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ABSTRACT 

 

This paper focuses on the holistic economic optimization of 

the operation of a sector-coupled system. In the first step, the 

load flows of all sectors are calculated independently of each 

other and then combined into a composite. Subsequently 
needed actions are evaluated and unused reserves identified. 

This is followed by economic optimization. Thereby a power-

to-gas system (with reconversion), a gas and an electrical 

storage are part of the investigation. For this purpose, a small 

town is investigated. The constraints to be considered can be 

derived from the technical limitations of various network 

infrastructures. The case study will also be supplemented by 

possible future scenarios, taking into account possible 

changes in the energy generation structure as well as 

developments in the markets. In the current case study, the 

focus is on CO2-pricing – whereby as a pattern already 
existing models of Europe are used. 

INTRODUCTION 

Renewable energy sources (RES) have become an important 

component of the German electricity market as well as of 

gross electricity generation in recent years. The increasing 
integration of RES and thus the spatially and temporally 

uneven generation of energy results in new challenges in the 

field of electrical energy supply. Therefore, in particular the 

increase in transport capacity as well as energy storage issues 

are becoming increasingly important. One possible solution is 

the sector coupling. It can be an alternative to traditional 

energy storages (e.g. large battery storage) - but at the same 

time, storage technologies can be integrated into the sector 

interconnection. Sector coupling is already an important 

component of current research. Most publications and projects 

use an energetic approach that uses sector coupling to 

minimize overall energy production [1]-[4]. Based on this 
approach, however, time-dependent operational problems 

(e.g. voltage band violations and line overloads in the 

electrical network) cannot be taken into account. Therefore, 

this paper introduces a power-based approach. The approach 

can be used to investigate whether the sectors can support each 

other and, if necessary, serve as a storage medium for another 

sector [5]. In this paper, an already existing 110-kV-network 

is considered, which will be expanded by a battery storage and 

a power-to-gas (PtG) plant with integrated fuel cell and 

external hydrogen storage. Therefore, restrictions concerning 

the location of sector coupling technologies and the technical 

constraints of the existing networks must be taken into 

account. This paper focuses on an economic optimization of 

the overall energy supply system by the application of sector 

coupling. 

METHOD 

Structure and technical composition 

The method is divided into two parts, the sub and the main 

program. In the sub program, an incentive system is used to 

analyze whether and which sector coupling technology should 
be used. This information is passed to the main program for 

determining the resulting costs and calculating the resulting 

load flows. It should be noted that the individual technologies 

are supporting each other. If the capacity of the selected 

technology is exhausted, other sector coupling technologies 

are used for supplement. The aim of this optimization is to 

reduce the residual load at the interconnection point to 0. This 

corresponds primarily to a reduction of the back-feed of RES. 

Power exchange with the superior grid should be avoided and 

thus network charges, capacity prices and energy rates are 

minimized. If such a minimization is not possible, the 
resulting load flows must be compensated by means of the 

upstream network. Thus, either a reference or an infeed into 

the upper network takes place. The system analysis takes into 

account the electrical and the thermal load. Since the small 

town, which is described in detail in subchapter Database, is 

located in the rural area, a district or local heating system is 

not available. Thus, the heat demand (including the heating or 

the supply of hot water) must be covered by the gas grid. In 

this overall system, a battery storage and a gas storage are 

integrated. Accordingly, the conversion methods Power-to-

Power (bidirectional), Power-to-Gas, and Gas-to-Power are 

considered. The existing gas grid is used as a direct gas 
storage, taking into account the infeed limits of hydrogen. 

This leads to a reduction of the volume which can be stored 

and thus to a minimization of the dimensioning and the 

resulting costs for the external gas storage.  

 



 

 

Feedback is included in the incentive system and the 

redistribution of load flows. This ensures that changes can be 

taken into account and the residual load is minimized as much 

as possible. Furthermore, a cellular structure enables a mutual 

influencing of the technical and economical optimization. As 

a result, two optimizations, usually either separated from each 
other or handled simultaneously, are coupled together, which 

is a new approach in optimization. The detailed structure and 

the individual processes in the simulation are shown in Figure 

1 and will be discussed in detail in the following paragraphs. 

The result vector contains one value for each time step. 

Depending on the selected sector coupling technology, the 

main program calculates the resulting load flows for each time 

step as well as the resulting costs for the considered case. For 

this scenario, the resulting costs are determined by network 

charge, CO2-pricing, capacity price and energy price. 

However, if the value 2 or 3 is passed, the calculation of the 
incentive system makes the most economical use of a 

conversion method. Once the selected technology is 

exhausted, the second sector coupling technology is used to 

assist. That means if the passed value for time t is 2, the battery 

storage is initially accessed. However, if the available 

capacity is completely exhausted (the battery storage is full or 

empty), a power-to-gas or gas-to-power conversion is 

preferably treated before a power exchange with the superior 

grid is taken into account. Only if the residual load cannot be 

reduced to 0 by this procedure, the remaining residual load 

must be compensated by power exchange. Subsequently, the 

corresponding costs, profits and proceeds during and after the 

payback period are calculated. 

Database 

The considered system comprises a small town with 2,700 

inhabitants. This includes 223 single-family and 258 

apartment buildings as well as 7 industrial and 58 commercial 

buildings [6]. To assess the impact of sector coupling at the 

selected location, two scenarios were compared (see Table 1). 

Table 1 Overview of the developed scenarios [7] 

Title Description 

baseline 

scenario 

 30% share of RES 

 CO2-price of 30 €/tCO2  

scenario 

2030 

 80% share of RES 

 CO2-price of 30 €/tCO2 

 Reduction of the demand for 
electric power by 15.7 % compared 

to the baseline scenario 

The initial scenario is based on the current composition of the 

energy sources. The share of EE is 30 %. The load distribution 

based on standard load profiles was assigned geo-specifically. 

Furthermore, a CO2-price of 30 €/t CO2 has been added. This 

CO2-pricing  is based on the recent German parliament 

debates and rest on the CO2 policy of France [8]. In addition, 

a subsidy of 8 ct/kWh, which is based on the subsidies of the 

EE, is taken into account [9]. In the second case study, a future 

scenario with the time horizon 2030 is considered. Founded 

on the EU's political and the German government's goals, a 

share of 80 % of RES in the electricity sector is assumed. The 
CO2-price remains constant at 30 €/tCO2. A reduction of 

15.7 % in the electrical energy demand compared to the 

baseline scenario completes the second scenario. The results 

of these two scenarios are compared with each other. Among 

other things, the resulting loads, the costs incurred as well as 

revenues and profits within and outside the amortization 

period are taken into account.  

CONVERSION METHODS 

Electrolyser  

Electrolysis is the most effective technique to split water and 

the process can be distinguished by the chosen electrolyte. 

The most common technologies are Alkaline Electrolysis 
(AEL), Polymer Electrolyte Membrane Electrolysis (PEMEL) 

and Solid Oxide Electrolysis (SOEL). In this contribution an 

AEL is chosen for the production of hydrogen. The reaction is 

endothermic and the method has the advantage of producing 

extremely pure hydrogen. To split water with an electrolyser 

a high amount of electricity is needed. If this electricity is 

provided by a renewable source the produced hydrogen is a 

highly clean energy storage medium. When hydrogen is used 

for electricity generation by a fuel cell it produces only water 
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as byproduct and when it is used to replace fossil fuels to 

produce energy a reduction of greenhouse gas emission is also 

possible. The integration of the renewable energy into the very 

complex power grid is easier with more possibilities to store 

energy in various ways, like for example the storage of 

hydrogen [10]-[12]. The AEL technology is an established 

process and it is often realized in small and big scale 

applications. The produced hydrogen is feed into the gas 

network until a certain point is reached, which is between 1 

and 5 volume percent. This border is set in “Arbeitsblatt 

G262” [11] and [12]. 

Fuel cell  

A polymer electrolyte membrane fuel cell (PEMFC) is used 

to produce electricity with the stored hydrogen. Fuel cells 
have various advantages compared to other technologies. 

When they use renewably produced hydrogen they are very 

environmentally friendly, they are running without noise 

production or vibration, the construction is simple and they 

have a very flexible load range. On the other hand, they have 

high costs and a low durability. The construction of a fuel cell 

is more or less the same as the one of an electrolyser but 

chemical reactions run in the opposite direction and fuel cells 

produce energy, heat and water out of hydrogen and oxygen 

[10]. There are two types of PEMFCs available: low- and 

high-temperature variants. Higher temperatures lead to higher 

reaction rates and therefore to better efficiencies but due to the 
dehydration of the membrane the stack degradation is faster 

than in low temperature fuel cells. Low temperature cells can 

start rapidly, have high power density and can respond 

dynamically. On the other hand, the water and thermal 

management is complex and the membrane is sensitive to 

contaminants.  

CASE STUDY 

Since the process of redistribution of residual loads Presidual is 

identical in all four cases (Presidual > 0: PtP or PtG, Presidual < 0: 
PtP or GtP), it will be detailed below for only one of the four 

cases. The exemplary case is sector coupling with Power to 

Power where Presidual is greater than 0. First, the theoretical 

capacity EBatt. theo is determined based on (1).  Where EBatt. theo 

is the maximum capacity to be stored according to the excess 

residual load. Subsequently, according to (5) the storage 

condition of the battery must be checked to see if EBatt. theo can 

be completely stored. The maximum and minimum limits of 

the lithium battery must be satisfied (EBatt. Max.=3 MWh,  

EBatt. Min.=0.3 MWh) [13]. 

Batt. theo. Batt residualη E P   (1) 

Batt. theo. Batt. max. Batt. min.E - EE  (2) 

If the amount of residual load exceeds the capacity of the 

battery storage, after storage the difference between the 

original residual load and the current residual load is 

determined. Subsequently, the considerations previously 

made for the lithium battery are applied to the gas storage 

(cavern) – where the volume of the gas cavern is 1 million m3 

[14]. In contrast to the battery storage, the gas storage can be 

completely emptied [14]. If the residual load can neither be 

minimized by using the battery nor by using the gas storage to 

0 kW, it is fed into the superior power grid. The resulting costs 

as well as the final cost structure are discussed in detail in 

subchapter Economic analysis. 

Economic analysis 

This paper is based on two mutually influencing optimization 

approaches. The prioritized approach of the main program is 

a technical optimization. The aim of this technical 
optimization is to minimize the residual load at the 

transmission point to 0. Thus a minimization of the back-feed 

of the RES and a reduction of network charges is made 

possible. In addition, cost aspects for selecting the technology 

are already taken into account here. As a result, the actually 

prioritized technical optimization is also influenced by the 

economic aspects. Downstream is the profitability analysis, 

which obtains a profit maximization.  

Table 2 Investment [15]-[18] 

Component costs in €/kW 

Battery 694.74 

Current costs 650 

Fuel cells 1000 

Gas storage 80 

PtG-Plant 800 

Electrolyser 800-1500 

First, the investment costs (Table 2) and the operational costs 

(Table 3) are imported and calculated according to the 

dimensioning of the components. The profit is, by definition, 

the difference between the revenues and the sum of all costs. 

The earnings consist primarily of the avoided costs (network 

charge, capacity price, energy rate and CO2-pricing) and is 

thus directly dependent on the reduction of the residual load 

at the interconnection point. This results in a payback period 

of 13 years for a percentage composition of the electricity 
sector according to the baseline scenario. 

Table 3 Overview of the costs [15]-[18] 

Category Costs in €/kWh 

Network charges 0.04 

Ínvestment costs battery 694.74 

Fixed costs 500 



Current costs 150 

Conversion costs battery 0.2 

Conversion costs PtG (with 

re-conversion to electricity) 
0.18 

Capacity price 0.01 bzw. 0.05 

Energy rate 133.55 bzw. 45.55 

CO2-price 0.04 

Compensation for grid 
relief 

0.08 

Thus, starting in 2031, only the current costs (e.g. conversion 

costs) will be incurred, which significantly increases the profit 

margin. 

Results 

It is necessary to distinguish between the technical and the 

economical results. In both scenarios, the residual load can be 

significantly reduced. Thus, a sector coupling is technically 

recommendable, since this is a way to counteract the current 

and future network load in the distribution network. In Figure 

2 two time-series are shown. The upper one corresponds to the 

residual load at the interconnection point of the baseline 

scenario. At the interconnection point, the balance has to be 

established between energy generation and energy 

consumption. If the generation is greater than the 
consumption, the excessive power must be fed into the 

upstream grid (blue curve). In the complementary case, the 

difference must be compensated by energy supply from the 

upstream grid (red curve). Comparing the curves shows that 

by using sector coupling technologies a reduction of the 

residual load could be achieved in both cases. The 

minimization of the excessive energy was particularly 

successful. However, complete minimization is only possible 

in very few cases. Otherwise the remaining load flow must be 

compensated by the upstream grid. This will cause network 

changes. Despite the reduction, the demand for energy supply 

from the upstream network is still quite high. The positive 
effect can be seen in all simulated scenarios.  

 

Figure 2 Comparison of the load flows 

In the baseline scenario, the CO2-pricing caused a fast 
amortization period of 13 years. The second scenario assumes 

that the share of RES sources is 80 % and that the demand for 

electric energy is reduced by 15.7 % compared to the baseline 

scenario. This means that the conventional energy sources are 

reduced to 20 % and thus the CO2-pricing loses its influence. 

This reduces the profit margin and the amortization period 

increases to 27 years, which is not responsible for a lifetime 

of 20 to 30 years. Therefore, the following assumptions were 

made in the present results. Both the PtG plant as well as the 

battery storage are built in 2017. The gas storage is tapped in 

the same year. The CO2-pricing and the compensation for grid 
relief effect an amortization period of 13 years for the selected 

constellation. Thus, all investment and development costs are 

neglected in scenario 2. As a result, a profit of 371 million € 

per year can be generated. Taking into account the lifetime of 

the individual components, these systems can still be operated 

for at least 7 years. Thus, reserves can be formed for financing 

future renewals or extensions of the plant. An economic 

overview of the baseline scenario and the optimizing solution 

is shown in Figure 3. In this comparison, the costs are 

compared with the profit of the individual scenarios. 

Significant differences can be noted. In the baseline scenario, 

the costs are composed of fixed and variable costs. As the 
battery storage, the PtG system and the gas storage amortized 

until 2030, the costs are then exclusively composed of the 

current costs. These consist of the conversion costs as well as 

charging and discharging costs. This can be clarified by 

comparing the costs of the PtG system and the costs of the 

battery storage. In the baseline scenario the battery storage is 

preferred to the gas storage. This means it is more frequently 

used than the PtG plant. Accordingly, the minimization of the 

cost of the battery is lower compared to the cost minimization 

of the PtG plant. The decline in the cost of network charges 

can be attributed on the one hand to the increased utilization 
of gas storage and, on the other hand, to the reduction in 

electrical energy demand. The combination of a reduced 

demand for electrical energy of 15.7 % and an increased share 

of 80 % RES allows for increased intermediate storage. 

 
Figure 3 Costs and allowances 
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Minimizing the cost of carbon pricing is explained by the 

percentage composition of generation. 

CONCLUSION 

In addition to grid expansion, sector coupling is an important 

component in the future design of the energy supply. 

However, this will never replace network expansion, but only 

minimize it. Sector coupling makes it possible to better utilize 

and temporarily store the volatile infeed of renewable energy 

sources, which can significantly reduce network fluctuations 
and possibly avoid them in the future. The CO2-pricing, which 

is already implemented here, has a decisive influence on the 

profitability of sector coupling. Nevertheless, profitability can 

only be achieved in conjunction with subsidies. This 

illustrates the need for action on the part of politicians. A total 

change in energy policy is impossible without sector coupling. 

But to make sector coupling economically attractive, 

subsidies and benefits must be evaluated and established. 

Such approaches will be pursued in in other papers [1]. 
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