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The following figure illustrates the general layout and approach used in CS2 with low off-
shore wind installation (‘CS2-Low’).

Figure 7
Case study 2 with low
offshore wind installation
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For each of the four combinations of study region and offshore wind installation, the
zero-integration variant is set as the baseline scenario. In the CBA, the scenarios that
assume the integration of OWFs with interconnectors are compared to the baseline scenario.
This makes it possible to compare the relative benefits of partial or maximum integration
with those of a non-integrated interconnection design and to identify the optimal level of
integration.
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5. Analysis of Benefits

This chapter analyses the relative benefits of varying levels of integration, primarily using
system cost as a monetarised indicator. The sections below describe the market model used,
as well as the main input parameters and assumptions. The monetarised and non-monetarised
results are presented with regard to potential benefit differences. The analysis of benefits
includes the difference in total system costs, which the model shows for different levels of
integration. The total system costs includes the costs of generation and investment in gen-
eration and transmission capacity in the scenarios, excluding the investment needed for
the case-specific infrastructure. The benefit difference for the overall system can therefore
be compared between the specific case and the base case; this result can be analysed and
later compared to the case-specific cost. A subsidiary result of the model is the case-spe-
cific effect on electricity prices in the relevant markets. As non-monetarised results, the
case-specific effects on the adequacy rate (indicating security of supply) are analysed, as is
the ratio of CO2 emissions reductions in different countries.

5.1 Market Model

The dynamic investment and dispatch model dynELMOD is used to determine the benefits
of additional integration between OWFs and the interconnections between market areas.
The model determines cost-effective investments into generation capacities, storages, and
interconnectors for Europe through 2050. The model therefore represents the electricity
market as a whole, and the resulting system costs reflect the total costs of providing elec-
tricity in Europe under given conditions, such as emissions targets. Under the assumption of
an efficient market, the objective of a cost-minimising social planner is equivalent to wel-
fare maximisation. Given that the merit-order market clearing leaves little potential to exert
market power and a generally high level of regulation, this assumption is reasonable for the
electricity sector. The socio-economic benefits in the model context mostly relate to effi-
cient use of the given resources (e.g. available renewables).

By integrating the generation and investment decision, the model not only dispatches the
given infrastructure to cover the electricity demand in a cost-minimising way, but also
determines the infrastructure used. This yields the total system costs (including benefits),
because each investment or generation decision is taken to minimise system cost. This
indicates a cost-efficient infrastructure to provide electricity.

The starting point in the methodology is the current power plant portfolio installed in the
European electricity system, which is phased out according to the technical lifetime. Invest-
ments in new capacities are made under the restrictions of CO2 emissions pathways and
assumptions on investment, emissions, and fuel costs. The modelling approach is intended
to integrate this two-step process:

Investment: First, the model determines investments in generation capacity, including
storage capacities, and interconnectors. It is important to note that the investments spe-
cific to certain cases (grid topology for different integration levels) are excluded from this
determination, because the data on investment costs are collected in the cost analysis and
later compared to the benefit results. To reduce computational complexity, and thus permit
the representation of a large geographic region, a reduced set of hours is used in this step of
the investment analysis. Instead of using the full 8760 hours, the model only uses certain
hours, depending on model complexity. This time-frame reduction technique is described
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in Gerbaulet and Lorenz (2017).2> The methodology ensures that the reduced set of hours ac-
counts for the characteristics of seasonal and time-of-day variations in the input parameters.

Dispatch: Using this cost-efficient electricity-generation portfolio, the model is solved
again with the entire time set of 8,760 hours, with the investment decisions fixed. This
ensures the reliability of the power plant portfolio test for system adequacy in all cases.
Combining both steps generates the model output.

The objective function of the model represents the total system cost, including costs of gen-
eration and investment in generation and transmission capacity. The market-area-sharp
market clearing then balances local demand with flows to and from the respective market
areas. Generation and transport variables are subject to upper bounds that are defined by the
model inputs and endogenous calculated investments in capacity extension or new capac-
ities. There are also constraints on the general behaviour of power plants (e.g. ramping and
CHP constraints), storage-specific constraints (e.g. regarding reservoir level and turbine
and pump capacities), and the implementation of European emissions targets. The model
is written and solved in the General Algebraic Modeling System (GAMS) using the CPLEX
solver, and the full formulation is available and documented in Gerbaulet and Lorenz (2017).

5.2 Main input parameters and assumptions

As for all large-scale electricity sector models, the data set plays a crucial role in the result
and transparency of the model. Therefore, we use open-source data or our own calculations
where possible, and the full dataset is part of the publicly available model documented in
Gerbaulet and Lorenz (2017). The most important assumptions regarding the data set and
future developments are listed below.

- Installed capacity: Apart from the offshore capacities in the scenario data, the data for
current installed capacity and future generation capacity are drawn from the scenarios in
TYNDP 20162 and the Scenario Outlook & Adequacy Forecast 2015.%7

- Generation technologies: The model distinguishes between 31 renewable and conventional
generation technologies, taking into account the technical and economic parameter
assumptions described in Schréder et. al (2013).%8

- Fuel prices: Prices for fuels are taken from the European Commission’s Reference Scenario
2016, and projections are based on Schréder et. al (2013).

- Time series: The structure of availability of renewable generation is based on the year
2013. The demand data come from the ENTSO-E transparency platform,* and both raw
and processed meteorological data are drawn from various sources.

+ Grid: For the load flow constraints, a country-sharp power transfer distribution factor
(PTDF) matrix for the European high voltage grid is used, representing the physical
flows. The underlying high-voltage network topology consists of five non-synchronised
high-voltage electricity grids (Continental Europe, Scandinavia, Great Britain, Ireland,
and the Baltic countries) with operating voltages 150kV, 220kV, 300kV, and 380kV, re-
spectively. These data are based on the documentation in Egerer et al. (2014).3°

- CO2 pathway: The CO2 emission pathway is based on the scenario ‘Diversified supply
technologies’ from the European Commission’s Energy Roadmap 2050 (2011).3' It uses the
limits allocated to the electricity sector and is based on a 90 % emission reduction by 2050.

- The data specific to the case studies (i.e. the topology and OWF development (low, high)
and the level of integration (zero, partial, maximum/high)) were derived in the course of
the project and documented in chapter 4.
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differences in 2017
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5.3 Monetarised Results

To achieve a meaningful comparison between the different scenario dimensions for each
of the two case studies described in chapter 4, the model is run for the zero-integration
scenario to determine the investments in generation capacities. The resulting investment
decisions are then used in the partial- and high-integration scenarios to determine whether
a higher level of integration corresponds to lower overall system costs, meaning a more
cost-efficient dispatch or investment in interconnector capacity. While each scenario
represents a social optimum, comparing the individual topologies yields the additional social
benefit of specific topologies and wind farm developments. The results are classified as mon-
etarised or non-monetarised to account for all aspects of the ENTSO-E CBA methodology.
The monetarised results refer to those which are in some way quantified in the objective
function of the model and therefore a direct result of the optimisation. Non-monetarised
results are not quantified in the optimisation and are an indirect result of the model.

5.3.1 Main Results — Total System Cost

The main results are the differences between overall system costs for each scenario. These
are shown in Table 4. As stated above, the total system costs reflect the cost-optimal in-
vestment and generation decision based on the scenario-specific data. The difference be-
tween the zero-integration and higher levels of integration is determined; this result is then
used to assess whether variations in topology are associated with different outcomes that
have lower total systems costs as a direct result of the specific change in topology and OWF
development, therefore directly reflecting additional benefits. The comparison between the
base case and a partial- or high-integration case also implies, however, that benefits of the
infrastructure available in the base case (e.g. additional interconnector capacities) are not
captured. Costs are classified as operation and maintenance costs (O & M); generation costs;
and costs of investment in generation, storage, and grid infrastructure. All graphs show that
there is no difference in investment in generation infrastructure. This is because the invest-
ment decision in the zero-integration base case is also assumed in the two cases with higher
levels of integration.

CS1(PL, SE, LT)

High Offshore Wind Power Low Offshore Wind Power
Partial High Partial High
Integration Integration Integration Integration
CS1_2a-CSi_1a CS1_3a-CSi_1a CS1_2b-CS1_1b CS1_3b-CS1_1b
0.06 bn€ 0.09bn€ 0.92bn€ 0.99bn€

CS2 (DE, SE, DK)

High Offshore Wind Power Low Offshore Wind Power
Partial High Partial High
Integration Integration Integration Integration
CS2 2a-CS2 1a CS2_3a-CS2 1a CS2_2b-CS2_1b CS2 _3b-CS2 _1b
1.83bn€ 1.76 bn€ -0.03bn€ -0.01bn€
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Both case studies show little difference between partial and maximum integration scenarios.
There is, however, a cost reduction in the low-wind scenario in case study 1 (CS1); in case
study 2 (CS2), the cost difference occurs in the high-wind scenario. In CS2, there is even
a small benefit in the low-wind scenario. The figures below show the disaggregated costs,
allowing for a comparison of no integration and partial integration. A cumulative negative
value indicates that the total system costs are lower in the scenario with partial or high in-
tegration. For the cases with significant benefits (i.e. low wind in CS1 and high wind in CS2),
reduced investment in interconnectors leads to the overall cost decrease. The increased inte-
gration in those cases allows for greater flexibility in transport, which is why a lower inter-
connector capacity is needed. The scenarios with marginal benefits also show cost differences,
although the overall impact is smaller, and the additional costs equalise the reduced costs.
Electricity System Costs in Europe
CS1: Low wind, no integration - CS1: Low wind, partial integration
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Figure 9

Total system costs:
case study 1 —
high wind
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In general, CS1shows a very high similarity between the benefits of partial and high integra-
tion. This is true for cost composition, temporal distribution, and absolute values. The sig-
nificant benefits are in the low-wind scenario, where there is less investment in grid infra-
structure than in the zero-integration case. In the high-wind scenario, the absolute values
are much lower. The benefits are mainly due to additional generation from the offshore wind
capacities in the scenario data. There is also a small difference in grid investment.

Electricity System Costs in Europe
CS1: High wind, no integration - CS1: High wind, partial integration
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In CS2, the absolute values in the low- and high-wind scenarios are similar; however, the
scenarios differ in terms of composition and temporal appearance. The low-wind case
shows a small negative benefit for both levels of integration, but the composition is very
different. While the partial integration allows for lower grid investments, the benefit in the
high-integration case is dependent on the additional offshore wind capacities available.

Electricity System Costs in Europe
CS2: Low wind, no integration -> CS2: Low wind, partial integration
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Figure 10

Total system costs:
case study 2 —

low wind.
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Figure 11

Total system costs:
case study 2 —
high wind
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The high-wind scenario shows a significant benefit over the zero-integration base case. The
composition here is similar in the sense that most of the benefit is due to lower investment in
grid infrastructure, but the absolute values and investment timing are different.

Electricity System Costs in Europe
CS2: High wind, no integration -> CS2: High wind, partial integration
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5.3.2 Electricity Prices

Market-area-sharp electricity prices are an endogenous result of the model. More specifi-
cally, the electricity price is defined as the cost of an additional unit of electricity per market
area. This means that the price differences directly indicate the available generation capac-
ity from the scenario data in the respective market areas and therefore gives an indication
of how expensive electricity is in that area. However, because the modelling objective is to
maximise total system costs (including investments in generation and transmission capac-
ities), the prices will converge at the point where the investment in transmission capacities
provides no additional cost reduction for the actual electricity dispatch. The resulting price
differences between the base and integration scenarios can therefore be interpreted as the
impact of the changed topology, which is not decided by the model, and the additional wind
capacities, which provide cheap generation.
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The resulting graphs therefore indicate regional benefits, depending on the scenario and
topology. The first deviation in prices occurs in 2030, when the first projects are developed.
The results again illustrate the similarities between the partial- and full integration scenarios.
However, they are highly dependent on the chosen scenarios itself. One example is the price
development in the ‘low wind — partial integration’ scenario for Lithuania, where the spe-
cific grid topology and wind farm development result in a constellation entirely different
from that obtained in the corresponding ‘high wind’ scenario.

The results for CS1 are shown below.
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The results for CS2 show less scenario-specific behaviour. As in CS1, the overall impact of the
different topologies is small; this is due to the relatively small increase in cheap generation
capacities in both scenarios. The distribution of those capacities (and thus the distribution
of additional cheap generation) between the relevant market areas appears to depend on the
specific topology, rather than on the overall (more abstract) level of integration. Note that
the prices in Germany and Denmark are equal in all scenarios, which shows that there is no
congestion between those market areas.
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Figure 12

Average electricity
price difference for
scenario variations.
(Top: Poland,
Middle: Sweden,
Bottom: Lithuania)
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Figure 13

Average electricity
price difference for
scenario variations.
(Top: Germany,
Middle: Denmark,
Bottom: Sweden)
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Overall price differences are relatively small. This is in line with the model objective to re-
duce the overall system cost. The distribution of the scenario-specific capacities is reflected
in price differences and therefore indicates regional benefits; however, the distribution is
dependent on the specific topology rather than on the overall level of integration.
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5.4 Overview of Non-monetarised Results

Some benefits of higher integration cannot easily be identified and/or quantified. For ex-
ample, local congestion can be reduced as integration increases, but the model employed
here cannot be used to analyse this relationship because it does take local grids into account.
For the same reason, the higher security of supply cannot be analysed fully. The adequacy
rate is used to provide at least a non-monetary indicator of security of supply in the dif-
ferent scenarios. The availability of cable lines to transmit electricity to the mainland will
increase network security and reduce losses in wind farm generation, but this topic could
not be evaluated using the model employed in this analysis. The losses in each scenario are
also important to consider, but it was decided that, because the case study design included
similar network projects with comparable technologies, the losses would not be the limit-
ing criteria to compare. An integrated grid could also lead to a better integration of offshore
wind capacities and faster construction. A combination of feed-in and trading will increase
the efficiency of infrastructure use, but the resulting benefits will greatly depend on the reg-
ulatory requirements for hybrid assets of this kind. Furthermore, although environmental
benefits are not analysed in this report, but these benefits could also be an important factor
favouring meshed grids if the total cable length is reduced, decreasing the burden on the
seabed. Likewise, potential social benefits are not readily quantifiable, but are indicated in
the analysis of electricity prices in section 5.3.2.

The following sections provide a basic outline of non- or semi-monetary benefits. The
security of supply will be analysed on the basis of case-specific changes in adequacy rate. In
addition, the regionalisation of CO2 reduction in the relevant countries will be studied more
closely. Although the 2050 overall reduction target of 90% is a predefined input parameter,
each country approaches the target at a variable rate, as shown in the model.

5.4.1 Adequacy rate in cases of line failure

The benefits to the European electricity market are analysed further by comparing the
adequacy of generation capacity per market area. In this analysis, ‘adequacy’ is defined as
the available generation capacity per market area at a given time. Investments in capacity are
determined for the zero-integration case and fixed for the scenarios with higher integration.
These results are useful in assessing the security of supply in all scenarios. The compari-
son between different levels of integration helps quantify flexibility differences between the
scenarios, because flexible infrastructure allows for greater availability.

The analysis is performed by calculating the aggregate available generation capacity in each
region and its neighbours. Generation capacities from neighbouring countries are consid-
ered only if the respective interconnector capacities are sufficient. The result of this analysis
for CS1in Sweden (‘CS1-Sweden’) is displayed in Figure 14 as a residual load duration curve,
which measures how often a certain capacity is available in a given market area. The offshore
grid transmission lines are excluded to determine adequacy in the case of a line outage. The
outage includes the main interconnectors in the base case, the lines to the central point in
the partial-integration scenario, and the lines between wind farms in the high-integration
scenario. The resulting adequacy rate is displayed in Figure 15 and the difference in adequacy
is shown in Figure 16.
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Figure 14
Adequacy rate
CS1: Sweden

Figure 15
Adequacy rate

CS1: Sweden
(including outages)

Figure 16
Adequacy difference
CS1: Sweden
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The adequacy analysis for Sweden indicates that the adequacy rate is sufficient in all cases.
With respect to the additional adequacy when outages occur, the partial- and full-integra-
tion scenarios show a smaller loss of adequacy over the full adequacy duration.



Cost-benefit Analysis of an Integrated Offshore Grid in the Baltic Sea

Adequacy difference CS1: Poland
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Similar conclusions are drawn for Poland and Lithuania in CS1 and Germany and Sweden
in CS2. For Poland, the overall differences in adequacy rate are small, but the adequacy
rate proves the most robust in the partial-integration case. This is also is observed for
CS2-Germany, where additional integration provides benefits only in hours of high ade-
quacy. For CS1-Lithuania, the full-integration scenario provides the most robust adequacy
rate; however, at times with low adequacy, both partial and full integration are similarly
robust. The flat negative difference in adequacy in the zero-integration scenario shows
that only one interconnection has implications for the adequacy rate. For CS2-Sweden,
additional integration increases the overall adequacy rate, though not at all hours.
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Figure 17
Adequacy difference
CS1: Poland

Figure 18
Adequacy difference
CS1: Lithuania
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Figure 19
Adequacy difference
CS2: Germany

Figure 20
Adequacy difference
CS2: Sweden
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on the results shown in the figures above, there is sufficient capacity available in all

scenarios, but greater integration provides the system with greater flexibility with regard to
the adequacy rate.
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5.4.2 CO2 Emission

CO2 emissions are included and monetised in the model in different ways: first as an emis-
sions target, and second as additional costs in the marginal costs of conventional generation
technologies. While the monetisation of CO2 as a generation cost influences the investment
decision, this does not imply compliance with the overall CO2 emissions targets. These are
separately implemented as an additional constraint to ensure that the CO2 emission targets
are met. Therefore, the resulting CO2 emissions reflect not only monetised aspects, like the
generation costs, but also decisions regarding the regionalisation and distribution of CO2
emissions reduction. The CO2 emissions are also separately included to account for regional
distribution.
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The CO2 emissions are a result of the dispatch under the constraint to follow the strict CO2
pathway defined in the model data. The 90% reduction within the electricity sector reduces
emissions dramatically in all countries included in the case studies. The resulting emissions
distribution varies by only a few percentage points in absolute values and distribution be-
tween countries when different scenarios and case studies are compared. This shows the
importance of this constraint in decisions on investment and generation. In terms of the
distribution of reductions in the market areas of the case studies under analysis here, we can
see that all countries reduce emissions by a similar relative margin.
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CO2 Emissions in
case study 1 with zero
integration

(in million tonnes)
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6. Cost Analysis

Cost estimations for far-future projects are always subject to high uncertainty, especially
if those projects incorporate new technologies (e.g. HVDC components). This uncertainty
complicates the development of comprehensible assumptions that can be used to estimate
total project costs. For the following analysis, a variety of sources have been reviewed for
electricity grid cost assumptions (see chapter 2). The validity of the assumptions should be
evaluated through comparison with available cost data from existing projects. For HVDC
technology, the scope of this evaluation is limited to the earliest projects, most of which
have been implemented in Germany. The cost assumptions applied here are those for which
cost predictions were most consistent with available cost references. The cost analysis cov-
ers capital expenditures (CAPEX) and operational expenditures (OPEX) for HVAC and HVDC
technologies. CAPEX refer to all investments made to commission a transmission asset,
while OPEX are all maintenance and servicing costs required to keep the asset in operation.
The following sections present the cost model and the derivation of cost assumptions.

6.1 Linear Cost Model

Alinear cost model (LCM) is used to evaluate costs. The potential integrated grid is described
by a defined number of cables and nodes, for which linear cost functions are created to
calculate any configuration. This approach has been used in other studies, including in
Svendsen (2013)3* and Hartel et al. (2017).33 LCM was chosen because it provides a reason-
able approximation of the real costs, limits the input data required, reduces complexity,3
and uses average values to reduce uncertainty. The LCM assumes cost parameters for cables
and nodes. Cable costs cover costs of materials and construction. Portions of the cable cost
scale with cable length, while other portions scale with the length and the rated capacity of
the cable. These effects are represented by individual cost parameters. Fixed costs are also
taken into account. Node costs are the total costs for converters or transformers, includ-
ing construction and the platform cost for offshore nodes. Node costs are represented by
power-dependent and fixed-cost parameters. The LCM can thus be applied for any electrical
transmission infrastructure layout. The model presented by Hartel et al. is expanded to
include OPEX, depreciation, and cost trends.

6.1.1 Investment Cost Assumptions

Studies investigate grid costs for different purposes, as profound cost data is crucial for
grid investment planning. Those analyses have been used for political decision-making and
as a reference point for industry players and academics. However, the cost parameter sets
used in the different studies have varied widely and indicate a high level of uncertainty.
Therefore it was decided that it would not to be expedient to develop an additional data set.
The comparison and evaluation of existing data were based on a recent review of Hartel et
al. In this analysis, cost assumptions for voltage source converter-based HVDC (VSC-HVDC)
transmission infrastructure were collected and converted to a common format that allows
for a comparison of the different parameter sets. The analysis shows significant varia-
tion between the 13 parameter sets under analysis. The parameter sets were also evaluated
against cost data for realised and contracted HVDC projects.
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This comparison revealed large differences between the parameter sets. The authors conclude
that costs of interconnectors are overestimated, while costs of offshore wind connections
are greatly underestimated. The recent review covers the current status of publicly available
cost information for HVDC components in a common format. The HVDC cost assumptions
adopted in this analysis are based on that result. The methodology used here is based on the
LCM and develops it further for application to concrete cases and other technology compo-
nents. For HVDC transmission infrastructure, the average parameter set used is based on three
studies that could be identified as the most suitable because of the consistency of cost predic-
tion with realised costs for OWF connections: ENTSO-E 2011,3 ETYS 2013,3°and North Sea Grid
2015.37 Although interconnectors do not require DC circuit breakers, they are necessary for
meshed HVDC offshore grids to guarantee network reliability. Because this is a completely
new technology, cost assumptions for DC circuit breakers are highly uncertain. In the
absence of other available cost information, cost assumptions are adopted from the North
Sea Grid project. Average parameters for AC technology were retrieved from the primary
publications of the same three sources used for the HVDC components. They were then
adapted to fit the LCM through linear interpolation. The following Table 5 summarises the
average cost parameter assumptions.

Description Unit HVDC HVAC
Length- and power-dependent cost of building a cable M€/GW/km 0.32 114
Length-dependent cost of building a cable M€/km 1.32 1.52
Fixed cost of building a cable M€ 0.00  0.00
Power-dependent cost of building a node M€/GW 61.57% 6.67
Fixed cost of building a node M€ 57.36 -0.23
Power-dependent additional cost of building an offshore node ~M€/GW 175.03 79.66
Fixed additional cost of building an offshore node M€ 118.60 26.52

Figure 22 shows the cost functions for cables and nodes. The costs of a given cable depend
on the technology (HVAC or HVDC), the cable length, and its rated capacity. Node costs also
depend on the technology, as well as on the node location (onshore or offshore) and the
rated capacity. Cable costs are higher for HVAC infrastructure, while node costs are higher
for HVDC infrastructure. For this reason, HVDC transmission systems become more attractive
once a certain transmission distance is reached.
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Table 5
Cost parameter
assumptions for
CAPEX

*For DC breakers
add 85.71
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Figure 22
Cost functions

Table 6

Cost parameter
assumptions for
OPEX
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Operational expenditures are based on data from the North Sea Grid project. In the LCM, an-
nual operational expenditures are considered a fixed share of the total capital expenditures.
This complies with the ENTSO-E guidelines on operational cost assumptions for long-term

projects.

Description

Annual cost of operating a branch

Annual cost of operating an onshore node

Annual cost of operating an offshore node

Unit HVDC
Share of CAPEX 2.5%
Share of CAPEX 1.5%
Share of CAPEX 2.0%

HVAC
2.5%
0.7 %

2.0 %
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6.1.2 Cost Development Assumptions

Infrastructure investments are usually distributed over decades. For the case studies pre-
sented in chapter 0, investments are provided in five-year intervals. Due to learning and
scaling effects, transmission infrastructure costs are expected to decline as the technology
becomes more mature. Therefore, assumptions must be made for cost development trends.

Because the development status is very different for HVAC and HVDC technologies, these
must be considered individually. HVAC technologies have been used in the European elec-
tricity grid for decades. Nevertheless, some design optimisation and related cost decreases
can be expected for offshore wind application. (Some HVAC innovations still occur; for
example, the new HVAC grid access solution from Siemens uses two smaller and significantly
lighter transformer modules instead of one large platform.)3®

HVDC technology has long been used for interconnectors, but not for offshore grid connec-
tions. The first HVDC connections for OWFs were used in Germany in 2010, when BorWin
1 began operations. Since then, a total of seven HVDC hub connections have been built in
German waters. The investment costs have varied significantly between the different HVDC
projects. In early projects, the costs were underestimated, which led to significant cost in-
creases during the planning and construction phases. Later, the contract volumes increased,
presumably to more realistic values, and there were slight cost decreases for the most recent
projects. However, the costs also depend on the market situation, with high time constraints
in the beginning (the German grid operator Tennet is obligated to connect the wind farms
and had to base its grid connection projects on the individual wind farm planning status) and
limited competition (only three suppliers of HVDC platforms and two cable suppliers). Costs
can be expected to fall again significantly as competition and experience increase.

It is difficult to define cost development assumptions through 2050, because longer-term
cost projections are associated with greater uncertainty. Therefore, assumptions for differ-
ent time horizons have been made. Based on the literature, a moderate cost reduction can be
assumed for HVAC# grid connections of wind farms (see Table 7). A larger cost-reduction
potential is observed for HVDC technology because of its low maturity level, as explained
above. Cost reductions may result from technical improvements, such as higher voltage lev-
els or regulatory improvements (e.g. with respect to tendering conditions and a streamlined
awarding process). Another important cost reduction factor may be an increase in compe-
tition due to new market players. This assumption is supported by a market analysis® con-
ducted in the scope of the Baltic InteGrid project and by studies in Fichtner (2016)4. IEA and
IRENA also anticipate significant cost reductions for HVDC technologies. Therefore, this CBA
assumes the following annual cost reductions.

Description HVDC HVAC
2.50% until 2020 1.00% until 2020
A | cost reducti 2.50% from 2021 to 2030 0.75% from 2021 to 2030
nnuat cost reduction 1.00% from 2031 to 2040 0.50% from 2031 to 2040
0.50% from 2041 to 2050 0.50% from 2041 to 2050

The cost development assumptions are applied in the cost analysis. The assumed values
(based on the LCM) are calculated using the year of installation projected in the case studies.
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Cost reduction
assumptions

47



48

Cost-Benefit
Analysis

Table 8
Probability
distribution
assumptions

*Additional cost
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6.1.3 Risk Analysis of Cost Assumptions

For a better interpretation of total cost results, a Monte Carlo analysis was conducted to
assess the total cost range considering uncertainties. In a Monte Carlo analysis, calculations
are performed using hundreds of combinations of cost data assumptions, and defined con-
fidence intervals are created to interpret the expected value. The Monte Carlo analysis was
conducted with 100,000 runs. Triangular distributions were assumed for all relevant input
parameters. The following Table 8 summarises these parameters in a normalised format.

Parameter Group P5 Mode P95
HVDC Cables 0.80 1 1.20
HVDC Nodes 0.80 1 1.35
HVDC Offshore* 0.90 1 1.80
HVAC Cables 0.90 1 1.10
HVAC Nodes 0.90 1 1.10
HVAC Offshore* 0.90 1 1.20
Cost Trends 0.50 1 1.50
OPEX 0.80 1 1.20

The input parameters for the Monte Carlo analysis were derived from a comparison of the
cost assumptions using available data from recently realised projects. If possible deviations
from the average value were high (e.g. parameter HVDC offshore), this was reflected in the
assumptions for the Monte Carlo analysis.

6.2 Cost Results

The results of the cost calculation for the CBA are presented below. The calculated costs are
shown for the different levels of integration in each case study.

6.2.1 Total Cost

The LCM can be used to calculate the total costs in each scenario. It is important to note,
however, that both cost data assumptions and cost trends are subject to high uncertainty.
Therefore, the average results are supplemented by a Monte Carlo analysis. In Figure 23, the
expected total costs for the various scenarios are shown, along with selected results of the
Monte Carlo analysis. For each scenario, the 50 % confidence interval and the 90 % confi-
dence interval are identified. A direct comparison of case studies and wind farm develop-
ments makes two relationships clear: investments are higher for CS1 than for CS2 and higher
for high wind development than for low wind development. Both effects result from an in-
creased number of infrastructure components.
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The confidence intervals, though fairly wide, are reasonable for such long-term projec-
tions. Total cost uncertainty primarily results from uncertainties in the assumptions for cost
trends and component costs, as described in section 6.1. Because all scenarios refer to similar
infrastructure projects, the types of cost components are the same. It is very unlikely that a
change in cost data or trends would affect the overall result for different integration levels,
because the ranking of alternative integration levels would stay the same.

6.2.2 Cost Structure

An additional output of the cost analysis is the discounted cost structure of each previ-
ously defined scenario. The disaggregated costs are presented below for the various HVAC
and HVDC components and the four combinations of case studies and wind development
assumptions. Cost component groups include CAPEX and OPEX. The cost structures identify
the most relevant cost component groups. As explained in chapter 3, three different levels
of integration are compared in each of the case studies. The following figures show the cost
structures for each scenario.
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Figure 23

Expected total costs
for the various
scenarios, including
results of Monte
Carlo analysis
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Cost structures for
case study 1 with
high offshore wind
power

Figure 25

Cost structures for
case study 1 and
with low offshore
wind power
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Cost for CS1 with High OWP

bn €

CS1_1a
Zero Integration

CS1_2a
Partial Integration

CS1_3a
Max Integration

In CS1 with high offshore wind power (‘CS1-High’), the lowest total costs occur in the par-
tial-integration scenario (see Figure 24). This is due to a significant reduction in HVDC cable
costs and HVDC onshore node costs because of a more efficient grid layout. These cost reduc-
tions more than offset the cost increase from the HVDC offshore nodes used for OWF inte-
gration. In the maximum-integration scenario, HVAC grid infrastructure is largely replaced
with HVDC lines, which decreases costs for HVAC but significantly increases those for HVDC,
especially for additional offshore nodes that include DC breakers. These two modifications
result in an overall cost increase.

Cost for CS1 with Low OWP
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0.31 0.31
02 0.31 |
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W
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Zero Integration Partial Integration Max Integration
HVAC Offshore Nodes Bl HVAC Onshore Nodes [l HVAC Cables

[ nvpc offshore Nodes M HVDC Onshore Nodes [l HVDC Cables

In CS1-Low (Figure 25), total costs for the different degrees of integration are comparable.
The lowest costs are associated with the zero-integration scenario. The cost increase in the
maximum-integration scenario is only 7 %, although it is characterised by an entirely
different cost structure that is dominated by the costs of HVDC offshore nodes.
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Figure 26
Cost structures for
case study 2 with
high offshore wind
power
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The baseline scenario for CS2-High is characterised by high HVAC costs, largely due to the
cost of cables. In the partial integration scenario, the overall cost increases significantly:
due to the addition of HVDC offshore nodes, the increase in HVDC costs more than offsets
the reduction in HVAC cable costs. In the maximum-integration scenario, HVAC cable costs
can be reduced dramatically due to efficient wind farm clustering. This results in a total cost
decrease that makes maximum integration the least costly scenario.
Cost for CS2 with Low OWP
0.9
Figure 27
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In CS2, total cost differences are minimal for the different levels of integration. Because OWF
integration requires high-cost HVDC offshore nodes, the replacement of HVAC infrastructure
with HVDC technology results in a moderate cost increase in both the partial-integration case
and the maximum-integration case. Here, the zero-integration case is the least expensive.

6.2.3 Sensitivity Analysis

As noted above, the cost assumptions made here are subject to uncertainty, particularly
with regard to HVDC technology like circuit breakers. Varying the assumptions may change
the cost results and thus favour a different level of integration. A sensitivity analysis was

* For cables and performed to evaluate the robustness of the cost analysis and assess the most relevant cost

nodes, fixed and drivers. Each of the disaggregated cost components varied in the range of 50 % to +50 %,
variable parameters with the other factors held constant.* The output was monitored for the most favourable

are grouped and (i.e. cheapest) scenario. In addition, outputs were used to determine which component-cost
changed collectively changes most significantly influence the results.

Table 9
Sensitivity Analysis
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7. Weighing Net Present Value of Costs and Benefits

CBA was performed to evaluate the socio-economic effects of electricity-grid variants. The
(differences in) costs and benefits are provided as net present values and can now be balanced
against each other to assess the relative benefits of increased integration. The costs are sub-
tracted from the benefits; a positive value indicates that the given level of integration is more
favourable than the base case. The following Table 10 summarises the output of the two models.

CS1(PL, SE, LT)

High Offshore Wind Power Low Offshore Wind Power

Table 10
Results for

Case Study 1 CS1_2a—CS1_1a CS1_3a—CS1_1a CS1_2b—-CS1_1b CS1_3b-CS1_1b

Partial Integration Max Integration Partial Integration Max Integration

Benefit (higher is better)
0.06 bn€ 0.09 bn€ 0.92bn€ 0.99 bn€
Cost (lower is better)
-0.30bn€ 0.24bn€ 0.11bn€ 0.08 bn€
Benefit - Cost (higher is better)

0.36 bn€ -0.15bn€ 0.81bn€ 0.91bn€

For CS1-High, the partial-integration case is the most favourable, with lower costs and
greater benefits relative to the baseline scenario. A higher level of integration produces
greater benefits but higher costs. Therefore, the maximum-integration case is the least
favourable here. This conclusion changes in the case of low offshore wind capacity. For
increased integration, an increase in benefits offsets the additional costs. In this case, the
maximum-integration scenario is the most favourable.

CS2 (DE, SE, DK)

High Offshore Wind Power Low Offshore Wind Power

Table 11
Results for

Case Study 2 CS22a—-CS21a CS23a—CS21a CS22b —CS21b CS23b —CS21b

Partial Integration Max Integration Partial Integration Max Integration

Benefit (higher is better)
1.83bn€ 1.76 bn€ -0.03bn€ -0.01bn€
Cost (lower is better)
0.38 bn€ -0.05 bn€ 0.03 bn€ 0.07 bn€
Benefit - Cost (higher is better)

1.45 bn€ 1.81bn€ -0.06 bn€ -0.08 bn€
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In CS2-High, there is a significant benefit increase in the partial-integration scenario. The
increase is slightly lower in the maximum-integration scenario due to the greater use of
interconnectors for offshore wind power. Still, the maximum-integration case is the most
favourable because it has the lowest total costs. In the low offshore wind case, no extra benefit
or cost reduction was observed for wind farm integration. Here, the zero integration scenario
is preferable. The following Table 12 identifies the integration level that was found to be the
most economical in each scenario.

Partial

Integration

The overall result shows no distinct trend as the level of integration increases. This is be-
cause the total exchange capacity between neighbouring countries was held constant in the
scenario. A higher degree of wind farm integration appears to make more sense in scenarios
with high offshore wind capacity. An additional benefit that is not fully monetarised, such as
the security of supply, could also make a higher level of integration more favourable.

Cost-Benefit
Analysis

Table 12
Most favourable
integration levels
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8. Conclusions

In an effort to reduce the greenhouse gas emissions from electricity generation, most of the
European countries in the North Sea and Baltic Sea Regions have set national targets for
greater offshore wind power capacity. Increasing the share of renewable energies is expect-
ed to cause greater power fluctuations. In response, international electricity grid intercon-
nections have been implemented or are in planning stages. These prospective developments
raise questions about the technical feasibility and socio-economic desirability of integrating
wind farms into interconnecting grid infrastructure. Various international research projects,
many of which are EU-supported, seek to address different aspects of this question.

This report has focused on the BSR. Specifically, two representative study cases have been
analysed with respect to their potential costs and benefits. For each case study, three scenarios
with different levels of wind farm integration were considered, with the zero integration
case serving as baseline scenario. The interconnecting capacity was held constant for the
different levels of integration. Two different development paths for wind farm installations
were assumed. While all benefits reflected a social welfare optimum, the different topologies
and assumptions regarding OWF development allowed for different investment pathways.

The CBA conducted here produced five central conclusions:

1. No general trend can be identified as the level of integration increases. This is due to the
specific characteristics of the different scenarios. For future infrastructure projects, po-
tential wind farm integration should be evaluated carefully and on a case-by-case basis.

2. A significant socio-economic benefit can be expected for the interconnection of market
areas. This interconnection is already part of the zero-integration case. Differences in the
benefits are relatively low for the different levels of wind farm integration. The analysis
shows that the market benefits of additional integration are, at the very least, small or
close to neutral. This includes the benefits that come from the increased rate of adequa-
cy, especially in cases of low overall adequacy. Depending on the scenario, there may be
significant benefits to additional integration. In this analysis, only the additional benefits
of a higher level of integration are captured; benefits from investments in the base case
are not represented, although they may be significant. Individual infrastructure projects
should therefore be evaluated in greater detail.

3. Cost differences between the three levels of integration are more significant. In each
case, the CBA identifies the least expensive scenario as the most favourable. The cost
structure varies significantly between zero-integration and maximum-integration sce-
narios. The results indicate that replacing HVAC infrastructure with HVDC technology in
ameshed configuration could be economically advantageous, but the level of integration
must be examined carefully. Although cost assumptions are highly uncertain due to the
long-term horizon and especially for HVDC technology, this finding is rather robust to
cost variations.

4. Ahigher degree of integration appears to make more sense for scenarios with high off-
shore wind capacity, because in such cases the high share of fixed costs can be distributed
among many projects.

5. A higher level of integration is associated with further non-monetarised benefits. For
example, the security of supply can be increased in many cases because of better market
coupling and additional feed-in options for OWFs.
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The benefits of enhanced market coupling could be realised in many scenarios, including
in the baseline scenario with no OWF integration. Integration could yield additional benefits,
especially assuming high offshore wind capacities. The integrated design should aim to
reduce infrastructure cost, as such costs strongly affect the overall assessment. Methods to
include non-monetary benefits in the CBA should be further developed.

Cost-Benefit
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