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ABSTRACT 

Due to the continuous expansion of decentralized 

power generation systems, the public power supply 

is more and more being relocated from the 

transmission to the distribution grids. A main driver 

for this transformation is the investment of the 

industry, agriculture and especially of private 

households in distributed energy resources. These 

decisions are influenced by political and economic 

conditions. 

Hence, the aim of this paper is to develop a model, 

which depicts the individual investment decisions 

regarding the purchase of decentralized energy 

resources. The determination of the optimal 

investment portfolio of a self-optimizing investor is 

based on the individual’s cost-optimal power 

supply. 

Exemplary results depict the influence of regulatory 

restrictions on the investment decision. 

Furthermore, based on a parameter variation, 

correlations between the investment in photovoltaics 

and energy storage systems are investigated. 

INTRODUCTION 

To achieve the Paris climate protection goals, the CO2 

emissions must be reduced. Therefore, the international 

community has decided to increase the share of 

renewable energies over the next years [1]. In order to 

accelerate this transformation, distributed energy 

resources (DER) are subsidised by national governments. 

The resulting increased penetration of DER affects the 

electricity, heating and transport sectors [2]. 

In the electricity sector, around 1.5 million photovoltaic 

(PV) systems with a rated output of 41 GW have been 

currently installed in Germany [3]. DER systems, such as 

PV systems, are mainly installed in the medium and low-

voltage grid. This effect is reinforced by changes in the 

framework conditions for DER, such as a 45% cost 

reduction for lithium-ion batteries since 2013 [4]. 

The heating sector is experiencing an increasing 

penetration of heat pumps as well as a supply from local 

and district heating systems fed by processed heat. 

The transport sector influences the demand for electrical 

energy due to the increasing penetration of electric 

vehicles [5]. 

Hence, the power system is considerably influenced by 

the increasing number of new consumers from the 

transport and heating sectors and DER, e.g. PV systems.  

In this context, local energy supply is becoming 

increasingly interesting as it can avoid grid expansion and 

reduce the costs of covering the energy supply. Energy 

management systems can be used to determine the 

optimal local energy supply, which depends on the 

expansion of DER. Hence, both the investment decision 

for DER has to be identified and its optimal operation 

must be determined on the basis of technical and 

economic parameters.  

This paper focuses on a framework that uses a 

mathematical approach that describes both the investment 

decision and the local use of DER. 

METHODOLOGY 

This paper introduces an approach for the development of 

an optimization model that minimizes the total costs 

required to meet the energy demand of a household or 

energy community. A mixed integer linear optimization 

model is formulated to model the investment decision 

with regard to the cost-effective operations of DER. The 

optimization model can be described as follows: 

min 𝑐𝑇 ∗ 𝑥 + 𝑑𝑇 ∗ 𝑦 (1) 

with 

𝐴 ∗ 𝑥 ≤ 𝑏 ∗ 𝑦 (2) 

𝑥 ∈ ℝ+, 𝑦 ∈ {0,1} (3) 

The objective function (1) is minimized with regard to 

the constraints (2) and (3). 𝑐𝑇 represents the coefficient 

vector of the continuous variables x, whereas 𝑑𝑇 

represents the coefficient vector of the binary variables y 

[6]. A describes the admittance matrix and b represents 

the boundaries of the constraints activated by the binary 

variables y [7]. 

Objective function 

The objective function of the optimization model is 

divided into two parts, which take into account both the 

operational expenditure (OPEX) and the capital 

expenditure (CAPEX) for DER. For T time steps and a 
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number N potentially to be installed DER systems, the 

objective function depicts: 

min ∑ ∑ ∑ 𝑐𝑖,𝑗
𝑜𝑝𝑒𝑥

∗ 𝑥𝑡,𝑖,𝑗

𝑁

𝑗=0

𝑁−1

𝑖=0

𝑇

𝑡=0

+ ∑ ∑ 𝑐𝑖,𝑘
𝑐𝑎𝑝𝑒𝑥

∗ 𝑦𝑖,𝑘

𝑁−1

𝑖

𝐾

𝑘=0

 

 

(4) 

𝑥𝑡,𝑖,𝑗 ∈ ℝ+ , 𝑦𝑖,𝑘 ∈ {0,1} (5) 

The variables 𝑥𝑡,𝑖,𝑗 represent the power flow from the 

DER i to j at time t. Since the energy demand to be 

covered is modelled as an exclusive consumer, the 

number i is unequal to the number j. 𝑐𝑂𝑃𝐸𝑋 is formulated 

as a time series considering the following input for each 

time step t: 

• Electricity and gas costs 

• Operating costs and feed-in tariffs of DER 

The model is designed to be scalable in the time period 

and the temporal resolution. Therefore, the coefficients 

and the constraints are formulated with respect to the 

temporal resolution and time period. 

𝑐𝐶𝐴𝑃𝐸𝑋  characterizes the installation costs of each DER 

for each investment decision available. 𝑦 represents the 

investment decision formulated as a binary variable. A 

DER expansion decision is represented by the value 1 of 

the respective binary variable y. To map nonlinear price 

relationships between DER sizes and DER costs a 

portfolio of K sizes can be specified for each DER. 

Hence, predefined DER sizes can be examined as input 

parameters of the framework. By minimizing the 

objective function, the most cost-efficient combination to 

cover the investing unit’s energy demand is determined. 

Constraints 

Following, the applied constraints (2) are defined in 

detail. Three additional constraints represent the 

following components that are considered by the 

framework using admittance matrices 𝐴1, 𝐴2 and 𝐴3: 

• Power and/or capacity of each DER (6) 

• Solar radiation factor (6) 

• Feed-in regulations (6) 

• Interdependencies of DER (7) 

• Electrical and thermal energy demand to be 

covered (8) 

 

0 ≤ ∑ ∑ ∑ 𝐴1 ∗ 𝑥𝑡0,𝑖,𝑗

𝑁

𝑗=0

𝑁−1

𝑖=0

𝑇

𝑇=𝑡0

≤ 𝑏 ∗ 𝑦 

 

(6) 

𝑥𝑡,𝑖,𝑗 ∈ ℝ+, 𝑦 ∈ {0,1} (7) 

∀ 𝑡0 ∈ [1 … 𝑇] (8) 

First, the technical limitations of each DER and its 

efficiency and behaviour, (e.g. charging an energy 

storage system or operating a heat pump) are described 

(6). The power generated by a DER must always be less 

than or equal to the installed power determined by the 

binary variable. Since the availability of the power of a 

PV system depends on the time-dependent solar 

radiation, b is also based on a time series input, which is 

in case of the PV system generated either by historical 

data or the weather forecast. 

0 ≤ ∑ ∑ ∑ 𝐴2 ∗ 𝑥𝑡0,𝑖,𝑗

𝑁

𝑗=0

𝑁−1

𝑖=0

𝑇

𝑇=𝑡0

≤ 0 

 

(9) 

Secondly, the power flow between the individual DER, 

e.g. charging of the battery storage system (BSS) by PV 

is enabled by the constraints (9). By limiting the term to 0 

on both the left-hand side and the right-hand side of the 

inequality, it is ensured that the power flow always has a 

source and a sink with the same power level. The 

following interdependencies among DER are represented 

by these constraints: 

• Charging of BSS and heat storage by PV, heat 

pump or cogeneration 

• Operation of a heat pump via the grid, PV, BSS 

or cogeneration 

• Feed-in of PV or cogeneration into the grid 

This section can also take into account market regulations 

such as a limitation of feed-in for DER as it exists in 

Germany. An installation of PV applications subsidised 

under the German Renewable Energies Act is limited to 

70% of its nominal power. If both a PV system and a 

battery are subsidized, the limit is increased to 50% [3]. 

𝑃𝐷(𝑡) ≤ ∑ ∑ ∑ 𝐴3 ∗ 𝑥𝑡0,𝑖,𝑗

𝑁

𝑗=0

𝑁−1

𝑖=0

𝑇

𝑇=𝑡0

≤ 𝑃𝐷(𝑡) 

 

(10) 

Thirdly, it must be ensured that the energy demand 𝑃𝐷(𝑡) 

is covered at all times either by a DER or the electricity 

grid (10). This makes it possible to compare an 

investment decision with occurring costs of an 

exclusively the conventional supply from the electricity 

grid in order to determine the cost-efficient optimum with 

the help of the framework. 

EXEMPLARY RESULTS 

The framework can be used to determine the optimal mix 

of DER for a given set of input parameters. Hence, 

different developments of framework conditions can be 

examined with regard to their effects on the expansion of 

DER. With the help of various scenarios, tendencies for 

future expansion paths can be identified. 

Since the current trend is towards a coupling of PV 

systems and BSS, this scenario is considered in more 

detail for the exemplary results. In this case, the 

following results will focus on covering the electrical 

demand of a detached household. 

Use Cases 

In the following section, two use cases of the framework 
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are examined: Optimization of power supply and 

expansion planning for DER. 

Use Case I: Optimization of a household’s power 

supply 

One use case of the framework is its usage as an energy 

management service (EMS) for potential customers such 

as households, (energy) communities or factories with a 

high interest in long-term cost-efficiency without 

reducing security of supply. Furthermore, the growing 

demand for self-sufficiency can be addressed with the 

help of DER. 

As illustrated in Figure 1 several different options of 

DER can be considered as part of the framework.  

 
Figure 1: The DER considered by the energy management 

system including the required input parameters 

The input parameters include market parameters such as 

energy prices as well as regulations such as feed-in 

restrictions. Moreover, a desired level of autarchy can be 

achieved by adding constraints to the optimization model. 

Furthermore, existing DER can be taken into account and 

the overall supply can be optimized based on this.  

The framework can be used to determine the total cost of 

the optimal DER portfolio, including installation and 

operating costs, return on investment and savings over 

being supplied conventionally. The savings in CO2 

emissions compared to the supply without DER can show 

the concrete contribution to reducing climate change.  

The framework conditions in Germany lead to the result 

of the framework of an optimal energy supply with the 

help of small PV systems. In order to present more 

representative results for the description of the 

framework, it is assumed that a BSS will be added. 

Figure 2 shows the cost-optimal coverage of an 

exemplary domestic load curve by PV and BSS resulting 

from the optimization. The y-axis describes the 

magnitude of electrical power, while the x-axis describes 

the time. In this case, a 15-minute resolution of the load 

profile for one day is considered, where each variable is 

solved for 𝑇 = 96 time steps. For the graphical 

representation, all variables 𝑥𝑡,𝑖,𝑗  ≠ 0 of the solution 

vector are considered:  

 
Figure 2: Covering of an exemplary load profile by DER: 

PV and BSS (bat) 

The bend in the PV curve shows that Figure 2 illustrates 

an exemplary load profile on a slightly cloudy day in 

summer. The dark blue bars before and after the solar 

period symbolize the supply of the house from a BSS. As 

long as the sun radiation is too weak to generate 

sufficient electricity, the BSS, which is charged during 

sunny periods, supports covering the demand. This 

implies that 𝑥𝑡,𝐵𝑆𝑆,𝐷𝑒𝑚𝑎𝑛𝑑 , 𝑥𝑡,𝑃𝑉,𝐷𝑒𝑚𝑎𝑛𝑑 as well as 

𝑥𝑡,𝑃𝑉,𝐵𝑆𝑆 are calculated as unequal to zero by the 

optimization model. In this instance, the integral of the 

PV graph is greater than the integral of the load profile. It 

shows that the household is completely self-sufficient on 

this day. This day is part of a calculated period for which 

the solar radiation factor has been scaled to generate 

850 
𝑘𝑊ℎ

𝑘𝑊𝑝
 per year. The annuity CAPEX of PV and BSS 

was related to the period length to determine the optimum 

cost. This example illustrates the functionality of the 

framework, including the unrestricted covering of the 

load profile. On the basis of multiple validation cycles, 

the compliance with secondary conditions could be 

checked and confirmed. 

Use Case II: Expansion planning for DER 

The characteristic load pattern of grid-connected 

households is changing due to DER and new consumers, 

e.g. EV or heat pumps. In this respect, the prospective 

applicability of standardized load profiles as used today 

for planning LV grids has to be reviewed. The framework 

can be used to create numerous scenarios for the 

expansion of DER in private households. Consequently, a 

sensitivity analysis of all input parameters of the 

optimization model can determine the probabilities of 

DER extensions. Moreover, break-even points are 

identified for the penetration of new DERs and for the 

expansion of existing DERs. 

The sensitivity analysis serves to analyse the impact of 

prospective price developments of PV and BSS on the 

investment decision. 

For the first analysis, the following input parameters are 

used to determine the decision of a household in Northern 

Germany to invest in PV and BSS systems: 

• BSS efficiency: 0.95 [8] 

• Electricity price: 𝑥𝑡,𝐺𝑟𝑖𝑑,𝑗 = 0.3 
€

𝑘𝑊ℎ
 

• Feed-in tariff: 𝑥𝑡,𝑃𝑉,𝐺𝑟𝑖𝑑 = 0.12
€

𝑘𝑊ℎ
 

• Feed-in restriction: None 

These parameters are constant for the modelled period. In 

addition, an average annual energy consumption of 3500 

kWh is assumed for the load profile. Moreover, the 
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average annual energy generation for a PV plant is set at 

approximately 850 kWh/kWp, which is typical for 

Northern Germany. Based on historical data, it is 

assumed that the annual CAPEX degression rate for PV 

and BSS is about 10%. In this case, there are 𝐾 = 6 

possible expansion levels for both DER, ranging from 

one to six kWp for PV and kWh for the BSS. 

Figure 3 depicts the decision to invest in PV and BSS 

depending on their CAPEX. The y-axis describes the 

investment costs per kWp for PV, while the x-axis 

describes the investment costs per kWh for BSS. 

 
Figure 3: Sensitivity analysis for investment decision in PV 

and BSS without feed-in restrictions 

An installation of PV applications can be shown with 

CAPEX of approximately 3000 €/kWp. The investment 

decision states that the cost-optimal coverage of the load 

profile is achieved by investing in a small PV system. In 

small applications the proportion of own use of the 

generated PV electricity in comparison to the feed-in is 

maximum. This means that the profitability is maximum, 

since the electricity cost avoided is significantly higher 

than the feed-in subsidy. With current prices for rooftop 

PV systems of 1600 €/kWp and approximately 700 €/kWh 

for BSS, only the application of a medium-sized PV 

system was achieved. 

While a PV system is built for CAPEX below 3000 

€/kWp in every scenario under consideration, the BSS 

CAPEX still has to decrease in order to be considered as 

part of the optimum solution. However, the falling prices 

for PV systems also have an impact on the investment 

decision for BSS, as the profitability of a BSS is 

increased by low-cost energy generation. BSS will 

become more profitable the cheaper PV systems become. 

In addition, cheaper BSS lead to a higher profitability of 

PV. 

In the following case, the effects of a regulatory feed-in 

limit imposed by the legislator are examined to determine 

how this decision can influence an expansion trend 

(Figure 4). When considering the effects of a feed-in 

restriction on the investment decision, it can be shown 

that the profitability of a PV system is diminished due to 

the reduction of the total energy fed into the grid [2]. 

 
Figure 4: Sensitivity analysis for investment decision in PV 

and BSS with feed-in restriction of 50% 

The feed-in restriction is set to 50% of the nominal power 

of the PV application, which reflects the legal regulation 

for a combination of subsidised PV and BSS in Germany 

[9]. This restriction leads to a delayed expansion of larger 

PV systems, while the number of scenarios in which a 

BSS is installed increases. As the feed-in power is not 

completely remunerated, it becomes more attractive to 

store the energy generated by the PV in a BSS. Both 

cases show strong interdependencies between the 

expansion of PV and BSS based on price developments. 

The feed-in limitation slows down the expansion of PV, 

but favours the economic use of BSS. Based on a bottom 

up approach, the framework provides a detailed 

representation of DER connected to the LV grid and its 

electrical properties. Taking (4) into account, the times 

are determined at which the household feeds energy into 

the grid or requests electricity at any time t: 

𝑃𝐺𝑟𝑖𝑑,𝑡 = ∑ 𝑥𝑡,𝑖,𝐺𝑟𝑖𝑑

𝑁−1

𝑖

−  ∑ 𝑥𝑡,𝐺𝑟𝑖𝑑,𝑗

𝑁

𝑗

 
 

(11) 

Integrating PGrid,t in power flow calculations for LV grids, 

the impact of DER extension on electrical equipment for 

every scenario can be examined. For this purpose, the 

maximum magnitude of PGrid,t must be determined and 

fed into the power flow equation of a LV grid model 

representing the load of a grid-connected household. 

Subsequently, occurring limit violations in cases of 

maximum thermal current, transformer workload as well 

as maximum voltage deviations in grid nodes can be 

identified. This allows DSO to anticipate prospective 

challenges in the distribution grid, especially on LV level. 

Here, solutions could be developed to address the 

upcoming challenges by optimizing the switch position, 

extending the grid or even limiting the feed-in power. 

CONCLUSION AND OUTLOOK 

This paper presents a framework for the determination of 

the investment decision and optimal operating schedule 

of a DER applying consumer. The presented model 
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considers market parameters, the technical restrictions of 

applied DER as well as individual load profiles. Based on 

a mixed integer linear optimization, the cost-minimum 

for covering the demand curve is determined. 

Interdependencies and a penetration of DER can be 

analysed using the framework. 

Two different use cases of the framework have been 

depicted. First, the temporal resolution of an optimal 

DER operation planning was determined, by which the 

cost-optimal energy supply can be achieved. Based on 

this, the model picked the type of applied DER as well as 

the optimal size for optimally covering the energy 

demand. 

Secondly, input parameters of the framework have been 

varied in order to analyse their impact on investment 

decisions. Therefore, different price scenarios for the 

considered systems (PV and BSS) as well as the 

introduction of a feed-in limitation have been analysed. It 

was shown that under the given technological and 

regulatory framework, for a German household the 

optimal investment decision would be a small PV plant of 

2 kWp. The exemplary results also show, that the 

reduction of DER costs supports the investment decision 

of this DER type. However, the results also indicate 

interdependencies between the different potentially 

applied DER. For example, it could be shown that a 10% 

reduction in PV CAPEX turned a prior not economically 

feasible battery in a cost-efficient investment. 

Furthermore, feed-in limitations postpone the break-even 

point of the installation of PV power systems. Thus, feed-

in limitations do not prevent the expansion of PV but may 

lead to the need of a higher price degression rate. 

Nevertheless, a PV system with feed-in limitations 

remained a cost-optimal investment option for a 

household. 

As a next step, further sensitivity analyses will be 

performed for further input parameters and different 

DER. These framework expansions will enable the 

determination of factors with high impacts on the 

investment decisions of single units which target a self-

optimization of costs. Furthermore, the effect on the low 

voltage grid will be modelled and additional insights 

regarding prospective load curves of detached households 

for the distribution grid operator generated. 
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