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Abstract 

The Energy-Prosumer-Model is used to simulate energy flows within a household or a 

neighborhood. The model is a bottom-up simulation model with the possibility to select dif-

ferent generation, storage and/or consumption modules in a household or a neighborhood. 

The simulation can be applied in a number of different locations and years. The Energy-

Prosumer-Model is particularly well suited for exploring technology options and operating 

scenarios with regard to self-consumption, self-sufficiency, power feed-in, and power pur-

chase of electricity at the local level. The model was developed in 2010 and has been con-

tinuously enhanced and extended with new functionalities for a variety of different use 

cases. This documentation reflects the current state of development and will be updated 

regularly. Hence, this documentation can be understood as a living document. On the heat-

ing side, the underlying functions, assumptions, inputs and outputs of heating circuit, ther-

mal storage, electric heater, condensing boiler, heat pump and solar thermal are described. 

On the electric side the modules photovoltaic, wind turbine and battery are described.  
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1 Introduction 

The Energy-Prosumer-Model (EProM) is used to simulate energy flows within a household 

or a neighborhood. The model was developed at IÖW in 2010 and has been continuously 

enhanced and extended with new functionalities so that it can be used for a variety of differ-

ent use cases. This documentation reflects the current state of development and will be up-

dated regularly. Hence, this documentation can be understood as a living document. The 

goal of this documentation is to ensure that the underlying data are findable, accessible, in-

teroperable and reusable in the spirit of good science in accordance with the FAIR principles 

(Wilkinson et al. 2016). As the model itself is not open source, it is all the more important 

that the sources and the functionality are transparent.  

Accordingly, this documentation has three main goals:  

1. Overview of the model’s functionality 

2. Overview of the used data and sources 

3. Overview of the results to be achieved 

1.1 Functionality and brief description 

The model simulates energy flows within a household or a neighborhood on a minute-by-

minute basis. The model is modular. Thus, it is possible to select different generation, stor-

age and/or consumption modules for a household/neighborhood to be simulated. The elec-

tricity generation technologies include a photovoltaic (PV) system and a wind turbine. For 

heat generation, an electric heater, a solar thermal system, a heat pump, and a condensing 

boiler are used. For the storage of electricity or heat, a battery or a hot water tank is mod-

eled. The consumption is composed of the consumption of electrical appliances and the de-

mand for heat for space heating and hot water. The user can specify the use case by defin-

ing, for example, the year to be simulated, the size of the household or the capacity of a 

generation plant. The model then accesses stored data, such as weather data, information 

on the efficiency of generation plants, or load profiles of individual devices. Fig. 1.1 shows 

the resolution flowchart of EProM. Energy flows - electricity and heat - are visualized. A se-

lection of input and output parameters are shown. 
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Fig. 1.1: Resolution flowchart of EProM 

A detailed description of the underlying assumptions, parameters and user’s input is given in 

the following chapters. 

1.2 Simulation environment 

The software used for the realization of the model is Simulink, a simulation tool from Math-

works. The scripts and underlying functions are written in Matlab R2022a. The fixed step 

size is 60 respectively to input and output on a minutely basis. The solver used is a fourth-

order Runge-Kutta-method. The underlying solver is necessary especially for the calculation 

of the heating circuit, where a differential equation is solved in each time step (see Chapter 

4.2.). In most of the other modules no differential equation has to be solved. 
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1.3 Classification in the model landscape, application 

area and limitations 

Energy system models can be categorized in several ways. One of the most common dis-

tinctions is between top-down and bottom-up models (Grubb et al. 1993; Herbst et al. 2012; 

Nakata 2004). In this context, EProM can be classified as a bottom-up model. This is due to 

the very high level of detail of the technologies within the EProM model. Hence, the EProM 

model is not used to answer macroeconomic questions, as in the case of top-down models, 

but to perform economic and ecological assessments for specific simulated technologies. 

However, an element of a top-down approach is implemented when it comes to the electric-

ity demand of an individual household. Although each electric device is modeled with an in-

dividual load profile, the sum of the total electricity demand in a household follows statistical 

distributions (see Chapter 3.3 electricity demand). In a way, this also represents a limitation 

of the model. When simulating multiple households, the individual load profiles are syntheti-

cally generated based on distribution. However, if the simulated households are in a neigh-

borhood, simultaneity effects may occur. 

Bottom-up models can be divided into the subcategories of optimization, simulation, multi-

agent, and partial equilibrium models (Herbst et al. 2012). EProM belongs to the category of 

simulations. Thus, EProM is especially suitable for simulating specific use cases and is able 

to map the effects of individual decisions in an imperfect market as transparently as possible 

(Dieckhoff 2017). Due to the small time-step of one minute, EProM also reflects temporary 

peaks (e.g., simultaneous use of an electric kettle and an electric stove or temporary shad-

ing of the PV system by clouds). This can limit over- and underestimations that may occur 

with larger time step sizes using aggregated data. However, a minute-by-minute simulation 

also requires input data of high quality, which is not always available. For this reason, input 

data is only stored in the model for certain locations and years. In addition, very precise as-

sumptions are made regarding usage frequencies and probabilities for individual devices. 

There is limited data available for these needed assumptions. Hence, these assumptions 

are based on different sources from different years. 

1.4 Target user group 

By including both the demand and production of a household or neighborhood, EProM is 

particularly well suited for exploring technology options and operating scenarios with regard 

to self-consumption, self-sufficiency, power feed-in, and power purchase of electricity at the 

local level. There, temporary effects of clouds and simultaneous use of devices play a more 

important role than calculations at the macro level, where aggregated data can also be 

used.  

In the project “Analysis of Economic, Technical and Environmental Benefits of Energy Stor-

age Systems in Grid-connected Photovoltaic Systems” conducted by ISEA, IFHT and IÖW 

the model was used for example to calculate the self-sufficiency and load shifting potential 

of PV systems in households. 
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Fig. 1.2: EProM load profile 

Source: Moshövel et al. (2015)  

Moreover, EProM can be used to calculate changes in electricity demand and supply due to 

new technologies or possible changes in behavior. For example, in “Energy storage ser-

vices for smart neighbourhoods (ESQUIRE)”, EProM was used to compare the use of home 

storage systems with community energy storage (see Fig. 1.3). This also allows new busi-

ness models to be identified and evaluated. 
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Fig. 1.3: EProM used to simulate use of battery storage 

Source: Wiesenthal et al. (2022) 

The results of the simulation can also feed into the ecological assessment - in particular the 

greenhouse gas emissions - and thus into policy recommendations for the promotion of one 

or the other technology in the sense of an optimization of a cross-technology subsidy policy.  

In addition, the effects of policies on different electricity price components, such as grid 

charges, levies, etc., and the associated distribution effects can be measured when calculat-

ing self-consumption shares. For example, in the project “Energy Sharing a potential analy-

sis”, EProM was used to simulate the share of electricity that energy communities can con-

sume by generating electricity from different sources of electricity production units (see Fig. 

1.4). 
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Fig. 1.4: Self-sufficiency in energy sharing communities depending on demand side 

management and origin of electricity 

Source: Wiesenthal et al. (2022) 
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2 Environmental parameters 

2.1 Environmental data imported in the model 

Both demand and production calculations require environmental data. Tab. 2.1 gives an 

overview of the imported data with measurement location, year, time resolution and source.  

Tab. 2.1: Environmental parameters used in EProM 

Environmental 
parameter 

Measurement 
location 

Year Time reso-
lution 

Sources 

Diffuse radiation 
on the horizontal 
surface in W/m², 

Cabauw (CAB), 
Carpentras 
(CAR), Cener 
(CNR), Ford 
Peck (FPE), Lin-
denberg (LIN), 
Palaiseau (PAL), 

2004: LIN 

2013-2017: 
CAB, CAR, 
CNR, FPE, 
LIN, PAL, PAY 

2018: CAB 

1 minute Augustine (2017), 
Haeffelin (2017), 
Knap (2018), 
Olano (2017), 
Wacker and Beh-
rens (2022) 

Direct radiation 
on the horizontal 
surface in W/m² 

Air temperature 
at 2 m height 

Groundwater 
temperature 

Germany Ø2007-2010 monthly Miara et al. 
(2012)  

Wind speed Lindenberg, Kiel, 
Stuttgart 

2015 10 minutes DWD (2019) 

Air density Lindenberg, Kiel, 
Stuttgart 

2015 10 minutes DWD (2019) 

2.2 Radiation on an inclined surface 

For different modules the radiation on an inclined surface is required. The direct, diffuse and 

reflected radiation imported into the model (see Tab. 2.1) must be transformed according to 

the inclination of the surface. Fig. 2.1 shows a simplified flowchart of the necessary calcula-

tions. A detailed description of the inputs and calculations follows. 
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Fig. 2.1: Radiation on an inclined surface flowchart 

2.2.1 Input 

The simulation of the radiation on an inclined surface uses different inputs: 

− Azimuth and elevation of sun: Calculated based on DIN 5034 using the longitude 

and latitude of the location and the time of the simulation 

− Azimuth and elevation of surface: User input of the area illuminated by the sun 

− Radiation on a horizontal surface: Depending on the selected location and mod-

elled year (see Chapter 2.1)  

− Constants of Perez-Model: From Quaschning (2013) based on Perez-Model (Pe-

rez and Stewart 1986; Perez et al. 1987; Perez et al. 1990) 

− Albedo constant: Parameter defining the fraction of sunlight reflected by a body 

(Quaschning 2013) 

2.2.2 Angle of incidence 

To calculate the radiation on the surface, the angle of incidence has to be calculated. Eq. 

2.1 from Quaschning (2013) is used to calculate the angle of incidence.  
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Eq. 2.1: Angle of incidence of the sun according to Quaschning (2013) 

q𝑖𝑛𝑐𝑙 = arccos(−cos⁡(𝛾𝑠) ∗ sin(𝛾𝐸) ∗ cos(𝛼𝑆 − 𝛼𝐸) + sin⁡(𝛾𝑠) ∗ cos⁡(𝛾𝐸)) 

𝛾𝑆 elevation of sun 

𝛾𝐸  elevation of surface 

𝛼𝑆 azimuth of sun 

𝛼𝐸 azimuth of surface 

2.2.3 Radiation on an inclined surface 

Eq. 2.2 is used to calculate the direct radiation on an inclined surface. Using the calculated 

angle of incidence, the direct radiation on a horizontal surface, and the elevation of the sun 

as input, the radiation on an inclined surface can be calculated.  

Eq. 2.2: Direct radiation on an inclined surface according to Quaschning (2013) 

𝐸𝑑𝑖𝑟,𝑖𝑛𝑐𝑙 =⁡⁡𝐸𝑑𝑖𝑟,ℎ𝑜𝑟 ∗
cos(𝑞𝑖𝑛𝑐𝑙)

sin(𝛾𝑆)
 

𝐸𝑑𝑖𝑟,ℎ𝑜𝑟 direct radiation on a horizontal surface 

𝑞𝑖𝑛𝑐𝑙  angle of incidence 

𝛾𝑆 elevation of sun 

To calculate the diffuse radiation on an inclined surface, Eq. 2.3 is used, as described by 

Quaschning (2013) based on Perez et al (1986; 1987; 1990). For a detailed explanation of 

the Horizon Brightness Index and the Circumsolar Index, see Quaschning (2013). 

Eq. 2.3: Diffuse radiation on the inclined surface according to Quaschning (2013) 

𝐸𝑑𝑖𝑓𝑓,𝑖𝑛𝑐𝑙 =⁡⁡𝐸𝑑𝑖𝑓𝑓,ℎ𝑜𝑟 ∗ {
1

2
∗ (1 + cos(𝑦𝐸)) ∗ (1 − 𝐹1) +

𝑎

𝑏
∗ 𝐹1 + 𝐹2 ∗ sin⁡(𝑦𝐸)} 

𝐸𝑑𝑖𝑓𝑓,ℎ𝑜𝑟  diffuse radiation on a horizontal surface 

𝛾𝐸 elevation of surface 

F1 circumsolar Index 

F2 Horizon Brightness Index 

A max(cos 𝑞𝑖𝑛𝑐𝑙 ; 0) 

B max⁡(sin 𝛾𝐸 ; 0.087) 

𝑞𝑖𝑛𝑐𝑙  angle of incidence 
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2.2.4 Reflected radiation on an inclined surface 

To calculate the reflected radiation, a simplified approach proposed by Quaschning (2013) 

is used. Using albedo coefficients, the global radiation on a horizontal surface, and the ele-

vation of the surface, the reflected radiation is calculated. (see Eq. 2.4) 

Eq. 2.4: Reflected radiation on an inclined surface according to Quaschning (2013) 

𝐸𝑟𝑒𝑓𝑙,𝑖𝑛𝑙 =⁡⁡𝐸𝐺,ℎ𝑜𝑟 ∗ 𝐴 ∗
1

2
∗ (1 − cos(𝛾𝐸)) 

𝐸𝐺,ℎ𝑜𝑟 global radiation on a horizontal surface 

A albedo coefficient 

𝛾𝐸 elevation of surface 
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3 Simulation of energy demand of households 

and communities 

3.1 Heating demand 

Total heating demand 

The annual heating demand depends on the annual heating demand per m², the m² per per-

son and the number of people in the household. Eq. 3.1 shows the calculation for the annual 

heating demand. 

Eq. 3.1: Annual heating demand 

Ε = 𝜗𝐵 ∗ 𝑚𝑝𝑝
2 ∗ 𝑃𝐻ℎ 

𝜗𝐵 Annual heating demand per m² in kWh/m² per year 

𝑚𝑝𝑝
2  Floor area per person 

𝑃ℎℎ  Number of people in household 

Either the user provides input for heating demand per m² and floor area per person or aver-

age values are used in the model. Average heating demand per m² is based on total energy 

demand (Capros et al. 2016) and the share of energy for heating (Eurostat 2017). Average 

floor area per person is based on the German Federal Statistical Office (Statistisches Bun-

desamt 2019), which provides concrete values for average floor area for different household 

sizes (see Tab. 3.1). The relative differences in m² per person between household sizes are 

also used for other European countries to calculate the average floor area per person (see 

Rovers 2019). 

Tab. 3.1: Floor area in single family houses per person in Germany 

Data based on Statistisches Bundesamt (2019) 

Number of people in 
household 

m² per household m² per person in house-
hold 

1 104,7 104,7 

2 128,1 64,05 

3 137,4 45,8 

4 147,4 36,85 

5 158,4 31,68 
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Heating profile 

For the simulation, a heating profile is generated on an hourly basis. Due to the inertia of the 

heating system, a higher resolution of the heating profile is not necessary. The generated 

daily profile is based on BDEW (2022) and combines:  

1. A sigmoid profile based on Hellwig (2003) and 

2. A linear part, which is visible in measured real load profiles.  

Eq. 3.2 shows the calculation for the heating profile. In contrast to the BDEW (2022) calcula-

tions, the average daily temperature is not used. Instead, a weighted average of the temper-

ature of the day and the previous day is used to account for the storage capacity of the 

building. Also, the hot water profile is calculated separately and is not included in this equa-

tion. Empirical parameters for households can be found in BDEW (2022). The user can 

choose between HEF33, HEF34, HMF33 and HMF34 profiles.  

Eq. 3.2: Daily heat profile based on BDEW (2022) 

ℎ(𝜗) =
𝐴

1 + (
𝐵

𝜗𝑤 − 𝜗0
)
𝐶 +𝑚𝐻 ∗ 𝜗𝑤 + 𝑏𝐻 

A, B, C, D empirical Parameters 

𝜗𝑤 weighted average of temperature of the day and previous day 

𝜗0 reference temperature 40 °C 

𝑚𝐻 empirical parameter reflecting slope of linear regression 

𝑏𝐻 empirical parameter reflecting calibration point of linear regression 

The hourly distribution of the daily heating demand is based on values provided by Hellwig 

(2003) for households. At the beginning of the simulation, the calculated heating profile is 

multiplied by the total heat demand. 

3.2 Hot water demand 

To calculate the hot water demand for the model, standard profiles are created according to 

Jordan and Vajen (2003) to distribute the demand over the day. DHWcalc has been devel-

oped for this purpose. It was developed as part of the International Energy Agency’s "Solar 

Heating and Cooling Program" at the Technical University of Denmark and the University of 

Kassel. The model considers four different withdrawal reasons (short withdrawal, medium 

withdrawal, bath, shower). These are considered with different proportions of total consump-

tion, frequencies per day, quantities per withdrawal, and quantities per minute. There are 

also different withdrawal probabilities. This depends on whether it is a weekend or a week-

day. The simulation is based on the default values from the tool.  

Deviating from this, the consumption for the average withdrawal quantities per day was cal-

culated as follows:  
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− The input is an average consumption per day. This is determined based on the hot 

water demand in kWh (Eurostat 2017). 

− The amount of hot water consumed per day (ϑN) can be calculated using Eq. 3.3. 

− The groundwater temperature is assumed to be approximately equal to the mean 

air temperature (NGWA 1999). The years 2013 to 2017 were used to calculate the 

mean ground water temperature.  

− The heated water is assumed to be 40 °C. 

Eq. 3.3: Hot water consumption per day (VDI 2017) 

ϑN =
qN

ρ ∗ c(ϑN − ϑk)
 

qN Energy demand per person per year (excluding distribution and storage losses)  

Ρ Density of heated water 

C Heat capacity of water 

ϑN Temperature of heated water (40°C) 

Θk Temperature of groundwater 

3.3 Electricity demand 

The electricity demand of the household is a combination of electricity used directly in the 

household and electricity used for heating. In this section, only the electricity demand for di-

rect household use is described. In Chapter 4, the electricity demand for heating devices is 

explained. 

The electricity demand of household devices is modeled bottom-up. A total of 29 devices 

with individual minute load profiles according to Reinhardt et al. (2012) are included in the 

model. For some devices, different randomly selected operating modes result in different 

load profiles, e.g. the washing machine has different load profiles depending on the program 

selection. The selection of simulated household devices in the specific application depends 

on the size of the household and the location of the household (Instituto Nacional de Esta-

distica 2008; van Thiel 2017; Statistisches Bundesamt 2019; IDAE 2011).  

The start times and duration of appliance use are simulated for each day individually. For 

most devices, the start time is randomized within a time interval distributed based on a nor-

mal distribution with a fixed variance. Hereby, the user’s definition of the regular presence 

and absence of household members influences the time interval during which certain appli-

ances might run. The user defines both vacation days and regular times during the day 

when the household members are present. For lighting, not only presence but also the out-

door brightness is relevant and is therefore calculated for each time step. In comparison, 

some loads of devices are independent of presence or absence. For example, the refrigera-

tor and the freezer have the same variable load profile regardless of the presence or ab-

sence of household members.  
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The probability of devices being used depends on the day of the week (e.g., the stove is 

more likely to be used for lunch on the weekend than on a weekday), the season (e.g., dryer 

is less likely to be used in the summer) and the number of people in the household.  

The sum of all modeled bottom-up profiles was adjusted according to three principles:  

The frequency and duration of use of the individual appliances is chosen to match the aver-

age energy consumption in individual areas of the household such as information technol-

ogy, lighting, etc. based on (EnergieAgentur.NRW 2011) (see Fig. 3.1).  

 

Fig. 3.1: Use of electricity in individual areas of households depending on number of 

people in household 

Own figure based on EnergieAgentur.NRW (2011) 

Even though each individual load profile is unique with traceable peaks, the sum of a large 
number of generated load profiles still corresponds to the typical standard load profile 
according to (BDEW 2017). The BDEW load profiles are differentiated by season (summer, 
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transition period, winter) and day of the week (weekday, Saturday, Sunday). Fig. 3.2 shows 
nine standard load profiles per day. 

 

Fig. 3.2: Standard load profile 

Own figure based on (BDEW 2017) 

The user can select the number of people living in the household and the efficiency class of 

the household based on Stromspiegel (2017). The sum of the bottom-up load profiles corre-

sponds to the demand of the selected efficiency class and household size (see Fig. 3.3) 

 

Fig. 3.3: Yearly consumption  

Own figure based on Stromspiegel (2017)  
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4 Simulation of heat production and storage 

This chapter gives an overview of the modules for heating. In general heating and electricity 

are separate parts of the model. But there are some interdependencies. On the one hand 

some of the heating technologies, esp. heat pumps, consume electricity and this will be part 

of the electricity consumption in the model. On the other hand the usage of some heating 

technologies can be dependent on the production of renewable energies. These details are 

explained in this chapter among the implementation and data basis of the technologies in 

general.  

4.1 Control 

The EProM thermal model consists of four components (see Fig. 4.1): 

− Heat production units: Includes models for different heat production technologies, 

e.g., solar thermal, heat pump, condensing boiler. 

− Thermal storage: Thermal storage with different layers. 

− Heat consumer: There is a heating demand for both space heating and hot water 

heating. 

− Flow temperature: Heater flow and heater return flow. 

 

Fig. 4.1: Modeled heating components in EProM 

Central elements for the control of heat production units are the thermal storage (see Chap-

ter 4.3) and the flow temperatures. Based on the heating demand of the heat consumers 

(see Chapter 3.1), the required flow temperature is calculated (see calculation in the heating 

circuit in Chapter 4.2.2). If the heat stored in the thermal storage is not sufficient to meet the 

heating demand, additional heat production units start producing heat. While a solar thermal 

unit is always running, other technologies such as a heat pump, condensing boiler and elec-

tric heater can be switched on and off. However, the user can set certain constraints for the 

heat production units, such as minimum operation time or downtime. 

When different heating technologies are present, there is a sequence in which the heating 

technologies are turned on. As described, a solar thermal collector is always producing heat 

when solar radiation is present. In a constellation of a heat pump combined with a condens-

ing boiler or a heat pump combined with an electric heating, the heat pump is turned on first. 
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Only if the heat pump does not produce enough heat to meet the demand, a condensing 

boiler or electric heater is switched on. In combination with a photovoltaic production unit, 

the user can specify that heating production units are turned on to store extra heat in the 

thermal storage when electricity would otherwise be fed into the grid. 

The following chapters describe the different components of the heating model in more de-

tail.  

4.2 Heating circuit 

The space heating demand is met by the heating circuit. Fig. 4.2 shows a simplified 

flowchart of the heating circuit. Based on the heating demand, air temperature, user specifi-

cations and the temperature of the storage, the supplied heat and the heat deficit are calcu-

lated. A detailed description of the inputs and calculations follows. 

 

Fig. 4.2: Heating circuit flowchart  

4.2.1 Input 

The simulation of the heating circuit uses various inputs: 

− Heating demand: See Chapter 3.1. 

− Air temperature: Air temperature at location of the heating circuit (see Chapter 

2.1). 

− User specification: The user can make various specifications regarding the heat-

ing circuit: 

− Oversizing factor: Heating surfaces are often oversized because there has been 

an improvement in the building compared to the time when the heating surfaces 

were built, such as better insulation or better windows. This is taken into 
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account. As a default an oversizing factor of 1.2 based on Diefenbach et al. 

(2002) is taken into account.  

− Various factors related to standard indoor temperature, type of radiator expo-

nent (e.g. radiators, floor heating), maximum and minimum supply/return flow 

temperatures. The default values are taken from DIN V 4701-10:2003 (DIN e.V. 

2003).  

− Standard outdoor temperature: Standard outdoor temperature from Berlin-Lin-

denberg is used by default (see Bundesverband Wärmepumpe e.V. 2023). 

− Temperature storage: Top layer storage temperature. 

4.2.2 Flow temperature 

Based on DIN V 4701-10:2003, a flow temperature required to satisfy the heating demand is 

calculated for each time step. In contrast to DIN V 4701-10 calculations, time-varying values 

are calculated instead of mean values. In addition, an oversizing factor of 1.2 is added to the 

calculations according to the calculations of Diefenbach (2002). Eq. 4.1 shows the calcula-

tion. 

Eq. 4.1: Flow temperature in the heating circuit according to DIN V 4701-10 

𝜗𝐻𝐹 = 𝜗𝐻𝐿

1
𝑛 ∗ (𝜗𝐻𝐹,𝑚𝑎𝑥 − 𝜗𝐻𝐹,𝑚𝑖𝑛) + 𝜗𝐻𝐹,𝑚𝑖𝑛  

𝜗𝐻𝑅 = 𝜗𝐻𝐿

1
𝑛 ∗ (𝜗𝐻𝑅,𝑚𝑎𝑥 − 𝜗𝐻𝑅,𝑚𝑖𝑛) + 𝜗𝐻𝑅,𝑚𝑖𝑛 

𝜗𝐻𝑃 =
1

𝑓𝑜,𝐻𝐶
∗

𝜗𝑖,𝑛𝑜𝑟𝑚 − 𝜗𝑜
𝜗𝑖,𝑛𝑜𝑟𝑚 − 𝜗𝑢,𝑚𝑖𝑛

 

𝜗𝐻𝐹  temperature heating flow  

𝜗𝐻𝐿 heating circuit load 

𝑛 type of heating: radiator: 1.3; floor heating:1.1  

𝜗𝐻𝐹,𝑚𝑎𝑥  / 𝜗𝐻𝐹,𝑚𝑎𝑥  max/min heating flow temperature 

𝜗𝐻𝑅 temperature heating return flow 

𝜗𝐻𝐹,𝑚𝑎𝑥  / 𝜗𝐻𝐹,𝑚𝑎𝑥  max/min heating return flow temperature 

𝜗𝐻𝑃 average heating circuit load 

𝑓𝑜,𝐻𝐶  oversizing factor heating circuit 

𝜗𝑖,𝑛𝑜𝑟𝑚 norm temperature inside 

𝜗𝑢,𝑚𝑖𝑛 min temperature during heating period 

𝜗𝑜 norm temperature during heating period 
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4.2.3 Power calculation 

Only when the air temperature is lower than the flow temperature (see Chapter 4.2.2) and 

the storage temperature is higher than the calculated return flow temperature, the heating 

circuit delivers heat. If both conditions are met, the heating demand is scaled to W/min 

based on the annual heating demand and the load profile (see Chapter 3.1).  

Based on the temperature difference and the storage temperature, the heat supplied or not 

supplied is calculated. If the temperature of the storage is higher than the required flow tem-

perature, the entire heating demand can be supplied by the heating circuit. If the storage 

temperature is lower than the flow temperature of the heating circuit, only part of the heating 

demand can be supplied. The heat supplied is calculated according to Eq. 4.2. 

Eq. 4.2: Power calculation in the heating circuit 

𝑄̇ =
𝜗𝑆 − 𝜗𝐻𝑅
𝜗𝐻𝐹 − 𝜗𝐻𝑅

∗ 𝑞̇ 

𝑄̇ provided heat 

𝜗𝑆 temperature storage 

𝜗𝐻𝑅 temperature heating return flow 

𝜗𝐻𝐹 temperature heating flow 

𝑞̇ heating demand 

4.3 Thermal storage 

The modeled thermal storage is based on Eicker (2012). Different layers within the thermal 

storage are modeled. Incoming and outgoing heat flows of the thermal storage are assigned 

to the different layers of the thermal storage. The temperature inside the layers is calculated 

taking into account the user specification, heat losses to the environment and convection 

between the layers. Fig. 4.3 shows a simplified flowchart of the thermal storage. 
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Fig. 4.3: Thermal storage flowchart 

4.3.1 Input  

The simulation of the thermal storage uses several inputs: 

− Incoming and outgoing heat: Thermodynamic vectors containing flow tempera-

ture, mass flow, and heat capacity of water come from the various heat production 

technologies and the heating circuit. 

− Temperature at storage location: The temperature at the location of the storage is 

kept constant throughout the year, assuming that the storage location is in a place, 

such as a basement, where the ambient temperature is nearly constant throughout 

the year. The default is 15°C.  

− User specification: Radius and height of storage, maximum heat of storage, num-

ber of layers, starting temperature of storage, heat transfer coefficient of thermal 

storage and heat conductivity inside the thermal storage.  

− External heat: Heat provided by electric heating (see Chapter 4.4.).  

4.3.2 Flow allocation 

Incoming and outgoing flows are being assigned to the appropriate layer where the temper-

ature of the layer is closest to the flow temperature. It is assumed that the temperature in 

each layer is homogeneous. Therefore, incoming and outgoing flows can be assigned to ex-

actly one layer. 

4.3.3 Convection 

A distinction is made between natural convection and forced convection. Natural convection 

occurs by heat convection from warmer to colder layers, and forced convection occurs when 

water is forced from one layer to another when incoming heat flows exceed outgoing flows 

in a layer (see Chapter 4.3.2). Eq. 4.3 is used to calculate natural convection. 
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Eq. 4.3: Natural convection from one layer to another according to Eicker (2012) 

𝑄̇𝑓,𝑖 = 𝐴𝑞 ∗
𝜆𝑒𝑓𝑓

𝑧
∗ (𝑇𝑖+1 − 2𝑇𝑖 + 𝑇𝑖−1) 

𝑄̇𝑓,𝑖 natural convection in layer 𝑖 

𝐴𝑞 area of cross-section 

𝜆𝑒𝑓𝑓  heat conductivity inside of the thermal storage 

𝑇𝑖+1 temperature of layer 𝑖 + 1 

𝑇𝑖−1 temperature of layer 𝑖 − 1 

2⁡𝑇𝑖  temperature of layer 𝑖 

Three assumptions about the layers cause or influence a forced convection between the 

layers:  

1. the heat capacity in each layer is constant (constant volume or mass), 

2. the heat capacity of the water is constant and does not depend on the temperature 

of the water 

3. there is heat conduction between the layers.  

Starting with the warmest layer, the balance of incoming and outgoing heat flows deter-

mines whether water flows out to a colder layer or from a colder layer to a warmer layer. 

Mixed water flows from warmer and colder layers are transferred as a mixture to the corre-

sponding layer, i.e., mass flows are added and the mixing temperature is calculated. (see 

Eq. 4.4 

Eq. 4.4: Forced convection from one layer to another according to Eicker (2012) 

𝑄̇𝑒,𝑖 = 𝑚̇𝑐𝑖 ∗ (𝑇𝑖−1 − 𝑇𝑖+1) 

𝑄̇𝑒,𝑖 natural convection in layer 𝑖 

𝑚̇ mass 

𝑐𝑖 heat capacity of water in layer 𝑖 

𝑇𝑖−1 temperature of layer 𝑖 − 1 

𝑇𝑖+1 temperature of layer 𝑖 + 1 

4.3.4 Storage temperature 

The storage temperature in each layer is calculated based on Eicker (2012) and takes into 

account convection (see Chapter 4.3.3), heat losses to the environment, external heat from 

an electric heater, and incoming and outgoing flows (see Eq. 4.5). 



 
28     | J. WIESENTHAL 

Eq. 4.5: Storage temperature development over time for each layer according to 

Eicker (2012) 

𝑚𝑐 ∗
𝑑𝑇𝑖
𝑑𝑡

= 𝑄̇𝑘,𝑖 + 𝑄̇ℎ,𝑖 − 𝑄̇𝑙,𝑖 − 𝑄̇𝑣,𝑖 + 𝑄̇𝑓,𝑖 − 𝑄̇𝑒,𝑖 

𝑑𝑇𝑖  temperature of layer 𝑖 

M mass 

𝑐 heat capacity of water 

𝑄̇𝑘,𝑖 heat flow incoming in layer 𝑖 

𝑄̇ℎ,𝑖 heat provided by external heat (e.g., electric heater) in layer 𝑖 

𝑄̇𝑙,𝑖 heat flow outgoing in layer 𝑖 

𝑄̇𝑣,𝑖 heat losses to environment in layer 𝑖 

𝑄̇𝑓,𝑖 natural convection in layer 𝑖 

𝑄̇𝑒,𝑖 forced convection in layer 𝑖 

Losses to the environment are calculated using Eq. 4.6.  

Eq. 4.6: Losses to the environment according to Eicker (2012) 

𝑄̇𝑣,𝑖 = 𝑈𝑒𝑓𝑓 ∗ 𝐴𝑖 ∗ (𝑇𝑖 − 𝑇0) 

𝑄̇𝑣,𝑖 heat losses to environment in layer 𝑖 

𝑈𝑒𝑓𝑓 heat transfer coefficient of thermal storage 

𝐴𝑖 enveloping surface 

𝑇𝑖 temperature of layer 𝑖 

𝑇0 temperature of storage location 

Heat generated by an electric heater is evenly distributed to the different layers.  

4.4 Electric heater 

An electric heater is modeled to provide additional heat when other components cannot pro-

vide enough heat (see Chapter 4.4). It is assumed that the electric power is converted into 

thermal heat without any losses and the electric rod heats all layers of the thermal storage 

evenly. Therefore, in addition to the capacity of the electric heater, the user’s specification 

as an input mainly influences the control:  

− storage temperature at which the electric heater is switched on or off,  

− the possibility to operate the electric heater at partial load and  

− the impulse to turn on the electric heater when there is excess solar power that 

would otherwise be fed into the grid. 
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4.5 Condensing boiler 

Fig. 4.4 shows a simplified flowchart of the simulation of the heat production of the condens-

ing boiler. Heat production from the condensing boiler uses air temperature, heating de-

mand, manufacturer information, and user specifications, and calculates the heat produced, 

the fuel energy consumed and the electricity required based on the utilization rate and 

power calculation. A detailed description of the inputs and calculations follows. 

 

Fig. 4.4: Condensing boiler flowchart  

4.5.1 Input 

The simulation of the heat production of the condensing boiler uses different inputs:  

− Heating demand: Indicates whether the condensing boiler should produce heat.  

− User specification: Thermal and electrical power of the condensing boiler, mini-

mum operating time. 

− Manufacturer information: The default condensing boiler is the Vitocrossal 300 

from Viessmann (2023a). Utilization rates for different air temperatures and firing 

rates are based on Viessmann (2006). 

− Air temperature: Air temperature at the location of the condensing boiler (see 

Chapter 2.1). 

4.5.2 Utilization rate 

The utilization rate of the condensing boiler depends on the air temperature and the flow 

temperature in the heating circuit. The flow temperature is specified by the user. The air 

temperature depends on the location of the condensing boiler (see Chapter 2.1). The maxi-

mum utilization rate is used according to Vitocrossal 300 (Viessmann 2023a). The utilization 

rate at different air and flow temperatures is calculated according to Viessmann (2006) and 

Viessmann (2023a) (see Fig. 4.5). 
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Fig. 4.5: Utilization rate of condensing boiler  

Own calculations according to Viessmann (2006) and Viessmann (2023a). The firing rate 

increases with decreasing temperature.  

4.5.3 Power calculation 

When there is a signal for heating demand (see Chapter 0), the heat produced, the fuel en-

ergy required and the power consumption are calculated. The produced heat depends on 

the user’s specification of the thermal power and the specific firing rate. The specific firing 

rate is based on Viessmann (2006) and Viessmann (2023a). The electrical consumption is 

determined by the user’s specification of the electrical power of the condensing boiler and is 

by default according to Vitocrossal 300 (Viessmann 2023a). The fuel energy consumed is 

determined by the utilization rate divided by the utilization rate calculated (4.5.2). In addition, 

the low-temperature heating cannot be switched on for an arbitrary short period of time, the 

minimum operation time is determined by the minimum operation time of the condensing 

boiler. The heat produced, the energy used and the power consumption are calculated and 

the heat going to the storage is stored in a thermodynamic vector. 

4.6 Heat pump 

Fig. 4.6 shows a simplified flowchart of the heat pump’s heat production. The heat produc-

tion of the heat pump is calculated on a minute-by-minute basis using various inputs related 

to air, ground, and water temperatures, manufacturer information, and user specifications of 

the heat pump. The output of this module is the electricity demand and a thermodynamic 

vector containing flow temperature, mass flow, and heat capacity of water. A detailed de-

scription of the inputs and calculations follows. 
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Fig. 4.6: Heat pump flowchart  

4.6.1 Input 

− Manufacturer information: Manufacturer information on coefficient of performance 

(COP), minimum and maximum temperature that the heat pump can provide. For 

the air-to-water heat pump, there is manufacturer information for three different heat 

pump implementations (Dimplex 6 KW (Dimplex 2023a), Dimplex 9 KW (Dimplex 

2023b) and Nibe 8KW (NIBE 2023)) that the user can choose from. The default 

heat pump is the Dimplex 6 KW. For the water-to-water heat pump a Novelan-

WIC10HXE (Novelan 2023a) is implemented and for a bine-to-water heat pump the 

Novelan SIC12.2H (Novelan 2023b) heat pump is used.  

− User specification: Dimensioning, required temperature difference between flow 

temperature of heat pump and heating circuit, type (air-water, water-water, brine-

water). 

− Air/groundwater temperature: see Chapter 2.1. 

− Heating demand: Indicates whether the heat pump is required for heat production 

and what the required flow temperature of the heat pump is. 

4.6.2 Flow temperature 

Before simulating the heat pump, the required flow temperature is determined. This is lim-

ited by the maximum and minimum flow temperature of the heat pump. In addition, the flow 

temperature must correspond to the required temperature difference. The required flow tem-

perature results from the heating demand (see Chapter 3.1).  

4.6.3 Power calculation 

Based on the flow temperature and manufacturer’s specifications, the required electricity 

and the produced heat are interpolated using the heat pump manufacturer's specifications.  
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4.7 Solar thermal 

Fig. 4.7 shows a simplified flowchart of the solar thermal heat production. Solar thermal heat 

production is calculated on a minute-by-minute basis using various inputs related to global 

radiation on the collector, air temperature, manufacturer information, user specifications, 

and storage temperature. The output of this module is the electricity demand and a thermo-

dynamic vector containing flow temperature, mass flow and heat capacity of the water. A 

detailed description of the inputs and calculations follows. 

 

Fig. 4.7: Solar thermal flowchart 

4.7.1 Input 

The simulation of heat with the solar thermal collector uses several inputs: 

− Global radiation and air temperature: Radiation and air temperature at the loca-

tion of the solar thermal collector (see Chapter 2.1). 

− User specification: Azimuth, incidence and area of the collector. 

− Storage temperature: Temperature of the flow leaving the thermal storage (see 

Chapter 4.3). 

− Manufacturer information: The Vitosol 100 from Viessmann is implemented as de-

fault (Viessmann 2023b; Müller-Steinhagen 2003).  

4.7.2 Flow temperature 

Parameters from manufacturer’s information, global radiation, air temperature and user 

specification are included in the calculation of flow temperature using Eq. 4.7 (see Müller-
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Steinhagen 2003). The empirical parameters 𝑐1, 𝑐2, 𝑐5, F
′(τα)𝑒𝑛, 𝑏0,KΘb(θ) und KΘd(θ) 

for the Vitosol 100 thermal collector are used from Müller-Steinhagen (2003).  

Eq. 4.7: Dynamic collector model based on Müller-Steinhagen (2003) 

𝑞̇ = 𝐹′(𝜏𝛼)𝑒𝑛 ∗ (𝐾𝜃𝑏(𝜃) ∗ 𝐺𝑏 + 𝐾𝜃𝑑 ∗ 𝐺𝑑) − 𝑐1 ∗ (𝜗𝑚 − 𝜗𝑎) − 𝑐2 ∗ (𝜗𝑚 − 𝜗𝑎)
2 −⁡𝑐5 ∗

𝑑𝜗𝑚
𝑑𝑡

⁡⁡ 

𝐹′(𝜏𝛼)𝑒𝑛 conversion factor of direct irradiance 

𝐺𝑏, 𝐺𝑑 direct, diffuse irradiance 

𝐾𝜃𝑏 , 𝐾𝜃𝑑 incident-angle-correction-factor of direct diffuse irradiance 

𝑐1 thermal transmittance 

𝑐2 temperature-dependent heat capacity of the collector 

𝑐5 area-related heat capacity of the collector 

𝜗𝑚 average fluid temperature inside of collector 

𝜗𝑎 ambient temperature 

𝜃 angle of incidence of direct irradiance 

𝑏0 factor for determining the incidence-angle-correction-factor 

4.7.3 Power calculation 

To calculate the heat produced, the temperature difference between the state before 𝜗2 and 

after 𝜗1 heating in the solar thermal system was first calculated. 𝜗2 is equal to the storage 

temperature. With this temperature difference and the specific heat capacity 𝑐, the specific 

enthalpy can be calculated. From this, the heat energy produced can be calculated using 

the mass flow as a function of the collector area. This formula, Eq. 4.8, is shown below. It is 

derived from Quaschning (2013). 

Eq. 4.8: Produced heat of solar thermal according to Quaschning (2013) 

𝑄̇ ⁡= (𝜗2 −⁡𝜗1) ∗ 𝑐 ∗ 𝑚̇ ∗ 𝐴 

𝑚̇ mass flow 
𝑘𝑔

𝑠⁡𝑚2 

𝜗2 temp. before heating in the solar thermal system 𝐾 

𝜗1 temp. after heating in the solar thermal system 𝐾 

𝑐 specific heat capacity 4.2
𝑘𝐽

𝑘𝑔⁡𝐾
  

𝐴 collector area 𝑚2 
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5 Simulation of electricity production and 

storage 

5.1 Photovoltaic 

Fig. 5.1 shows a simplified flowchart of the simulation of the electricity production with a 

photovoltaic (PV) module. Using various inputs regarding radiation, air temperature, manu-

facturer information, and user specification of the PV module and the inverter, the electricity 

production of the PV module is calculated on a minute-by-minute basis. The output of this 

module is the power production. A detailed description of the inputs and calculations follows.  

 

Fig. 5.1: Photovoltaic electricity production flowchart  

5.1.1 Input 

The simulation of electricity production with the photovoltaic panel uses different inputs:  

− User specification: Azimuth, inclination, PV module size (in kWp), installation type 

(ventilation of PV-module) and inverter size. 

− Global radiation and air temperature: Radiation and air temperature at the loca-

tion of the PV panel (see Chapter 2.1). 

− Manufacturer information: The default PV panel used is the PV panel S-Energy 

SM-255PC8 (S-Energy 2023). Furthermore, the solar panels MonoHyundai HiS-

S310RG (Hyundai 2023) and Mono BL60UH 350W (ENF Solar 2023) can be se-

lected. The default inverter is SMC8000TL (SMA Solar Technology AG 2023).  

5.1.2 Cell temperature 

The cell temperature of the PV panel influences the amount of electricity produced 

(Quaschning 2013). The cell temperature is described in a simplified way by a linear tem-

perature model based on Quaschning (2013), which includes the type of installation of the 
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collectors and the associated ventilation, the outside temperature and the global radiation. 

The constant of proportionality decreases with increasing ventilation. By default, the simula-

tion assumes a roof installation with good rear ventilation (c =29), but other types of ventila-

tion can be selected. The cell temperature of the panel is calculated using Eq. 5.1. 

Eq. 5.1: Cell temperature of the panel 

𝜗𝐶 = 𝜗𝐴 + 𝑐 ∗
𝐺

1000
𝑊
𝑚2

⁡ 

𝜗𝐴 ambient temperature 

𝑐 constant of proportionality of specific solar module 

𝐺 global radiation 

5.1.3 Electric power 

The performance of the photovoltaic system and the inverter is simulated according to the 

model of Sauer (1994) and approaches of Quaschning (2013). Several parameters are used 

to simulate the performance of the PV module. These include global radiation, cell tempera-

ture and empirical data from manufacturer’s fact sheets. Empirical data includes the temper-

ature coefficient of the maximum power point voltage and support points determined from I-

V curves of manufacturer’s fact sheets. For the support points, the maximum current and 

voltage at a reference temperature of 25° Celsius for 0 W, 200 W, 600 W and 1000 W are 

determined from the manufacturer’s fact sheets. Eq. 5.2 

Eq. 5.2: Performance of the photovoltaic module at the maximum power point (Sauer 

1994) 

𝑃𝑀𝑃𝑃 =
𝛼1
2 ∗ 𝐺2

Γ + 𝛼1 ∗ 𝐺
∗ {

𝛼1 ∗ ln
2(𝐺 + 1) + 𝛼2 ∗ ln(𝐺 + 1) + 𝛼3

ln(𝐺 + 1) + 𝛼4
+ 𝑐𝑇 ∗ (𝑇𝑍 − 𝑇𝑟𝑒𝑓)} 

𝐺 global radiation 

𝛼𝑖 empiric parameter based on support points 

𝑐𝑇 temperature coefficient of the maximum power point (MPP) voltage 

𝑇𝑍 cell temperature 

𝑇𝑍 cell reference temperature 

Γ measure for the non-linearity of the current, empirically from support points 

The calculated power is scaled up or down according to the determined size of the PV 

panel.  
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5.1.4 Inverter 

The simulated PV panel produces direct current (DC). Therefore, an inverter must be simu-

lated to convert the DC into alternating current (AC). Based on the data provided by the 

manufacturer of the inverter, the losses are calculated using the Schmidt-Modell (see Eq. 

5.3) as described by Sauer (1994). The parameters 𝑣𝑙𝑜𝑠𝑠
∗ , 𝑟𝑙𝑜𝑠𝑠

∗ , 𝑝𝑖𝑛
∗  can be parameterized 

from three interpolation points. In this model the three support points applied are at 10 %, 

50 % and 90 %. 

Eq. 5.3: Inverter efficiency 

𝜂(𝑝𝑖𝑛) = ⁡−
1 +⁡𝑣𝑙𝑜𝑠𝑠

∗

2 ∗ 𝑟𝑙𝑜𝑠𝑠
∗ ∗ 𝑝𝑖𝑛

+⁡√
(1 + 𝑣𝑙𝑜𝑠𝑠

∗ )2

(2 ∗ 𝑟𝑙𝑜𝑠𝑠
∗ + 𝑝𝑖𝑛)

2
+⁡

𝑝𝑖𝑛 − 𝑝𝑠𝑒𝑙𝑓
∗

𝑟𝑙𝑜𝑠𝑠
∗ ∗ 𝑝𝑖𝑛

2 ⁡ 

 

𝑣𝑙𝑜𝑠𝑠
∗  voltage losses proportional to the output power 

𝑝𝑖𝑛
∗  power independent no-load losses 

𝑟𝑙𝑜𝑠𝑠
∗  ohmic losses that increase with the square of the current 

The power injected into the grid is calculated by multiplying the calculated electric power by 

the efficiency of the inverter. The maximum injected power is limited by the size of the in-

verter.  

5.2 Wind 

Fig. 5.2 shows a simplified flowchart for simulating electricity production by a wind turbine. 

Using various inputs regarding wind speed, humidity, air pressure, and the specification of 

the wind turbine, the power produced from the wind turbine is calculated on a minute-to-mi-

nute basis. The output of this module is the power production in W per minute. A detailed 

description of the inputs and calculations follows. 

 

Fig. 5.2: Wind turbine flowchart  
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− Weather data: Wind speed and air pressure. 

− User specification: Hub height, rotor diameter, type of wind turbine (horizontal, 

small vertical wind turbine, large vertical wind turbine). 

− Manufacturer information: Performance coefficients of the wind turbine at hub 

height: For small vertical wind turbines, a 100-W helical blade wind turbine with ver-

tical axis is used as a default (Han et al. 2018), for small horizontal wind turbine, a 

Lely Aircon 30 is used (Lely Industries N.V. 2023), and for a large onshore wind tur-

bine, a Vestas V136-4.2 MW (Vestas Wind System A/S 2023) is used.  

Based on user’s specifications regarding rotor diameter, rotor height and rotor type, the area 

of the rotor surface is calculated (see Eq. 5.4 and Eq. 5.5) 

Eq. 5.4: Area of rotor surface of horizontal runner 

𝐴𝑅 = 𝑑𝑅
2 ∗

𝜋

4
 

𝐴𝑅 rotor surface 

𝑑𝑅 rotor diameter 

ℎ𝑅 rotor height 

Eq. 5.5: Area of rotor surface of vertical runner 

𝐴𝑅 = 2 ∗ ℎ𝑅 ∗ 𝑑𝑅 

5.2.2 Wind speed at hub height 

Calculating the wind speed at hub height is necessary because the wind speed increases 

with height. The inputs of wind speed used in this simulation are made at a height of 10 m 

(see Chapter 2.1.). However, large wind turbines are more than 150 m high. To calculate 

the wind speed at hub height, Eq. 5.6 based on Hau (2016) is used. The equation takes into 

account the roughness of the environment where the wind turbine is located and the rough-

ness of the area around the measurement. The roughness describes the influence of the 

surface condition or terrain structure on the wind speed. Tab. 5.1 shows an overview of the 

roughness factor according to the terrain. By default, the roughness of the measurement 

point z1 is assumed to be 0.2. The roughness at the location of the wind turbine zo is as-

sumed to be 0.15. 
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Eq. 5.6: Wind speed at hub height (Hau 2016) 

𝑣ℎ2 = 𝑣ℎ1 ∗

𝑙𝑛 ∗
ℎ2
𝑧02

𝑙𝑛 ∗
ℎ1
𝑧01

 

ℎ2 hub height 

ℎ1 height at which average wind speed was measured 

𝑣ℎ1 average wind speed 

𝑧01 , 𝑧02   roughness at ℎ1 and ℎ1 

Tab. 5.1: Roughness of different types of landscapes 

Data based on Hau (2016) 

Z0 (m) Type of the terrain 

1 City, forest 

0.5 Suburb 

0.3 Built up area 

0.2 Many trees and/or bushes 

0.1 Agricultural land with closed appearance area 

0.05 Agricultural land with open appearance area 

0.03 Agricultural land with land with few buildings, trees etc. 

0.01 Airport-runway, pasture grass 

5*10-3 Bare soil (smooth) 

10-3 Snow surface (smooth) 

3*10-4 Sand surface (smooth) 

10-4 Water areas (sea, lakes, fjords) 

5.2.3 Electric power 

If the wind speed (see Chapter 5.2.2) is greater than the minimum wind speed required ac-

cording to manufacturer, then the electric power production is calculated using Eq. 5.7: .  
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Eq. 5.7: Produced electric power according to Hau (2016) 

𝑃𝑒𝑙 =
1

2
∗ 𝜚𝐿 ∗ 𝐴𝑅 ∗ 𝑣ℎ2

3 ∗ 𝑐𝑝 

𝑃𝑒𝑙  electrical power 

𝜚𝐿  air density 

𝐴𝑅 area of rotor 

𝑣ℎ2 wind speed at hub height 

𝑐𝑝 coefficient of performance at hub height 

The coefficient of performance at hub height is derived from the manufacturer’s data sheets. 

5.3 Battery 

A simplified model is used for the simulation of batteries. User’s specifications for capacity, 

maximum charge power, and battery efficiency, as well as simulated electricity flows in the 

use case, determine whether the battery is charged or discharged. Lifetime degradation is 

not included.  

5.3.1 Input 

The simulation of charging and discharging uses different inputs:  

− User specification: Capacity, maximum charge power, battery efficiency. 

− Power demand and production: Power demand and production at each time step 

of the simulation according to calculations in other modules. 

5.3.2 Charging and discharging of the battery 

The battery storage system is simplified. At each time step, electricity production and elec-

tricity demand of the use case are compared. If the electricity production is higher than the 

electricity demand and the battery is not fully charged, the battery is charged. If the electric-

ity demand is greater than the electricity production and the battery is at least partially 

charged, the battery is discharged. 

The charge and discharge power is limited to an upper level by a minimum function and a 

maximum function for discharging, taking into account the maximum charging power speci-

fied by the user. Self-discharge during the day and conversion losses are both reflected in 

the selected battery efficiency. 
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6 Output and post-processing 

The main output of the model are time series objects with a fixed time step size of 60 sec-

onds. As described in detail in the previous chapters, each modeled module has an individ-

ual output. Either this output is needed for further calculations in other modules (e.g. storage 

temperatures in the thermal storage are used as a control input in heat production units like 

the condensing boiler), the output is the desired result (e.g. the condensing boiler indicates 

how much fuel is needed as an input), or the output is used in post processing calculations. 

In previous applications, the main use of EProM was the calculation of self-consumption 

shares and exchange with the grid, which is used for economic and ecological calculations. 

The time series of the generation added to the time series of the consumption gives the grid 

demand (excess of demand over generation) and the electricity fed into the grid (excess of 

generation over demand) at each time step. The difference between produced electricity 

and injected electricity quantifies the self-consumed electricity.  

In a post-processing ecological evaluation, the electricity drawn from the grid can be evalu-

ated with CO2 emission per kWh in accordance with the shares of the electricity production 

units in the grid (e.g. Capros et al. 2016) and the respective footprints of these production 

units (e.g. Schlömer et al. 2014). The self-consumed electricity has to be evaluated accord-

ingly with the respective footprints of the implemented energy production units. Thus, the 

simulation can be used to calculate the footprint of a household or neighborhood with differ-

ent shares of implemented production and storage applications. Examples of these calcula-

tions can be found in Ouanes et al. (2022) and in Doračić et al. (2020). 

In post-processing economic evaluations, use cases with different economic and regulatory 

frameworks can be calculated. Thus, different use cases can be calculated using costs of 

production units, electricity prices for electricity drawn from the grid and revenues for elec-

tricity fed into the grid. Examples of such calculations can be found in Doračić et al. (2020) 

and in Wiesenthal et al. (2022). 
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