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ABSTRACT 

Distributed Energy Resources (DER) integration studies 

are conducted to estimate the costs required to reinforce 

the grid in the future and evaluate possibilities to utilize 

available reserves as well as reduce the costs using 

innovative technologies. Automated grid planning 

allowed consideration of a large number of grids and 

DER scenarios. This paper presents the findings for the 

HV grids and the HV/MV substations of the Distribution 

System Operators (DSOs) that participated in the study. 

INTRODUCTION 

Hesse is one of 16 federal states of the Federal Republic 

of Germany. It is located in the center of the country and 

has a population of about 6 Million people. 

Fraunhofer IEE and BearingPoint GmbH, in cooperation 

with 9 Distribution System Operators (DSOs), conducted 

a Distributed Energy Resources (DER) integration study 

of Hesse [1], [14] with the goal to estimate the costs of 

grid reinforcement and expansion for three different DER 

development scenarios. In addition, the cost-saving 

potential of different innovative technologies is analyzed. 

The study was conducted using real-world grid data and a 

large number of DER scenarios. 

The findings for the MV and LV grids have been 

published in [2]. This paper presents the results from the 

study with a focus on the high-voltage level (110 kV) and 

the HV/MV transformer level. The analysis of the HV 

level is based on an integrated grid model that contains 

the extra-high-voltage (EHV) grid and the considered HV 

grids connected to it, including the EHV/HV substations. 

Taking into account the large number of considered 

parameters like target year, DER scenario, specific DER 

distribution, and investigated technology, in combination 

with the considered 8 different load cases and the 

necessary verification of the n-1 security criterion, we 

excluded the possibility of manual grid planning from the 

study. Instead, a fully automated process has been 

developed. 

In the following, we describe the combined HV and EHV 

grid model and scenarios. Conventional reinforcement 

and the analyzed innovative technologies are introduced. 

Finally, we present the costs in the HV and HV/MV 

levels and identify the most cost-beneficial technologies. 

GRID MODEL AND DER SCENARIOS 

Prognoses of generation and consumption for the years 

2024 and 2034 are given as three scenario paths – lower, 

medium and upper. The lower scenario assumes a 

delayed development of renewable energy generation and 

new consumers. The medium scenario corresponds to the 

current national energy policy. The upper scenario is 

based on the presently ambitious targets. 50 randomized 

variations for location and size of DER and loads are set 

for every scenario path and year. Grid reinforcement is 

defined for each of the resulting 300 scenario situations.  

 
Figure 1: Assignment of DER prognoses to the HV/MV 

substations based on localities 

Load and generation are assigned to the grid model using 

geographical aggregation. The area of Hesse is divided 

into 2957 patches based on localities, which are then 

assigned to the HV/MV substations (Figure 1). 

In order to account for the interactions between the EHV 

and HV grids, the part of the EHV grid that supplies 

Hesse is included in the combined grid model. Extended 

ward equivalent elements in the EHV grid represent the 

voltage control by remote generators. The transit flows 

are implemented as PQ nodes, based on the scenarios in 

the Network Development Plan of the Federal Network 

Agency (BNetzA) [3]. This approach allows for a single 

grid model that comprises the relevant part of the EHV 

grid, all available HV grids (supplying about 80 % of the 

federal state’s area), and the EHV/HV substations 

including the tap changer controllers (Figure 2).  



 25th International Conference on Electricity Distribution Madrid, 3-6 June 2019 
 

Paper n° 1743 

 
 

CIRED 2019  2/5 

 
Figure 2: Combined HV and EHV grid model 

Due to the impact of the HV scenarios on the EHV grid, 

the transit flows must be rebalanced. We use an iterative 

approach to minimize the power flow through the slack 

bus that is defined in the EHV grid. 

Grid planning in the high-voltage level is based on 

analyses of worst-cases by using the simultaneity factors 

of loads and generators. We consider 8 load cases that are 

defined through combinations of different simultaneity 

factors for consumption and generation to represent the 

relevant worst cases.  

COST EVALUATION 

After the integration of the (often very progressive) 

scenario predictions into the grid model, in most cases, 

some grid elements are overloaded or the voltage limits 

are exceeded at certain stations.  

Grid planning is based on the violations of voltage and 

loading limits. The voltage limits can be expanded for the 

n-1 case, which is the industry practice (Table 1).  

Table 1: Voltage constraints for HV grids 

Value Load case Generation case 

Ext. grid voltage 1.045 p.u. 1.045 p.u. 

Bus voltage 0.92 p.u. 1.08 p.u. 

Bus voltage (n-1) 0.909 p.u. 1.118 p.u. 

According to the grid codes, HV grids must fulfill the n-1 

criterion, which means the ability to tolerate a fault of 

any single grid element. In order to satisfy this condition, 

we apply n-1 analyses as part of the grid planning. 

Grid reinforcement algorithm 
We developed a two-stage approach for automated grid 

reinforcement to remove the resulting violations. The 

developed approach iteratively reinforces overloaded grid 

elements until the grid is back in a valid state. The 

algorithm is described in more detail in [1]. 

First, we identify the maximal occurring loading per line 

and maximal/minimal voltage per bus among all possible 

n-1 cases in the HV grid. To this end, load flow 

calculations are repeated as many times as there are lines 

in the grid, with each line failing once, for every 

considered load case. The lines identified as overloaded 

in any of the n-1 cases are reinforced with the appropriate 

measures according to the extent of their overloading. 

Line reinforcement changes the impedances and therefore 

affects the power flows, especially in a meshed grid. To 

account for this effect, a batch of the most overloaded 

lines is reinforced at a time. This step and the n-1 analysis 

are repeated until no overloaded lines are left.  

Next, a heuristic algorithm, as described in [4], is used to 

remove the remaining violations of voltage limits.  

The following measures for reinforcement and reserve 

utilization are considered in conventional grid planning. 

Line replacement 

If an overhead line is reinforced using conductors with a 

higher cross section, the power poles must be replaced 

due to the increase in weight. Consequently, conventional 

HV line reinforcement causes particularly high costs.  

Height adjustment of power poles 

Adjusting the height of existing power poles increases the 

distance between the power lines and the ground. This 

allows higher sag and therefore a higher line operating 

temperature. This measure can be applied for some of the 

older power lines that were designed with lower poles to 

operate at a lower temperature than the 80 °C limit of 

Aluminum Conductor Steel Reinforced (ACSR). 

Dynamic line rating 

The rated current of overhead lines is calculated based on 

the worst-case weather conditions that include high solar 

radiation, low wind and high ambient temperature, as 

defined in EN 50182. The actual operating conditions 

differ from the worst-case assumptions, especially in a 

situation of high wind power generation. Real-time line 

temperature monitoring allows increasing the limit of line 

current based on the observed data. This approach is 

called Dynamic Line Rating (DLR). 

Temperature resistant aluminum 

Conductors utilizing an aluminum-zirconium alloy, the 

so-called temperature resistant aluminum (TAL), enable 

overhead line operation at 150 °C unlike the allowed 

80 °C for ACSR. We assume that this type of conductor 

is used in combination with DLR. 

HV/MV substations 

We implemented an automated approach to select a set of 

reinforcement measures with the lowest costs, under 

consideration of limitations of a given substation. A 

transformer can be equipped with a cooling fan to utilize 

its reserve. In addition, a transformer can be exchanged 

by a larger one, or a new parallel transformer can be 

State border 
EHV/HV substation 
Voltage control 
Transits 
EHV overhead lines 
HV overhead lines 
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added to the existing substation. Alternatively, a new 

substation can be founded at a separate location. Using 

the DSO data, we consider applicability of each measure 

for the individual substations, e.g. if the available space 

and foundation are sufficient for a new transformer.  

Potential and costs 

The aforementioned measures are applied to the HV grids 

in the order height adjustment – DLR – TAL – line 

replacement, depending on the extent of line overloading. 

Loading of lines without any reserve measures is limited 

to 100 %. The combination of DLR and TAL has the 

highest reserve utilization by raising the maximal line 

loading to 160 % (Table 2). 

Table 2: Potential of reserve in conventional reinforcement 

Measure Operating 

temperature 

Loading range 

Height adjustment 80 °C type-specific 

DLR 80 °C 100 % - 130 % 

DLR and TAL 150 °C 130-160 % 

The replacement of power lines is by far more expensive 

than the reserve measures (Table 3). Line reinforcement 

causes additional costs for switch cubicles and Petersen 

coils. For a detailed cost description for substations and 

additional elements, and the methodology, refer to [1]. 

Table 3: Costs of measures for conventional reinforcement 

Measure Costs 

Al/St 564/72 475 000 €/km 

Al/St 564/72, 2-bundled 600 000 €/km 

Cable, urban 1 900 000 €/km 

Cable, country 1 000 000 €/km 

Pole height adjustment 40 000 €/km 

Dynamic line rating 2 000 €/km 

TAL 60 000 €/km 

New substation 1 900 000 € 

HV/MV transformer 850 000 € - 1 100 000 € 

INNOVATIVE TECHNOLOGIES 

To analyze the impact of an innovative technology on the 

reinforcement costs, it is applied in the grid model to the 

possible extent. Next, the necessary grid reinforcement 

costs are determined using the iterative approach 

introduced earlier. This allows comparing the costs of 

reinforcement in the HV and HV/MV levels to the 

reference case (conventional reinforcement) in order to 

evaluate the cost reduction potential of the technology.  

High Temperature Low Sag (HTLS) conductors 

The HTLS conductors increase the rated current of an 

overhead line while reusing the existing power poles. 

Conductors of the type Aluminum Conductor Composite 

Reinforced (ACCR) are lighter and have lower sag than 

conventional conductors (e.g. ACSR).  

Due to the material properties of its core and the 

conducting layers, ACCR conductors can be continuously 

operated at up to 210 °C without increasing the sag 

compared to ACSR [5]. As a result, the overhead line can 

be operated with about twice as high current as before. 

An ACCR conductor that is operated at 210 °C has an  

1.73 times higher resistance than one at 25 °C [6]. This 

effect increases the reactive power consumption of lines 

[7] and impacts bus voltages. If the reactive power is not 

sufficiently compensated, this poses a risk of voltage 

collapse [8]. As the worst-case assumption, the ACCR 

conductors are considered to be operated at 210 °C.  

The costs of the HTLS conductors are assumed at 

100 000 € per km of a conductor circuit.  

Reactive power control 

Reactive power control can be used in order to 

compensate voltage increase due to DER. Considered 

reactive power control strategies are local 𝑄(𝑉) and fixed 

power factor (PF), with the power factors of 0.95 and 0.9. 

Due to the fact that the MV and LV grids are not included 

in the combined grid model (they are represented with 

replacement loads), the fixed PF is the only control 

strategy that can be assumed in those levels.  

Application of a fixed PF in the HV and HV/MV levels is 

not considered a relevant option, and local 𝑄(𝑉) control 

is analyzed instead. The reactive power consumption of 

the generators rises linearly with the voltage at the 

connected bus until it reaches the set power factor (in our 

case 0.95), as suggested in VDE-AR 4110. 

Peak shaving 

Fixed or dynamic active power curtailment can be used to 

reduce the costs of grid reinforcement due to DER [9]. 

According to German regulation, DSOs can require DER 

to reduce the maximal power injected in the grid, if the 

annual curtailed energy does not exceed 3 % [10]. It can 

be achieved either with communication infrastructure, or 

by setting the fixed limit of 70 % for PV systems with an 

installed power lower than 30 kW. There is no 

remuneration for the unsold energy in the LV level.  

The scaling factors are set to 70 % for PV systems and 

84 % for wind power. The cost effects of this measure are 

analyzed based on its impact on the reinforcement costs 

in the HV grids and HV/MV substations, without 

considering the remuneration costs in voltage levels other 

than LV. A more detailed analysis of peak shaving, 

including the grids in the LV and MV levels, as well as 

the energy remuneration costs, are described in [1]. 

Prosumer applications 

Prosumer applications imply the capability to not only 

consume, but also store and inject electrical energy back 

into the grid. We implement such solutions via alternative 

scaling factors for the DER and consumers in the 

respective load cases. 

The prosumers can contribute to demand side 

management and counteract grid congestion. Various 

devices could be capable of providing such services [11]. 

For example, electric vehicles could adjust their charging 
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times on request of the DSO, or even inject power back 

into the grid. We call this a grid-friendly strategy. 

Another alternative would be the market oriented 

behavior. In that case, a worst-case situation is possible, 

when the prosumers intensify grid congestion. Household 

PV systems with batteries could be injecting additional 

power into the grid during the peak generation times if 

the market price of electricity is attractive for them, even 

if the grid is overloaded and they could use the energy to 

charge the storage instead. 

Power-to-Gas applications 

The concept of Power-to-Gas (P2G) is based on using 

electrical energy at the times of peak generation to 

produce fuel gas. The process involves electrolysis of 

water and subsequent hydrogenation of CO2 in a Sabatier 

reaction [12]. The product methane can be injected into 

natural gas pipelines. Alternatively, hydrogen can be 

directly fed into the pipelines if its concentration does not 

exceed 2 % [13].  

 
Figure 3: Location of Power-to-Gas units in the proximity of 

high-pressure gas transmission lines 

Three units of 100 MW each are installed in the pre-

selected locations in proximity to a high-pressure gas 

pipeline, where considerable HV grid reinforcement 

would also be required (Figure 3). The power rating of 

that extent is an optimistic assumption of future progress, 

as no such units are yet available. The costs of a P2G unit 

are assumed at 700 €/kW in the year 2030 [13]. 

RESULTS 

A high number of DER scenarios allow an analysis of the 

likelihood of reinforcement in certain areas (Figure 4). 

For example, the lines that span over the border between 

Hesse and North Rhine-Westphalia require reinforcement 

in almost all scenarios due to the high wind power 

potential of the area north of Hesse. Some other lines can 

be seen as sufficient for all future DER scenarios. By 

2034, 31 % of circuits would require reinforcement. The 

costs in the HV level reach 314 Million € (median, 

present value) using conventional measures (Figure 5) 

and 216 Million € for the HV/MV substations (Figure 6). 

These costs together are of about the same magnitude as 

the costs in the MV and LV levels [2]. 

 
Figure 4: Conventional reinforcement (2034, medium path): 

number of scenarios out of 50 in which a line is reinforced 

Utilization of HTLS conductors in combination with the 

local 𝑄(𝑉) control of wind parks and PV power plants 

that are connected to the HV or HV/MV voltage level can 

contribute to cost savings of about 10 %. Peak shaving of 

PV generators in LV grids would increase the cost 

savings in the HV level to about 15 %. The combination 

of HTLS, local  𝑄(𝑉) control and peak shaving in the LV 

grids has the highest cost-saving effect (curtailment in 

higher voltage levels leads to additional costs).  

Reactive power control with the fix PF of 0.95 has a 

positive effect on the HV level, while having a negative 

effect on the costs of HV/MV substations because it 

causes higher loading of transformers. The overall cost 

effect over the HV and the HV/MV levels is beneficial. 

The fix PF of 0.9 leads to higher HV reinforcement costs, 

because more lines are overloaded. 

 
Figure 5: Impact of innovative technologies on the 

reinforcement costs of the HV grids 

Dillenburg 

Lauterbach 

Elm 

Locations of P2G units Gas transmission pipelines 

State border 
EHV/HV substation 
P2G unit 
HV line 

4: HV/MV level 
5: MV grids 
6: MV/LV level 
7: LV grids 

State border 
In 1-25 scenarios 
In 26-35 scenarios 
In 36-50 scenarios 
In no scenarios  
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Figure 6: Impact of the innovative technologies on the 

reinforcement costs of the HV/MV substations 

Peak shaving in the LV grids has a cost reduction 

potential of about 5 % for HV/MV substations and HV 

grids. If applied in all voltage levels, it can reduce 

substation costs by about 9 % and HV grid costs by about 

10 %. However, curtailment in voltage levels other than 

LV would require additional costs due to remuneration. 

Prosumer applications have the highest effect on the costs 

in the HV grids, while also having the highest uncertainty 

because their market potential and the costs of the ICT 

infrastructure are yet unknown. 

Power-to-Gas applications have a potential to reduce 

reinforcement costs by about 2 % for the relevant grid 

area, which does not justify the high costs of P2G. 

CONCLUSIONS 

Grid planning based on many scenario distributions can 

be seen as a means to handle uncertainty and prioritize 

grid reinforcement measures.  

HTLS in combination with local reactive power control 

can be used to expand the transport capacity of the grid 

and therefore reduce reinforcement costs. Peak shaving in 

the LV level, due to the fact that it is not separately 

remunerated, allows a further reduction of grid 

reinforcement costs. These measures have an additional 

effect of deferring cost-intensive replacement of lines, 

providing the positive cost effect and more flexibility. 

Reactive power control increases the costs in the HV/MV 

substations, while the overall cost effect is still beneficial. 

High costs of Power-to-Gas applications are not justified 

by the cost-savings in the HV grid. 
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