLS/PCSE) 
 Coefficient p-value 

ln GDPcap 0.049*** .0089 

ln PE -0.035** .0117 

ln PG -0.0038 .2852 

ln PF 0.013* .0990 

ln HS 0.18*** .0000 

ln DWS -0.064*** .0040 

ln HDD 0.044** .0266 

URBAN 0.0013*** .0003 

AGE2029 0.0006 .8177 

AGE3049 0.0033 .2560 

AGE5064 0.0018 .5750 

AGE65+  0.0074*** .0005 

T -0.0008 .3788 

ln yt-1 0.941*** .0000 

Common 
intercept 

-0.69*** .0076 

 

 

 

 

 

 

 

 








