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A B S T R A C T   

The German regulatory framework for gas transmission system operators features a regular efficiency bench-
marking that aims to identify inefficient cost components and reduces the allowed revenues accordingly. Using a 
broad range of data envelopment analysis simulations based on the regulator’s data and methodology, this paper 
identifies problems and potential side effects arising from the efficiency benchmarking. We find that the 
benchmarking results are highly sensitive to the selection of relevant cost drivers and hence may not reflect true 
efficiency for all network operators. In its current form, the benchmarking creates incentives to game the system 
and to favour physical network expansion over optimising network usage, which is undesirable given the un-
certain demand outlook for gas networks. In addition, companies can face disincentives to forego specific types of 
expansion projects, which increases misallocation risks. As a remedy, we suggest to account for misspecification 
risks and reduce the scope for gaming behaviour when defining and selecting cost driver variables. In addition, 
network usage should be reflected in benchmarking specifications and regulator-approved network expansions 
that reduce the efficiency score due to properties of the underlying statistical method could be exempted from the 
benchmarking procedure.   

1. Introduction 

Natural gas networks are usually classified as natural monopolies 
due to large fixed costs and the fact that the capacity of a pipeline in-
creases faster in the diameter than its cost (Kahn, 1988; Slade et al., 
1993). Their increasing returns to scale can be formally derived from 
engineering principles (Massol, 2011; Yépez, 2008) and are supported 
by empirical studies (Gordon et al., 2003). To prevent abuse of their 
natural monopoly position, for instance in the form of excessive pricing, 
natural gas networks are therefore subject to substantial regulation in 
virtually all European countries (Council of European Energy Regula-
tors, 2021). Such regulation often includes unbundling networks from 
potentially competitive segments, allowing for non-discriminatory ac-
cess and regulating prices to ensure that they are cost-reflective (Jos-
kow, 1997). The simplest form of revenue regulation would be to set 
allowed revenues equal to the network operators’ incurred costs plus an 
adequate rate of return. However, this approach would provide no 
incentive for cost reductions (Joskow and Schmalensee, 1986). 

In Germany, the regulatory framework for gas transmission system 
operators (TSOs) addresses this issue by two measures. First, it imposes a 

revenue cap based on the costs incurred in a base year for a regulatory 
period of five years, which is updated annually to reflect changes in 
inflation and sectoral productivity. Due to this temporary decoupling of 
allowed revenues from actual costs called “regulatory lag”, cost re-
ductions become profitable (Jamasb et al., 2004; Sweeney, 1981) until 
they are passed on to network customers at the next reset of the revenue 
cap. 

Second, an efficiency benchmarking compares the ratio between 
selected “outputs”, i.e. network characteristics, and network costs across 
the full sample of German gas TSOs. For network operators with rela-
tively low output-cost ratios, the revenue cap is reduced proportionally 
over the course of the regulatory period such that costs deemed “inef-
ficient” can no longer be recovered via network tariffs. The bench-
marking procedure is conducted at the beginning of each regulatory 
period and is currently being carried out for the upcoming 4th regulatory 
period (2023–2027) using data for the 2020 base year (Bundesnetza-
gentur, 2021). 

Such a benchmarking-based incentive regulation to induce cost ef-
ficiency is most popular in Europe, but has also been adopted by regu-
lators in Latin America and Australasia (Agrell and Niknazar, 2014; 
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Haney and Pollitt, 2013). However, there is considerable concern about 
the reliability of such benchmarking procedures as well as the unin-
tended side effects that efficiency benchmarking can have on the 
behaviour and profitability of regulated firms (Agrell and Teusch, 2020; 
Jamasb et al., 2003, 2004; Shuttleworth, 2005). This paper discusses 
problems associated with or arising from the efficiency benchmarking of 
German gas TSOs. By using the German regulator’s official data and 
methodology from the last benchmarking procedure, we simulate the 
outcome under alternative specifications and selected scenarios to pro-
vide evidence that the current methodology produces highly sensitive 
results and provides adverse incentives to strategically adjust or forego 
network expansion measures. Our findings are relevant for the potential 
overhaul of the German energy network regulation that might result 
from an ongoing infringement procedure by the European Commission,1 

as well as for other jurisdictions and industry sectors with similar reg-
ulatory benchmarks, particularly electricity and gas networks in Europe. 

The outline of this paper is as follows: Section 2 reviews the previous 
literature on regulatory benchmarking and its potential side effects 
while Section 3 and Section 4 describe the underlying methodology and 
data for our analyses. Section 5 presents and discusses our findings and 
Section 6 concludes by summarising policy implications and identifying 
potential ways forward. 

2. Literature review 

Asymmetric information between the regulator and the individual 
firm regarding the company’s cost structure and efforts represents the 
main challenge when regulating natural monopolies (Baron and Myer-
son, 1982; Laffont and Tirole, 1986). Early regulatory approaches have 
focussed on allowing the recovery of regulator-screened costs plus an 
appropriate rate of return (Vogelsang, 2002), which can have the side 
effect of incentivising firms to inflate their asset base and to become 
inefficiently capital-intensive (Averch and Johnson, 1962). Introducing 
a regulatory lag until allowed revenues are adjusted to cost changes 
provides an incentive for efficiency improvements, particularly if reve-
nue adjustment lags by multiple years (Baumol and Klevorick, 1970). 
However, it also causes regulated firms to shift as many expenditures as 
possible into the base year, increasing the need for in-detail screening by 
regulators (Hellwig et al., 2020), and might provide incentives to cut 
costs at the expense of output quality and innovation (Agrell et al., 2005; 
Vogelsang, 2002). 

Benchmarking, which follows the idea of making a company’s 
remuneration dependent on the performance of its peers (Shleifer, 
1985), intends to provide additional incentives to reduce costs while 
maintaining output quality and quantity (Bogetoft and Otto, 2011; 
Hellwig et al., 2020; Lowry and Getachew, 2009). By determining the 
most efficient relationship between inputs and outputs using firm data, a 
range of statistical methods can be used to evaluate each firm’s distance 
to said efficiency frontier (Aigner, 1968; Aigner et al., 1977; Charnes 
et al., 1978; Kuosmanen and Kortelainen, 2012). These methods are 
nowadays applied by many regulators in Europe and other jurisdictions 
(Agrell and Niknazar, 2014; Haney and Pollitt, 2013; Jamasb and Pollitt, 
2001; Pessanha and Melo, 2021). 

Like other regulatory mechanisms, however, benchmarking might 
have unintended side effects. The risk of invalid efficiency scores de-
creases the predictability of returns and hence can reduce the willing-
ness to invest (Dixit and Pindyck, 1994), particularly if an erroneously 
low score leads to a de facto appropriation of regulator-approved returns 

(Haney and Pollitt, 2013). Therefore, poor data quality and methodo-
logical shortcomings can offset the theoretical benefits of benchmarking 
(Lowry and Getachew, 2009). Certain costs can be misclassified as in-
efficiencies if their underlying driver is not properly captured in the 
benchmarking model’s specification, making model selection a key 
challenge (Jamasb et al., 2008; Shuttleworth, 2005). Similarly, heter-
ogenous external conditions or technologies that are not captured by the 
model can limit the validity of results (Agrell and Brea-Solís, 2017). A 
particular challenge in the transmission sector is the low sample size, 
with many countries having only one TSO for natural gas and electricity 
respectively (Haney and Pollitt, 2013). This reduces the robustness of 
results and the number of variables that can be included in model 
specifications due to dimensionality issues (Shuttleworth, 2005). 
Therefore, best practices require dealing with uncertainties and using 
sufficiently large samples (Haney and Pollitt, 2011). 

Moreover, benchmarking can also provide adverse incentives to 
obtain illusory efficiency gains on paper that do not improve actual ef-
ficiency (Jamasb et al., 2003). Such measures can either result in a mere 
welfare transfer from network customers or other regulated firms to the 
company in question or cause actual welfare losses due to socially inef-
ficient resource allocations (Jamasb et al., 2004). Conclusive evidence 
on incentives for such behaviour, however, is sparse, primarily limited 
to strategic mergers and acquisitions in the US and Norway, and partly 
based on data for companies that are not actually subject to bench-
marking (Agrell and Teusch, 2020; Jamasb et al., 2004). 

This paper extends the previous literature in three ways. First, our 
analysis relies on the actual benchmarking data and methodology of the 
2015 German gas TSO benchmarking, which provides a more solid 
foundation to explore specification and sensitivity issues as well as 
gaming incentives under actual regulatory frameworks. Second, to the 
best of our knowledge this study is the first to investigate how bench-
marking procedures can provide adverse incentives to improve effi-
ciency scores by re-dimensioning or even foregoing network expansion 
projects. Third, by focussing on Germany, which is not only the largest 
economy in Europe (where benchmarking is most prevalent), but also 
considered as a methodological frontrunner in benchmarking efforts 
(Agrell and Bogetoft, 2017; CEER and SUMICSID, 2019), our results 
address the current state of benchmarking and are relevant for designing 
a modern and effective regulatory framework for energy networks. 

3. Methodology 

Throughout this paper, we apply the same methodology as the 
German Federal Regulatory Network Agency (Bundesnetzagentur) and 
its consultants in their latest efficiency benchmarking of gas TSOs for the 
current (3rd) regulatory period, which runs until 2022 (Swiss Economics 
et al., 2018). The remainder of this section provides a general intro-
duction to the data envelopment analysis (DEA) used by the regulator, 
and additional specifics about its application in Germany. 

3.1. Data envelopment analysis 

DEA constructs a piece-wise linear envelope around the empirically 
observed combinations of inputs (costs) and outputs (network charac-
teristics). As a non-parametric method, DEA generally does not assume a 
specific relationship between the m different input variables x and the k 
different outputs y (Charnes et al., 1978; Coelli et al., 2005). Instead, the 
production possibilities set T = {(x, y) ∈ Rm

+ ×Rk
+

⃒
⃒x can produce y} is 

only assumed to satisfy three conditions (Bogetoft and Otto, 2011): 1) 
Unrequired inputs and outputs can be freely discarded. 2) The weighted 
average of two feasible input-output combinations is also feasible, i.e. T 

1 Among other things, the European Commission argues that Germany’s 
detailed government ordinances, such as the IRO, restrict the regulatory 
agency’s independence. While as of early June 2021, the procedure is still 
pending at the European Court of Justice, the court’s advocate general has 
largely supported the claims brought forward by the European Commission 
(Pitruzzella, 2021). 
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is a convex set. 3) Production follows certain returns to scale, for 
instance constant or increasing returns.2 Based on these conditions, DEA 
solves the following optimization problem for each firm i separately 
(Bogetoft and Otto, 2011): 

max
ui ,vi ,φ

v′

iyi + φ
u′

ixi

s.t.
v′

iyj + φ
u′

ixj
≤ 1 ∀ j = 1,…,N

φ ∈ Φ(rts)

Here, ui and vi are two weight vectors of the different input and 
output variables with length m and k respectively, 

where 
ui’xi = 1. N is the overall sample size, and Φ(rts) is a set of numbers 

that depends on the returns to scale assumed.3 Now consider the case of 
constant returns to scale where φ = 0 (Bogetoft and Otto, 2011). Then 
DEA chooses the weights such that firm i’s efficiency score ei = (v′

iyi)/

(u′

ixi), i.e. its weighted output-input ratio, is as high as possible subject to 
the constraint that the output-input ratios of any firm j with the same 
weights does not exceed one. Since this constraint also applies if i = j, it 
must hold that ei ≤ 1. 

Fig. 1 provides a more intuitive illustration of efficiency scores 
returned by DEA. Firms with the best output-input ratios define the ef-
ficiency frontier and are assigned a score of 100% while the assumed 
inefficiency of the remaining firms is evaluated based on their distance 
from the frontier. Therefore, the efficiency scores range between 0% and 
100% and indicate what percentage of firm i’s inputs would be required 
at the efficiency frontier to provide the same level of outputs yi. A score 
of 100% is equivalent to “full efficiency”. 

3.2. Application in the German regulatory framework 

The German Incentive Regulation Ordinance (short: IRO, German: 
Anreizregulierungsverordnung or ARegV), which was issued in 2007 
following the work by Agrell and Bogetoft (2007), sets out in detail how 
efficiency scores are calculated.4 The IRO stipulates three subsequent 
rounds of DEA. In the first run, TSOs are classified as outliers and 
removed from the sample if their impact on the efficiency scores of the 
remaining TSOs is statistically significant which is assessed using an 
F-test procedure following Banker (1996). In the second run, TSOs are 
classified as outliers and removed from the sample if their output-cost 
ratios are far off the remainder of the sample, or, put technically, if 
their superefficiency scores (Andersen and Petersen, 1993) exceed an 

endogenous quantile-based threshold.5 According to the IRO, all outliers 
are assigned efficiency scores of 100%. The third DEA run determines 
the efficiency scores of all non-outliers. The IRO stipulates the use of 
constant returns to scale since its 2016 revision, which is somewhat at 
odds with the studies on natural gas transport discussed above. For the 
purpose of this paper, however, we stick to the IRO’s stipulations and 
fully reproduce the regulator’s approach in the last benchmarking iter-
ation in order to ensure that our findings hold in the current regulatory 
environment and are not merely a result of our own methodological 
decisions. 

With respect to model specification, the IRO provides a list of po-
tential output variables for DEA. However, selecting the output variables 
is the main area where the regulator has discretionary power. The 
benchmarking for the 3rd regulatory period included four outputs: 1) the 
number of entry and exit points of the network, 2) the total volume of its 
pipelines, 3) the total compressor power and 4) the size of the area 
supplied by the TSO (Swiss Economics et al., 2018). Pursuant to the IRO, 
the regulator performed two separate benchmarking exercises (each 
including outlier analysis) using different measures of total costs as the 
only input variable: 1) “non-standardised costs” (TOTEX) comprising 
operational expenses and imputed capital expenses (incl. imputed 
depreciation, the allowed return on capital and allowed taxes based on 
remaining book values); and 2) “standardised costs” (STOTEX) consist-
ing of operational expenses and an annuity cost based on the replace-
ment cost of the assets. The standardisation of capital expenses is 
supposed to mitigate distortions arising from different age structures 
and to increase comparability across networks. Network operators are 
assigned the higher of the efficiency scores resulting from the two 
benchmarking exercises and cannot perform worse than 60% such that 

efinal
i =max

{
eTOTEX

i , eSTOTEX
i , 0.6

}

where eTOTEX
i and eSTOTEX

i denote the efficiency score based on non- 

Fig. 1. Schematic overview of data envelopment analysis. 
Notes: This visual representation of a DEA with two outputs and one input, i.e. 
costs, is only valid if constant returns to scale are assumed, which was the case 
in the most recent benchmarking of German gas TSOs. 

2 Formally, these conditions can be expressed as follows: 1) (x,y) ∈ T⇒(x′

,y′

)

∈ T ∀ x′

≥ x,y′

≤ y, 2) (x, y) ∈ T, (x′

, y′

) ∈ T ⇒ α(x,y) + (1 − α)(x′

,y′

) ∈ T∀α ∈

[0, 1], and 3) (x, y) ∈ T, κ ∈ U⇒κ(x, y) ∈ T where U is a set depending on the 
returns to scale assumed, e.g. U = R0 for constant returns (Bogetoft and Otto, 
2011).  

3 Note that here we specify the so-called multiplier optimization problem for 
DEA because in our analysis we refer to input and output weights (see Section 
5.4). However, the so-called envelopment problem, which yields identical effi-
ciency scores but no weights for individual variables, is more common in the 
literature (Bogetoft and Otto, 2011). We only restrict our discussion to 
input-oriented efficiency, which is used by the German regulator to benchmark 
TSOs and DSOs, as opposed to output-oriented efficiency, which calculates how 
much the firm’s output could be increased at the efficiency frontier for the same 
level of inputs.  

4 The ordinance also stipulates the complementary use of stochastic frontier 
analysis, an alternative method for efficiency benchmarking (Aigner et al., 
1977), as long as the sample size is sufficient for applying this method; see § 22 
section 3 IRO. Given the limited sample size for gas TSOs, however, the regu-
lator has relied exclusively on DEA in all past regulatory periods (Swiss Eco-
nomics et al., 2018). 

5 For more technical details on the outlier criteria, we refer the reader to the 
consultancy report of the last gas TSO benchmarking procedure (Swiss Eco-
nomics et al., 2018). 
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standardised and standardised costs respectively. 

4. Data 

Our analysis builds on the actual data underlying the latest efficiency 
benchmarking for German gas TSOs which we take from two sources. 
First, the public consultancy report contains data on the two costs var-
iables and the four outputs included in the final model in anonymised 
form (Swiss Economics et al., 2018, p. 143). Second, the regulatory 
authority has temporarily published the complete data set in 
non-anonymous form, which contains 55 potential output variables for 
each of the N = 16 gas TSOs that participated in the regulatory bench-
marking for the 3rd regulatory period. 

The variables in our data cover a wide range of potential cost drivers, 
such as the total gas volume injected into or delivered via the network, 
the peak load of injections or deliveries, and the mean gas pressure. The 
data also covers exogenous characteristics of the respective network 
areas that might affect construction costs, e.g. the prevalence of different 
soil types or the slope gradient of the terrain. Data values were either 
reported by the gas TSOs directly or calculated by the regulator’s expert 
consultants using input data provided by the network operators. In 
addition, the consultants also carried out plausibility checks of the 
values reported by TSOs (Swiss Economics et al., 2018). Therefore, the 
validity of our data is likely to be relatively high compared to studies 
that compile their own data sets based on public sources (e.g. Jamasb 
et al., 2004). 

Table 1 provides descriptive statistics for the cost variables and the 
four output variables in the regulator’s final model specification. 
Additional information on the remaining 51 output variables is provided 
in Appendix A. 

5. Results and discussion 

5.1. Actual benchmarking outcome 

By using the output variables included in the regulator’s final model 
selection and following the methodology outlined in Section 3, our re-
sults fully replicate the efficiency scores in the last gas TSO bench-
marking procedure (Swiss Economics et al., 2018) and are displayed in 
Table 2. Three out of 16 TSOs are classified as “inefficient” with their 
scores ranging between 77.7% and 95.8%, while the average score 
equals 98.1%. For all TSOs, the efficiency scores based on standardised 
costs are higher than (or equal to) the scores using non-standardised 
costs. This is primarily driven by the fact that for standardised costs, 
an additional TSO is classified as an outlier and removed from the 
sample, which benefits many of the other companies (Swiss Economics 
et al., 2018). 

5.2. Sensitivity to model specifications 

The regulator included only four cost drivers as output variables in 
the benchmarking for the 3rd regulatory period and ruled out models 
featuring more variables based on a rule of thumb (Swiss Economics 

et al., 2018). According to this rule, the number of DEA outputs k should 
satisfy the condition k ≤ N/3 − 1 where N is the sample size (Banker, 
1989). For the 16 TSOs in Germany, this reduces to k ≤ 4.33. This rule is 
supposed to account for DEA’s property of potentially assigning inap-
propriately high scores in high-dimensionality contexts with small 
sample sizes and many output variables (Banker, 1993; Coelli et al., 
2005; Swiss Economics et al., 2018). 

However, the costs of gas TSOs are likely to depend on more factors 
than “allowed” by this rule, some of which are specific to the general 
location while others may even be unique to a specific network operator. 
Indeed, the regulator has used models featuring five to ten outputs for 
gas distribution system operators (DSOs) throughout the previous regu-
latory periods where the sample size was 183 in the last benchmarking 
(Bundesnetzagentur, 2015; Frontier Economics and TU Berlin, 2019). 
Therefore, omitted cost drivers might potentially bias efficiency scores 
and cause unexplained costs to be misclassified as inefficiencies (Shut-
tleworth, 2005).6 

In the benchmarking of electricity DSOs, the regulator’s consultants 
have assessed the optimal number of outputs based on the least absolute 
shrinkage and selection operator, in short “Lasso” (Swiss Economics 
et al., 2019). The Lasso adds a penalty term on the absolute value of all 
coefficients in a least squares regression model, thus excluding variables 
from the model endogenously if their contribution to lowering the re-
sidual sum of squares is not worth the additional penalty (Tibshirani, 
1996). By choosing a penalty parameter that maximises the model’s 
out-of-sample explanatory power, the Lasso can provide guidance on the 
optimal size of a restricted model. Compared to other methods of 
performance-based feature selection, the Lasso does not suffer from the 
high variability of best subset or forward selection (Breiman, 1996; 
Hastie et al., 2009), but still returns a sparse and easily interpretable 
model, albeit with the limitation that no more than N = 16 parameters 
can be selected (Zou and Hastie, 2005). Therefore, we apply this 
approach to the gas TSO benchmarking data and determine the penalty 

Table 1 
Summary statistics of the benchmarking data for the 3rd regulatory period.  

Variable (unit) Mean StDv Min Max 

Supplied area (km2) 65,903.1 102,069.7 6,443.0 400,811.6 
Compressor power (MW) 124.6 192.5 0.0 657.3 
Pipeline volume (m3) 733,418.5 979,588.5 39,200.7 3,889,715.8 
Entry and exit points (#) 236.5 370.8 2.0 1,150.0 
Standardised costs (EUR m) 117.9 151.9 14.4 607.7 
Non-standardised costs 

(EUR m) 
111.4 143.9 14.4 574.2 

Notes: The minimum value of zero for the compressor power arises because some 
TSOs do not operate compressor stations. 

Table 2 
Efficiency scores for the regulator’s model specification.   

Standardised costs Non-standardised costs Final (best-of-two) 

TSO 1 77.7% 77.1% 77.7% 
TSO 2 95.4% 94.8% 95.4% 
TSO 3 95.8% 76.2% 95.8% 
TSO 4 100.0% 63.7% 100.0% 
TSO 5 100.0% 100.0% 100.0% 
TSO 6 100.0% 100.0% 100.0% 
TSO 7 100.0% 86.7% 100.0% 
TSO 8 100.0% 87.8% 100.0% 
TSO 9 100.0% 100.0% 100.0% 
TSO 10 100.0% 65.1% 100.0% 
TSO 11 100.0% 70.5% 100.0% 
TSO 12 100.0% 100.0% 100.0% 
TSO 13 100.0% 100.0% 100.0% 
TSO 14 100.0% 100.0% 100.0% 
TSO 15 100.0% 91.4% 100.0% 
TSO 16 100.0% 100.0% 100.0% 
Average 98.1% 88.3% 98.1% 

Notes: The underlying DEA features the following output variables: pipeline 
volume (yPipevolume), entry and exit points (yPoints_num), area supplied 
(yArea_all), and compressor power (yCompressor_power_sum). 

6 Note that in addition, the accidental use of variables without a reliable, 
causal relationship to TSO costs can disguise actual inefficiencies if these var-
iables randomly correlate with costs that are not explained by the true cost 
drivers. 
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parameter by minimising the cross-validation mean squared error for 
standardised costs.7 

The left-hand panel in Fig. 2 illustrates the Lasso’s mean squared 
error for different penalty parameters and the corresponding number of 
outputs. Moving from right to left, the results show that the explanatory 
power of the model improves substantially if additional outputs are 
added. At the minimum mean squared error, the model features six 
outputs as opposed to the four outputs included in the regulator’s model. 
However, following conventional practice (Friedman et al., 2010; Hastie 
et al., 2009), we use the Lasso results for the largest penalty parameter 
whose cross-validation error exceeds the error-minimising penalty by no 
more than one standard error. This so-called one-standard-error rule 
accounts for uncertainties and is more conservative due to its tendency 
to select smaller models (Hastie et al., 2009), but also yields a model size 
of six in this case. The corresponding model features are listed in 
Table A2 in the Appendix and cover the network’s peak load, soil types, 
area supplied, and a transport moment parameter that was newly 
developed by the regulator’s consultants based on engineering consid-
erations (Swiss Economics et al., 2018). From a conceptual point of 
view, a benchmarking model should include all relevant cost drivers 
while in practice, this can lead to 100% scores for almost all firms if 
sample sizes are small. However, the average efficiency score based on 
the Lasso’s optimal specification is approximately 98% and hence not 
higher than for the regulator’s four-variable model (see Table A5 in the 
Appendix). This is primarily because under the Lasso specification, no 
TSO is classified as an outlier and therefore, the efficiency frontier does 
not shift inwards due to removal of individual firms from the sample. 

The cross-validation used to calculate the out-of-sample error relies 
on randomly splitting the data into different folds. This means that cross- 
validation results can change over different random paths. To ensure 
that our results are robust, we re-calculate the optimal model size ac-
cording to the Lasso for 10,000 Monte Carlo simulations.8 As the right- 
hand panel of Fig. 2 shows, the optimal model size has a median of seven 
outputs and ranges up to 14 for some Monte Carlo runs. This variation 
shows that the Lasso struggles to provide robust answers regarding the 
exact specification given the small sample size. However, a model with 
less than six variables is never identified as optimal, suggesting that the 
maximum model size of four output variables imposed by the regulator 
might not reflect all relevant cost drivers. Indeed, if we select the 
optimal Lasso penalty parameter based on non-standardised costs 
instead, the resulting eight-variable specification differs to some extent, 
but the selected model size has a median of seven across Monte Carlo 
simulations and always exceeds four (see Table A4 and Figure A1 in the 
Appendix). Notably, all three TSOs deemed “inefficient” by the regula-
tor’s model obtain scores of 99.7% or higher under the two Lasso 
specifications although average efficiency does not increase compared 

to the regulator’s four-variable model (see Table A5 and Table A6). The 
Lasso’s variation across Monte Carlo runs and its mere reliance on 
explanatory power without any top-down considerations (Swiss Eco-
nomics and SUMICSID, 2019) warrant against taking particular effi-
ciency scores at face value. However, these results still suggest that some 
of the “inefficiencies” as determined by the benchmarking model may 
result from omitting cost drivers. 

For the 3rd regulatory period, the regulator’s external consultants 
narrowed the possible DEA specifications down to three potential 
models based on statistical and engineering criteria. Subsequently, the 
final model described in Section 3.2 was selected among the three 
candidates, citing consistency with previous regulatory periods as a 
primary reason. Fig. 3 shows the range of resulting efficiency scores for 
each TSO across these three specifications as well as across all 39 
specifications explicitly mentioned in the report, which are listed in 
Appendix A. The efficiency scores vary considerably as the standard 
deviation across models for the average TSO equals 9.8 percentage 
points, i.e. roughly a quarter of the possible value range between 60% 
and 100%. Six out of 16 gas TSOs reach the minimum score of 60% in at 
least one specification, meaning that according to the respective model, 
they could achieve the same combination of outputs at 60% of their 
actual costs. For the average TSO, this would imply cutting their costs by 
about EUR 45 million per year. Almost all specifications would have 
resulted in a lower average score than the final model (see Table A.7 in 
the Appendix), which is unsurprising because a high average efficiency 
score was one of the consultants’ selection criteria. However, Fig. 3 il-
lustrates that for the “inefficient” TSOs 1 and 2, more than half of the 
specifications would have resulted in higher scores than the regulator’s 
final selection. In fact, the score distribution of TSO 2 across all 39 
models is higher than for most of the TSOs that obtained a 100% score 
for the 3rd regulatory period. 

The top three specifications alone show a range of over ten per-
centage points for nine TSOs. It is important to note that the final model 
for the 3rd regulatory period was actually outperformed by the other two 
specifications in some categories such as statistical properties, robust-
ness to regulatory gaming or coverage of relevant dimensions of a net-
work’s supply function (Swiss Economics et al., 2018, p. 110). If a 
different expert had weighed those aspects greater and hence picked one 
of these models instead, the results of the benchmarking process would 
have differed fundamentally. In particular, the average efficiency would 
have dropped from 98.1% to either 95.5% or 90.3%. 

This illustrates that subjectivity and chance can impact the bench-
marking results significantly, making the efficiency scores imperfect 
measures of true inefficiency at best. This does not only entail the risk of 
unwarranted revenue cuts but is also problematic for incentives. If TSOs 
do not trust that the benchmarking will reveal true inefficiencies, the 
benchmarking sets a weaker incentive for efficient behaviour.9 More-
over, the sensitivity of the benchmarking results illustrated in Fig. 3 
introduces uncertainty, increasing the cost of capital to be paid by 
network users. Notably, the current best-of-two procedure does not 
protect companies against misspecification risks because the models for 
standardised and non-standardised costs feature the same output 
variables. 

5.3. Incentive to optimise on model outputs 

Using only four outputs implies that all cost-increasing corporate 
actions have a negative effect on the efficiency score unless they increase 

7 In order to do so, we demean and standardise all variables in the data to 
ensure that Lasso penalises all variables consistently and use three-fold cross- 
validation. Note that we use standardised costs because according to the IRO 
interpretation of the regulator’s expert consultants, they are more important for 
variable selection than non-standardised costs (Swiss Economics et al., 2018). 
They also increase the comparability of cost values between TSOs by accounting 
for variations in capital expenditures due to different degrees of depreciation 
(CEER and SUMICSID, 2019). We additionally provide results based on 
non-standardised costs for robustness checks. An alternative feature selection 
method that overcomes the Lasso’s limitation to at most N variables and its 
reliance on a specific functional form is recursive feature elimination (Guyon 
et al., 2002) using a random forest of regression trees (Breiman, 2001). Random 
forests are non-parametric and can consider many variables even for small 
sample sizes. While we explore this approach, the resulting optimal models 
exhibit very high cross-validation errors compared to the Lasso, presumably 
due to the learner’s large variance in small samples (see Figure A2 in 
Appendix A).  

8 To ensure the robustness of our results further, we also draw the number of 
cross-validation folds with equal likelihood from three to five. 

9 Note that even if incentives for efficient behaviour under the current 
methodology are weakened, there could still be a dynamic incentive if TSOs 
expect that these shortcomings will be addressed and solved in future bench-
marking procedures. However, the German regulator and their consultants have 
repeatedly stressed the benefits of methodological continuity, which reduces 
the potential for such dynamic incentives. 
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at least one of these outputs. Therefore, companies face an incentive to 
maximise those four outputs specifically, potentially at the expense of 
other issues. An example for such strategic behaviour under the chosen 
model is to increase the output variable “area supplied” by swapping 
assets with other TSOs such that the area supplied of each TSO increases 
in a cost-neutral way or by joining a mutual pipeline project. The EUGAL 
pipeline, which was partially commissioned in January 2020 (Czecha-
nowsky, 2019), is likely to have such an effect. The project is jointly 

realised by four TSOs and hence increases the output variable “area 
supplied” of all participant TSOs if their network does not cover the 
EUGAL’s terrain already. For TSO 4, we estimate that the pipeline 
project increases the area supplied about ninefold given the regulator’s 

Fig. 2. Lasso results for the gas TSO benchmarking 
data using standardised costs. 
Notes: The left-hand panel shows the resulting cross- 
validation mean squared error for the Lasso model 
using the respective value of the penalty parameter 
for our default random seed. The black vertical 
dashed line denotes the parameter value that mini-
mises the cross-validation error, the grey line the 
value under the one-standard-error rule. The numbers 
denoted above the points in the left-hand panel 
illustrate the number of outputs included in the 
respective Lasso model. Numbers are only displayed if 
the number of outputs changes moving from right to 
left, i.e. all the points between 13 and 12 on the left 
end of the chart feature 12 outputs. The right-hand 
panel illustrates the optimal model size under the 
one-standard-error rule, which equals six in the left- 
hand chart, over 10,000 different random seeds.   

Fig. 3. Sensitivity of efficiency scores to alternative model specifications considered for the 3rd regulatory period. 
Notes: The left-hand panel illustrates the efficiency score distribution across all 39 specifications mentioned in the benchmarking expert report for the 3rd regulatory 
period, the right hand panel the scores across the top three selected models (for specification details, see Table A.7). Error bars in both chart panels range from the 
minimum to the maximum efficiency score. 
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previous methodology to determine this parameter.10 However, cus-
tomers do not necessarily benefit from such co-ownerships compared to 
a scenario in which the project’s leading TSO was constructing and 
operating the full pipeline without any co-owners. Therefore, such 
ownership structures or asset swaps, if rewarded by the benchmarking 
procedure, may result in a welfare transfer from customers to network 
operators (Jamasb et al., 2004). 

Even more worrisome from a welfare perspective is the incentive for 
TSOs to strategically adjust the shape and dimensions of new in-
vestments to improve their benchmarking scores. Due to increasing 
returns to scale, a higher pipeline diameter implies a better pipeline 
volume-to-cost ratio, which is a key determinant of the efficiency score 
in the regulator’s benchmarking model. Therefore, large pipelines such 
as OPAL, NEL or EUGAL (all with a diameter of 1400 mm) inevitably 
outperform smaller pipelines in the benchmarking model. This provides 
an incentive for TSOs to build large pipelines, even when this may not be 
technically warranted or optimal from a societal point of view. We 
demonstrate this incentive by modelling the first string of the EUGAL 
pipeline, which is operated by four TSOs, as a standalone project com-
pany entering the 2015 efficiency benchmarking data as a 17th TSO. 
Using the pipeline cost estimates provided in the German Network 
Development Plan 2018 (FNB Gas, 2019), we estimate the pipeline’s 
total investment expenditure and the resulting standardised and 
non-standardised regulatory costs for varying diameters (Appendix B 
provides a detailed description of our methodology). Fig. 4 shows the 
results. 

For its actual diameter of 1400 mm, the first EUGAL string achieves 
an efficiency score of 100% due to its high ratio of pipeline volume to 
standardised costs. If, however, the diameter equalled 1200 mm or 1000 
mm, the resulting efficiency score would decrease to 94.2% and 77.4%, 
respectively.11 To provide a monetary estimate of these implications, we 
model the revenues of the pipeline over an asset lifetime of 55 years if 
the resulting 2015 efficiency score were to be held constant over time 
(see Appendix B for methodological details). Our calculation suggests 
that the pipeline would earn total revenues of EUR 4.7 billion for its 
actual diameter of 1400 mm, compared to only EUR 3.6 billion for a 
diameter of 1200 mm. The difference in lifetime revenues can be dis-
aggregated into two components, as illustrated by Fig. 5. First, the lower 
diameter reduces the investment expenditures for the pipeline string and 
thus the allowed revenue cap of the TSO, which accounts for a EUR 1.0 
billion decrease in lifetime revenues. Second, the lower efficiency score 
of 94.2% for a 1200 mm diameter reduces the cost recovery of the initial 
investment and leads to a revenue loss of over EUR 0.1 billion over the 
asset lifetime. Note that unlike the first component, there is no corre-
sponding reduction in the company’s actual costs and hence the second 
component directly affects the TSO’s operating profits. 

These results imply by no means that the EUGAL’s actual diameter is 
not technically and economically warranted. They show, however, that 
even if a smaller pipeline would have been sufficient to meet demand, 
building the pipeline with a diameter below 1400 mm would have had 
implications on the efficiency score that are detrimental to business 

interests. Conversely, if the network in fact only required a 1200 mm 
pipeline, the TSO would still face a strong incentive to build the pipeline 
at 1400 mm in order to avoid benchmarking-related reductions of 
allowed revenues. Such behaviour, however, would result in a misallo-
cation of resources and hence in welfare losses. 

Regulatory benchmarking intends to increase cost efficiency and to 
avoid overcapitalisation (Bundesnetzagentur, 2015). Yet, the choice of 
outputs for the gas TSO benchmarking provides incentives to oversize 
the network. This is the case because all four outputs, i.e. pipeline vol-
ume, network points, area supplied and compressor power, capture the 
mere dimension of the network and disregard the actual usage. There-
fore, the benchmarking rewards networks with larger pipelines and 
compressor stations even if those assets are partially idle or even obso-
lete. In contrast, measures that allow using the existing capacities more 
efficiently such as flow commitments or other market-based instruments 
do not affect the dimensions of the network but increase costs, which 
reduces the efficiency score.12 Indeed, market participants have raised 
this issue in the consultation process for the next benchmarking pro-
cedure (Initiative Erdgasspeicher, 2020). 

If the need for gas transport infrastructure were to rise in the future, 
incentives towards larger assets and network expansion could poten-
tially help to build ahead of demand and increase welfare (Perrotton and 
Massol, 2020). However, the pursuit of ambitious energy and climate 
goals could make such a development less likely, particularly if gaseous 
energy carriers play minor roles in decarbonisation pathways. While the 
recent hydrogen strategies by the German government and the European 
Commission suggest that those energy carriers and hydrogen in partic-
ular are pivotal for the ongoing energy transition (Bundesministerium 
für Wirtschaft und Energie, 2020; European Commission, 2020), it is far 
from clear how the required infrastructure will be developed, financed 
and regulated (Bundesnetzagentur, 2020). The current uncertainty 
about optimal pathways to meet the German climate goals directly 
translates into considerable uncertainty about the future demand for gas 
and thus gas transport infrastructure, as illustrated in Fig. 6. Economic 
theory suggests that delaying irreversible investment decisions can be 
optimal if future benefits are uncertain and the possibility of learning 
over time exists (Arrow and Fisher, 1974; Dixit and Pindyck, 1994). In 
contrast, a regulatory mechanism that favours expansion over more 
efficient usage could contribute to infrastructural lock-in effects which 
pose a challenge to meeting the Paris goals (Tong et al., 2019). 

5.4. Areas of conflict between benchmarking and network planning 

DEA attributes very low or zero weights to outputs for which the TSO 
under consideration exhibits a relatively low output-cost ratio. How-
ever, this implies that changes to these outputs will have little or no 
impacts on the efficiency score which weakens the incentive to increase 
these parameters. In the official benchmarking, two of the three gas 
TSOs deemed “inefficient” had a weight of zero on the pipeline volume 
parameter, as illustrated by Fig. 7. Even if these two TSOs had con-
structed an additional 5% of their overall pipeline volume at zero cost, 
their efficiency scores had remained constant. If they had built the same 
pipeline volume at the best volume-to-cost ratio in the TSO sample,13 

their benchmarking scores would have decreased by 1.2 and 2.9 per-
centage points, respectively. Meanwhile, the same 5% cost-free increase 

10 Pursuant to the parameter definition in the benchmarking report for the 3rd 

regulatory period (Swiss Economics et al., 2018), we calculate the area supplied 
as the convex hull around all network assets. Based on public maps, we estimate 
the latitude-longitude coordinates defining the convex hull of TSO 4, rounded 
to three digits, as {(52.609, 8.488), (53.011, 9.053), (53.310, 9.649), (54.142,
13.632)}, which correspond to locations close to Rehden, Achim, Heidenau and 
Lubmin respectively. The relevant coordinates of the EUGAL pipeline are pro-
vided in Appendix B. The estimated joint convex hull of TSO 4 and the EUGAL 
pipeline covers an area supplied of 81,362 km2 compared to TSO 4’s 8659 km2 

in the official 2015 benchmarking data.  
11 Note that the drop in the EUGAL’s efficiency score between a 1200 mm and 

a 1000 mm diameter is somewhat exacerbated by the fact that TSO 12 is no 
longer classified as an outlier for standardised costs. See Table A9, Table A10 
and Table A11 in Appendix A for the complete DEA results. 

12 For an overview of currently discussed market-based instruments, particu-
larly against the background of the German market area convergence, see FNB 
Gas (2021). Note that we do not mean to suggest that usage-related output 
variables are preferable to dimension-related variables per se. In fact, if all four 
outputs focused on usage instead, TSOs might face an adverse incentive to 
reduce safety cushions in their capacity, which are required to meet peak 
demand.  
13 93.9 EUR per m3 by TSO 11 for standardised costs and 85.7 EUR per m3 by 

TSO 14 for non-standardised costs. 
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in their area supplied, a parameter with relatively high output weights 
for both companies, would have increased their scores from 77.7% to 
79.9% (2.2 percentage points) and 95.4% to 96.9% (1.5 percentage 
points), respectively. Note that a given combination of additional costs 
and outputs having heterogenous effects on different firms is a specific 
property that follows from DEA’s foundations (see Section 3.1) and not a 
general property of all statistical benchmarking methods, such as 
regression-based approaches. 

These results demonstrate that the benchmarking procedure creates 
lock-in effects and can disincentivise certain investments which are 
structurally different from the existing network. TSOs 1 and 2 are being 
disincentivised from building pipelines that do not add to outputs other 
than pipeline volume, while constructing compressor stations might 
deteriorate the score of TSO 3. Note that in the previous section, we have 
discussed the bias of favouring network expansion over increasing usage 
efficiency in general whereas the lock-in effect discussed here creates 
distortions by making some network expansions less attractive to TSOs 
than others. However, both effects have in common that efficiency score 

concerns can lead to resource misallocations. 
The best-of-two procedure between the models with standardised 

costs and non-standardised costs can create further lock-in effects. Fig. 8 
shows how the estimated non-standardised and the standardised costs 
(ignoring operational expenditures) develop over the life of the 1st 

EUGAL string. Non-standardised costs decrease over the lifetime 
because depreciation reduces the capital base on which regulated 
returns and taxes are earned. Depreciation is linear and hence remains 
constant over time. Standardised costs increase because inflation in-
creases the replacement value of the asset which results in a higher 
annuity cost. Therefore, relatively new networks exhibit relatively high 
non-standardised and relatively low standardised costs and perform 
better in benchmarks using the latter as cost variable. For instance, the 
EUGAL pipeline obtains a score of only 50% for a 1400 mm diameter 
based on our simulations using non-standardised costs, compared to a 
100% score using standardised costs (see Table A11). Consequently, 
such an investment would increase the best-of-two score of a TSO with 
an older network that is driven by non-standardised costs considerably 

Fig. 4. Costs, volume-to-cost ratio and simulated 2015 efficiency score for the first EUGAL string. 
Notes: The left chart displays the investment costs deflated to 2015 based on cost estimates per km for different pipeline diameters provided by German TSOs (FNB 
Gas, 2019). The chart in the middle shows the simulated efficiency score for the first EUGAL string if this asset would have participated in the 2015 efficiency 
benchmarking as a separate TSO. The right chart shows the volume-to-cost ratio of such a TSO for standardised and non-standardised costs. Note that due to the high 
remaining book value of the asset, non-standardised costs are relatively large and thus the volume-to-cost ratio is low. 

Fig. 5. Simulated impact of a 1200 mm diameter 
on the lifetime revenues of the first EUGAL string. 
Notes: The left bar displays the modelled allowed 
revenues for a 1400 mm diameter and the corre-
sponding efficiency score of 100%. The second bar 
illustrates the change in these revenues if the 
diameter and thus the overall investment costs is 
reduced to 1200 mm but the efficiency score is 
held constant at 100%. The third bar shows the 
impact of reducing the efficiency score for a 1200 
mm diameter from 100% to 94.2%, resulting in 
EUR 3.6 billion revenues (right bar).   
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less than the best-of-two score of a relatively new network, even if 
output weights on the pipeline volume parameter were high in both 
cases. 

Combined with the importance of pre-existing network structures 
and DEA output weights, this means that the same asset at the same costs 
will receive very different efficiency scores depending on 1) the histor-
ical strengths and weaknesses of the respective TSO in the benchmarking 
and 2) the age structure of the existing network. 

These implications create a conflict with another key component of 
the German regulatory regime, the Network Development Plan. Pur-
suant to the Energy Industry Act, the gas TSOs jointly create this plan 
listing all network expansion measures planned within the next ten years 
(Bundesministerium für Wirtschaft und Energie, 2005, EnWG, § 15a). 
The Network Development Plan is subject to regulatory approval and 
thus contains only measures deemed necessary by the regulator. If 
measures from the Network Development Plan, whose implementation 
is compulsory, primarily impact output parameters with low or zero 
weights, the current efficiency benchmarking prevents TSOs from 
achieving cost recovery even when they efficiently carry out network 
expansion. In addition, changes to the benchmarking model from one 
regulatory period to another can lead to subsequent re-evaluations of 
network expansion measures that were previously deemed efficient by 
the regulator. 

6. Conclusion and policy implications 

Our findings suggest that due to sample size constraints, the current 
benchmarking regime for German gas TSOs is unlikely to reflect all 
relevant cost drivers. Since results are highly sensitive to model selec-
tion, there is a high risk of wrongly classifying costs as “inefficiencies” 
for some networks and concealing suboptimal performances of others. 
This effectively limits the extent to which the current benchmarking can 

incentivise efficient behaviour, and increases uncertainty and hence the 
cost of capital. 

Moreover, the benchmarking creates unintended incentives that run 
counter to its actual purpose or conflict with other elements of the 
regulatory framework. First, relying on endogenous output parameters 
incentivises TSOs to game the system and build oversized assets to in-
crease their allowed revenues. Market-based instruments that represent 
an alternative to physical network expansions decrease the efficiency 
score under the current regime even if they represent a cheaper way of 
meeting the demand for gas transport. This disincentive can lead to 
overcapitalization and increase network tariffs. Second, path de-
pendencies created by the benchmarking methodology might dis-
incentivise TSOs from carrying out certain network expansions deemed 
necessary by the regulator if the new assets are not aligned with the 
TSO’s relative strengths in the benchmarking procedure. For such TSOs, 
a conflict can arise between complying with the Network Development 
Plan on the one hand and commercial interests on the other. While we 
focus on the German gas transmission sector, these findings can also be 
relevant for other countries and sectors where DEA-based regulatory 
benchmarking faces sample size constraints and might provide in-
centives to inflate output variables and adjust or forego network 
expansion measures. 

Regulators might be aware of these problems (Jamasb et al., 2003), 
but face difficult trade-offs between a wide range of regulatory objec-
tives, such as low complexity, regulatory stability, and sound method-
ology. In addition, benchmarking outcomes are often the subject of 
appeal procedures, which might incentivise regulators to stick to their 
previous approach that has already been confirmed by the courts. In the 
case of Germany, the unusually detailed prescriptions of the IRO, while 
increasing the predictability of regulatory decisions, further limit the 
regulator’s flexibility for methodological adjustments. Therefore, 
increasing the regulator’s leeway would be a first step towards 
addressing current shortcomings and is also a declared objective of the 
European Commission’s ongoing infringement procedure against Ger-
many (Pitruzzella, 2021). However, given the EUR 7.8 billion of planned 
investments of the German gas transmission sector until 2030 (FNB Gas, 
2021) and the challenges of (and uncertainties around) a future transi-
tion to green gases, further policy measures to reduce the sensitivity and 
adverse incentives of the current benchmarking procedure are required. 

A potential way to address sample size limitations and the related 
robustness issues is to include non-German firms into the sample.14 In 
fact, some European regulators rely on such international benchmarking 
procedures (Council of European Energy Regulators, 2021), one of 
which has recently been carried out for 29 European gas TSOs (CEER 
and SUMICSID, 2019). Due to a lack of legal foundations, however, 
German gas TSOs were not obliged to participate. Instead, the German 
regulator simply provided the data from the 2015 national bench-
marking. This illustrates that enforcing the compliance of companies 
from other jurisdictions can be challenging and their reduced stake in 
the outcome can further reduce data quality (Shuttleworth, 2005). 
Moreover, such international comparisons involve substantial coordi-
nation efforts between national regulators and compiling comparable 
firm data is hampered by differences in regulatory frameworks, capi-
talisation rules, and taxation regimes (Haney and Pollitt, 2013). 

The omission of relevant cost drivers could theoretically be 
addressed by aggregating multiple outputs into single variables, but 
there is little theoretical and empirical guidance on how to do so without 
introducing arbitrariness. Combining engineering considerations with 
performance-based model evaluation is a potential way to choose 
aggregated variables (CEER and SUMICSID, 2019), but is likely to 

Fig. 6. German final gas consumption according to different scenarios. 
Data source: Deutsche Energie-Agentur (2018). Notes: RF represents the 
reference scenario whereas EL and TM stand for scenarios which primarily rely 
on electrification (EL) or on a wide range of different technologies (TM), 
respectively. 80 or 95 denote the aspired reduction in greenhouse gas emissions 
compared to 1990 levels by 2050. Consumption values include conventional, 
biogenic, and synthetic gas. 

14 The IRO expressly allows for considering non-German firms as well if the 
number of German gas TSOs alone is found to be insufficient for benchmarking 
procedures; see § 22 section 3 IRO. So far, however, the regulator has deemed 
the domestic sample size fit for purpose. 
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overfit the data if the model is not validated out-of-sample. Principal 
component analysis represents a well-established method for dimen-
sionality reduction (Ringnér, 2008), but the method’s property of 
aggregating variables to maximise the variance between observations 
leads to implausibly low efficiency scores (see Table A8). Although 
dimensionality reduction might decrease the scope for gaming by 
making it less clear to TSOs how different actions would affect their 
score, it also reduces interpretability (Swiss Economics et al., 2018), and 
hence impedes judicial oversight. 

Instead, the benchmarking could combine the results from a subset of 
preselected model specifications to mitigate misspecification risks, 
which other jurisdictions address by averaging results for different 
models (e.g. E-Control, 2018; Ofwat, 2019). Regarding feature selection, 
variables that are truly exogenous to network operators should be pri-
oritised to reduce the scope for gaming behaviour and parameter defi-
nitions should be critically reviewed with respect to how easily they can 

be exploited by network operators. The model specification should 
reflect actual network usage along with network dimensions. To avoid 
disincentives against certain network expansions, outputs and costs 
from assets that are featured in the Network Development Plan could be 
excluded from the general benchmarking if they can be proven to harm 
the score of the respective TSO. 

While our study points out several issues embedded in the current 
benchmarking regime, it is limited to simulations, albeit based on the 
official data and methodology. Future research could build on our 
findings by empirically quantifying the extent to which TSOs’ decision 
are distorted by the mechanisms discussed above. Combined with esti-
mates of how benchmarking uncertainty translates into the cost of 
capital, this would enable a comprehensive comparison of the societal 
costs and benefits caused by energy network benchmarking for a holistic 
evaluation of the mechanism. 
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Fig. 8. Simulated non-standardised and standardised capital expenses for the 
EUGAL pipeline (first string) over the asset lifetime. 
Notes: We outline our methodology to estimate non-standardised and stand-
ardised CAPEX in Appendix B and inflate the replacement value for the latter by 
1.3% p.a. going forward, which is the average CPI inflation rate in Germany 
over 2015–2019 according to the Federal Statistical Office. 

Fig. 7. Output weights of the three gas TSOs with scores below 100% in the 2015 benchmarking. 
Notes: Results are displayed for standardised costs because the DEA based on non-standardised costs resulted in lower scores for all three TSOs and thus did not 
determine the final score. Instead of showing the output weights by themselves, we multiply them by the respective output to increase interpretability, as these 
rescaled weights sum up to the respective efficiency score. 
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APPENDIX 

Appendix A. Additional summary statistics and results  

Table A.1 
Summary statistics for the output variables that were not selected for the gas TSO benchmarking (3rd regulatory period)  

Variable (unit) Mean StDv 

yArea (m2) 64,508,923,428.3 100,852,044,012.6 
yAveragedistance_Qyear_RD (km) 250.9 140.9 
yBranches_exklNKPCustomer_num (#) 415.2 911.0 
yBranches_num (#) 475.9 995.6 
yCompressor_ener_used (MWh) 404,318.2 835,273.4 
yCompressor_num (#) 10.6 15.5 
yEnergy_delivered_Qyear (nm3) 15,517,014,110.9 15,627,587,289.7 
yEnergy_injected_Qyear (nm3) 15,675,230,492.6 16,927,773,834.9 
yGasmixture_sum (nm3) 1,787,099.3 6,028,958.9 
yMeshes_num (#) 81.1 202.6 
yPeakload_deliv_Qmax (nm3/h) 5,850,443.1 6,825,403.1 
yPeakload_deliv_simult (nm3/h) 2,998,471.0 3,356,283.4 
yPeakload_injec_Qmax (nm3/h) 5,434,073.1 5,944,539.5 
yPeakload_injec_simult (nm3/h) 2,815,466.4 2,775,609.9 
yPipelength (km) 2409.1 3053.6 
yPipesurface (m2) 4,179,592.8 5,574,944.9 
yPoints_entry_num (#) 16.9 17.2 
yPoints_exit_num (#) 219.6 356.7 
yPressure_Diff_Pmin_Qmax (bar) 13.4 11.0 
yPressure_Diff_Pmin_Qyear (bar) 15.4 11.6 
yPressure_Diff_Poperating_Qyear (bar) 15.1 10.1 
yPressure_In_Pmin_Qmax (bar) 62.4 22.7 
yPressure_In_Pmin_Qyear (bar) 64.3 22.7 
yPressure_In_Poperating_Qyear (bar) 72.1 17.1 
yPressure_Level_Pmin_Qmax (bar) 55.6 20.2 
yPressure_Level_Pmin_Qyear (bar) 56.6 20.1 
yPressure_Level_Poperating_Qyear (bar) 64.9 15.7 
yPressure_Out_Pmin_Qmax (bar) 49.0 19.7 
yPressure_Out_Pmin_Qyear (bar) 48.8 20.0 
yPressure_Out_Poperating_Qyear (bar) 57.0 16.7 
yTransportH_abs_Qmax (mn3/h) 3,326,900.2 3,955,262.8 
yTransportH_abs_Qyear (mn3) 9,768,241,143.2 10,271,145,384.9 
yTransportH_Qmax (%) 0.6 0.4 
yTransportH_Qyear (%) 0.6 0.4 
yTransportmom_Qmax_LD (none) 769,132.4 917,240.3 
yTransportmom_Qmax_RD (none) 1,052,813.6 1,303,943.9 
yTransportmom_Qyear_LD (none) 2,902,196,473.9 3,284,860,067.7 
yTransportmom_Qyear_RD (none) 3,928,632,765.2 4,675,988,543.5 
yTransportmomArea_Qmax_LD (none) 102,684,565,620,177,000,000,000.0 275,406,709,892,317,000,000,000.0 
yTransportmomAreaRoot_Qmax_LD (none) 204,640,876,025.9 299,268,274,304.2 
yTransportmomWurzel_Qmax_RD (none) 1,035,503.2 1,173,608.6 
yTransportV_abs_Qmax (mn3/h) 2,523,542.9 3,648,008.4 
yTransportV_abs_Qyear (mn3) 5,748,772,967.7 7,784,832,062.9 
zGeo_DGM_RANGE (m) 489.5 294.3 
zGeo_NEIG_MEAN (%) 3.7 2.4 
zSoil_BK0267V02 (km2) 21.3 34.8 
zSoil_BK4567M02 (km2) 207.6 268.1 
zSoil_BK4567V02 (km2) 173.9 233.6 
zSoil_BK567M02 (km2) 114.4 153.1 
zSoil_BK567V02 (km2) 40.9 60.0 
zSoil_GB0378V02 (km2) 41.6 63.1 

Notes: For variable descriptions, we refer to the official benchmarking report (Swiss Economics et al., 2018). Note that we only provide mean and 
standard deviations here because unlike for the four selected output variables, this data has not been published in the consultancy report to the 
regulator. The German Federal Supreme Court has recently limited the regulator’s discretion to publish TSO-specific data (Bundesnetzagentur, 
2018). Therefore, we do not report minimum and maximum values, which would provide direct, non-public information about individual network 
operators.  

Table A.2 
Official benchmarking model for gas TSOs (3rd regulatory period) and optimal selection via Lasso.  

Outputs selected by the regulator Outputs selected by the Lasso using standardised costs Outputs selected by the Lasso using non-standardised costs 

yPipevolume (pipeline volume) yArea (area supplied – sum of subnetwork areas) yArea (area supplied – sum of subnetwork areas) 
yArea_all (total area supplied) yArea_all (total area supplied) yPoints_exit_num (number of exit points) 
yPoints_num (number of entry and exit 

points) 
zSoil_BK0267V02 (area falling predominantly into soil categories 
0, 2, 6 and 7) 

yPoints_num (number of entry and exit points) 

yCompressor_power_sum (total 
compressor power) 

zSoil_BK4567V02 (area falling predominantly into soil categories 
4–7) 

zSoil_BK4567V02 (area falling predominantly into soil categories 
4–7)  

(continued on next page) 
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Table A.2 (continued ) 

Outputs selected by the regulator Outputs selected by the Lasso using standardised costs Outputs selected by the Lasso using non-standardised costs 

yTransportmomWurzel_Qmax_RD (transport moment based on 
square root of gas flows) 

yTransportmomWurzel_Qmax_RD (transport moment based on 
square root of gas flows)  

yPeakload_injec_Qmax (annual injection peak load) yPeakload_injec_Qmax (annual injection peak load)   
yTransportmomAreaRoot_Qmax_LD (square root of transport 
moment times area supplied)   
yTransportV_abs_Qyear (absolute vertical transport volumes) 

Notes: The optimal Lasso specification is chosen based on the one-standard-error rule, see Section 5.2.  

Table A.3 
Optimal Lasso model using standardised costs.   

sTotex 

(Intercept) − 3.19E-17 
yPeakload_injec_Qmax 0.225 
yArea 0.081 
yArea_all 0.205 
yTransportmomWurzel_Qmax_RD 0.162 
zSoil_BK4567V02 0.135 
zSoil_BK0267V02 0.056 

N 16 

Lambda (penalty parameter) 0.148 
Cross-validation mean squared error 0.043 

Notes: The optimal Lasso specification is chosen based on the 
one-standard-error rule, see Section 5.2  

Table A.4 
Optimal Lasso model using non-standardised costs.   

Totex 

(Intercept) − 8.95E-17 
yPeakload_injec_Qmax 0.082 
yPoints_exit_num 9.25E-05 
yPoints_num 0.032 
yArea 0.329 
yTransportmomWurzel_Qmax_RD 0.211 
yTransportmomAreaRoot_Qmax_LD 0.152 
yTransportV_abs_Qyear 0.070 
zSoil_BK4567V02 0.071 

N 16 

Lambda (penalty parameter) 0.077 
Cross-validation mean squared error 0.115 

Notes: The optimal Lasso specification is chosen based on the 
one-standard-error rule, see Section 5.2.  

Table A.5 
Efficiency scores for the optimal Lasso specification using standardised costs  

TSO Standardised costs Non-standardised costs Final (best-of-two) 

TSO 1 100.0% 100.0% 100.0% 
TSO 2 100.0% 100.0% 100.0% 
TSO 3 100.0% 100.0% 100.0% 
TSO 4 100.0% 80.3% 100.0% 
TSO 5 87.8% 100.0% 100.0% 
TSO 6 92.2% 85.9% 92.2% 
TSO 7 100.0% 100.0% 100.0% 
TSO 8 100.0% 100.0% 100.0% 
TSO 9 100.0% 100.0% 100.0% 
TSO 10 90.1% 70.5% 90.1% 
TSO 11 100.0% 89.3% 100.0% 
TSO 12 100.0% 100.0% 100.0% 
TSO 13 85.2% 95.6% 95.6% 
TSO 14 93.8% 93.5% 93.8% 
TSO 15 100.0% 98.9% 100.0% 
TSO 16 95.0% 96.1% 96.1% 
Average 96.5% 94.4% 98.0% 

Notes: The underlying DEA features the output variables listed in Table A2.  
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Fig. A.1. Lasso results for the gas TSO benchmarking data using non-standardised costs 
Notes: The left-hand panel shows the resulting cross-validation mean squared error for the Lasso model using the respective value of the penalty parameter for our 
default random seed. The black vertical dashed line denotes the parameter value that minimises the cross-validation error, the grey line the parameter value under 
the one-standard-error rule (see Section 5.2). The numbers denoted above the points in the left-hand panel illustrate the number of outputs included in the respective 
Lasso model. Numbers are only displayed if the number of outputs changes moving from right to left, i.e. all the points between 10 and 9 on the left end of the chart 
feature 9 outputs. The right-hand panel illustrates the optimal model size under the one-standard-error rule, which equals eight in the left-hand chart, over 10,000 
different random seeds.  

Table A.6 
Efficiency scores for the optimal Lasso specification using non-standardised costs  

TSO Standardised costs Non-standardised costs Final (best-of-two) 

TSO 1 94.8% 99.7% 99.7% 
TSO 2 100.0% 100.0% 100.0% 
TSO 3 100.0% 100.0% 100.0% 
TSO 4 100.0% 77.4% 100.0% 
TSO 5 72.9% 100.0% 100.0% 
TSO 6 100.0% 99.2% 100.0% 
TSO 7 100.0% 100.0% 100.0% 
TSO 8 100.0% 100.0% 100.0% 
TSO 9 76.3% 92.0% 92.0% 
TSO 10 87.8% 70.3% 87.8% 
TSO 11 100.0% 89.3% 100.0% 
TSO 12 100.0% 100.0% 100.0% 
TSO 13 84.4% 94.7% 94.7% 
TSO 14 97.4% 93.5% 97.4% 
TSO 15 97.2% 99.3% 99.3% 
TSO 16 100.0% 100.0% 100.0% 
Average 94.4% 94.7% 98.2% 

Notes: The underlying DEA features the output variables listed in Table A2.  
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Fig. A.2. Recurse feature elimination results using a random forest 
Notes: The two panels display the average mean squared error based on three-fold cross-validation repeated over 1000 different random seeds, with the number of 
variables recursively eliminated (Guyon et al., 2002) to the values displayed on the horizontal axis. The filled dot denotes the model size that minimises the average 
cross-validation model error. Each forest is estimated using the default hyperparameters of the randomForest package in R (Liaw and Wiener, 2002), i.e. a forest 
includes 500 regression trees and at each split, the individual tree only takes a random sample of 55

3 ≈ 18 variables under consideration to reduce the correlation 
between trees (Breiman, 2001). For recursive feature elimination, we rely on the caret package (Kuhn, 2020). The five most relevant predictors according to the 
forest’s variable importance measure (Liaw and Wiener, 2002) in decreasing order are (i) for standardised costs, yPipesurface, yArea, zSoil_BK0267V02, yArea_all, 
yTransportmomWurzel_Qmax_RD, and (ii) for non-standardised costs, yPipesurface, yTransportmomWurzel_Qmax_RD, yArea, yArea_all, zSoil_BK0267V02.  

Table A.7 
All DEA specifications explicitly considered in Swiss Economics et al. (2018).  

Parameters Mentioned on page 
… 

Top3? Average 
efficiency 

Minimum 
efficiency 

yPipevolume, yArea_all, yPoints_num, yCompressor_power_sum 110 Yes 98.1% 77.7% 
yPipevolume, yArea, yPoints_num 110 Yes 90.3% 60.2% 
yTransportmomWurzel_Qmax_RD, yArea, yPoints_exit_num, yEnergy_injected_Qyear 110 Yes 95.5% 73.4% 
yPipevolume, yArea, yPoints_exit_num 94  91.1% 64.4% 
yPipevolume, yArea_all, yPoints_exit_num 94  94.8% 73.6% 
yPipevolume, yArea_all, yPoints_num 94  95.2% 73.7% 
yTransportmomWurzel_Qmax_RD, yPoints_entry_num, yTransportH_abs_Qmax, 

yCompressor_power_sum * 
96  81.4% 60.0% 

yEnergy_injected_Qyear, yArea, yCompressor_power_sum, zSoil_BK4567M02 96  97.9% 83.9% 
yArea_all, yEnergy_injected_Qyear, yCompressor_num, zSoil_BK4567M02 96  97.7% 83.9% 
yPipevolume, yArea, yBranches_exklNKPCustomer_num, yGasmixture_sum 96  91.8% 60.0% 
yPoints_num, yEnergy_delivered_Qyear, yArea, zSoil_BK4567M02 96  96.0% 76.3% 
yTransportmomAreaRoot_Qmax_LD, yCompressor_num, zSoil_BK4567V02, zSoil_GB0378V02 96  90.1% 60.0% 
yPipelength, yTransportmom_Qmax_RD, yTransportmom_Qmax_LD, yCompressor_power_sum 96  88.5% 60.0% 
yCompressor_ener_used, yPipelength, yPipevolume, yEnergy_delivered_Qyear 96  93.5% 66.1% 
yPeakload_injec_simult, yArea, zSoil_BK4567V02, zSoil_BK567V02 96  98.2% 87.8% 
yTransportV_abs_Qmax, yPoints_num, yTransportmomWurzel_Qmax_RD, yCompressor_num 96  88.1% 61.0% 
yPipesurface, yPipevolume, yEnergy_injected_Qyear, yCompressor_power_sum 96  85.9% 60.0% 
yEnergy_injected_Qyear, yArea, zSoil_BK4567M02 96  92.7% 70.7% 
yArea_all, yEnergy_delivered_Qyear, zSoil_BK4567V02 96  95.9% 78.2% 
yPipesurface, yCompressor_power_sum, yPoints_entry_num, yEnergy_injected_Qyear * 97  90.1% 63.4% 
yTransportmomWurzel_Qmax_RD, yArea_all, yPoints_exit_num, zGeo_DGM_RANGE 97  90.2% 72.8% 
yPipesurface, yCompressor_power_sum, yPoints_entry_num 97  87.4% 63.4% 
yTransportmomWurzel_Qmax_RD, yArea_all, yPoints_exit_num 97  92.2% 72.8% 
yPipesurface, yCompressor_power_sum 97  80.3% 60.0% 
yTransportmomWurzel_Qmax_RD, yArea_all 97  84.6% 60.0% 
yPipevolume, yArea, yPoints_num, yCompressor_power_sum 105  96.8% 80.6% 
yPipevolume, yArea, yPoints_exit_num, yCompressor_power_sum 105  96.3% 81.0% 
yPipevolume, yArea_all, yPoints_exit_num, yCompressor_power_sum 105  98.4% 84.4% 
yPipelength, yArea, yPoints_num, yPeakload_deliv_simult * 105  96.4% 83.7% 
yTransportmomWurzel_Qmax_RD, yArea, yPoints_exit_num 106  93.2% 72.8% 
yTransportmomWurzel_Qmax_RD, yArea, yPoints_exit_num, zGeo_NEIG_MEAN 106  94.1% 76.5% 
yPipesurface, yCompressor_power_sum yPoints_exit_num 107  89.7% 68.6% 

(continued on next page) 
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Table A.7 (continued ) 

Parameters Mentioned on page 
… 

Top3? Average 
efficiency 

Minimum 
efficiency 

yPipesurface, yCompressor_power_sum yPoints_exit_num yEnergy_injected_Qyear 107  92.5% 68.6% 
yPipesurface, yCompressor_power_sum, yPoints_num, yArea 107  93.5% 69.5% 
yPipesurface, yArea_all, yPoints_exit_num, yEnergy_delivered_Qyear 107  97.4% 79.1% 
yTransportmomWurzel_Qmax_RD, yTransportV_abs_Qyear, yPoints_exit_num, yArea 108  90.1% 74.1% 
yTransportmomWurzel_Qmax_RD, yArea, yPoints_exit_num, yCompressor_power_sum 108  95.5% 77.8% 
yArea, yEnergy_delivered_Qyear, zSoil_BK4567M02, yPoints_num 108  96.0% 76.3% 
yArea, yPeakload_deliv_simult, zSoil_BK4567M02, yPoints_exit_num 108  95.6% 71.3% 

Notes: For 36 out of 39 specifications, our simulations match the results published in the official benchmarking report (Swiss Economics et al., 2018). For the remaining 
three specifications marked by a “*“, there are minor deviations in the average efficiency score, which we cannot explain based on the published data.  

Table A.8 
Efficiency scores using four principal components based on all 55 output variables  

TSO Standardised costs Non-standardised costs Final (best-of-two) 

TSO 1 4.6% 6.4% 60.0% 
TSO 2 100.0% 100.0% 100.0% 
TSO 3 8.9% 10.7% 60.0% 
TSO 4 100.0% 100.0% 100.0% 
TSO 5 34.2% 42.1% 60.0% 
TSO 6 7.6% 8.9% 60.0% 
TSO 7 100.0% 100.0% 100.0% 
TSO 8 9.3% 5.8% 60.0% 
TSO 9 3.0% 5.1% 60.0% 
TSO 10 100.0% 100.0% 100.0% 
TSO 11 100.0% 74.7% 100.0% 
TSO 12 29.8% 34.2% 60.0% 
TSO 13 7.7% 11.9% 60.0% 
TSO 14 47.4% 58.1% 60.0% 
TSO 15 6.5% 6.1% 60.0% 
TSO 16 36.2% 22.0% 60.0% 
Average 43.4% 42.9% 72.5% 

Notes: The model specification features the first four principal components based on all 55 potential output variables. 
Before extracting principal components, all variables were centered and standardised.  

Table A.9 
Efficiency scores adding a stand-alone EUGAL TSO for a 1000 mm diameter  

TSO Standardised costs Non-standardised costs Final (best-of-two) 

TSO 1 75.9% 77.1% 77.1% 
TSO 2 95.4% 94.8% 95.4% 
TSO 3 80.6% 76.2% 80.6% 
TSO 4 100.0% 63.7% 100.0% 
TSO 5 100.0% 100.0% 100.0% 
TSO 6 100.0% 100.0% 100.0% 
TSO 7 95.8% 86.7% 95.8% 
TSO 8 88.9% 87.8% 88.9% 
TSO 9 100.0% 100.0% 100.0% 
TSO 10 100.0% 65.1% 100.0% 
TSO 11 100.0% 70.5% 100.0% 
TSO 12 100.0% 100.0% 100.0% 
TSO 13 100.0% 100.0% 100.0% 
TSO 14 100.0% 100.0% 100.0% 
TSO 15 97.6% 91.4% 97.6% 
TSO 16 100.0% 100.0% 100.0% 
EUGAL 77.4% 38.6% 77.4% 
Average 94.8% 85.4% 94.9% 

Notes: Results for some TSOs differ from the results under the regulator’s specification without EUGAL because TSO 12 is 
no longer classified as an outlier based on standardised costs. The underlying DEA features the following output variables: 
pipeline volume (yPipevolume), entry and exit points (yPoints_num), area supplied (yArea_all), and compressor power 
(yCompressor_power_sum).  
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Table A.10 
Efficiency scores adding a stand-alone EUGAL TSO for a 1200 mm diameter  

TSO Standardised costs Non-standardised costs Final (best-of-two) 

TSO 1 77.7% 77.1% 77.7% 
TSO 2 95.4% 94.8% 95.4% 
TSO 3 95.8% 76.2% 95.8% 
TSO 4 100.0% 63.7% 100.0% 
TSO 5 100.0% 100.0% 100.0% 
TSO 6 100.0% 100.0% 100.0% 
TSO 7 100.0% 86.7% 100.0% 
TSO 8 100.0% 87.8% 100.0% 
TSO 9 100.0% 100.0% 100.0% 
TSO 10 100.0% 65.1% 100.0% 
TSO 11 100.0% 70.5% 100.0% 
TSO 12 100.0% 100.0% 100.0% 
TSO 13 100.0% 100.0% 100.0% 
TSO 14 100.0% 100.0% 100.0% 
TSO 15 100.0% 91.4% 100.0% 
TSO 16 100.0% 100.0% 100.0% 
EUGAL 94.2% 46.4% 94.2% 
Average 97.8% 85.9% 97.8% 

Notes: The underlying DEA features the following output variables: pipeline volume (yPipevolume), entry and exit points 
(yPoints_num), area supplied (yArea_all), and compressor power (yCompressor_power_sum).  

Table A.11 
Efficiency scores adding a stand-alone EUGAL TSO for a 1400 mm diameter  

TSO Standardised costs Non-standardised costs Final (best-of-two) 

TSO 1 77.7% 77.1% 77.7% 
TSO 2 95.4% 94.8% 95.4% 
TSO 3 95.8% 76.2% 95.8% 
TSO 4 100.0% 63.7% 100.0% 
TSO 5 100.0% 100.0% 100.0% 
TSO 6 100.0% 100.0% 100.0% 
TSO 7 100.0% 86.7% 100.0% 
TSO 8 100.0% 87.8% 100.0% 
TSO 9 100.0% 100.0% 100.0% 
TSO 10 100.0% 65.1% 100.0% 
TSO 11 100.0% 70.5% 100.0% 
TSO 12 100.0% 100.0% 100.0% 
TSO 13 100.0% 100.0% 100.0% 
TSO 14 100.0% 100.0% 100.0% 
TSO 15 100.0% 91.4% 100.0% 
TSO 16 100.0% 100.0% 100.0% 
EUGAL 100.0% 49.6% 100.0% 
Average 98.2% 86.1% 98.2% 

Notes: The underlying DEA features the following output variables: pipeline volume (yPipevolume), entry and exit points 
(yPoints_num), area supplied (yArea_all), and compressor power (yCompressor_power_sum). 

Appendix B. Methodology to simulate the 1st EUGAL string 

The Network Development Plan for German gas TSOs provides generic construction cost estimates per meter for new pipelines of varying pressure 
levels and diameters (FNB Gas, 2019). To estimate the EUGAL pipeline’s investment expenditures, we multiply its approximate length of 480 km by 
the costs per pipeline meter for the respective diameter and the pipeline’s actual pressure level of 100 bar. Table B1 shows the resulting investment 
expenditures for varying pipeline diameters.  

Table B.1 
Simulated investment expenditures for the 1st EUGAL string  

Diameter (mm) Investment expenditures per pipeline meter (current EUR/m) Total investment expenditures (current EUR million) 

1000 2,570.0 1,233.6 
1200 3,040.0 1,459.2 
1400 3,870.0 1,857.6  

To simulate efficiency scores, investment expenditures must be converted into annual costs and deflated to 2015, i.e. the base year of the 
benchmarking for the 3rd regulatory period (RP3), to ensure that the estimates are consistent with the original benchmarking data. We calculate 
annual standardised costs (STOTEX) and annual non-standardised costs (TOTEX) following the guidelines of the IRO and the German Gas Network 
Charges Ordinance (GNCO, German: Gasnetzentgeltverordnung or GasNEV). STOTEX are defined as the sum of the regulatory standardised capital 
expenditures (SCAPEX) and operational expenditures (OPEX). TOTEX are equal to the sum of the regulatory non-standardised capital expenditures 
(CAPEX) and OPEX. The three components are calculated as follows: 
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• OPEX: Following art. 23 (1a) IRO, we assume that annual OPEX amount to 0.80% of the investment expenditures displayed in Table B1. We deflate 
OPEX from 2019, the year of EUGAL’s construction, to 2015 using the annual CPI published by the German Federal Statistical Office, which 
reduces the 2019 current values by 5.0% or 1.3% p.a.  

• SCAPEX: Following art. 14 (1) IRO, the regulator first adjusts historical investment expenditures of each asset for the inflation occurred between 
the year of capitalisation and the 2015 base year. In the second step, the regulator calculates an annual annuity using the 2015 replacement value 
V, the regulatory asset lifetime t and a network-specific interest rate i: 

SCAPEX = i*
V

1 − (1 + i)− t 

We use the regulator’s interest rate of i = 2.54% for gas networks in RP3 and a regulatory asset lifetime of t = 55 years stipulated by annex 1 GNCO 
for steel pipelines. To derive the 2015 replacement value V of the EUGAL pipeline, we deflate the 2019 investment expenditures in Table B1 to 2015 
using a factor of 0.87, which we calculate pursuant to the stipulations by art. 6a GNCO using the different official price indexes referenced by the 
ordinance. This procedure closely mirrors the methodological approach taken by the regulator in the past and yields an inflation factor specifically for 
natural gas pipelines with more than 16 bar of pressure between 2015 and 2019.  

• CAPEX: CAPEX equal the sum of regulatory depreciations, the allowed return on equity and the allowed trade tax. To ensure consistency with the 
original benchmarking data, we determine regulatory depreciation from the 2015 replacement value of the asset on a straight-line basis over 55 
years. The allowed return on equity results is calculated by multiplying the 2015 replacement value by the regulatory cost of equity, for which we 
use the official RP3 value of 4.58%. This value is a weighted average of the regulatory return on equity pursuant to art. 7 (4) GNCO (6.91% for RP3, 
weighted by 40%) and the regulatory return on excess equity pursuant to art. 7 (7) GNCO (3.03% for RP3, weighted by 60%). Note that by taking 
this approach, we assume that EUGAL is fully equity-financed. German gas TSOs usually exhibit rather low debt-to-equity ratios because regulatory 
remuneration for equity has been relatively attractive in the past, which is why we consider this a reasonable, albeit simplifying assumption. We 
calculate the allowed trade tax by multiplying the allowed return on equity by the average German trade tax rate in 2015, which equalled 
approximately 13.97% according to the Federal Statistical Office. 

Table B2 shows the resulting STOTEX and TOTEX figures for the 2015 base year along with intermediate results.  

Table B.2 
Simulated benchmarking costs, output values and efficiency scores for the 1st EUGAL string  

Diameter (mm) 1000 1200 1400 

OPEX (EUR million) 9.37 11.09 14.11 
2015 replacement value (EUR million) 1,071.76 1,267.77 1,613.90 
Depreciation (EUR million) 19.49 23.05 29.34 
Return on equity (EUR million) 49.09 58.06 73.92 
Trade tax (EUR million) 6.85 8.11 10.32 
CAPEX (EUR million) 75.43 89.22 113.58 
SCAPEX (EUR million) 36.38 43.03 54.78 
TOTEX (EUR million) 84.80 100.31 127.70 
STOTEX (EUR million) 45.75 54.12 68.89 
Pipeline volume (m3) 376,991.1 542,867.2 738,902.6 
Supplied area (m2) 7,344,105,423.6 7,344,105,423.6 7,344,105,423.6 
Entry and exit points (#) 4.0 4.0 4.0 
Compressor power (MW) 0.0 0.0 0.0 
Efficiency Score 77.4% 94.2% 100.0% 

Notes: All monetary values refer to 2015 EUR.  

The TOTEX and STOTEX figures in Table B2 feed into the simulation of efficiency scores, which additionally requires data on the asset’s total 
pipeline volume, its area supplied, its number of entry and exit points and its total compressor power. We estimate the pipeline volume based on the 
respective diameter and a pipeline length of 480 km and further assume a total of three entry and exit points for the whole pipeline, i.e. one entry point 
at Lubmin, one exit point at Deutschneudorf, and two additional network interconnection points at Kienbaum and Radeland (GASCADE Gastransport, 
2021). We also assume a compressor power value of zero since our investment expenditures only account for the pipeline itself and not for compressor 
stations. In addition, we estimate the area supplied following the official methodology (Swiss Economics et al., 2018) as the convex hull around each 
asset. Based on public maps of the EUGAL pipeline, we estimate that this hull is defined by the following latitude-longitude coordinates rounded to 
three digits: {(50.603,13.465), (51.749,13.689), (54.142,13.632), (52.721,14.114), (52.447, 13.957)} which are located near Deutschneudorf, 
Weißack, Lubmin, Wriezen and Kienbaum respectively. The resulting parameter values and efficiency scores are displayed in Table B2. The 
output-to-cost ratios in the right panel of Fig. 4 are derived by dividing the pipeline volume by TOTEX and STOTEX respectively. 

Modelling the allowed revenues over EUGAL’s 55-year regulatory asset lifetime mirrors the derivation of TOTEX outlined above. We hold the 
efficiency scores for varying diameters (see Table B2), the regulatory cost of equity and the trade tax rate constant at their RP3 values since reliable 
forecasts for these parameters are not available. We furthermore hold OPEX constant at their 2015 values in Table B2. Allowed CAPEX are based on the 
2015 replacement value but additionally reflect the ongoing depreciation of the remaining book values in each year. This is a simplification relative to 
the regulatory framework for RP3, where depreciation-based CAPEX reductions affect the revenue cap only with a regulatory lag. However, our 
approach closely corresponds to the anticipated elimination of the regulatory lag for CAPEX, which will likely be introduced for the next regulatory 
period starting in 2023 (Bundesministerium für Wirtschaft und Energie, 2021). 
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Under the German regulatory framework, only network operators with efficiency scores of 100% can recover their full TOTEX via network tariffs. 
For network operators with efficiency scores below 100%, the IRO gradually reduces the amount of allowed revenues over the course of the five-year 
regulatory period by up to (1 − e) where e is the efficiency score. Accordingly, we model allowed revenues throughout each regulatory period as 
follows: 

Revenuest = e * TOTEXt +(1 − e) * dt*TOTEXt  

where t = 1,…,5 is the year of the regulatory period and dt = 1 − 0.2t is the so-called distribution factor. Consequently, the TSO can still recover 80% 
of the “inefficient costs” (1 − e)TOTEXt in the first year, 60% in the second year and so on. Revenues over EUGAL’s total asset lifetimes are calculated as 
∑55

t=1
Revenuest and are not subject to discounting. Note that our revenue simulation abstracts from annual adjustments for inflation and sectoral pro-

ductivity gains and can therefore be interpreted as real values. We also do not model more detailed IRO stipulations regarding specific cost items, such 
as permanently non-influenceable or volatile costs. Therefore, our results serve to highlight general principles, but do not represent a detailed forecast. 

In order to create Fig. 5, we first calculate total revenues for EUGAL’s actual diameter of 1400 mm and the corresponding efficiency score of 100%. 
Total revenues amount to EUR 4707 million in this scenario. As a second scenario, we calculate total revenues for a diameter of 1200 mm and a 
hypothetical efficiency score of 100%. By doing so, we abstract from the negative impacts on the efficiency score of the diameter reduction and simply 
capture the effect of the corresponding decrease in investment expenditures on allowed revenues. Total revenues amount to EUR 3697 million in this 
scenario. The second bar from the left in Fig. 5 shows the difference between these two scenarios, i.e. EUR 1010 million. In the third scenario, we 
recalculate total revenues for a diameter of 1200 mm by adjusting the asset’s efficiency score from 100% of 94.2%. Total revenues amount to EUR 
3568 million in this scenario. Therefore, the difference between the second and the third scenario, i.e. EUR 129 million, provides an estimate for the 
ceteris paribus revenue impact of a reduced diameter via the efficiency score. This value is displayed in the third bar from the left in Fig. 5. 
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