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Abstract: Integrating active power curtailment (APC) of renewable energy sources (RES) in power
system planning reduces necessary investments in the power system infrastructure. In current target
grid planning methods, APC is considered by fixed curtailment factors without considering the
provided flexibility to its full extent. Time-series-based planning methods allow the integration
of the time dependency of RES and loads in power system planning, leading to substantial cost
savings compared to the worst-case method. In this paper, we present a multi-year planning strategy
for high-voltage power system planning, considering APC as an alternative investment option
to conventional planning measures. A decomposed approach is chosen to consider APC and
conventional measures in a long-term planning horizon of several years. The optimal investment
path is obtained with the discounted cash flow method. A case study is conducted for the SimBench
high-voltage urban benchmark system. Results show that the time-series-based method allows
for reducing investments by up to 84% in comparison to the worst-case method. Furthermore, a
sensitivity analysis shows the variation in total expenditures with changing cost assumptions.

Keywords: power system planning; high-voltage; curtailment; multi-year; long-term planning;
time series; network expansion planning

1. Introduction

The primary objective of strategic power system planning is to meet future demand and
integrate renewable energy sources (RES), with the restriction of being as reliable, economical, and
environmentally friendly as possible [1]. These requirements result in many different optimization
targets and planning problem formulations, as the exhaustive literature overviews show [2–4].
Standard industry practice in power system planning of distribution and sub-transmission grids is to
manually design the power system based on a few hypothetical worst-casesituations [5]. RES are only
considered to a limited extent with this method. Due to the ambitious goal of Germany to obtain 100%
of RES in electricity consumption by 2050 [6], high investments in the grid-infrastructure are expected in
coming years, as shown by several studies [7–12]. Integrating operational flexibility, for example active
power curtailment (APC), in power system planning may reduce the amount of these investments.
Recent studies show that when distribution and sub-transmission system operators manage to consider
operational flexibility in grid planning, it is possible to reduce additional investments from €36.8 billion
to €16.8 billion by 2035 [13,14]. The authors of [15] further show that it is of increasing importance
to integrate short-term operational flexibility in planning models. Today, APC is considered by fixed
curtailment factors, such as 3% of the annually generated energy, without considering the provided
flexibility to its full extent [16]. Several curtailment concepts are currently investigated based on power
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flow analysis [17] or optimal power flow studies [18,19]. The author of [20] presents a time-series-based
method to minimize development costs and shows optimization results for a one-year time horizon
using twenty-four representative days. Time-series-based planning methods allow the integration of
the time dependency of RES and loads in power system planning, leading to substantial cost savings
in comparison to the worst-case method [21]. However, most of the time-series-based strategies
considering curtailment focus on a single future year without recommending a possible transformation
path to the grid power system planner [22]. In this paper, we present a multi-year planning strategy
for high voltage (HV) power system planning, considering APC as an alternative investment option to
conventional planning measures. We target the following research questions:

• What is the optimal transformation path considering conventional planning measures and APC
for a planning horizon of several years?;

• When is the optimal year to invest in power line replacement measures in comparison to
applying APC?;

• How can short-term expenditures from power system curtailment be compared with long-term
investments in the power line replacements?

The paper is structured in five sections. Section 2 details the implementation of the multi-year
planning method. Section 3 shows results for the SimBench urban HV benchmark grid from [23].
In Section 4, we discuss the results and give a conclusion in Section 5.

2. Method

2.1. Multi Year Power System Planning

The multi-year planning strategy considers long-term planning horizons by regarding multiple
consecutive years. In each year, additional growth of demand and generation is expected. This growth
leads to higher infrastructure requirements, and ultimately necessitates grid expansion measures
such as power line installations. The typical period for the planning, approval, and construction of
a HV overhead line is about 3–5 years, depending on the length and routing of the line. Power line
installations result in high capital expenditures (CAPEX) for the grid operator ranging from €0.42 to
1.0 million per kilometer of newly built overhead lines and cables. These installations are designed and
maintained over several decades [24]. Efficient usage of operational measures, such as the curtailment
of generation, allows the postponing the installation of new power lines. Applying APC, however,
increases the operational expenditures (OPEX). The power system operator must decide when to
invest in the infrastructure within the planning horizon. The question arises as to when it is more
economical to invest in infrastructure than to curtail the in-feed of RES. To answer this question, a
discrete optimization problem is formulated with the following assumptions:

• A strong increase of RES is expected in the area of consideration;
• Investments in power lines/transformers are necessary in this area in order to guarantee future

supply;
• APC is an alternative option to the investment.

2.1.1. Decision Path Approach

In this paper, we choose a decomposition method to solve the discrete optimization problem.
A separated calculation of APC and the planning measures in each year enables the power system
operator to evaluate several investment paths under different cost assumptions. We consider the costs
per kilometer for power lines, as well as the costs for the curtailed energy, interest rates, and annuities.
The decomposed decision path method is depicted in Figure 1. If the power system operator invests in
the infrastructure in the first year, CAPEX of c1 are obtained in the same year. Without an investment,
the OPEX of c1 from APC are excepted in year one. For each of the two options, two new options are
available in year two, leading to four possible combinations of expenditures. Finally, in the last year,



Energies 2020, 13, 4920 3 of 15

2Y decision paths are obtained, which require 2(Y+1) year simulations in total. We select the optimal
path by comparing the net present value (NPV) of the cash flows in the regarded time horizon. In this
paper, we compare long-term CAPEX with short-term OPEX with the discounted cash flow (DCF) and
the annuity method.

Year 0 Year 1 Year 2 Year Y

c1

c1

Option1

Only CAPEX

Only OPEX

Option1,Option2

Option1

Option1,Option2

Option1,Option2

Option1,Option2

...

Figure 1. Multi-Year Decision Path for Y years.

2.1.2. Annuity and Discounted Cash Flow Method

Power system infrastructure, such as power lines, transformers, or substation equipment,
are utilized over many decades. The annuity method can be used to find an investment decision in a
new project and to compare the resulting CAPEX with annual operational cash flows. The annuity of a
project is calculated to finance the installation expenses and is used to obtain continuous payments
over a defined time period. The annuity A is calculated as

A = K0 · an = K0 ·
qn · (q− 1)

qn − 1
(1)

The annuity consists of the acquisition cost K0 multiplied with the annuity factor an. The annuity
factor is calculated by the interest factor q = ir + 1 with a given interest rate ir and the depreciation
years n of the asset [25]. In this paper, we consider the replacement of existing power lines
(cables and overhead lines) with the annuity method and assumed that the investment is debt-financed.
Figure 2a depicts the annuity method. The initial investment K0 in year zero is divided into equal
payments of A for the next n years with an. The resulting annuities of power line replacements can
then be considered as cash flows within one year and are comparable to the cash flows of the OPEX
resulting from APC. To find the optimal investment alternative, the DCF method is applied. DCF is
an investment method for determining the value of investment projects. It is based on the financial
mathematical concept of discounting cash flows to determine the present capital value. The DCF
method discounts future cash flows to a given valuation date. The NPV, calculated in this way, is the
discounted cash flow C0. Figure 2b shows the discounted cash flow method. The cash flows C1−Cn

are discounted with the interest rate ir to obtain the NPV C0 in year zero. The NPV for a given interest
rate ir is obtained by sum of the discounted cash flows Ct of each period t for a total time horizon of T
years [26]

C0(i) =
T

∑
t=1

Ct

(1 + ir)
t (2)
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Figure 2. (a) Annuity Method and (b) Discounted Cash Flow.

2.2. Problem Formulation

Equations (3)–(10) formulate the decision problem. The NPV of cash flows with the interest
rate ir during the planning horizon Y are minimized. In each year y, we assume that it is either
invested in the infrastructure, resulting in CCAPEX ≥ 0, or operational measures are taken, resulting
in COPEX ≥ 0. The two types of expenditure are assumed to be mutually exclusive within one year,
formulated by (4). This mutual exclusiveness allows a separate calculation of operational measures
and planning measures in each year. Therefore, the curtailed energy and replaced kilometers of power
lines are determined separately, without the need to define the costs for each measure prior to the
simulation. A comparison of different cost assumptions and the evaluation of several investment paths
is thereby possible without the need for recalculation of the regarded time horizon. Technical limits are
considered by (5)–(10) during the optimization. The constraints are equal to the standard alternating
current (AC)-optimal power flow (OPF) formulation, as defined by, e.g., [27].

minimize

NPV(i) =
Y

∑
y=1

COPEX,y + CCAPEX,y

(1 + ir)
y (3)

subject to

COPEX,y · CCAPEX,y = 0 — mutually exclusive option (4)

(Sg,i − SD,i) = Vi(
N

∑
j=1

YijVj)
∗ — coverage of system load (5)

Smin
g,k ≤ Sg,k ≤ Smax

g,k , ∀k ∈ G — generator limits (6)

6 Vr = 0 ∀r ∈ R — reference bus angle limits (7)

vmin
i ≤ |Vi| ≤ vmax

i ∀i ∈ N — voltage magnitude limits (8)

θ∆l
ij ≤ 6 (ViV∗j ) ≤ θ∆u

ij ∀(i, j) ∈ B — voltage angle difference (9)

|Iij| ≤ iu
ij ∀(i, j) ∈ B — branch current limits (10)

Figure 3 shows a flowchart of the implementation. First, a time series for future years is generated
by applying growth factors of loads and RES to historically measured time series. The time series are
the input to the time series simulation of one year, which determines the critical loading situations in
this year. A power flow calculation is performed for each time step with pandapower [28]. The results
of the time series simulation are the critical load cases of the currently regarded year. A critical load
case is defined as a time step in which either bus voltage magnitude violations or branch loading
violations are the result of the power flow calculation. Some thousand load cases can be obtained for
a time series in 15 min resolution. These load cases are input to the operational optimization in the
second step. Each load case is solved individually by applying APC. The same load cases are input to
a second optimization considering only grid expansion measures. This planning optimization consists
of two steps. First, the most severe load cases are determined as the basis for planning. Second, the
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optimization algorithm is started considering only planning measures, e.g., power line/transformer
replacements or additional line measures. Planning results are the discrete planning measures for the
current year. The result of the operational and grid planning optimizations is input to the following
year’s two optimizations. This process is repeated until the pre-defined planning horizon of Y years is
analyzed. The result is a decision tree consisting of 2Y solution paths. The optimal investment path is
finally obtained by comparing the NPV of all cash flow paths, as shown in Figure 1. The optimization
process results are the applied planning measures of each year as well as the corresponding operational
measures. Furthermore, technical limits and expenditures are evaluated. Sections 2.2.1 and 2.2.2 detail
the objective functions of the operational and planning optimization.

solve with active power
curtailment

determine worst load cases

determine planning measures

years 
left?

Time Series Simulation

Operational Optimization

critical load cases of
the current year

R
es

ul
ts

applied planning measures curtailed energy CAPEX, OPEXtechnical limit violations

Planning Optimization

year = 0

year + 1
(load & RES growth)

yes

no

St
ar

t

Inputs:
power system data, load &
RES reference time series 

Assumptions:
planning premises, type of
measures, load/RES growth
per year 

For each year and decision option:

Decision Tree 
(consists of 2Y
solution paths)

Optimal Path
(depends on the

cost assumptions)

Figure 3. Implemented combined optimization strategy considering APC and conventional
planning measures.

2.2.1. Operational Optimization

The objective of the operational optimization is to minimize curtailment while maintaining the
power flow limits as defined by Equations (5)–(10). A minimization of curtailment is achieved by
maximizing the power output of the RES generators. Thus, we define the following objective to
minimize APC

minimize: COPEX = −
GRES

∑
k=0

ck · Pg,k (11)

subject to: (5)–(10)

with ck as the cost of the generated real power Pg,k for the RES generators GRES installed in the
power system. The cost is a positive value so that the generated power is maximized and the
curtailment is minimized. ck is, for example, the market price at a time step or fixed remuneration
value depending on the remuneration of the RES generator. We use pandapower [28] in combination
with PowerModels.jl [29] to solve the OPF problem defined by (11) and (5)–(10).
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2.2.2. Planning Optimization

In the planning optimization, power line measures are applied to satisfy the power flow
constraints defined by (5)–(10). These measures include either power line replacements or the
installation of additional lines. We formulate the planning problem considering both measures as

minimize: CCAPEX = ∑
m∈Ml

cl,mαm + ∑
m∈Ma

ca,mβm (12)

subject to: (5)–(10)

The replacement measures are defined by the set of possible line replacements Ml .
The objective (12) is to minimize the sum of line replacement costs cl,m. A line is replaced when
the binary value αm is one, and it is not replaced when αm is zero. Similarly, additional measures
are defined by the set of additional lines Ma. The objective is to minimize the line installation cost
ca,m when the new power line is installed. βm is a binary variable, which equals one if an additional
line is installed and zero otherwise. cl,m and ca,m are equal to the annuities Am of these power lines.
Further explanations of the problem can be found in [30], which is integrated as transmission network
expansion planning (TNEP) in PowerModels.jl [29]. We use the hybrid optimization method combining
mathematical programming and heuristic methods from [31] to solve the planning problem.

3. Results—SimBench Case Study

In this section, we apply the proposed framework to the “SimBench” urban HV-system with the
SimBench grid code “1-HV-urban–0-sw” [23]. The case study compares the costs of RES curtailment
to the costs of line replacement measures for a planning horizon of 10 years. The grid data and the
corresponding time series are obtained from [32].

3.1. Benchmark Data and Assumptions

In the following case study, a long-term planning horizon of 10 years is considered. The time series
provided with the SimBench HV urban power system are the basis of the optimization. Each year,
we assume that consumption and generation time series are scaled by a percentage of the previous
year to obtain future scenarios. Table 1 lists the assumed costs, interest rates, and growth factors for
loads and RES. Fixed costs are assumed for the curtailed energy of 33 EUR MWh−1 resulting from
the average values of market prices between 2014 and 2018 [33]. Furthermore, a depreciation horizon
of 50 years with an interest rate of 4%, and replacement costs of 150 kEUR km−1are assumed for
power line replacements as in [34]. As conventional measures, power lines replacements with half the
installed impedance are considered. The NPVs of all investment paths are determined by discounting
the cash flows with the given interest rate. The optimal path is then selected based on the NPVs, as
detailed in Section 2.

Table 1. SimBench Case study assumptions for load/renewable energy sources (RES) growth, costs,
interest rate, and depreciation horizon.

Growth Rates Cost Assumptions

load RES curtailment cost line costs interest depreciation horizon
1% 5% 33 EUR MWh−1 150 kEUR km−1 4% 50 a

Figure 4 shows the overloaded hours per year with the assumed growth factors of 5% RES per
year and 1% load growth. A total of 3672 h of line overloadings are expected for the next 10 years with
a maximum of 908 h in year 10, which equals 10.4% of all 8760 h of the year. The line overloading
results from the high in-feed of RES.
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Figure 4. Forecast of power line loading violations for the SimBench urban HV grid.

3.2. Planning Scenarios

These line overloadings can be mitigated by APC or grid reinforcement measures. In the following
comparison, four possible solutions are compared:

1. A worst-case solution considering reinforcement under worst-case assumptions and RES reduction
factors without time series as a baseline value (reference method);

2. A time-series-based reinforcement-only solution without considering any curtailment;
3. A time-series-based curtailment-only solution without considering any grid reinforcement

measures;
4. A time-series-based combined solution of reinforcement and curtailment measures as a result of

the integrated optimization method proposed in this paper.

3.3. Planning Results

Calculating grid reinforcement measures based on worst-case assumptions is the state-of-the-art
method of grid operators. In the following comparison, the worst-case solution is the baseline value
for the time-series-based calculation results. With the worst-case method, the costs of reinforcement
and curtailment are calculated based on fixed worst-case scaling factors, as in [7]. Growth factors for
load and generation are applied in each year, and power values are scaled with worst-case factors.
Figure 5 shows the worst-case result for the SimBench urban case. Each year, the curtailment of
generation increases up to a value of 2.0% of the yearly generated energy, resulting from the reduction
factor of 0.8 for RES in the worst-case planning calculation. The result of the curtailment is the NPV of
OPEX with €2.71 million in the 10 year horizon. Line replacements are necessary in year 10 with a total
of 13.8 km being replaced by a parallel line with the same standard type. An annuity of €0.07 million
of CAPEX are expected, starting from year 10 onward. The NPV of the total expenditures (TOTEX)
during the regarded time horizon is €2.77 million.
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Figure 5. Worst-case solution assuming an interest rate of 4%, depreciation of 50 years, 150 kEUR km−1

replaced line, and 33 EUR MWh−1 curtailment expenditures.

Figure 6 shows the replaced line lengths and resulting annuities per year when only grid
reinforcement measures are applied. Line overloadings are mitigated by replacing 13.8 km of lines in
year 3. The resulting NPV of the CAPEX is €0.6 million over the next 10 years.
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Figure 6. Reinforcement-only solution assuming an interest rate of 4%, depreciation of 50 years,
and 150 kEUR km−1 replaced line.

Figure 7 shows the curtailment-only solution without considering any conventional measures in
the 10 year horizon for the SimBench power system. The curtailed energy is shown in GWh per year,
as well as relative values to the absolute generation an that year. Up to year 10, the curtailed energy per
year is less than 2% of the total generated energy per year. A total of 155 GWh of energy is curtailed
in the 10 year horizon. The cash flows of the OPEX range from zero in the first 3 years up to a value
of more than €1.46 million in year 10. An NPV of the TOTEX of €3.69 million is obtained for the
10 year horizon.
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Figure 7. Curtailment-only solution assuming an interest rate of 4% and 33 EUR MWh−1

curtailment expenditures.

Figure 8 shows the results of a combined optimization of grid reinforcement measures and
curtailment of RES with the time-series-based method, as proposed in this paper. Up to year 5,
no reinforcement measures are reasonable from an economic point of view. Line overloadings are
mitigated by curtailing a total of 0.14 GWh of energy, resulting in a NPV of €0.06 million of OPEX for
the curtailment. In year 5, 13.8 km of lines are replaced, resulting in an annuity of €0.96 million per year
and an NPV of CAPEX of €0.43 million. The NPV of TOTEX of the 10 year horizon is €0.49 million.
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Figure 8. Combined solution of reinforcement and curtailment measures assuming an
interest rate of 4%, depreciation of 50 years, 150 kEUR km−1 replaced line, and 33 EUR MWh−1

curtailment expenditures.

Figure 9 compares the NPVs of cash flows of the regarded investment period (left) and the DCFs
of the final year (right). Results are shown for the worst-case, the reinforcement-only, the curtailment-only,
and the combined optimization solutions. The highest total NPV of €3.69 million is expected when
applying only curtailment measures. A reduction of 25% in costs with a NPV of €2.77 million
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is obtained by applying the worst-case method. An NPV of CAPEX of €0.6 million is expected
when considering only power line replacement measures in a time series simulation. The combined
optimization of reinforcement and curtailment measures yields the lowest overall expenditures with
an NPV of €0.49 million. The NPV of the total cash flows is 87% less compared to the curtailment-only
solution. The DCFs of the final year show that all solutions, except the curtailment-only solution, yield
the same expenditures in the final year. This indicates that the expenditures in this year result entirely
from the CAPEX and a long-term curtailment strategy is no economic solution. The comparison shows
that investments in power line replacements can be deferred in the first years by applying APC.
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Figure 9. Comparison of curtailment-only, worst-case, reinforcement-only, and the combined method based
on time series. The NPVs of the 10-year horizon (left) and DCFs of year 10 are shown (right).

Figure 10 shows the Pareto frontier of the 10-year planning horizon for all solution paths.
Each point represents the NPVs of OPEX or TOTEX with increasing CAPEX. The highest TOTEX
are obtained by the curtailment-only, the lowest TOTEX with the combined, and slightly higher values
with the reinforcement-only solution. The figure outlines that the law of diminishing return applies
when using the proposed time-series-based method. The law of diminishing returns states that lower
incremental TOTEX are obtained with increasing CAPEX. Eventually, the TOTEX start increasing
with higher CAPEX than obtained by the optimal value of €0.49 million, which is the result of the
combined solution.
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Figure 10. Pareto frontier of the NPVs in the 10-year horizon of all time-series-based solutions.

The NPVs of the 10 year horizon consider only the investments of the 10-year horizon.
Power line installations are, however, long-term investments for even longer periods, e.g., 50 years.
The question arises as to what extent the power line installation is a more economical solution than
the curtailment-only solution in a 50 year horizon. When analyzing such long-term future horizons, a
very high uncertainty follows regarding the increase in RES and load development. To account for this



Energies 2020, 13, 4920 11 of 15

uncertainty, we look at three scenarios: (a) RES constant, (b) RES increase, and (c) RES strong increase.
In Scenario (a), we assume that there is no future increase in RES from year 10 onward. Scenario (b)
assumes that the increase in curtailment is 5 % per year, and Scenario (c) assumes an even higher
increase of 10 % curtailment per year. Figure 11 compares the NPVs of TOTEX for the next 50 years for
these scenarios. Results are shown without investment and with the power line investment proposed
by the worst-case, reinforcement, and combined solution. The comparison shows that the investment is
reasonable even when there is no increase in RES, since significantly less energy must be curtailed due
to the installed power lines. The difference accounts for factors between 15–55 in TOTEX depending
on the assumed scenario. The power line investment is, therefore, a much more valuable asset than the
curtailment-only solution.

(a) RES constant (b) RES increase (c) RES strong increase
106

107

108

109
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V 

of
 T
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EX

 [E
UR

] Investment
No Investment

Figure 11. Prognosis of TOTEX for 50-years with or without investment.

3.4. Sensitivity Analysis

The NPVs of the shown results are obtained based on fixed assumptions for the different
parameters. To obtain a sensitivity on the TOTEX of one parameter, we vary each parameter while
keeping the remaining ones constant for the combined method based on the time series. Figure 12 shows
a detailed sensitivity analysis on the NPV of TOTEX for the parameters curtailment cost, depreciation
horizon, interest rate, and line cost per kilometer. We vary each parameter between −90% and 100% of
its initial value while fixing the remaining parameters to their original value. A steeper gradient of the
resulting curve equals a high sensitivity to the parameter. Increasing the depreciation horizon further
from 50 years has the lowest impact on the NPV of the TOTEX. A decreasing depreciation horizon
increases the TOTEX significantly. Varying the interest rate and the costs for curtailment has a similar
effect on the NPV of TOTEX. Decreasing the costs per kilometer leads to a sharper reduction in the
expenditures. The extreme values, such as a short depreciation horizon and low costs per kilometer,
are not realistic and should only illustrate the sensitivity to the parameter.
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Figure 12. Sensitivity analysis. Each parameter is varied between −90% and 200% of the initial values.
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4. Discussion

The comparison shows that the proposed time-series-based planning method allows reducing
planning expenditures in comparison to the worst-case reference method significantly. The proposed
method helps to achieve cost savings when integrating RES in power systems, since the power system
operator can determine curtailment accurately per year and plan the power system accordingly.
Power system operators can compare several investment paths with the proposed method, and the
optimal path can be chosen based on the NPV of the regarded planning horizon. The combined
consideration of curtailment measures and line replacements reduces the NPV of TOTEX by 87% to
€0.49 million in comparison to the baseline value from the worst-case method (€2.77 million). A decrease
of 84% of the TOTEX, as with the worst-case method, are expected when using only conventional
replacement measures. When applying only curtailment measures, expenditures are increased by
35% in comparison to the baseline. Curtailing the energy from RES for the next 10 years is, therefore,
an expensive solution. As shown by the results, it is possible to determine the necessary APC more
accurately based on time series in comparison to static curtailment factors, e.g., 3% of the yearly
generated energy, as applied in [7,16]. Grid reinforcement measures can be cost-effective from early
on when less than 1% of RES energy needs to be curtailed. The results, however, strongly depend
on the employed input time series and the assumed costs. When regarding the long-term horizon of
50-years, power line installations are a much more valuable asset than applying only APC measures.
The resulting power line installation solution of the case study is even economical if there is no further
increase in RES after the 10-horizon.

The resulting expenditures vary according to the assumed costs, as shown by the sensitivity
analysis. The sensitivity analysis highlights that the most crucial factors are the assumed cost of the
curtailed energy, the interest rate, and the cost per kilometer for each replaced line. Power system
operators should, therefore, try to minimize these costs as far as possible. Longer depreciation
horizons than 50 years have little impact on the TOTEX. A drawback of the proposed method is
the long simulation time in comparison to the worst-case method. For a time horizon of ten years,
the calculation takes 6–8 h compared to less than half an hour on a modern desktop computer for the
SimBench HV test case. Shorter calculation times can be achieved by splitting the analyzed decision
tree into several shorter periods of, e.g., 4–5 years. Splitting the tree into shorter periods decreases
accuracy and may increase planning costs. Another disadvantage of the proposed method is the
requirement of measured or synthetically generated time series as inputs. These time series are,
however, commonly available at the HV level.

5. Conclusions

This paper proposes a time-series-based method for power system planning, considering
conventional measures and APC. With the presented method, power system planners are able to
obtain investment paths for long-term planning horizons of multiple years. The method determines the
optimal year to built power lines within the regarded planning horizon. Compared to the worst-case
reference method, a cost reduction of up to 87% is achievable under the given cost assumptions, as
shown by the SimBench results. Additionally, a variation in the cost assumption is easily possible with
the proposed decomposition approach. An exemplary cost sensitivity analysis shows the impact of
the assumed parameters. We further show that the law of diminishing return applies when using the
proposed time-series-based method, leading to potential cost savings in the long-run.

In future works, we recommend analyzing the impact of multiple shorter planning periods
compared to the calculation of the full investment tree and alternative financing strategies
to reduce calculation times. Additionally, the results could be compared to an integrated
optimization of APC and CAPEX within the same year. Furthermore, additional operational
flexibility options, e.g., storage systems or demand side management, could be integrated into the
proposed framework.
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Nomenclature

αm binary variable which is 1 if a power line is replaced and 0 otherwise
βm binary variable which is 1 if an additional power line is installed and 0 otherwise
θ∆l

ij , θ∆u
ij ∀(i, j) ∈ B branch voltage angle difference bounds

cl,m replacement cost of power line measure m in EUR km−1

ca,m installation cost of an additional line measure m in EUR km−1

ck cost of power generation in EUR MWh−1

ir interest rate
iu
ij∀(i, j) ∈ B branch current limit

q interest factor
su

ij∀(i, j) ∈ B branch apparent power limit

vmin
i , vmax

i ∀i ∈ N voltage bounds
A annuity
B set of branches
G set of generators
K0 acquisition cost
N set of buses
Ml power line replacement measure set
Ma additional line measure set
Pg,k real power injection of generator k
R reference buses
SD,i∀i ∈ N load apparent power demand
Sg,k∀k ∈ G generator apparent power dispatch
Sij∀(i, j) ∈ B branch apparent power flow (PF)
Smin

g,k , Smax
g,k ∀k ∈ G generator complex power bounds

Vi∀i ∈ N bus complex voltage

Abbreviations

The following abbreviations are used in this manuscript:

AC alternating current
APC active power curtailment
CAPEX capital expenditures
DCF discounted cash flow
HV high voltage
NPV net present value
OPEX operational expenditures
OPF optimal power flow
PF power flow
RES renewable energy sources
TNEP transmission network expansion planning
TOTEX total expenditures
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