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Abstract 
In the light of climate change and CO2 emissions, energy performance is becoming increasingly more 

important. This increases the interest in Net-ZEBs. Net-ZEBs are buildings which consume no energy on a 

yearly basis by balancing on-site produced energy with energy consumption. Therefore, the importance of 

the methods of accurately predicting the energy performance of these buildings is highly important. This 

study aims to gain insight into the energy behaviour of Net-ZEBs by analysing the match between energy 

consumption and production. This analysis is done through the development of a high-resolution Modelica 

model in which production, storage, consumption and control are integrated. This model is then used to 

conduct a sensitivity study of some of the key parameters of a Net-ZEB. The sensitivity study showed the 

mutual interactions between several subsystems. For example, a change in the electric part of the system, 

can also influence thermal performance of the Net-ZEB and vice versa. Gaining insight into these interactions 

between subsystems is one of the main advantages of using the Modelica model. Especially making use of 

the matching indices proved to be a useful approach for analysing the performance of a Net-ZEB. The 

Modelica model can be used in order to quantify the consequences of design choices. In doing so, it can be 

useful in the development and testing of concepts of Net-ZEBs or other types of buildings. Also innovative 

system concepts or components can be tested using the Modelica model. All these can be analysed in great 

detail. 
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Nomenclature 
Abreviation Unit Description 

OEF [-] On-site energy fraction 

OEM [-] On-site energy matching 

OEFe [-] On-site electrical energy fraction 

OEFh [-] On-site heating energy fraction 

OEFc [-] On-site cooling energy fraction 

OEMe [-] On-site electrical energy matching 

OEMh [-] On-site heating energy matching 

OEMc [-] On-site cooling energy matching 

G(t) [kW] On-site produced power 

L(t) [kW] On-site consumed power 

COP [-] Coefficient of Performance 

DHW [-] Domestic Hot Water 

Sheat_on_on(t) [kW] Net on-site produced heat send to on-site heating storage 

Sheat_off_on(t) [kW] Net off-site produced heat send to on-site heating storage 

Sheat_off_off(t) [kW] Thermal energy sold to the heating grid 

Scold_on_on(t) [kW] Net on-site produced cold send to on-site heating storage 

Scold_off_on(t) [kW] Net off-site produced cold send to on-site heating storage 

Scold_off_off(t) [kW] Thermal energy sold to the cooling grid 

Gelec_off_eh(t) [kW] Off-site produced electricity sent to electrically driven heating machines 

Gelec_on_eh(t) [kW] On-site produced electricity sent to electrically driven heating machines 

Gelec_off_ec(t) [kW] Off-site produced electricity sent to electrically driven cooling machines 

Gheat_on_thc(t) [kW] On-site produced heat, send to thermally driven cooling machines 

Gcold_on-th_cdc(t) [kW] Cooling power from the on-site cooling machines, produced by on-site produced heat 

Gcold_on-e_cdc(t) [kW] Cooling power from the on-site cooling machines, produced by on-site produced 

electricity 

Gheat_off-e_hdc(t) [kW] Heating, produced by the electrically driven heating machines, using off-site produced 

electricity 

Gheat_on-e_hdc(t) [kW] Heating power from the on-site heating machines, produced by on-site produced 

electricity 

Gcold_off-e_cdc(t) [kW] Cooling, produced by the electrically driven cooling machines, using off-site produced 

electricity 

Gcold_off-th_cdc(t) [kW] Cooling, produced by the thermally driven cooling machines, using off-site produced 

thermal energy 
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1. Introduction 
In the light of climate change and CO2 emissions, energy performance is becoming increasingly more 

important. As a part of this trend, the European Commission requires all new buildings to be Net Zero Energy 

Buildings (Net-ZEBs) by December 31
st

 2020 as part of the Energy Performance of Buildings Directive 

(EPBD)
[34]

. This increases the interest in Net-ZEBs and therefore, the importance of the methods of 

accurately predicting the energy performance of these buildings. The method of determining the energy 

performance which is most often used for residential buildings in The Netherlands, is the EPC calculation
[46]

. 

This calculation determines a buildings energy performance by rating it from ´A´ to ´G´. ´A´ meaning it has a 

very high energy performance and ´G´ meaning a very poor energy performance. This approach is based on a 

simplified calculation regarding the energy consumption of the building. When present, the on-site energy 

production is also valued in a simplified way. However, the interaction between energy consumption and 

production is not taken into account. Therefore, the EPC calculation provides no insight into the possible 

mismatch between the production and consumption of energy. 

Such a mismatch occurs when the moment, magnitude 

or both of on-site energy production differs from that of the 

energy consumption (see Figure 1). Since a large amount of on-

site energy production in The Netherlands is produced by means 

of PV systems
[11]

, the moment and magnitude of the energy 

production is largely dependent on solar radiation. This 

dependency results not only in a high unpredictability of the 

moment and magnitude of the on-site energy production, but 

also makes it intermittent. Meanwhile, the energy consumption conforms to roughly the same daily profile 

year round (see ‘Appendix 7.3.6.’). This results in a high probability of a mismatch between energy 

production and consumption. 

This mismatch can be overcome by temporarily storing the surplus of on-site produced energy and 

using it when the production of energy is insufficient. Currently in The Netherlands, the electricity grid can 

be used as an off-site energy storage in which the surplus of electricity produced by the PV-installation can 

be stored. However, restrictions are expected to be imposed on the amount of electricity that can be stored 

on the grid
[1]

. Also, using the electricity grid as off-site storage can cause large fluctuations due to the 

unpredictability of the solar radiation which can negatively impact the performance of the grid
[1]

. 

Understanding of energy balancing on the grid is required to ensure quality and short term security of 

energy supply
[2]

. Therefore, a higher interest in Net-ZEBs can pose an increased demand on the electricity 

grid. 

The mentioned effects that the increasing number of Net-ZEBs have on the electricity grid, 

emphasise the importance of self-consumption of renewable energy. Self-consumption can be achieved in 

various ways. One example is demand management, which decreases the mismatch by shifting the energy 

consumption to times of the day in which energy production is high. Another example is on-site energy 

storage, which (partly) replaces the off-site energy storage on the electricity grid. On-site energy storage can 

be achieved per dwelling or per neighbourhood. Lund et al. (2010) suggests the latter, while the cumulative 

mismatch of multiple dwellings is levelled out to some degree
[3]

. An additional advantage of self-

consumption is being independent from increasing energy prices, which are expected due to shortages in 

fossil fuels
[4]

. In The Netherlands, the cost of energy is taking up an increasing share of the total housing 

costs
[5]

. Self-consumption will enable people to gain control over their energy costs. Also, since the Dutch 

building stock is responsible for 30% of the total Dutch energy consumption
[5]

, an increased amount of self-

consumption increases the share of renewable energy production, which reduces the amount of CO2 

emissions. 

Net-ZEBs can be designed in many different ways with a large range of system topologies. To make 

better-informed decisions, it is of great importance for various stakeholders to predict energy performance 

of design options and to analyse the mismatch of a Net-ZEB, as well as the rate of self-consumption, prior to 

construction. Four major stakeholders can be identified (see Table 1). 
 

 

Figure 1 Example of energy mismatch 
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Table 1 Stakeholders, their interest and information that is required. 

Stakeholder Main interest Energy prediction needed for 

Dutch government Reduction of CO2 emissions and as part 

of that, renewable energy consumption 

Policy making 

Home owners Maintain comfort and reduced utility 

bill 

Decision making on renovation 

and choice of house 

Energy companies Reduction of grid fluctuations Determining feed in tariff and 

energy pricing 

Housing corporations Reduction of capital costs Meeting targets and 

determining rental prices 

 

In order to accurately determine the mismatch of a Net-ZEB, and in doing so the rate of self-consumption, 

the EPC calculation is insufficient. For a more detailed energy performance prediction of a residential 

building, a distinction is made between simulating energy consumption, energy production and energy 

storage. Firstly, the energy consumption of a building can be simulated using thermal simulation software, 

for example Vabi Elements
[44]

 or IES-ve
[45]

. This software simulates the consumption based on, among others, 

information regarding material, geometry and occupant related inputs. This provides, dependent on the 

software used, moderately detailed to highly detailed information on the energy consumption. Secondly, the 

energy production can be calculated or simulated using hand calculations or simulation programs. An 

example of such a simulation program is PVsyst
[35]

. This allows for highly detailed, weather dependent 

energy production predictions. And thirdly, the energy storage can be calculated using a variety of software 

programs, for example TRNSYS
[36]

 or Modelica
[37]

. 

However, simulating the energy consumption, production and storage more accurately, but 

separate, can cause deviations between the simulation and the actual building behaviour
[7]

. The dynamic 

behaviour of a residential building through the interaction of the three must be included in the prediction. 

Several energy performance prediction models which include all three aspects are present in literature. 

Either by combining multiple software or by using a single software. Combinations of multiple software in 

one tool are for example EnergyPlus and TRNSYS
[38]

 or MathCad, Excel and CEM
[31]

. Examples of models 

which use one software use, in a majority of cases, TRNSYS or Modelica. These are used to simulate for 

example Net-Zero Energy Buildings
[32][39][13]

, low energy buildings
[41][42]

, offices
[43]

, hotels
[43]

 or 

neighbourhoods
[56]

. 

 Although the examples mentioned simulate energy production, consumption and storage, most do 

not explicitly derive the performance indicators mentioned earlier from the simulations. In order to gain 

more insight into the energy performance and the relation between the performance indicators, a model is 

needed which is able to simulate these indicators. 

This study has the goal to gain insight into energy performance of a Net-ZEB with an integrated 

renewable energy system and the relation between the following performance indicators: CO2 emissions, 

utility bill, capital costs, thermal comfort and matching indices. In order to do so, a model is developed from 

which these indicators can be derived using Modelica. This model can be used to analyse designs, systems 

and energy management of a residential building. The Modelica-based testbed, created by Al Koussa (2014), 

will be used as a starting point. This testbed exists of a fully functioning model of a residential building with 

all systems included, for example heating, ventilation, shading and internal gains
[33]

. This model also includes 

PV panels, thermal solar collectors and thermal storage. In this study, the heating system and electrical 

system of this model will be extended to represent a more realistic system as is used in Net-ZEBs by adding a 

second thermal storage, an electricity storage, a grid interaction and an interaction between the electricity 

storage and the thermal storage. It will then be used to simulate a residential Net-ZEB in order to analyse the 

performance indicators mentioned earlier. 
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1.1. Goal 

The goal of this project is to gain insight into the behaviour of a Net-ZEB and the matching between energy 

production and consumption. This behaviour will be determined by the following performance indicators: 

CO2 emissions, utility bill, capital costs, thermal comfort and matching indices. In order to simulate these 

performance indicators, a Modelica model is developed from which these indicators can be derived. This 

model is also used to conduct a sensitivity study in order to further analyse the effect of changing the 

following parameters: electric energy production, storage and consumption, thermal energy production, 

storage and consumption and supervisory control. 

1.2. Outline of report 

In order to outline the transition from a real world Net-ZEB to a simulation of a Net-ZEB, Figure 2 is 

presented. Firstly, a system description of a Net-ZEB is compiled in which assumptions are made on a real 

world Net-ZEB (see Figure 2). The assumptions on which components should be present in the system 

description are stated in the introduction and the interactions between them are shown in Figure 5. Using 

this system description, an abstraction of a real world Net-ZEB is created, which forms the conceptual model. 

This includes the development of the Modelica model through the extension of previous work to the current 

model. This is discussed in Section 2. This conceptual model is then used to create the final Modelica model 

in Section 3. The final Modelica model is created by implementing the calculation of the performance 

indicators and by introducing the case study. Also, the setup of the sensitivity study is discussed. Finally, the 

Modelica model is used to do the sensitivity study and the results are discussed separately for each step in 

Section 4. General conclusions that are drawn on both the results of the sensitivity study and the Modelica 

model are presented in Section 5. 

 

 
Figure 2 Overview of the transition from real situation to model

[12]
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2. Model development 
In this section, first the previous work in Modelica which forms the starting point for this study will be 

presented. It consists of a full functioning Modelica model of a residential building. Secondly, the way this 

previous work is extended to meet the requirements of the current study is discussed. This involves adding 

components to the model to form a system which is more representative of a Net-ZEB. 

2.1. Previous work 

In previous work, Al Koussa (2014) 

created a Modelica-based testbed of a 

residential building
[33]

. In this testbed, 

the thermal energy consumption and the 

thermal and electrical energy production 

can be simulated. It consists of three 

parts, as is shown in Figure 3. The 

electricity consumption, or plug load, is 

included using measured values of an 

actual residential building
[33][47]

. 

Figure 4 provides an overview of 

the connections between the thermal 

and electrical systems that are shown in 

Figure 3. As can be seen, the electric and 

thermal systems are completely 

separate. This restricts the usability of 

the testbed to cases where no thermal 

and electric interaction is present. Especially when considering the increased rate at which PV panels and 

thermal solar collectors are being installed
[11][48]

, as well as the increasing interest in Net-ZEBs, the possibility 

of simulating the interaction between the electric and thermal behaviour is becoming more interesting. 

 

 
Figure 4 Overview of the testbed by Al Koussa (2014) 

2.2. Current work 

In the current study, the previously discussed testbed created by Al Koussa (2014) will be extended to 

represent a more realistic system as is used in Net-ZEBs. This is done by adding a second thermal storage, a 

heat pump, an on-site electricity storage, a grid interaction and supervisory control (See Figure 5). The 

supervisory control is separated in the ´Thermal energy management´-component and the ‘Electric energy 

management’-component. Also, an interaction between thermal and electric behaviour is added. This 

Figure 3 Testbed components of previous work 
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interaction consists of two aspects. Firstly, the possibility of storing on-site produced electricity in the 

thermal storage by means of a heat pump and secondly, the possibility of the auxiliary heaters to be 

powered by on-site produced electricity. These added components are discussed in more detail in this 

section, as well as the way the performance indicators are obtained from the simulations. 

The circuit through the thermal solar collector, heat pump and thermal energy management will 

from here on be referred to as the ‘production circuit’, the circuit through the DHW thermal storage and the 

thermal energy management will be referred to as the ‘DHW circuit’, and the flow from the thermal energy 

management to the room heating thermal storage will be referred to as the ‘room heating circuit’. 

 

 
Figure 5 Overview of the extended testbed 

In this section, the different components which are added to the Modelica testbed are described, including 

the implementation in Modelica. 

2.2.1. Heat pump 

A heat pump is added to the model of the Net-ZEB in order to be able to convert on-site produced electricity 

into thermal energy which can be stored in one of the thermal storages. The heat pump considered is air-to-

water and it is connected to the electric energy management, from which it receives electricity, and to the 

thermal energy management, to which it forwards its thermal energy. For information on both energy 

management components, see ‘Section 2.2.5.’. The amount of energy the heat pump can produce is 

completely dependent on the electricity it receives from the electric energy management and the COP. The 

COP depends on the temperature difference between the evaporator, which is at ambient temperature, and 

the condenser, which is at the temperature of the production circuit. Figure 6 shows the relation between 

the temperature difference and the COP for heating (COPh) of the heat pump that was selected for this 

work. The black dots are the values found in literature. The green line is the approximation that is used and 

implemented in Modelica. 
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Figure 6 Temperature dependence of COP

[40]
 

 

The buildings library
[49]

 of Modelica contains a heat pump component 

(Buildings.Fluid.HeatExchangers.HeatPumps). This component simulates the behaviour of a heat pump, 

including the COP. However, in this component, the electricity demand cannot be set as an input, which is 

necessary to use it in the setup as described earlier. Instead, the electricity demand is an output and the 

temperature at the condenser-side can be set as an input. This means the heat pump cannot be used directly 

in the extension of the testbed. 

Multiple attempts to change the in- and output parameters of the heat pump component proved 

unsuccessful. Therefore, a different approach was chosen. A boiler component from the buildings library 

(Buildings.Fluid.Boilers.BoilerPolynomial) was selected. The inputs of this component are the maximum 

capacity and the part load ratio. In order to make sure the output of this component would be the same as a 

heat pump component would have, the following steps were taken. First, the maximum capacity of the 

boiler was set to the maximum output of the electric energy management multiplied with the maximum 

COP. Secondly, the part load ratio was set to the output of the electric energy management, which can 

change per time step, multiplied with the COP, which can also change per time step. This way, the thermal 

energy added to the production circuit is the same as would be the case when a heat pump component with 

variable COP was used. 

2.2.2. On-site electricity storage 

In order to simulate the possibility of storing the on-site produced electricity, produced by the PV panels, an 

on-site electricity storage is added to the testbed in the form of a battery. This battery is connected to the 

electric energy management (see also ‘Section 2.2.5.’), from which energy is forwarded to and taken from it. 

There are several types of batteries on the market. In this study, lead acid batteries are chosen, because of 

the relatively low costs per capacity
[52]

 and the maturity of the technology
[52]

. 

The on-site electricity storage is implemented in Modelica by using a DC battery from the LBNL 

Districts Library
[49]

 (Districts.Electrical.DC.Storage.Battery). In the battery component, the charge efficiency, 

discharge efficiency and capacity can be set. This way, more realistic behaviour of the battery can be 

simulated. A lead acid battery has an efficiency of 85 to 90%
[52]

. This is simulated in Modelica by using a 

92.5% efficiency for both charging and discharging, which sums up to a total efficiency of a little over 85.5%. 

The capacity is 10 kWh for the base case, which is based on the information published by Tesla
[16]

. 

2.2.3. Electricity grid 

In The Netherlands, electricity can either be bought from the electricity grid or sold to the electricity grid. 

This allows for the possibility of storing the on-site produced electricity on the grid. In order to add this 

possibility to the model, a second battery component is added of the same type as described in ‘Section 

2.2.2.’. This grid component is connected to the electric energy management, similar to the on-site 

electricity storage. The charging and discharging efficiencies were set to 100%. The capacity of the grid is 
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considered to be significantly higher than the energy that will be stored or consumed by a single Net-ZEB. 

Therefore, the capacity of the grid is set to 20.000 kWh. This is selected so that it is considerably higher than 

the average electricity consumption of a Dutch dwelling, which is roughly 3500 kWh
[8]

, and will therefore 

pose no limitations to the operation of the system. 

2.2.4. On-site DHW thermal storage 

In the testbed of Al Koussa (2014), a thermal storage is present from which thermal energy is taken to meet 

the DHW demand and the room heating demand (see Figure 4). This thermal storage is ideally kept at 40 
0
C. 

In this study, this thermal storage, which will be referred to as the room heating storage, is connected to 

only the room heating demand. The DHW demand will be met by a second thermal storage, which will 

ideally be kept at 60 
0
C. This second thermal storage, which will be referred to as the DHW thermal storage, 

is added to the flow from the room heating storage to the DHW demand. It receives thermal energy through 

the room heating storage or directly from the thermal energy management through the DHW circuit (see 

‘Section 2.2.5.’) and forwards it to the DHW demand. 

 In Modelica, the storages are both modelled using stratified water tank components from the LBNL 

Buildings library
[49]

 (Buildings.Fluid.Storage.StratifiedEnhancedInternalHex). This component consists of a 

stratified fluid tank with a fluid connector input and a fluid connector output. It also contains an internal 

heat exchanger with separate input and output connectors. Inputs for this component are volume, height, 

insulation values, number of volume segments and position of the heat exchanger. The output is the 

temperatures in the different segments of the volume and the thermal losses. The volume of the DHW 

thermal storage is set to 150 litres and the temperature of the room in which the storage is placed is set to a 

constant value of 15 
0
C in order to determine the thermal losses of the storages. 

2.2.5. Energy management 

The model includes two energy management components, one thermal and one electric, as is shown in 

Figure 5. Each functions as an instantaneous control in which the supervisory control is implemented. This 

controls where to store the on-site produced energy. In this section each will be discussed in detail. 

Thermal energy management 

In the thermal energy management, the thermal part of the 

supervisory control is implemented, which determines whether 

to store the on-site produced thermal energy in the DHW storage 

or in the room heating storage. Therefore, all thermal energy 

that is produced on-site, either by the thermal solar collector or 

by the heat pump, is forwarded to the thermal energy 

management. Also both thermal storages are connected to the 

thermal energy management (see Figure 5). 

 The heat pump and thermal solar collectors are 

connected to the thermal energy management through the 

production circuit. In this fluid circuit, the thermal energy is 

transferred to the thermal energy management. Using two 

additional circuits, the DHW storage and the room heating 

storage are connected to the thermal energy management as 

well. In the thermal energy management, these are connected 

to each other by means of two heat exchangers. These heat 

exchangers are from the LBNL Buildings library
[49]

 

(Buildings.Fluid.HeatExchangers.ConstantEffectiveness). Figure 7 shows a simplified overview of the thermal 

energy management. The production circuit (1) is shown by the yellow line, which goes through two heat 

exchangers which are shown in the red squares. The top heat exchanger (hex_1) is also connected to the 

room heating circuit, which is shown in red (2). The bottom heat exchanger is connected to the DHW circuit, 

which is shown in orange (2). All temperatures can be manipulated by turning on any of the three pumps, 

one for each circuit. There is also the possibility to turn off the heat pump and thermal solar collector. This is 

Figure 7 Overview of thermal energy 

management 
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necessary because there is a limited amount of thermal storage capacity. This means that when both 

thermal storages are at their maximum capacity, there is no need for any further thermal energy and the 

thermal energy production is turned off. 

There are two possibilities for storing on-site produced thermal energy. The first is giving priority to 

the DHW-storage (60 
0
C) and storing any surplus of thermal energy, after the DHW-storage is at maximum 

temperature, in the room-heating-storage (40 
0
C) (system 1 and 2, see Table 2). The second possibility is the 

other way around and gives priority to the room-heating-storage (40 
0
C) (system 3 and 4, see Table 2). This 

supervisory control takes place by a series of ‘AND’, ‘OR’ and ‘Switch’ components. These components are 

connected to the temperature sensors of the storages and the production circuit. They are also connected to 

the switches which turn on and off the pumps which in turn determine the mass flow through all three 

circuits. By determining the mass flow through the circuits, the temperatures can be manipulated. The way 

these temperatures influence the supervisory control is described in Table 4 and 5 in ‘Appendix 7.1.’. 

 

Electric energy management 

In the electric energy management, the electric part of the supervisory control is implemented. It 

determines whether to store the on-site produced electricity in the on-site electricity storage, in the on-site 

thermal storage by means of the heat pump, or on the electricity grid. Therefore, the electric energy 

management is connected to the PV panel (on-site electricity production), the on-site electricity storage and 

the grid interaction (see Figure 5). Also the plug load and the energy demand from the auxiliary heaters is 

met through the electric energy management. Therefore, these are also connected to it. 

 The components that are connected to the electric energy management can be categorized in two 

groups. Firstly, components which demand or produce a given amount of electricity. There is no decision 

making involved in this group. These are the PV panel, the auxiliary heaters, the plug load and the pump 

load. Secondly, there are components from which there is the possibility to send electricity to or take 

electricity from. These are the on-site electricity storage, the heat pump and the grid interaction. This 

difference means that the components from the first category are part of the conditions which are set for 

the electric energy management. Meaning that when on-site produced electricity is insufficient, it must be 

actively taken from the grid in order to meet the demand. Only in the second category there is the possibility 

of making decisions. This is where the electric energy management difference from the thermal energy 

management, which only distributes the available on-site produced energy and receives no conditions for 

thermal energy. This difference is also visible in Figure 8. The components which form the conditions are 

shown on the left. The yellow and the pink square are the PV panel and the plug load, respectively. The dark 

blue arrows below them are the auxiliary heaters and the pump load. On the right, the components of the 

second category are shown. In the blue squares the on-site electricity storage and the grid interaction are 

shown. Beneath these, the white arrow shows the heat pump output. All components in the middle, 

connected by pink lines, form the instantaneous controls of the electric energy management. These operate 

by using a series of ‘IF’, ‘AND’ and ‘OR’ components. They first add up the required electricity flows, meaning 

the components from category one. These are the PV panel production and the consumption of the plug 

load, auxiliary heaters and pump load. If the resulting power is positive, it can be stored in the on-site 

electricity storage or in the thermal storage by means of the heat pump. If the resulting power is negative, 

electricity needs to be taken from either the on-site electricity storage or the grid. This way, the electricity 

requirements of the plug load, the pump loads and the auxiliary heaters is always met. 

 The way the surplus of electricity can be stored is very similar to the way the thermal energy 

management operates. Firstly, it can be stored in the on-site electricity storage until this is at full capacity. 

Any electricity still available after that can be stored in the on-site thermal storage by means of the heat 

pump (system 1 and 3, see Table 2). Or secondly, the other way around can be used. In which case the 

surplus of electricity is first stored in the on-site thermal storage until this is at its maximum temperature. 

Any electricity still available after that will be stored in the on-site electricity storage (system 2 and 4, see 

Table 2). 
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Figure 8 Electric energy management as implemented in Modelica 

The two possibilities for storing electricity and the two possibilities for storing thermal energy mean a 

preference can be selected. Any surplus of energy after the first choice of storage is at full capacity will be 

stored in the second storage. Table 2 shows these possibilities. These supervisory control options are also 

part of the sensitivity study. 
 

Table 2 Overview of the energy management 

System 

Electricity Thermal 

1 First store in storage_e, than in storage_th First store in DHW-storage, than in RH-storage 

2 First store in storage_th, than in storage_e First store in DHW-storage, than in RH-storage 

3 First store in storage_e, than in storage_th First store in RH-storage, than in DHW-storage 

4 First store in storage_th, than in storage_e First store in RH-storage, than in DHW-storage 

3. Performance indicators and case study 
The stakeholders that are mentioned in the introduction have an interest in knowing the following 

performance indicators:  CO2-emissions, overheating hours, percentage of renewable energy consumption, 

utility bill, matching indices and capital costs. How these are simulated and with which assumptions is 

discussed in this section. 

3.1. Performance indicators 

3.1.1. Matching indices 

In order to quantify (mis)match between energy production and energy consumption, the matching indices 

are used as formulated by Cao et al. (2013). These exist of the On-site Energy Fraction (OEF) and the On-site 

Energy Matching (OEM)
[21]

. Equations 1.1 and 1.2 show how each can be calculated. 
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Equation 1.1 On-site Energy Fraction (OEF)
[21]

  Equation 1.2 On-site Energy Matching (OEM)
[21]

 

    

To explain what each matching index represents, Figure 

9 is used. It shows a curve of the on-site produced 

power and a second curve of the on-site consumed 

power over one day. It is clear the two curves do not 

match. To quantify the mismatch, the OEF is used to 

calculate the part of the on-site consumed energy that 

is met by on-site produced energy for each time step 

and integrates this over the period between ‘t1’ and 

‘t2’. The OEM on the other hand, calculates the part of 

the on-site produced energy that is used to meet the 

on-site consumption for each time step and also 

integrates this over the period between ‘t1’ and ‘t2’. In 

Figure 9, this means that the OEF equals 1 during the 

middle of the graph, where the on-site produced energy 

is higher than the on-site consumed energy. However, the OEM is lower than one for that part of the day. 

The OEM will equal one during the beginning and end of the day, where the on-site consumed energy is 

higher than the on-site produced energy. However, here the OEF will be lower than 1. This illustrates that 

the OEM and OEF provide insight into the matching of production and consumption of energy when used 

simultaneously. Using only one of them will provide very little insight into the possible mismatch. In the 

situation where there is no mismatch, both the OEF and OEM will equal one. 

 However, there are disadvantages to using these matching indices. Firstly, there is no option of 

taking into account energy storage. This is necessary to accurately quantify the possible mismatch present in 

a residential buildings that include energy storage. Secondly, it provides insight into the mismatch of the 

total dwelling without considering different types of energy
[21]

. In order to overcome this disadvantage, the 

OEF and OEM have been extended by Cao et al. (2013) to form the electrical, heating and cooling matching 

indices
[21]

. The principle remains the same, however each index focusses only on one of the types of energy 

(electric, heating or cooling). This way, more insight can be gained into which energy system contributes to a 

possible mismatch. The OEF for electrical, heating and cooling, or OEFe, OEFh, OEFc, respectively, as well as 

the OEM for electrical, heating and cooling, or OEMe, OEMh, OEMc, respectively, are calculated using 

Equations 2.1 through 2.6. 

 
Equation 2.1. On-site Energy Fraction – electric (OEFe)

[21]
 

 
 
Equation 2.2. On-site Energy Fraction – heating (OEFh)

[21]
 

 
 
 

 

 

Figure 9 Illustration of OEF and OEM
[21]
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Equation 2.3. On-site Energy Fraction – cooling (OEFc)
[21] 

 

 
Equation 2.4. On-site Energy Matching – electric (OEMe)

[21]
 

 
 
Equation 2.5. On-site Energy Matching – heating (OEMh)

[21]
 

 
 
Equation 2.6. On-site Energy Matching – cooling (OEMc)

[21]
 

 
 

By using these extended indices, the contribution of each type of energy to the total mismatch can be 

calculated. Moreover, each extended index does not only consider the energy production and consumption, 

but also the energy storage and the energy which is converted into another type, as is the case when 

electricity is converted to thermal energy by means of a heat pump for example. This allows for a much more 

complete insight into the energy matching of a building. 

A disadvantage of the extended matching indices is that there is no single value which can be used to 

compare a dwelling to other dwellings. Therefore, the Weighted Matching Index (WMI) is introduced by Cao 

et al. (2013). It summarizes the extended matching indices to a single value and provides the possibility of 

weighting one of the indices more than others. This can be useful when one of the indices is considered to 

be more important than the others for example. When all six weighing factors have the same value of 0.1667 

(1/6), meaning there is no weighing involved but only averaging, than this results is referred to as the 

Average Matching Index (AMI)
[30]

. 

 
Equation 2.7 Weighted Matching Index (WMI)

[21]
 

  

      
 

 In this study, the electrical and heating matching indices have been used. Since no cooling is present 

in the Net-ZEB that is considered, the OEFc and OEMc serve no purpose. 

3.1.2. Overheating hours 

The thermal comfort is a very important performance indicator for home owners. In order to evaluate the 

thermal comfort, the overheating hours are calculated. To do so, an overheating threshold is used for the 

living room and the bedroom, based on information found in literature
[54]

 (see Figure 10). The interior air 

temperature of these rooms is compared to the reference ambient temperature (Te,ref). The radiative interior 

temperature is assumed to be the same as the air temperature, since this information was not extracted 

from Modelica. The overheating hours are then calculated as the amount of hours the temperature is above 

the overheating threshold. 
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Figure 10 Overheating threshold for living room and bedroom 

3.1.3. CO2 emissions 

As part of the 20-20-20 climate and energy package set out by the European Commission, the CO2 emissions 

need to be reduced by 20% compared to the 1990 levels
[50]

. This makes knowing the CO2
 
emissions very 

important for governments in order to determine policies. 

The total CO2 emissions are calculated using two CO2-emission factors. A ‘low’ emission factor and a 

‘high’ emission factor. The ‘high’ factor of CO2 emissions can be contributed to the consumption of electricity 

taken from the electricity grid. This emits 490 gCO2eq/kWh
[55]

. The ‘low’ emission factor can be contributed 

to the energy production of PV panels. This emits 41 gCO2eq/kWh
[55]

. The CO2 emissions for which this 

emission factor is used is the electricity which is produced by the PV panels and is exported to the grid, 

subtracted from the total electricity which is produced by the PV panels. This amount of electricity is then 

multiplied with the ‘low’ emission factor of 41 gCO2eq/kWh
[55]

. 

3.1.4. Total energy consumption 

One of the main goals of the European Union, and because of that the Dutch government, is to reduce the 

energy consumption of its building stock
[34]

. In order to provide insight into the total energy consumption of 

a residential building, it is selected as one of the performance indicators in this study. 

 The total energy consumption is defined as the total energy the residential building consumes, both 

thermally and electrically. The total thermal energy consumption consists of the thermal demand for DHW, 

the thermal demand for room heating and the thermal losses of the system. The electric energy 

consumption consists of the plug load and the pump load. Adding up these four energy demands, results in 

the total energy consumption of the residential building. 

 In Modelica, this is implemented using a ‘Sum’-component which adds up the powers in kW of each 

of these demands. After that an ‘Integrator’-component is used to integrate the power over time to calculate 

the energy in kJ. In a last step, the energy in kJ is divided by 3600 to compute the total energy consumption 

in kWh. This final value can be obtained through the component named ‘X_TotalEnergyConsumptionTotal’. 

3.1.5. Utility bill 

For homeowners, the utility bill is a very important performance indicator. Especially with the increasing 

prices of energy
[5]

. Also the feed-in-tariff is an important aspect to consider. It is therefore important to 

include the utility bill as a performance indicator. 

 In this study, the utility bill exists out of two parts, namely the price of electricity and the return on 

electricity through exporting it to the electricity grid. In The Netherlands, the price of electricity is made up 

out of the baseprice, 21% taxes and ‘energiebelasting’. The base price is the price of the electricity, 21% 

taxes is the tax that has to be paid to the tax collector, and ‘energiebelasting’ is an additional tax which is 

charged in order to discourage people from using extensive amounts of electricity
[10]

. The base price of 

electricity is shown in Figure 11
[6]

. This is the hourly variable price of electricity in Scandinavia, which is 
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assumed to be similar to the Dutch electricity prices. The ‘energiebelasting’, which is 0.1599 euro/kWh
[10]

 is 

added to the baseprice. The tax of 21% is than added to this electricity price. The feed-in-tariff is assumed to 

be fixed at 0.07 euro/kWh. This amount is based on the feed-in-tariff of several Dutch energy companies
[9]

. 

 

 
Figure 11 Variable base price of electricity

[6]
 

In Modelica, the total utility bill is calculated as follows. Firstly, the total power (in kW) that is taken from the 

electricity grid is integrated over time to compute the total energy taken from the grid. Secondly, the total 

price of electricity is computed in the way that is previously described. And thirdly, the income from 

exporting electricity to the electricity grid is calculated using the feed-in-tariff and the total amount of 

electricity that is exported. These three are results are obtained from Modelica through the components 

‘Q_TakenFromGrid’, ‘Q_ElectricityPrice’ and ‘Q_SendToGrid1’. 

3.1.6. Percentage of renewable energy consumption 

When considering the energy performance of a residential building, it is highly important to not only 

consider the total energy consumption, but also the percentage of it that is produced using renewable 

energy sources. In order to do so, the percentage of renewable energy consumption is calculated in this 

study. 

 To calculate the percentage of renewable energy consumption, two of the following three aspects 

need to be known. The total energy consumption, the total renewable energy consumption and the total 

non-renewable energy consumption. Of these three, the total energy consumption is calculated in the model 

(see ’Section 3.1.4.’). The other aspect that will be calculated is the non-renewable energy consumption. The 

reason this aspect is chosen is because it is easier to implement into Modelica. It is the amount of energy 

that is taken from the grid, since this is the only source of non-renewable energy. 

Figure 5 shows, among others, the system boundary of the Net-ZEB. This boundary emphasizes that 

the grid interaction lies outside the system boundary. The tot non-renewable energy consumption is 

calculated by summarizing the amount of energy that is taken from the grid. This can then be obtained 

through the component named ‘X_NonRenewableEnergyConsumptionTotal’. Using this result and the total 

energy consumption, the percentage of renewable energy consumption is calculated. 

3.1.7. Capital costs 

For both the housing corporations and the home owners, the capital costs of a residential building is an 

important performance indicator. However, since the capital costs of a residential building is highly 

dependable on for example the type of dwelling and location, this study did not consider the capital costs of 
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the entire dwelling. Instead, only the capital costs of the system components that are changed in the 

sensitivity study were considered. This means the capital costs of the PV panels, thermal solar collectors, 

electricity storage and thermal storage are considered. All other components, such as pumps, heating 

elements or piping are not considered. For each of the mentioned components, the capital costs is based on 

multiple sources. For full details on the prices, see ‘Appendix 7.4’. 

The capital costs of PV panels is approximated by the red line, as shown in Figure 12. The capital 

costs of the thermal solar collectors, electricity storage and thermal storage are approximated at 158.4 

euro/m
2
, 453 euro/kWh and 4954 euro/m

3
, respectively. These values are calculated by taking the average 

of all prices found in literature. 

 

 
Figure 12 Capital costs of PV panels 

3.2. Case study 

3.2.1. Sensitivity study 

In order to gain insight into the effect the earlier mentioned parameters have on the performance indicators, 

a sensitivity study is conducted. For this sensitivity study, a base case is selected and simulated in the 

Modelica model that is developed in this study. After that, several parameters are changed in order to 

determine the effect this has on the performance indicators mentioned earlier. 

 To gain optimal insight into the behaviour of the building and the effects the adjustments of the 

parameters have, the simulation period would ideally be an entire year. However, due to the long simulation 

time of roughly 15.5 hours that is required to simulate an entire year, this is not done in this study. Instead, a 

typical summer period and a typical winter period of 14 days each is selected. The advantage of this choice, 

is that more simulations can be conducted and in doing so, more information can be gained. The period of 

14 days is also long enough to determine the ability of the on-site energy storage to bridge the energy 

mismatch of a day or a week. However, a disadvantage of this choice is that no insight is gained into the 

seasonal storage capacities of the dwelling. For this reason, the storage capacities are chosen as such that 

they are in line with bridging daily or weekly variations in production and consumption, instead of bridging 

seasonal variations. 

 In order to choose a representative period of time, the ambient temperature, direct radiation and 

diffuse radiation are shown in Figure 13. The blue column shows the period that has been chosen as a 

representative winter period. The red column does the same for the summer period. These periods have 

been selected because both the temperatures and radiation levels are close to the average for that period of 

the year. 
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Figure 13 Ambient temperature and direct and diffuse radiation for one year 

 

 

3.2.2. Definition of base case 

The base case will consist of the detached single family house, based on the reference building as published 

by the Dutch government
[53]

. The parameters are as follows: the thermal resistance of the walls, roof and 

floor are 3.5 m
2
K/W, 6.67 m

2
K/W and 3.5 m

2
K/W, respectively; the U-value of the windows is 1.65 W/m

2
K 

and the thermal solar collectors have an area of 2.3 m
2
. Furthermore, the area of the PV panels is 20 m

2
, the 

volume of the thermal storage for room heating and DHW are added and are 0.45 m
3
 and 0.15 m

3
, 

respectively. Finally, 10 kWh of electricity storage is added, which is sufficient to bridge weekly variations in 

energy production and consumption according to publications from Tesla
[16]

. 

3.2.3. Varied parameters 

The parameters that will be varied in the sensitivity study are summarized in Table 3. The variations were 

selected based on the results of the base case. 

 For the thermal demand, the ‘reference’ has the properties from the reference building as published 

by the Dutch government
[53]

, as is described earlier. The varied parameter is based on the passive house 

concept
[51]

. This concept has the following properties: heat recovery on ventilation of 75%, thermal 

resistance of all façades, floors and roof of 6.67 m
2
K/W, U-value of the windows of 0.8 W/m

2
K, internal 

blinds and an air tightness of 0.2. All these properties were implemented in Modelica in the class 

‘Level1_NoShad’, in the construction properties. The heat recovery on ventilation, however, is implemented 

differently. In the original testbed, the ventilation was implemented as an internal heat gain which adds or 

subtracts energy to or from the room. Therefore, adding heat recovery was implemented as reducing this 

heat gain by 75%. 

 The varied values for the electric demand, which is the plug load, are 25% lower and higher than the 

base case, respectively. 

 The meaning of the variations in the controls is explained in more detail in ‘Section 2.2.5.’. 
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Table 3 Varied parameters in the sensitivity study 

Parameter Parameter variations* 

Thermal solar collector area [m
2
] 2.3 – 10 – 20 – 30 

PV panel area [m
2
] 20 – 30 – 40 

Thermal storage volume [m
3
] 0.225 + 0.075 – 0.45+0.15 – 0.90+0.30** 

Electricity storage capacity [kWh] 5 – 10
[8]

 – 20 

Thermal demand [-] Reference – Passive 

Electric demand [kWh] 2800 – 3500
[8]

 – 4375 

Control [-] 1 – 2 – 3 – 4 
* Bold indicates the base case value 

** The first number is the room heating storage, the second is the DHW storage 

4. Analysis of simulation results 
Each step in the sensitivity study will be discusses separately in the this section, starting with the base case. 

For each step, only the most important or significant results are shown. See ‘Appendix 7.3.’ for the complete 

results. 

4.1. Base case 

Using the parameters as stated in ‘Section 3.2.2.’, the base case 

scenario is simulated. The performance indicators are calculated as is 

explained in ‘Section 3.1.’. 

Figure 14 shows the matching indices for a summer and 

winter period. The OEFe during summer equals 1, which means all of 

the electricity consumption during the summer is produced using the 

PV panels. The OEMe of less than 1 means more electricity is 

produced than needed. This is also apparent by the negative utility 

bill for the summer period, which means electricity is sold to the 

electricity grid (see Figure 15). Figure 16 shows the exact time in 

which this electricity is sold to the grid, namely on the 19
th

 of July. 

Also the electricity which was taken from the grid on the 21
st

 of July is 

visible in Figure 16. Additionally, it can be seen that the on-site 

electricity storage (green line) is charged during the day and 

discharged during the night. It seems 

that the capacity of 10 kWh is enough 

during most of the simulation period for 

the base case.  

Figure 14 shows that the OEFh 

is less than 1 during the summer 

period. This means that not all thermal 

consumption is met using on-site 

produced thermal energy. Also the OEMh is less than 1 during the summer. This 

means that not all the on-site produced thermal energy is used on-site. It is 

expected that at least one of these equals 1. The reason this is not the case is 

because the temperature of the production circuit is below the required 

temperatures of the storages. Figure 17 shows the temperature of the 

production circuit and of both thermal storages. It can be seen that the 

temperature of the production circuit (orange line) is not always above 60 
0
C, 

which means it is unable to keep both storages on their required temperatures 

of 40 
0
C and 60 

0
C, despite the fact that thermal energy is produced. This 

explains why both the OEMh and OEFh are below 1 during the summer. 

Figure 14 Matching 

indices for base case  

simulation 

Figure 15 Utility bill 

for the base case 

(summer period) 
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Figure 16 Grid interaction and interaction with the on-site electricity storage (summer period) 

 
Figure 17 Temperatures of the production circuit and both storages (summer period) 

4.2. Production 

In this section, the sensitivity of the production of on-site energy is discussed. The parameters that are 

varied are the PV panel area and the solar thermal collector area. 

4.2.1. Thermal 

The thermal solar collector area is varied from 2.3 m
2
 through 30 m

2
. The influence this has on the matching 

indices is shown in Figure 18. It shows that any increase in thermal solar collector area above 20 m
2
 has very 

little effect on the matching indices. The reason for this can be found in the temperatures of the thermal 

storages and production circuit. These are shown in ‘Appendix 7.3.1.’. In this appendix, Figure 25 shows that 

the temperatures of the thermal storages can only be increased by the production circuit, when the 

temperature of the production circuit (orange graphs) exceeds the thermal storage temperatures. Also, the 

temperature of the production circuit increases with increasing thermal solar collector area. However, above 

20 m
2
 of thermal solar collector area, the capacity of thermal storages become the limiting factor. This 

means all thermal energy produced from additional solar thermal area cannot be harnessed. This explains 

the stabilizing matching indices in Figure 18. 
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Figure 18 Matching indices over thermal solar collector area 

4.2.2. Electric 

The PV panel area is varied from 20 m
2
 through 40 m

2
. Figure 19 shows the matching indices over the PV 

panel area. As can be seen, the PV panel area has very little influence on the matching indices. Figure 26.1 in 

‘Appendix 7.3.2.’ provides insight in the reason for this. In the summer period, 20 m
2
 of PV panel is sufficient 

to meet the electricity demand of the Net-ZEB. This can also be seen in Figure 19, since the OEFe is 1. 

Increasing the PV panel area to 30 m
2
 or 40 m

2
 changes only the amount of electricity that is sold to the grid. 

This means there is a surplus of electricity in summer. However, in the winter period, the 20 m
2
 of PV panel 

is not nearly enough to meet the electricity demand of the Net-ZEB. An interaction with the grid is needed 

for large periods of the winter. Even when the PV panel area is increased to 40 m
2
, it is still not enough to 

meet the electricity demand. This means there is a large lack of electricity in the winter period. 

 The large surplus of on-site produced electricity in summer and the large shortage of on-site 

produced electricity in winter suggest that the PV panel area is not optimized for the summer period, nor is it 

optimized for the winter period. When considering an entire year in which there is a large surplus of 

electricity in summer and a large shortage of electricity in winter, seasonal electricity storage is needed. 

Since no seasonal storage is present in the current model and the matching indices are calculated over 14 

days, instead of a full year, multiple matching indices have a value less than one. 

 Additional simulations are needed in order to determine the optimized PV panel area for either the 

summer or winter period. In order to optimise the PV panel area for the entire year, a simulation of one year 

needs to be conducted. 

 

  
Figure 19 Matching indices over PV panel area 
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4.3. Storage 

In this section, the sensitivity of the storage of on-site energy is discussed. The parameters that are varied 

are the electric storage capacity and the thermal storage volume. 

4.3.1. Thermal 

The total volume of the on-site thermal storage is varied from 0.3 through 1.2 m
3
. The ratio between the 

room heating storage and the DHW storage is assumed to be 3:1 in all cases. Figure 20 shows the matching 

indices as a function of the total thermal storage volume. The matching indices hardly change when 

changing the thermal storage volume. The reason for this is related to the on-site thermal production (see 

Figure 27.1 in ‘Appendix 7.3.3.’). The temperature of the DHW storage will be used to illustrate how the 

thermal storage capacity is related to the on-site thermal production. Figure 27.1 shows that the 

temperature of the DHW storage gradually reduces during the summer period when the temperature of the 

production circuit is below the DHW storage temperature. Increasing the volume of the DHW storage 

decreased the slope with which the DHW storage cools down. However, this decrease in temperature is 

highly dependent on the amount of days that the DHW storage can be charged. Especially since each day 

that charging is possible, the DHW storage is charged to its maximum temperature of 60 
0
C. When 

considering the winter period in Figure 27.1, it can be seen that the DHW storage has an initial value of 60 
0
C. However, the temperature of the production circuit is such that it cannot charge the DHW storage. 

Therefore, the DHW storage cools down at a rate which depends on its size. It is therefore advisable to 

optimise the size of the on-site storage to the amount of the on-site energy production in order to make 

optimal use of the storage capacity that is present. 

 

 

Figure 20 Matching indices over total on-site thermal storage volume 

4.3.2. Electric 

The capacity of the on-site electricity storage is varied from 5 kWh through 20 kWh. Figure 21 shows the 

influence this has on the matching indices. As can be seen, the matching indices do not change when 

changing the capacity of the on-site electricity storage, with the only exception being the OEFe during the 

summer period. The reason for this can be found in the grid interaction, which is shown in Figure 28.1 in 

‘Appendix 7.3.4.’. It shows that when the on-site electricity storage has a capacity of 5 kWh, electricity is 

taken from the grid during most of the simulated days. This results in the OEFe being less than 1 (see Figure 

21). However, when the capacity of the on-site electricity storage is increased to 10 kWh, no electricity is 

taken from the grid, which results in an OEFe of 1 (see Figure 21). This confirms the statement of Tesla that 

10 kWh of on-site electricity storage is sufficient to overcome weekly variations in PV production
[16]

. 

Increasing the capacity of the on-site electricity storage even further does not result in any additional 

increase in the matching indices. 
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 During the winter period, the on-site electricity production is not nearly enough to meet the 

electricity demand of the building, as is discussed in ‘Section 4.2.2.’. For this reason, there is very little 

surplus of electricity that can be stored on-site. Therefore, increasing the capacity of the on-site electricity 

storage serves no purpose when there is no on-site electricity to store. In order to better understand the 

advantage of the on-site electricity storage during the winter period, additional simulations need to be 

conducted in which the amount of on-site produced electricity is increased. 

 

 

Figure 21 Matching indices over on-site electricity capacity 

4.4. Consumption 

In this section, the sensitivity of the consumption of on-site energy is discussed. The parameters that are 

varied are the thermal consumption of the building, by applying the Passive House Concept (see ‘Section 

3.2.3.’) and the electric consumption, by varying the plug load. 

4.4.1. Thermal 

The thermal consumption is varied by changing the building from the reference building as published by the 

Dutch government
[53]

 to a building which meets the requirements of the Passive House concept
[51]

. The exact 

building descriptions are given in ‘Section 3.2.3.’. 

 Figure 22 shows the matching indices of the reference building and the Passive house concept. It can 

be seen that the OEFh during the summer increases, while the OEMh decreases. This occurs because the 

increased thermal insulation reduces the thermal consumption, while the thermal production remains the 

same. This results in the fraction of on-site produced thermal energy that is used directly increases and the 

fraction of the on-site consumed thermal energy that is used directly decreases. The same is true for the 

winter situation, in which the thermal energy production is not sufficient to meet the on-site thermal 

consumption. When this thermal consumption is reduces by making use of the Passive house concept, the 

fraction of the on-site thermal consumption that is met using on-site produced energy increases, resulting in 

an increased OEFh. 

 Another aspect that is apparent in Figure 23 is that all indicators shown decrease by roughly 50% 

during the winter period. This can be explained as follows: during the winter period, the on-site produced 

energy is insufficient to meet the consumption. It is therefore necessary to use energy from the electricity 

grid, which results in non-renewable energy consumption, CO2 emissions and an utility bill. By adapting the 

Passive house concept, the total thermal energy consumption during the winter is reduced, which in turn 

reduces the non-renewable energy consumption, CO2 emissions and a lower utility bill. 
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Figure 22 Matching indices of different housing concepts 

 

 
Figure 23 CO2 emissions, total energy consumption, utility bill land non-renewable energy consumption of reference building and 

Passive house concept 

4.4.2. Electric 

The electric consumption, or the plug load, is varied from 2800 kWh/a through 4375 kWh/a. These values 

are chosen as they represent a 25% variation on the average Dutch plug load of 3500 kWh/a
[8]

. Figure 30.1 in 

‘Appendix 7.3.6.’ shows the distribution of the plug load for all three cases for a winter and summer period. 

The plug load is part of the internal heat gain of the building. Therefore, an increased plug load will 

increase the temperature in the building. Since there is no cooling present in the Net-ZEB that is studied, this 

increase in temperature can result in overheating. Figure 30.2 shows the interior temperature in the living 

room and bedroom. The peaks are increased slightly with increasing plug load. This is more clear when 

considering the overheating, shown in Figure 30.3. The amount of overheating increases with increasing plug 

load in both the living room and the bedroom, during both the winter and summer period. 

4.5. Control 

As is explained in ‘Section 2.2.5.’, it is important to store the on-site produced energy as efficiently as 

possible and there are 4 setups in which the energy can be stored on-site (See Table 2). In order to 

determine which is the most efficient, all four are part of the sensitivity study. 

The results show very little difference for all performance indicators, except for the utility bill (see 

Figure 24). In case of the utility bill, it is more efficient to use setup 1 or 3. These are the setups in which the 

on-site produced electricity is first stored in the on-site electricity storage. Only when that is at full capacity, 

the energy will be stored in the on-site thermal storage by means of the heat pump. This setup provides an 

utility bill of roughly 0 euro for a 2 week summer period, while the other two setups provide a utility bill or 

roughly 2 euro for the same period. For the winter period, the results show no significant difference. This can 

be explained by the fact that room heating is not used in the summer period. This means the energy stored 



27 

 

in the on-site thermal room-heating-storage will most likely not 

be used during the summer. Therefore, any energy stored in this 

storage will not be used and will gradually be lost due to thermal 

losses in the thermal storage. When this energy is sold to the grid, 

this provides income because of the feed in tariff. 

 The difference in utility bill during the summer period is 

also apparent in the state of charge (SOC) during the summer 

period (see Figure 31.1 in ‘Appendix 7.3.7.’). The SOC in setup 1 

and 3 are much higher than the SOC of setup 2 and 4. This results 

in an higher change of the on-site electricity being at full capacity, 

which in turn allows for the on-site produces electricity to be sold 

to the grid. 

4.6. Discussion on the Modelica model 

The Modelica model that is developed in this study has many 

advantages. However, there are also some disadvantages. Both 

will be discussed in this section. 

 One of the major advantages of the Modelica model is 

that it is able to simulate a Net-ZEB including all aspects of the 

building, by integrating the production, storage, consumption and 

control of a building. This integration provides a complete insight into the behaviour of the system. This 

behaviour can then be analysed by looking at the different subsystems, which are all simulated in a high level 

of detail. This has the advantage of being able to investigate the interaction between the different 

subsystems. Being able to analyse this interaction of subsystems in a high level of detail, as well as being able 

to simulate all aspects of a Net-ZEB, allows the Modelica model to provide information on performance 

indicators prior to construction. This is of great interest for the stakeholders that are involved. 

However, because of the high level of detail the model provides, detailed information of the building 

is required in order to simulate it. Therefore, using this model in the early design phase might prove to 

require many assumptions. Also, the simulation time to simulate an entire year is roughly 15.5 hours. This 

prevents the model from being used to simulate many different cases. Also, a certain level of expertise is 

required to use the Modelica model. 

5. Conclusions and recommendations 
In this study, a Modelica model is developed in which a Net-ZEB can be simulated, including all aspects and 

subsystems. This model was then used to conduct a sensitivity study of the parameters in order to gain 

insight into these parameters. In this section, the conclusion on the Modelica model and the sensitivity study 

are presented separately. 

5.1. Conclusion on the Modelica model 

The Modelica model includes the integration of the production, storage and consumption of energy, as well 

as supervisory control. The system and all its subsystems are simulated at a high level of detail. The 

combination of the mentioned aspects  and the high level of detail allow the model to be used to analyse the 

interaction between several subsystems. This combination of aspects and the way the performance 

indicators are derived from the simulation, can be of great importance for stakeholders of future Net-ZEBs. It 

can provide detailed insight into the behaviour of a Net-ZEB, as well as quantify the consequences of the 

choices that are made prior to construction. Especially making use of the matching indices proved to be a 

useful approach for analysing the performance of a Net-ZEB. 

 Due to the detailed input information that is required by the model, using it in the early design phase 

might prove to require many assumptions. The Modelica model will most likely prove to be of most benefit 

in two situations. Firstly, it can be used in order to quantify the consequences of design choices in general 

cases. In doing so, it can be useful in the development and testing of concepts of Net-ZEBs or other types of 

Figure 24 Utility bill for each setup in 

euro/14days 
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buildings. Also innovative system concepts or components can be tested. All these can be analysed in great 

detail, including their robustness. This way, the Modelica model can help to provide insight into the 

behaviour of buildings with on-site energy production and storage and in doing so, provide information 

which can be used to upgrade the EPC calculation by adding energy storage to the calculation.  

Secondly, the Modelica model can be of great benefit to stakeholders who are in later stages of 

design, when many aspects of the design are already decided upon. It can then be used to determine the 

amount of on-site production, storage and consumption of energy that can be expected of the design, as 

well as the aspects that influence this. Meaning it provides detailed insight into the self-consumption of a 

building and in doing so, the model can help to make well-informed decisions on the system sizing of the 

design. Especially when the focus lies more and more on self-consumption and energy neutral buildings. 

5.2. Conclusion on the case study 

The sensitivity study that is conducted in this study provides insight into the performance indicators and the 

effects that varying certain parameters have on them. Also, it showed the mutual interactions between 

several of the results. For example, the sensitivity study showed that a change in the electric part of the 

system, can also influence thermal performance and vice versa. In that sense, the sensitivity study proved 

the potential of the Modelica model. 

 Advantages of the sensitivity study as it is conducted in this study is that it provides insight into the 

effect of a single parameter, because only one parameter is changed in every simulation. In doing so, this 

parameter and the result of changing it can be studied in detail. However, due to the interdependencies in 

the results, as mentioned earlier, changing a single parameter proved to be a too simplistic approach. Rather 

than changing a single parameter, it would provide more useful results when multiple parameters were 

changed simultaneously. For example, increasing both the on-site production and storage of electricity 

would provide more useful results. 

To fully understand and possibly optimise the relationships between the different forms of on-site 

production, storage and consumption of energy, many more simulations need to be performed. Also, one of 

the main conclusions is that there is a major difference between the thermal and electrical demand for the 

summer period and the winter period. In order to overcome this, seasonal storage is required. However, to 

fully understand the behaviour of the system, a yearly simulation needs to be conducted. 

Also, an aspect which is very important to take into account is the initial value of for example the 

thermal storages and the electricity storage. This can influence the results to a large extent, especially when 

the simulation period is short. When the initial values that are chosen are very different from the average 

values that will occur in the simulation, this influence increases. 

5.3. Recommendations 

There are several aspects of the Modelica model that can be improved. These are listed below. 

• The simulation time of the model makes yearly simulations very time consuming. It is therefore 

recommended that work is done on reducing the simulation time. 

• The mass flow though the production circuit, DHW circuit and room heating circuit is not yet 

optimized. Therefore, there are days that the production circuit does not reach the temperature of 

40 
0
C which is required to store thermal energy in the room heating storage. By reducing the flow 

through the solar collector and heat pump, this temperature can be increased and in doing so, more 

energy can be transferred to the thermal storages. A optimisation is required to improve this.  

• In the current model, the heat pump is implemented using a boiler-component (see ‘Section 2.2.1.’). 

This can be improved by using an heat pump component from the LBNL Buildings library
[49]

. 

• The PV panel which is implemented in the current model is not thermally connected to the building. 

This is something which can prove to be of interest, especially when PV panels are integrated into 

the roof, instead of placed on top of the roof. The PV component that is used in this study 
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(Districts.Electrical.DC.Sources.PVSimple) does not provide this option. This component should be 

extended in order to include this option.  

• The financial performance indicators that are used in the current model are the utility bill and the 

capital costs. In which the capital costs are limited to the capital costs of energy production and 

storage. These performance indicators can be added to form the life cycle costs, which would 

increase the usability of the model by further including financial aspects. This would require yearly 

simulations and taking into account reduction of efficiency of for example the PV panels. 



30 

 

6. References 
[1] Omran, W. A., Kazerani, M., Salama, M.M.A. (2011) Investigation of Methods for Reduction of Power 

Fluctuations Generated From Large Grid-Connected Photovoltaic Systems. IEEE 

[2] european transmission system operators (ETSO) (2003) Current State of Balance 

Management in Europe 

[3] Lund, H., Marszal, A., Heiselberg, P. (2011) Zero energy buildings and mismatch compensation 

factors. Department of Development and Planning, Aalborg University 

[4] Rijksdienst voor Ondernemend Nederland (2014) Infoblad Energieneutraal bouwen: definitie en 

ambitie. 

[5] ministerie van Binnenlandse Zaken en Koninkrijksrelaties (2012) Plan van Aanpak Energiebesparing 

Gebouwde Omgeving 

[6] Nordpoolspot (2015) [www.database] <http://www.nordpoolspot.com/Market-data1/Elspot/Area-

Prices/ALL1/Hourly/?view=table> Consulted: May 2015 

[7] Kolokotsa, D. et al. (2011) A roadmap towards intelligent net zero- and positive-energy buildings 

[8] Milieu Centraal (2015) [www.document] <www.milieucentraal.nl> Consulted: February 2015 

[9] Gaslicht (2015) [www.document] <http://www.gaslicht.com/energiebesparing/terugleveren> 

Consulted: May 2015 

[10] Belastingdienst (2015) [www.database] <http://www.belastingdienst.nl/>  Consulted: May 2015 

[11] International Energy Agency (IEA) (2012) Trends in photovoltaic applications 

[12] Kotiadis, K., Robinson, S. (2008) Conceptual modelling: Knowledge acquisition and model abstraction. 

University of Warwick 

[13] Ferrera, M et al. (2014) A simulation-based optimization method for cost-optimal analysis of nearly 

Zero Energy Buildings. 

[14] Milieu central (2015) Kosten en baten van zonnepanelen <http://www.milieucentraal.nl/>  

Consulted: March 2015 

[15] Met De Zon (2015) [www.database] <https://www.zonnepanelen.nl/>  Consulted: June 2015 

[16] Tesla Powerwall (2015) [www.document] <http://www.teslamotors.com/powerwall> Consulted 

June 2015 

[17] All about batteries (2011) [www.document] <http://www.allaboutbatteries.com/Battery-

Energy.html> Consulted: May 2015 

[18] Ramez Naam (2015) [www.document] <http://rameznaam.com/2015/04/14/energy-storage-about-

to-get-big-and-cheap/> Consulted: May 2015 

[19] Zagoras, N. (2014) Battery Energy Storage System (BESS): A Cost/Benefit Analysis for a PV power 

station Clemson University 

[20] Clean Technica (2015) [www.document] <http://cleantechnica.com/2015/03/04/energy-storage-

could-reach-cost-holy-grail-within-5-years/> Consulted: May 2015 

[21] Cao, S., Hasan, A., Sirén, K. (2013) On-site energy matching indices for buildings with 

energyconversion, storage and hybrid grid connections. Department of Energy Technology, School of 

Engineering, Aalto University 

[22] Hermann, U., Geyer, M., Kearney, D. (2002) Overview on Thermal Storage Systems. FLABEG Solar 

International 

[23] Zwembad.eu (2015) [www.document] <http://www.zwembad.eu/verwarming/zonne-

energie/zonnepanelen-kit/epdm-zonnepanelen-p3037> Consulted: May 2015 

[24] Sunsystems [www.document] <http://www.sunsystems.nl/producten/zonnecollectoren> Consulted: 

June 2015 



31 

 

[25] Gantenbein, P et al. Sorbtion materials for application in solar heat energy storage. University of 

Applied Sciences Rapperswil, Switzerland 

[26] Zonneboiler Expert (2015) [www.document] <http://www.zonneboiler-expert.nl/> Consulted: May 

2015 

[27] Alibaba (2015) [www.database] <http://www.alibaba.com/product-detail/80mm-thick-aluminum-

full-plate-black_1734635837.html?s=p> Consulted: May 2015 

[28] Alibaba (2015) [www.database] <http://nl.aliexpress.com/item/Flat-Panel-Solar-Thermal-Collector-

2-5-sq-m-CE-Solar-Keymark-Accredited/522099993.html> Consulted: May 2015 

[29] Alibaba (2015) [www.database] <http://www.alibaba.com/product-detail/2015Sunnyrain-New-

Design-Heat-Pipe-Solar_622686398.html?s=p> Consulted: May 2015 

[30] Cao, S. (2013) Energy matching analysis of on-site micro-cogeneration for a single-family house with 

thermal and electrical tracking strategies. 

[31] Thomas, W.D., Duffy, J.J. (2013) Energy performance of net-zero and near net-zero energy homes in 

New England. University of Massachusetts Lowell 

[32] Sun, Y. (2014) Sensitivity analysis of macro-parameters in the system design of net zero energy 

building. City University of Hong Kong 

[33] Koussa, J. A. (2014) Virtual Computational Testbed for Building-Integrated Renewable Energy 

Solutions. Eindhoven University of Technology 

[34] European Commission (2014) [www.document] 

<http://ec.europa.eu/energy/efficiency/buildings/buildings_en.htm> Consulted: December 2014 

[35] PVsyst (2012) [www.document] <http://www.pvsyst.com/en/> Consulted: December 2014 

[36] TRNSYS Transient System Simulation Tool (2015) [www.document] <http://www.trnsys.com/> 

Consulted: May 2015 

[37] Modelica Association (2015) [www.document] <https://www.modelica.org/> Consulted: May 2015 

[38] Wang, L., Gwilliam, J., Jones, P (2009) Case study of zero energy house design in UK. Cardiff University 

[39] Mohamed, A. et al. (2014) Selection of micro-cogeneration for net zero energy buildings (NZEB)using 

weighted energy matching index 

[40] mibnet – COP diagrams (2003) [www.document] <http://www.mibnet.se/house/HeatPumps/ 

NIBE2020HeatPumpCOPCurves.html>  Consulted: May 2015 

[41] Gallo, A. et al. (2013) Analysis of net Zero-Energy Building in Spain. Integration of PV, solar domestic 

hot water and air-conditioning systems. IMDEA Energy 

[42] Baetens, R. et al. (2010) The impact of domestic load profiles on the grid-interaction of building 

integrated photovoltaic (BIPV) systems in extremely low-energy dwellings. K.U.Leuven 

[43] IEA EBC Annex 60 (2015) Activity 2.1: Design of building systems. 

[44] Vabi Elements (2014) <http://www.vabi.nl/> Consulted: July 2015 

[45] IES-ve (2015) <https://www.iesve.com/> Consulted: July 2015 

[46] Rijksdienst voor Ondernemend Nederland (2012)[www.document] <http://www.rvo.nl/ 

onderwerpen/duurzaam-ondernemen/gebouwen/energieprestatie/epc-berekenen>  

[47] EDSN (2015) [www.database] <http://www.edsn.nl/> Consulted: February 2015 

[48] Centraal Bureau voor de Statistiek (CBS) (2015) [www.database] <http://www.cbs.nl/nl-

NL/menu/themas/industrie-energie/publicaties/artikelen/archief/2015/sterke-groei-aandeel-

hernieuwbare-energie.htm> Consulted: July 2015 

[49] Berkeley Lab, Modelica Building Library (2015) [www.document] <http://simulationresearch.lbl.gov 

/modelica> Consulted: February 2015 

[50] European Commission – Climate Action (2015) [www.document] <http://ec.europa.eu>  Consulted: 

July 2015 



32 

 

[51] Passive House Institute (2015) [www.document] <http://www.passiv.de/en/index.php>  Consulted: 

July 2015 

[52] ARUP Five minute guide: Electricity Storage Technologies 

[53] Agentschap NL (2013) Referentiewoningen nieuwbouw 2013. Ministerie van Binnenlandse Zaken en 

koninkrijksrelaties 

[54] Peeters, L., de Dear, R., Hensen, J., D’haeseleer, W (2008). Thermal comfort in residential buildings: 

Comfort values and scales for building energy simulation. 

[55] Schlömer S. et al. (2014) Annex III: Technology-specific cost and performance parameters. 

[56] De Coninck, R. et al. (2015) Rule-based demand-side management of domestic hot water production 

with heat pumps in zero energy neighbourhoods. 

 



33 

 

7. Appendix 

7.1. Thermal energy management setup for decision-making 
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7.2. Electric energy management setup for decision-making 

 
Table 5 Overview of decision-making in the electric energy management 
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7.3. Full results of sensitivity study 

7.3.1. Production – thermal 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25 Temperatures of thermal storages and production circuit over varying thermal solar collector area 
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7.3.2. Production – electric 

  
Figure 26.1 Grid interaction and on-site storage interaction over varying PV panel area 
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Figure 26.2 State Of Charge (SOC) of on-site electricity storage over varying PV panel area 
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7.3.3. Storage – thermal 

 
Figure 27.1 Temperatures of production circuit and thermal storages over varying thermal 

storage volume 
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Figure 27.2 Thermal losses of thermal storages over varying thermal storage volume 
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7.3.4. Storage – electric 

 
Figure 28.1 Grid interaction and on-site storage interaction over varying capacity of on-site 

electricity storage 
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Figure 28.2 State Of Charge (SOC) of on-site electricity storage over varying capacity of on-site electricity storage 
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7.3.5. Consumption – thermal 

 
Figure 29.1 Temperatures of living room, bedroom and ambient and horizontal direct radiation 
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Figure 29.2 Overheating of living room and bedroom 
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7.3.6. Consumption – electric 

 
Figure 30.1 Plug load variation 
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Figure 30.2 Ambient, living room and bedroom temperature 
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Figure 30.3 Overheating in living room and bedroom 
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7.3.7. Supervisory control 

 
Figure 31.1 Grid interaction and on-site storage interaction 
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Figure 30.2 Temperatures of production circuit and thermal storages 
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Figure 31.3 State Of Charge (SOC) of on-site electricity storage 
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7.4. Capital costs 

 

 
Figure 32.1 Capital costs of PV panels 

 

 

 

 
Figure 32.2 Capital costs of thermal solar collectors 
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Figure 32.3 Capital costs of electricity storage 

 

 

 
Figure 32.4 Capital costs of thermal storage 

 


