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1. Introduction

The German energy transition (Energiewende) is a cornerstone
of the national energy policy with the main aim to steadily in-
crease the share of renewable energy in the electricity sector to
40-45% in 2020, 55-60% in 2030 and at least 80% by 2050. Wind
power and photovoltaics are the most important renewable en-
ergy sources due to the limited potential of other renewable
sources like biomass or hydro power. However, these sources are
characterized by differing regional potentials, thus implying a
significant change in the spatial generation pattern in Germany.
Hence, the German energy transition requires both an expansion
and a reshaping of the current transmission network to specifically
accommodate the integration of increasing renewable energy
sources.
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The German transmission system follows a TSO approach,’
with its grids owned by four different TSOs. With the amendment
of the electricity law (EnWG) in 2011, a structured and coordinated
network planning approach was implemented, and TSOs are ob-
liged to annually prepare a network development plan Netzent-
wicklungsplan (NEP). The planning approach starts with the de-
velopment of the scenario framework by the TSOs. It includes
generation and demand forecasts and scenarios for two future
years, 10 and 20 years ahead. Subsequently, the scenario frame-
work is publicly consulted and finally approved by the federal
network regulator Bundesnetzagentur (BNetzA). Based on gen-
eration and demand forecast and scenarios, the TSOs perform
model calculations and develop an initial draft of the NEP, which
specifies the detailed expansion needs of the German transmission
network. The initial draft is then again published for consultation
with stakeholders, and finally approved by BNetzA. The entire
planning process is repeated biennially for a time horizon of 10-20
years.?

Unlike many other international electricity market cases,” the
NEP is determined by a program that is independent from gen-
eration-power market dispatch. The basic logic is reasoned by the
European market design which differentiates between the man-
agement of international and national congestion issues.® It basi-
cally means that TSOs first determine the generation commitment
and dispatch subject to restrictions on international trade between
different bidding zones.” Given the national generation commit-
ments, the future network usage is determined and network ex-
pansion needs are identified in a second step that ensures the
feasibility of the generation dispatch. A cost-benefit analysis of
individual line expansions with alternative congestion manage-
ment options, like redispatch of generation and/or temporary re-
duction of renewable generation, is not performed. Therefore, the
NEP ensures the feasibility of the least-cost generation dispatch,
thus implying a network expansion towards a congestion-free
transmission network.

The separated generation and network planning approach of
the NEP (meaning the non-consideration of alternative congestion
management options) is reasoned by the fact that network

3 There are basically in practice two institutional regimes in electricity trans-
mission: the transmission-system-operator (TSO) regime, where system operation
and ownership of the grid are integrated into a single company, and the in-
dependent-system-operator (ISO) regime, where the ISO takes care of system-op-
eration grid while ownership remains within the transmission company (Transco).
The ISO regime is popular in many countries throughout the Americas (Argentina,
Chile, Brazil and Mexico), US states (Texas, California, New York, New England,
Pennsylvania-New Jersey-Maryland (PJM) and Mid-West), Canadian provinces
(Ontario, Alberta), Australia, and even some European countries (Ireland and
Switzerland). Most of Europe is characterized by TSOs that own networks, plan the
grid's expansion, and carry out the operation of the system (including generation
dispatch).

4 Once the NEP determines the plan for transmission expansion, the TSOs' role
is to implement such projects and charge prices subject to regulatory constraints.
Cost-plus regulation is used to regulate capacity-expansion costs, while revenue-
cap regulation is, in turn, applied to O&M costs. DENA-Verteilnetzstudie (2012)
supports the cost-plus regime for transmission investment costs, but Weber et al.
(2013) argue that such regime incents TSOs tend to inflate costs and not to expand
network capacity where it is most needed; namely, in a north-to-south corridor to
bring into the populated southern consumption areas large amounts of wind power
generated in the north.

5 See Rosellén et al. (2011), Rosellén and Weigt (2011), and Schill et al. (2015).

6 International transmission between two bidding zones is handled by explicit
and implicit capacity auctions prior or during the spot market clearing. Contrarily,
national congestion is mostly resolved after spot market clearing using curative
congestion management approaches like redispatch, network topology adjust-
ments, and/or reduction of renewable supply.

7 In 2015, bidding zones are mostly defined by administrative or national
borders and do not necessarily match with regional congestion pattern. With the
adoption of the Network Code on Capacity Allocation and Congestion Management
(NC CACM) in 2014 a review of the current bidding zones has been initiated.

planning is mainly performed by abstracting from uncertainties
about future developments. Therefore, alternative congestion
management approaches are often seen as alternatives to deal
with inherent uncertainties (e.g. short-term changes on genera-
tion dispatch due to unplanned outages) or deviations from net-
work planning assumptions, which could not be captured in the
NEP transmission planning process. Hence, congestion manage-
ment is currently rather an alternative of last resort to deal with
short-term network infeasibilities than a decision-relevant alter-
native to network expansion within the network planning ap-
proach. However, from an economic point of view it is still ques-
tionable if the transmission network and planned expansion
should aim at a congestion-free transmission network and what
are the associated costs and benefits of individual network ex-
pansions. In the German discussion and NEP process, a quantifi-
cation of the expansion costs and system benefits could guide the
regulator to approve or deny specific expansion projects.?

From a theoretical perspective, congestion management can be
seen as a substitute for transmission expansion. Thus, the optimal
level of network expansion is defined by the minimum level of
both congestion management and network expansion cost. As
transmission expansion cost increase and congestion management
costs decline in the amount of new built transmission capacity a
cost-minimal combination should include both options rather
than just one option. More practically speaking, resolving a tem-
porary congestion on a single line and in a single hour during a
year through congestion management might come at lower cost
than expanding the single line. Thus, optimal transmission ex-
pansion should not totally eliminate congestion in the transmis-
sion network (Stoft, 2006), but rather optimally balance both
substitutes.’

The above somewhat crude naive intuition should be formally
confronted with a welfare-benchmark analysis that evaluates ef-
ficiency losses associated with the proposed NEP specific network
expansions. Such a model should first carry out a transition from
the current German uniform-pricing scheme to a nodal-pricing
regime so as to be able to gauge the shadow value of network
congestion, and be able to evaluate welfare efficiency in expanding
transmission links (as in Hogan et al. (2010)).'° This also implies a
counterfactual where a hypothetical ISO maximizes welfare in an
integrated transmission generation-dispatch power-flow model.
The basic idea is then to compare the network expansions pro-
posed under NEP with the welfare-benchmark case simulations
derived from this modeling strategy.'’ In the academic literature,
several studies investigate optimal transmission expansion, espe-
cially in the context of increasing renewable generation shares.

8 A cost-benefit-analysis is performed for instance within the European ten-
year-network-planning approach (TYNDP) by ENTSO-E and provides an assessment
of expected benefits of expansion projects. A similar analysis is recently im-
plemented in the German NEP 2025, but only applied to selected expansion
projects.

9 For further analyses on optimal transmission expansion planning see: de
Oliveira et al. (2005), Sauma and Oren (2006, 2009).

10 One step in that direction is made by Kunz et al. (2014). One important
output of such transitional model would be the determination of FTRs that, among
other things, might be used to model transmission point-to-point outputs in a
welfare maximizing bi-level model (see Hogan et al. (2010) and Rosell6n and Weigt
(2011)). Jenabi et al. (2013) further propose a bi-level model for optimal trans-
mission network expansion by the transmission company, anticipating investment
of competitive generation companies.

" Grimm et al. (2015) propose a model to analyze the long-run impact of
regulation on transmission line expansion and investment by private firms in
generation capacity. Investment decisions are carried out under expectation of an
energy-only market and cost-based redispatch. Outcomes are as well compared
with a first-best benchmark of integrated planner problem. They find excessive
network expansion due to the energy-only assumption, while market-splitting
might ameliorate excessive transmission investment. Trepper et al. (2015) further
analyze market-splitting in Germany.
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Baringo and Conejo (2012) build a model to identify the optimal
wind projects to be developed and the required network re-
inforcements, together with an array of subsidies to promote in-
dependent wind power investment. van der Weijde et al. (2012)
present a stochastic two-stage optimization model to analyze
transmission planning under uncertainty, and show that ignoring
risk in planning transmission for renewables might yield decisions
that have lower expected costs than traditional deterministic
planning methods. Kunz (2013) analyzes the German approach to
congestion management and finds that congestion and associated
costs increase due to higher renewable generation shares. In the
same line, Schroeder et al. (2013) develop an optimization model
and analyze the future level of congestion with different scenarios
for transmission expansions. It is pointed out that increasing re-
newable generation requires a reshaping of the national trans-
mission network. Egerer and Schill (2015) analyze future trans-
mission and generation expansion needs in the German electricity
system using an integrated investment and dispatch model. Their
results indicate that transmission expansion can be partly sub-
stituted by a system-optimal placing of generation investments.

In this paper, we analyze the impacts of different network
planning approaches on annual welfare and transmission invest-
ments. We apply two model settings. One a “separated” setting
where there is no trade-off between transmission expansion and
generation dispatch; a modeling set-up similar to the one used for
the NEP. A second “integrated” setting further allows for such a
trade-off, and thus represents a welfare superior way of trans-
mission capacity expansion. Calculations with the two models are
carried out and compared so as to gauge the amount of over-
investment in capacity associated with the current regime. We
show that an integrated approach to network expansion planning
considerably reduces the necessary network expansion as opposed
to the currently practiced separated approach.

This paper is organized as follows. We develop, in Section 2, a
modeling setup to compare the German separated transmission-
planning regime with a benchmark model that integrates the
decisions of transmission expansion and generation (re)dispatch.
Results are presented and discussed in Section 3. Section 4 con-
cludes with some final remarks and proposes further research.

2. Model and data

To quantify the required network expansion of the German
electricity system, we employ a quantitative techno-economic
modeling approach. The model comprises a zonal representation
of the German and a national representation of the European
power system that is optimized for an entire year. We consider
two different planning settings with respect to their consideration
of dispatch decisions and investment cost in the transmission
planning cost, analyzing the impacts on investment needs and
system costs. The focus of this analysis is to challenge the existing
incentives for transmission investment within the current regime
in Germany, which separates generation capacity dispatch from
network capacity expansion decisions.

2.1. Model

The modeling approach is described by Eq. (1)—(13). The no-
menclature is provided in Table 1. The model determines the cost-
minimal generation dispatch, G;,, and network expansion, P,
given a fixed price-inelastic demand, Qoo and an hourly renewable
generation profile, rj™. The balance of generation, demand, and
injections to or withdrawals from the transmission network is
ensured by the nodal energy balance (2). Dispatchable

Table 1
Nomenclature.

Sets and indices

i Technology

i Transmission line

n Node

t Hour

c(cc) Country

Parameters

ceurt Curtailment cost of renewable power generation

c’inv Annualized investment cost of transmission line |

cap, Initial transmission capacity of transmission line |

gl.”;“" Maximum generation capacity of technology i at node n

me;, Marginal cost of technology i at node n

ntce ¢ Net transfer capacity between country ¢ and cc

ptdf , Power-transfer-distribution matrix

rinax Renewable generation capacity at node n in hour t

[/ Hourly demand at node n in hour ¢t

ymax |yymax | jmax Maximum generation, pumping, reservoir capacity of
pump-hydro storage at node n

Variables

Cat Renewable curtailment at node n in hour ¢

Gin,t Generation of technology i at node n in hour ¢t

P Capacity expansion of transmission line |

Ry Renewable power produced at node n in hour ¢

Tecet Commercial transfer between country ¢ and cc in hour ¢

Voo Waer L Generation, pumping, reservoir level of pump-hydro storage
at node n in hour t

Yot Net injection at node n in hour t

conventional generation capacities are characterized by their
marginal generation costs, mc;,, and are restricted by their max-
imum generation capacity (4). Furthermore, pumped-hydro sto-
rage plants allow for an intertemporal shift of energy between
different hours (5) and are limited by their corresponding re-
servoir (6), generation (7), and pumping (8) capacities. Renewable
generation, R, ,, is considered to be a non-dispatchable generation
source characterized by an hourly generation capacity r;(*, but can
be curtailed (9,10) with cost ¢, The transmission network is
reflected by a Power-Transfer-Distribution-Matrix, ptdf; ,, that de-
termines the impact of a nodal injection or withdrawal on trans-
mission flows. Transmission flows are approximated by DC load-
flow approach and are restricted by a maximum transmission
consisting of the initial capacity, cap,, and the extended capacity, P,
(11,12). In contrast to physical flows, transfers between countries,
T, c.r» are defined in (3) and are limited by the net transfer capacity
(13) corresponding to the current European congestion manage-
ment approach for international links

min Y mc; G + Y ¢Coe + Y G™P,
i,n,t n,t 1 (])

Z GnetRue+ Ve —Wor—q,,+ Y, =0 vnt
i

@)
E [Z Gine + Rue + Voo = Wy, - q”-f] * Z T = Teeed =0 VO
nec i cc (3)
0<Giye < g vim,t )
Lycg— Vo 40.75%W, =L, Vi, t ®)
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O<L, < 1™Vn,t (6)
o<V, vy ™vn,t @
0<W,, <w, ™V, t ®)
Ry, =m*=C Vn,t 9)
0<C, <V, t (10)
0<|Y ptdf,, Y, <cap + PVt

n 11
P>0vI (12)
O<T, ., S NtC . ¥ €, CC 13)

As we aim at total economic implications on the German sys-
tem in terms of e.g. annual welfare changes, we consequently have
to abstract from important complexities of the transmission net-
work problem. We firstly abstract from lumpy investment deci-
sions and assume continuous expansion of transmission lines.'?
Secondly, we assume that load-flow patterns are independent
from the undertaken network expansion in order to circumvent
arising non-linearities.'® Including both complexities would re-
quire either a reduction of expansion project to selected candidate
projects or a reduction of the hourly time scale to specific hours to
reduce the computational burden. The model is coded and solved
in GAMS using CPLEX.

2.2. Data

The application of the model focuses on the German power
system and its projected development through 2035 concurrent
with the current transmission planning process by the German
transmission system operators. Therefore, the underlying dataset
comprises the current projections of the German power system for
2035 (50Hertz et al., 2014b) as approved by BNetzA, the federal
network agency (BNetzA, 2014). These data are also used for the
2015 version of the national network development plan NEP. The
dataset includes the expected development of generation capa-
cities, the status of individual power plants, as well as projections
on fuel and CO, prices, net transfer capacities, and national load.
As seen in Table 2, renewable capacities in Germany are expected
to increase significantly while conventional capacities decline. In
order to capture the international exchanges with neighboring
countries, European countries are considered on a national detail

12 The inclusion of lumpy investment decisions requires binary variables to
account for the status of transmission expansion projects. The advantage of this
approach is a detailed consideration of individual line projects and their value
within the system. However, the computational effort increases and would require
a reduction of complexity in other model aspects, e.g. the time horizon of the
model. Alguacil et al. (2003) provide a linearized formulation of the transmission
expansion problem.

13 In general, network expansion has an impact on the distribution of line flows
in a meshed network. To capture the impact of network expansion on the flow
pattern, an obvious option is to endogenize network expansion within the line flow
determination. This would however lead to a non-linear model specification which
limits the solvability in larger model settings. Alternatively, the non-linearities
could be reformulated through disjunctive constraints yielding a linear model
(Alguacil et al., 2003). However, such an linearized approach often requires a se-
lection of network expansion projects to improve solvability. As our analysis ex-
plicitly focuses on a yearly representation of the power system and relies on an
aggregated network representation without a selection of expansion projects, we
abstract from the impact on line flow distribution.

Table 2
Projected development of German electricity capacities.Source: BNetzA (2014), p.
1L

In GW 2013 2035
Nuclear 121 0.0
Lignite 21.2 9.1
Coal 25.9 1.1
Gas 26.7 32.7
Renewables
Hydro 3.9 4.2
Wind onshore 33.8 88.8
Wind offshore 0.5 18.5
Biomass 6.2 84
Solar 36.3 59.9
Pumped-hydro storage 6.4 125
Other 9.2 24

level with their estimated capacities and load based on ENTSO-E
(2014a). Transfer capacities between countries are taken from
ENTSO-E (2014b).

In order to adequately capture the German power system and
its interactions with neighboring European countries in a common
framework, we employ an aggregated representation of the de-
tailed European transmission network. The detailed topology of
the current European transmission network as well as the speci-
fication of the spatial distribution of renewable capacities and load
is described in detail in Egerer et al. (2014). Herein, national load is
distributed to individual network nodes using regional data on
gross domestic product as well as regional population. Existing
and planned generation units are reflected on a detailed plant
level including their geographical location and are assigned to the
nearest network node. The detailed dataset provides the basis for
the following aggregation of the transmission network as well as
the generation capacities and load.

The spatial aggregation approach builds upon the detailed
European transmission network and assigns nodes to typical
congestion zones following the zonal definition in DENA (2010). A
comparable approach is used in Trepper et al. (2015). This ap-
proach ensures an adequate representation of typical flow pat-
terns and loop-flow effects across Europe. For Germany, we define
21 zones and consider 170 cross-zonal transmission lines. Other
European countries are reflected on a national basis abstracting
from any inner-national congestion issues.

Transmission investment cost are considered as annualized
cost assuming 1.4 million EUR/km investment cost for a double
380 kV transmission line (50Hertz et al., 2012), 5% interest rate,
and 40 years lifetime. The length of the transmission lines reflects
the distance between zones instead of individual lines to account
for further investment needs within zones.

2.3. Scenarios

The described modeling approach allows us to quantify the
implications of different network planning settings on resulting
network investments and economic indicators. Herein, the con-
sideration of transmission investment cost within the NEP ap-
proach is of particular interest. The current NEP approach sepa-
rates the dispatch of generation capacity from the determination
of network expansion needs. As the spot market pricing in Ger-
many relies on a uniform pricing approach, generation dispatch is
determined without considering internal network restrictions. If
congestion in the German transmission network occurs, it is
managed by the TSOs using curative congestion management
options (e.g. BNetzA and BKartA (2014), p. 54f). Thus, TSOs cur-
rently have an incentive to optimize transmission investments to

http://dx.doi.org/10.1016/j.enpol.2016.04.011
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Table 3
Investment cost and added capacity in the separated and integrated scenario.

Separated Integrated
Transmission investment cost in bn. EUR 154 8.5
Capacity added in GW 88.5 48.6

ensure the feasibility of the generation dispatch of the uniform
pricing market and the trade-off between congestion manage-
ment, like redispatch of generation, and transmission expansion is
not explicitly taken into account. Therefore, we define two sce-
narios which differ in the consideration of transmission network
investment costs within the objective function.

The first scenario, separated, captures the characteristics of the
current NEP approach by disregarding the cost of (or assuming
costless) network expansion within the described model. Within
the formulated optimization problem the network investment
costs ¢/ are set to zero in the objective function (1). This scenario
basically implies that network expansion is optimized solely to
implement a cost-minimal generation dispatch within Germany.

A counterfactual second scenario, integrated, optimizes both
generation dispatch and network expansion with their associated
costs. Consequently, network investment costs ¢ are now ex-
plicitly considered in the objective function (1) and the system is
optimized to minimize generation dispatch and network invest-
ment costs.

Both scenarios have in common that they solely focus on
transmission investments. Generation investments are based on
current projections of the German electricity system and are
exogenously defined. Furthermore, both scenarios and the general
model design assume a market design which allows for regional or
nodal prices and is therefore different from the current uniformly
price German market design. We discuss the transferability of the
received results to the German market design in the following
section.

3. Results and discussion

Table 3 depicts the cost and capacity results of the two con-
sidered scenarios. In general, the significant increase of renewable
generation capacities in Germany requires a reshaping of the ex-
isting transmission network in order to balance regional genera-
tion surpluses and deficits. As the main share of renewable wind
generation is expected to be located in the northern part of the
country (while load is mostly located in the western and southern
parts), north to south transmission capacity particularly needs to
be increased. Under a separated planning framework, as currently
done in Germany, investment costs sum up to 15.4 bn. EUR re-
lating to an increase of transmission capacity by 88.5 GW.'# In an
integrated optimization setting, total investment cost amount to
8.5 bn. EUR corresponding to an additional capacity of 48.6 GW.
Thus, investment needs could be significantly reduced, up to 45%,
through an integrated optimization of generation dispatch and
transmission investments.

Fig. 1 illustrates the optimized transmission investment needs
between the different regions in Germany for the two considered
scenarios. In both scenarios, significant investments are required
to integrate the increasing shares of renewable generation and to
allow for an instantaneous regional balancing of generation and

4 The German network development plan of 2014 (50Hertz et al., 2014a)
identifies an investment volume of approximately 23 bn. EUR. Due to computa-
tional restrictions, the German transmission network is simplified, thus the cal-
culated investment costs are underestimated.

load. Due to the strong increase of wind generation capacity in
northern Germany, additional transmission capacity on the north-
south axis is of particular importance in both scenarios in order to
supply load centers in the western and southern parts of Germany.
However, the scenarios differ in the amount of investment needed,
which are lower in the integrated setting.

The savings in transmission investment needs basically stem
from the fact that a change in the spatial generation pattern to
circumvent congestion is less costly than expanding the corre-
sponding transmission line. This effect consequently reduces the
transmission needs, in particular during those few hours when
renewable wind generation is high. As seen in Fig. 1, network
expansion in the northeastern part of Germany is reduced to a
large extent if transmission costs are considered. Due to the
dominant wind capacity in this region, the temporary reduction of
peak wind generation leads to significantly lower expansion needs
to adjacent regions. Thus, integrating the energy generated during
these few hours by expanding the transmission network comes at
higher cost than replacing it with other generation technologies.
Furthermore, this effect also occurs between different conven-
tional generation technologies, leading to reduced investment
needs.

Table 4 depicts the welfare distribution in Germany for the two
considered cases. As we assume a fixed demand, consumer surplus
is defined as the annual sum of hourly demand valued with the
difference of value of lost load (VoLL) of 4000 EUR/MWh and the
calculated spot prices. Producer surplus comprises the profits from
selling energy at market prices less electricity generation costs.
Finally, the surplus of the transmission operator accounts for
congestion revenues'® and annualized investment cost in the dif-
ferent scenarios. Congestion revenues are defined as the annual
sum of hourly regional transmission flows valued with the re-
gional price difference. The sum of the three surpluses is defined
as the total welfare of the German power system for an entire year.
Through an integrated evaluation of costs and benefits of trans-
mission capacity investments, total welfare can be increased by
1.3 bn. EUR or 0.1%.

Due to the integrated assessment of generation dispatch and
network investments, we implicitly allow for regional price dif-
ferences on the spot market. On the one hand, this leads to higher
cost for consumers and, thus, a smaller surplus. On the other hand,
producers gain higher profits for the same reasoning. Furthermore,
the TSO faces congestion rents of 1.5 bn. EUR in the integrated
case, which overcompensates the annualized investments cost of
0.6 bn. EUR. In combination with the lower amount of transmis-
sion investments, the increase in surplus of producers and TSOs
exceeds the reduction in consumer's surplus yielding an increase
of total welfare. Moreover, if the surplus of the TSO is entirely
redistributed to consumers through network charges, consumers
are left with higher surplus in the integrated setting than in the
separated case. Therefore, an integrated evaluation of cost for in-
vestments and benefits of added transmission capacity reduces the
amount of transmission investments while enhancing the welfare
of the entire system.

In our optimization, the benefits of added transmission capa-
city are determined within the spot market dispatch, which allows
for regional price differences. Alternatively, benefits could also be
defined as a reduction in the usage of congestion management
measures, which are implemented by the TSO due to a uniformly
priced spot market. This approach is more consistent with current
European market organization. However, as shown in Kunz (2013),
this would mainly impact the distribution of surplus between

15 Congestion revenues stemming from international trade are excluded in
both scenarios.
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Fig. 1. Transmission capacity investments in Germany for 2035 in the separated and integrated scenario.

Table 4
Consumer, producer, and TSO surplus in the separated and integrated scenario.

In bn. EUR Separated Integrated Change
Consumer surplus 2147.0 21455 -15
Producer surplus 10.6 11.5 +0.9
TSO surplus -1.0 0.9 +1.9
Of which

TSO congestion rent 0.0 1.5 +1.5

TSO annualized investment 1.0 0.6 —-04
Total welfare in bn. EUR 2156.6 21579 +1.3

market participants. The efficiency of the generation dispatch and,
therefore, the total welfare would remain unaffected. Therefore,
the welfare benefits would also accrue in a system with a uni-
formly priced spot market and curative congestion management.

As with most model-based applications, assumptions and sim-
plifications are made that must be taken into account when inter-
preting the results. Firstly, the model abstracts from lumpy trans-
mission investment, which is a characteristic of electricity trans-
mission networks. Due to the assumption of continuous transmis-
sion investment in our application, the results typically under-
estimate required transmission expansion and, consequently, cost.
Secondly, the physical flow pattern remains unchanged and does
not account for additional network investments. Thus, we account
for higher transmission capacity on an expanded transmission line,
but neglect the reductive effect on parallel flows. Therefore,

transmission investments are less effective in our modeling frame-
work, which tends to overestimate total investments. Moreover, the
generation dispatch abstracts from unit commitment decisions,
which certainly overvalues the flexibility of generation. Additionally,
the model is based on a spatially aggregated dataset in order to al-
low for the representation of an entire year. Thus, the spatial ag-
gregation abstracts from any inner-zonal transmission needs and,
therefore, tends to underestimate the absolute amount of required
transmission expansions. Based on these assumptions and simplifi-
cations, our results tend to underestimate the absolute amount
of required transmission investments for both presented cases,
whereas the qualitative difference between the cases remains
unaffected.

4. Conclusions

Our analysis of the German NEP shows that German TSOs have
excessive network expansion plans as compared to a model that
integrates both transmission expansion decisions and generation
dispatch. The amount of overinvestment was measured in an eco-
nomic model for Germany, where we constructed a counterfactual
setting with nodal prices. The results of our indicative application
show that investment needs could be significantly reduced up
to 45%, and welfare enhanced by 1.3 bn. EUR (+0.1%), through an
integrated optimization of generation dispatch and transmission
investments. As our application is based on several simplifications,
the quantitative results are rather indicative but the qualitative
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dimension of the results nevertheless suggests a significant scope
for improving the network planning. Considering the costs and
benefits of transmission expansion in the determination of trans-
mission investment needs avoids inefficient over-investments in
network infrastructure, thus enhancing the welfare of the entire
system. If investment costs are disregarded in this process, the
network is designed to be congestion-free in all considered hours.
This planning approach is in particular questionable in systems with
high shares of renewable generation and, consequently, high tem-
porary generation peaks in specific regions, as it may require sig-
nificant investments in transmission infrastructure.

The policy implications of our analysis are clear: integrating
generation dispatch and network expansion requires less invest-
ment, while increasing overall welfare. Thus, network planning
approaches should be complemented by alternative congestion
management approaches, like redispatch of renewable and con-
ventional generation. However, the welfare implications of our
analysis rely on a perfectly competitive electricity market under
perfect information as well as other assumptions. In practice,
market participants may for example react to institutional changes
by altering their bidding strategy. Furthermore, the separation
between transmission investment and line management decisions
might deliver other kind of benefits and costs not investigated in
this paper. Also, as hinted in our analysis, it is not just the se-
paration between generation and grid investment decisions that
determines the incentives for market participants; it is also the
transmission-tariff regulatory scheme. The use of cost-plus reg-
ulation for grid investments suggests that German TSOs have
further incentives to strategically determine capacity expansions
and inflate costs.

Regarding the welfare redistribution, less network investment
is necessary but congestion rents for the TSO increases and also
profits for generators. Therefore, total welfare might augment at
the expenses of consumers. This result is questionable as reduced
investment in transmission goes against two pillars of EU energy
policy: favor towards renewables and lower energy costs for end
users. However, if TSO's surplus is entirely redistributed to con-
sumers through network charges, consumers could be left with
greater surplus in the integrated case than in the separated case.
An integrated evaluation of cost for investments and benefits of
added transmission capacity could then effectively achieve an
optimal sizing of transmission capacity investments, while si-
multaneously enhancing consumer surplus in the system.

References

50Hertz Transmission, Amprion, TenneT TSO, TransnetBW, 2012. Netzentwick-
lungsplan Strom 2012, 15 August 2012, ¢http://www.netzentwicklungsplan.de/).

50Hertz Transmission, Amprion, TenneT TSO, TransnetBW, 2014a. Netzentwick-
lungsplan Strom 2014, zweiter Entwurf, 4 November 2014, (http://www.net
zentwicklungsplan.de/).

50Hertz Transmission, Amprion, TenneT TSO, TransnetBW, 2014b. Szenariorahmen
fiir die Netzentwicklungspline Strom 2015: Entwurf der Ubertragungsnetzbe-
treiber, 30 April 2014, (http://www.netzentwicklungsplan.de/).

Alguacil, N., Motto, A.L., Conejo, AJ., 2003. Transmission expansion planning: a
mixed integer LP approach. IEEE Trans. Power Syst. 18 (3), 1070-1077.

Baringo, L., Conejo, A.J., 2012. Transmission and wind power investment. IEEE
Trans. Power Syst. 27 (2), 885-893.

BNetzA, 2014. Szenariorahmen 2025: Genehmigung, Bundesnetzagentur (Federal
Network Agency for Electricity, Gas, Telecommunications, Post and Railway),
(http://www.netzausbau.de/SharedDocs/Downloads/DE/Delta/Szenariorah

men/Szenariorahmen_2025_Genehmigung.pdf?blob=publicationFile).

BNetzA, BKartA, 2014. Monitoringreport 2013, Bundesnetzagentur (BNetzA) an-
dBundeskartellamt (BKartA), ¢(http://www.bundesnetzagentur.de/SharedDocs/
Downloads/EN/BNetzA/PressSection/ReportsPublications/2013/MonitoringRe
port2013.pdf?blob=publicationFile&v=11).

DENA, 2010. dena Grid Study II, Integration of Renewable Energy Sources in the
German Power Supply System from 2015 - 2020 with an Outlook to 2025,
Deutsche Energie- Agentur (German Energy Agency), (http://www.dena.de/fi
leadmin/user_upload/Projekte/Erneuerbare/Dokumente/dena_Grid_Study_
[I_-_final_report.pdf).

DENA-Verteilnetzstudie, 2012. (Brunekreeft, Rehtanz, et.al., 2012) ¢(http://www.
dena.de/projekte/energiesysteme/verteilnetzstudie.html).

Egerer, J., Schill, W.-P., 2015. Power system transformation toward renewables:
investment scenarios for Germany. Econ. Energy Environ. Policy 3 (2), 29-43.

Egerer, J., Gerbaulet, C., Ihlenburg, R., Kunz, F,, Reinhard, B., von Hirschhausen, C.,
Weber, A., Weibezahn, ]J., 2014. Electricity Sector Data for Policy-Relevant
Modeling: Data Documentation and Applications to the German and European
Electricity Markets. Data Documentation of DIW Berlin 72, German Institute for
Economic Research, (https://www.diw.de/documents/publikationen/73/diw_
01.c.440963.de/diw_datadoc_2014-072.pdf).

ENTSO-E, 2014a. Scenario Outlook & Adequacy Forecast 2014-2030, Brussels,
Belgium.

ENTSO-E, 2014b. Ten-Year Network Development Plan 2014, Brussels, Belgium.

Grimm, V., Martin, A., Schmidt, M., Weibelzahl, M., Zottl, G., 2015. Transmission and
Generation Investment in Electricity Markets: The Effects of Market Splitting
and Network Fee Regimes. Preprint at Optimization Online. (http://www.opti
mization-online.org/DB_HTML/2015/03/4803.html).

Hogan, W., Roselldn, J., Vogelsang, 1., 2010. Toward a combined merchant- reg-
ulatory mechanism for electricity transmission expansion. J. Reg. Econ 38 (2),
113-143.

Jenabi, M., Ghomi, S.M.T.F,, Smeers, Y., 2013. Bi-Level game approaches for co-
ordination of generation and transmission expansion planning within a market
environment. [EEE Trans. Power Syst. 28 (3), 2639-2650.

Kunz, F.,, 2013. Improving congestion management: how to faciliate the integration
of renewable generation in Germany. Energy J. 34 (4), 55-78.

Kunz, E, Neuhoff, K., Rosellén, J., 2014. FTR Allocations to Ease Transition to Nodal
Pricing: An Application to the German Power System. Discussion Papers of
DIW, Berlin 1418, German Institute for Economic Research.

de Oliveira, E.J., da Silva Jr., I.C., Pereira, ].L.R., Carneiro Jr., S., 2005. Transmission
System Expansion Planning Using a Sigmoid Function to Handle Integer In-
vestment Variables. IEEE Trans. Power Syst. 20 (3), 1616-1621.

Rosellén, J., Weigt, H., 2011. A dynamic incentive mechanism for transmission ex-
pansion in electricity networks — theory, modeling and application. Energy J. 32
(1), 119-148.

Roselldn, J., Myslikova, Z., Zendn, E., 2011. Incentives for transmission investment in
the PJM electricity market: FTRs or regulation (or both?). Util. Policy 19 (1),
3-13.

Sauma, E.E., Oren, S.S., 2006. Proactive planning and valuation of transmission in-
vestments in restructured electricity markets. J. Regul. Econ. 30 (3), 261-290.

Sauma, E.E., Oren, S.S., 2009. Do generation firms in restructured electricity markets
have incentives to support social-welfare-improving transmission invest-
ments? Energy Econ 31 (5), 676-689.

Schill, W.-P,, Egerer, ]., Rosellén, ]., 2015. Testing regulatory regimes for power
transmission expansion with fluctuating demand and wind generation. ]. Regul.
Econ. 47 (1), 1-28.

Schroeder, A., Oei, P.-Y., Sander, A., Hankel, L., Laurisch, L.C., 2013. The integration of
renewable energies into the German transmission grid — a scenario comparison.
Energy Policy 61, 140-150.

Stoft, S., 2006. Problems for transmission investment in a deregulated power
market. In: Lévéque, F. (Ed.), Competitive Electricity Markets and Substain-
ability. Edward Elgar Publishing, London, United Kingdom, pp. 87-130.

Trepper, K., Bucksteeg, M., Weber, C., 2015. Market splitting in Germany — new
evidence from a three-stage numerical model of Europe. Energy Policy 87,
199-215.

Weber, A., Beckers, T., Behr, P, Bieschke, N., Fehner, S., von Hirschhausen, C., 2013.
Long-term Power System Planning in the Context of Changing Policy Objec-
tives— Conceptual Issues and Selected Evidence from Europe. mimeo prepared
for the Smart Energy for Europe Platform (SEFEP) by Workgroup for Infra-
structure Policy (WIP), Berlin University of Technology, (https://www.wip.tu-
berlin.de/fileadmin/fg280/forschung/publikationen/2013/weber_et_al_2013-
long_term_power_system_planning_SEFEP.pdf).

van der Weijde, A.H., Hobbs, B.F,, 2012. The economics of planning electricity
transmission to accommodate renewables: using two-stage optimisation to
evaluate flexibility and the cost of disregarding uncertainty. Energy Econ 34 (6),
2089-2101.

http://dx.doi.org/10.1016/j.enpol.2016.04.011

Please cite this article as: Kemfert, C, et al., A welfare analysis of electricity transmission planning in Germany. Energy Policy (2016),

edaaly
e e

J B
Sy
o
L=

m;
Um
[0}

=M


http://www.netzentwicklungsplan.de/
http://www.netzentwicklungsplan.de/
http://www.netzentwicklungsplan.de/
http://www.netzentwicklungsplan.de/
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref1
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref1
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref1
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref2
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref2
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref2
http://www.netzausbau.de/SharedDocs/Downloads/DE/Delta/Szenariorahmen/Szenariorah men_2025_Genehmigung.pdf? blob=publicationFile
http://www.netzausbau.de/SharedDocs/Downloads/DE/Delta/Szenariorahmen/Szenariorah men_2025_Genehmigung.pdf? blob=publicationFile
http://www.bundesnetzagentur.de/SharedDocs/Downloads/EN/BNetzA/PressSection/ReportsPublications/2013/MonitoringReport2013.pdf?blob=publicationFile&amp;v=11
http://www.bundesnetzagentur.de/SharedDocs/Downloads/EN/BNetzA/PressSection/ReportsPublications/2013/MonitoringReport2013.pdf?blob=publicationFile&amp;v=11
http://www.bundesnetzagentur.de/SharedDocs/Downloads/EN/BNetzA/PressSection/ReportsPublications/2013/MonitoringReport2013.pdf?blob=publicationFile&amp;v=11
http://www.bundesnetzagentur.de/SharedDocs/Downloads/EN/BNetzA/PressSection/ReportsPublications/2013/MonitoringReport2013.pdf?blob=publicationFile&amp;v=11
http://www.dena.de/fileadmin/user_upload/Projekte/Erneuerbare/Dokumente/dena_Grid_Study_II_-_final_report.pdf
http://www.dena.de/fileadmin/user_upload/Projekte/Erneuerbare/Dokumente/dena_Grid_Study_II_-_final_report.pdf
http://www.dena.de/fileadmin/user_upload/Projekte/Erneuerbare/Dokumente/dena_Grid_Study_II_-_final_report.pdf
http://www.dena.de/projekte/energiesysteme/verteilnetzstudie.html
http://www.dena.de/projekte/energiesysteme/verteilnetzstudie.html
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref3
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref3
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref3
https://www.diw.de/documents/publikationen/73/diw_01.c.440963.de/diw_datadoc_2014-072.pdf
https://www.diw.de/documents/publikationen/73/diw_01.c.440963.de/diw_datadoc_2014-072.pdf
http://www.optimization-online.org/DB_HTML/2015/03/4803.html
http://www.optimization-online.org/DB_HTML/2015/03/4803.html
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref4
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref4
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref4
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref4
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref5
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref5
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref5
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref5
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref6
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref6
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref6
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref7
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref7
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref7
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref7
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref8
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref8
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref8
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref8
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref9
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref9
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref9
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref9
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref10
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref10
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref10
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref11
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref11
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref11
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref11
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref12
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref12
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref12
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref12
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref13
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref13
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref13
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref13
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref14
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref14
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref14
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref14
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref15
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref15
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref15
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref15
http://www.netzausbau.de/SharedDocs/Downloads/DE/Delta/Szenariorahmen/Szenariorahmen_2025_Genehmigung.pdf?blob=publicationFile
http://www.netzausbau.de/SharedDocs/Downloads/DE/Delta/Szenariorahmen/Szenariorahmen_2025_Genehmigung.pdf?blob=publicationFile
http://www.netzausbau.de/SharedDocs/Downloads/DE/Delta/Szenariorahmen/Szenariorahmen_2025_Genehmigung.pdf?blob=publicationFile
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref16
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref16
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref16
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref16
http://refhub.elsevier.com/S0301-4215(16)30179-3/sbref16
http://dx.doi.org/10.1016/j.enpol.2016.04.011
http://dx.doi.org/10.1016/j.enpol.2016.04.011
http://dx.doi.org/10.1016/j.enpol.2016.04.011

	A welfare analysis of electricity transmission planning in Germany
	Introduction
	Model and data
	Model
	Data
	Scenarios

	Results and discussion
	Conclusions
	References




