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1. Partners in Action 6  

Responsible partner: TU/GST 

Participating partners: 

- TUK/ARCH; 

- TUK/ESEM; 

- Uni-Lu 

- ULiège/BEMS 

- IZES 

 

 

2. Objectives of the action 

1. Modelling the storage system in the simulation environment 

2. Dimensioning of the storage systems 

3. Evaluation of the possibilities for short- and medium-term charging of thermal storage 

tanks with electricity from Renewable Energies 
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3. Motivation Pth4GR²ID 

An increasing share of renewable energies (RE) is essential to fulfil the climate targets of individual 

countries and the European Union (EU). However, the RE that are mainly generated by solar radiation 

and wind in the Greater Region (GR) do not only offer advantages over conventional power plants. The 

main problem is the fluctuation in these energy sources. While power generation from coal, gas or 

nuclear power plants is relatively well adapted to demand, generation from renewables depends on 

the energy source. This presents major challenges for the electricity grid in particular, as supply and 

demand must always balance each other out. 

The most common solution currently being investigated in research and used in practice are electric 

storage systems as batteries. With such systems it is easily possible to balance the time difference 

between generation and demand. However, the implemented solutions are often costly, do not have 

very good efficiency or are not sustainable. Therefore, an increasing focus should also be placed on 

adapting demand more to generation - this is commonly known as Demand Side Management (DSM). 

A requirement for DSM is that “shiftable” loads can be determined. Basic loads that have to be covered 

around the clock are negligible. However, there is an interesting potential for heat generation in 

buildings in particular, since almost every building has a heat storage and the generation of heat must 

therefore not necessarily be based on demand, but can also be controlled. 

This is one of the focal points in the PtH4GR²ID project. One of its goals is to design a model-predictive 

control system (MPC) for heat pumps (HP) that can shift the operation time of the HP to times when 

the electricity grid needs to be relieved. Heat pumps belong to the category of power-to-heat systems 

- this generally describes the process of using electricity to generate heat. Due to the increasing share 

of renewables in the electricity mix and the good effectiveness of heat pumps, they have become a 

growingly used technology, especially in new buildings. In the future, a high proportion of renewables 

in the grid may lead to lower prices in order to provide an attractive incentive for consumers. In this 

case, an appropriate control system will not only help to relieve the electricity grid, but will also lead 

to financial savings for the end consumer. 

Such a control system, which includes a simplified building model, accesses predictive weather data 

and additionally receives a signal from the electricity grid, will be developed within the project, tested 

at simulation level and then subjected to trials in a climate laboratory. The following report on Action 

6 addresses the modelling and dimensioning of the storage systems and tests on the short- and 

medium-term charging of the storage systems.  
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4. Approach 

Action 6 deals with the modelling of storage systems, which can subsequently be used for the system 

simulations in Action 8. In addition, it will be assessed whether and to what extent the storage system 

can influence the flexibility of the building. By using this flexibility, the application of the controller can 

support the electricity grid and thereby help to increase the share of renewable energies.  

In a first step at the beginning of the project, it was decided to consider both water and PCM (Phase 

Change Material) storage tanks. Water tanks represent the predominant part of all heat storage 

systems within the Greater Region and are therefore mainly considered in order to ensure the highest 

possible relevance of the results.  PCM storage systems, on the other hand, are rarely found in 

residential buildings nowadays, but will be investigated within the project, since these storage systems 

offer promising properties, especially with regard to a possible increase in the flexibility. The advantage 

of phase change materials is that during their phase change they can absorb or release a large amount 

of energy within very small temperature differences. This means that both periods for charging and 

discharging can be extended, which also improves the flexibility of the overall system and thus the 

possibilities for shifting loads. 

In the next step, a market analysis was carried out, which considered the typical volumes of storage 

systems for residential buildings available on the market. From the results of the analysis, the focus 

was put on storage systems with a volume between 300 l and 2000 l. On one side, this range of 

different volumes allows to show the actual situation, as it represents the majority of storage systems 

in residential buildings in the Greater Region. On the other side, the relatively large volumes between 

1000 l and 2000 l allow a correspondingly high heat capacity, so that these rather oversized tanks can 

demonstrate the connection between flexibility and the efficiency of the controller. 

Based on the market analysis, six concrete storage types of one manufacturer were selected (300 l, 

500 l, 800 l, 1000 l, 1500 l, 2000 l) and the storage systems were modelled accordingly to the 

manufacturer's specifications. At the beginning of the project TRNSYS [1] and MATLAB [2] were defined 

as simulation environments. MATLAB offers the mathematical possibilities to model the heat pump (in 

Action 5) and the controller (in Action 8.1), while TRNSYS allows the thermal evaluation of the building 

(modelling of the buildings in Action 4) and the storage system modelled in this action. The connection 

of the different simulation models and the execution of the system simulation is part of the actions 8.2 

and 8.3. 

To model the storage systems in TRNSYS, two different "TRNSYS types" (simulation components) were 

chosen. For the modelling of the water storage tank Type340 [3], which offers a large number of freely 

selectable parameters and is therefore very well suited to take all manufacturer specifications (fittings, 

heat losses, connection of domestic hot water, etc.) within the model (see figure 1) into account. The 

PCM tank was modelled with Type840 [4], which has almost identical settings as Type340 and 

additionally offers the possibility of integrating different PCM layers in the tank. The PCM materials 

can thus be varied and optimised on the basis of the existing storage temperatures in order to exploit 

the phase change as entirely as possible. 
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Figure 1: Schematic of the modelled water tank [3] 

The modelled storage systems were then integrated into the TRNSYS simulation environment and 

linked to the building models developed in Action 4. With the various combinations of storage system, 

volume and building models, first simulations were carried out in Action 6.2, which should provide 

information about the possibilities for short- and medium-term loading of the storage systems. Results 

of Action 6.2 are presented in sub-section 5.  
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5. Results 

Ahead of the expansion of REs in the last few years, fluctuations in the electricity grid were almost 

exclusively caused by unscheduled power plant outages. In order to avoid such bottlenecks, the 

“control energy” was originally introduced as a form of energy that can help to balance generation and 

demand in certain periods of time. With the rising feed-in of renewable energy sources into the power 

grid, the importance of balancing energy has increased significantly, as fluctuation is no longer 

exclusively linked to breakdowns, but also depends on constantly changing weather conditions. 

As a result, the fluctuating generation of REs will in the future no longer have to be absorbed exclusively 

by rather expensive control energy, but attention should also increasingly be paid to adjusting demand 

to generation. Ways must therefore be found to use electricity when it is available and to keep demand 

as low as possible when it is not. However, this must be done under the premise that the accustomed 

comfort does not suffer. 

This is exactly the point where the topic of power-to-heat becomes interesting, within which the 

research project focuses on electrically driven heat pumps. HPs use electricity and generate heat, 

which can be stored quite easily, as almost every household in the Greater Region has a heat storage 

tank, usually filled with water. So the energy that we need to heat our buildings does not necessarily 

have to be generated when we switch on the heating. Rather, heat pumps can generate the heat 

through electricity precisely when the grid needs electricity consumption and use the stored heat 

without generation when a relief of the grid is required. 

The results presented in this action focus on one of the main questions regarding the possibility of 

shifting the load for the heat generation: How long can buildings from different construction classes 

be heated without the generation of additional heat when the storage tank is fully charged at the 

beginning of the analysis? As the storage volume and the resulting heat capacity are main influences, 

the volume will vary between 300 l and 2000 l. The following results are intended to estimate the 

potential of heat pumps in terms of contributing to one of the main challenges in the energy transition. 

Crucial for this potential is the flexibility that is available in the generation of heat. The longer a building 

can be heated without the generation of additional heat, the better the potential of the controller to 

shift the operation time of the heat pump. In order to investigate this approach, a simulation 

environment was created and the results are presented in Section 5.1. 

In a first step, the boundary conditions of the simulation were defined. In Action 4, a reference building 

model was created for each country of the Greater Region (Germany, France, Belgium, Luxembourg). 

To investigate the influence of different heating demands, various construction classes of these 

buildings were generated by thermal adaptation of the building envelope to typical values of the 

corresponding periods. In Action 6.1, different storage tanks were modelled between 300 l and 2000 l. 

Accordingly, the possible combinations of storage volume (6) and construction classes (up to 12 per 

country of the Greater Region) already result in a lot of different possibilities. In order to limit this high 

number of possible combinations, it was decided to only consider a certain number of construction 

years. As the reference buildings are based on real existing SFHs, it was reasonable to choose the initial 

class according to their construction. The other three classes of the German reference building have 
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been defined based on the “3rd Thermal Insulation Ordinance” (I, 1995 – 2001), the EnEV 

(Energieeinsparverordnung, J, 2002 – 2009) and the standards of a new building (L, younger than 

2016).  For France and Belgium, the three chosen classes present similar thermal properties as the 

German ones. Luxemburg represents a new building, so only this one construction year class was 

considered as no further refurbishment is needed. Additionally, three different volumes of the storage 

system (500 l, 1000 l, 2000 l) were selected. 

Table 1: Construction classes under consideration 

Country Construction classes 

Germany E [1958 – 1968] I [1995 – 2001] J [2002 – 2009] L [>2016] 

Belgium B [1946 – 1970] D [1991 – 2005] E [2006 – 2011] F [>2012] 

France C [1949 – 1967] G [1990 – 1999] H [2000 – 2005] J [>2012] 

Luxembourg L [>2016] 
 

In the first evaluation of the results, water storage tanks in combination with classical radiators were 

considered, surface heating systems and PCM storage tanks will also be analysed in the project. All 

building models have two different heated zones: a living area with a target temperature of 22 °C and 

a sleeping zone that is heated to 18 °C. The results below show how long the temperature in the 22 °C 

zone can be kept above 20 °C when the storage system is fully charged (Tmax = 70 °C) and no additional 

heat is generated. The results provide an interesting reference value regarding the flexibility of the 

different combinations of building model and storage system. The following results are based on 

simulations with real weather conditions at a weather station in Saarbrücken for a period of time at 

the end of January 2018. The following figure illustrates the reason for choosing specifically this period 

of time for the observation. 

 

Figure 2: Electricity data from Germany for the end of January 2018 [5] 
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Figure 2 shows real electricity data from Germany for the period from 24th January to 30th January 

2018. The electricity demand is shown in red, the coloured curves (blue, yellow and green) show the 

electricity generation from renewable energies, the conventional power plants (shown in grey) 

generate the difference. This time period was chosen for the observations, as it illustrates a research 

approach of the project: Within a few days, there are time periods in which REs can already cover a 

high share of the demand, while also about 48 hours earlier there is a period in which hardly any REs 

out of solar and wind are available. In such a scenario in the future, it would make sense to generate 

heat when the share of renewable electricity is high and to use the stored heat if the opposite case 

occurs. As already mentioned, the flexibility of buildings and the capacity of storage systems are 

essential for this. Accordingly, real weather data of the DWD [6] for the Saarbrücken site were used 

for the period shown and given to the simulation environment as boundary condition. The 

temperatures within the period considered were in the range of 8 °C to -2 °C, thus representing an 

average cold week in winter in the Greater Region. The following diagrams show the results for the 

building models from Germany, Belgium, France and Luxembourg. All results are divided in 

observations with and without the generation of domestic hot water (DHW).  
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5.1. Germany 

5.1.1. Observation without DHW 

Table 2: Heating demand of the German building models (without DHW) 

Cunstruction year 
class 

Heating demand [kWh] Heating demand[kWh/m²] 

E 27783 161.96 

I 12171 70.95 

J 11426 66.61 

L 8757 51.05 

 

 

 

Figure 3: Flexibility of German building models for the construction classes E, I, J and L (without DHW) 

Table 2 shows the heating demand of the different construction classes, both in absolute values per 

building and in relation to the heated area. The German building is a single-family house with a heated 

area of about 172 m². As expected, the simulated heating demand of the buildings decreases 

continuously with the increasing insulation on the thermal building envelope due to more restrictions 

in younger construction classes. 

The figure shows how long the different construction classes can be heated in combination with 

different water storage tanks (500 l, 1000 l, 2000 l) without falling below the minimum thermal 

comfort if no additional heat is generated. With decreasing heat demand and increasing storage 
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capacity, the time that can be bridged without additional heat generation increases. However, it is also 

apparent that thermally unrenovated buildings (such as the initial buildings of class E) have a too high 

heat requirement to be able to dispense the generation of heat for long periods of time. With the 

thermally improved buildings, on the other hand, times of up to 60 hours could already be bridged. 

Since the project also investigates short-term relief of the electricity grid, these results should not be 

used as the sole criterion. However, flexibility plays an important role, especially in combination with 

the controller, as this enables it to choose lower electricity prices and to operate the HP at the most 

efficient times. This benefits the consumer and should be an argument for the purchase of such a 

heating system. Corresponding economic feasibility studies will be carried out in work package 9. 

5.1.2. Observation with DHW 

In this chapter, the production of domestic hot water is also considered, as it has an important 

influence on the times that can be bridged and thus also on the flexibility that can be achieved. The 

basis for the DHW consumption is a 4-person profile for a single-family house, which models a demand 

at different times and is based on a tool developed in a project of the International Energy Agency (IEA, 

Task 26) [7]. In the following, analogous to the previous chapter, the heating demand of the German 

building models is shown, including the energy required for the generation of DHW. 

 

Table 3: Heating demand of the German building models (with DHW) 

Construction year 
class 

Heating demand [kWh] Heating demand [kWh/m²] 

E 30754 179.28 

I 15144 88.28 

J 14399 83.94 

L 11728 68.37 

 

Figure 4 shows the resulting times for a combination of heating the building and providing domestic 

hot water. The criteria for the heating of the individual zones stays identically, but it is supplemented 

by the condition that the DHW must be provided with a temperature of at least 45 °C. Accordingly, the 

results show that the times decrease significantly. This is reasonable, since the heating demand of the 

building has increased and the storage capacity can therefore only bridge shorter times. However, it 

also shows that different construction classes sometimes show exactly the same results. This is also 

understandable - the DHW profile draws water from the storage tank that couldn’t be heated to at 

least 45 °C at these times. It can therefore be seen that it is often not the heating of the building that 

can no longer be guaranteed, but rather that the extraction of drinking water is the limiting factor for 

flexibility. But even in these results, it is evident that times between 15 and 35 hours could be bridged, 

which still offers sufficient flexibility to support the electricity grid due to the rapidly fluctuating 

renewables. 
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Figure 4: Flexibility of German building models for the construction classes E, I, J and L (with DHW) 
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5.2. Belgium 

5.2.1. Observation without DHW 

 

Table 4: Heating demand of the Belgian building models (without DHW) 

Construction year 
class 

Heating demand [kWh] Heating demand [kWh/m²] 

B 14786 192.52 

D 8198 106.74 

E 6215 80.93 

F 4899 63.79 

 

 

 

Figure 5: Flexibility of Belgian building models for the construction classes B, D, E and F (without DHW) 

Since the Belgian reference building is a smaller terraced house with a heated area of only 77 m², the 

overall heating demand is significantly lower than the one of the German building. Accordingly, the 

times that can be bridged are somewhat higher than in the results for Germany. Apart from this, the 

results can be classified analogously. 
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5.2.2. Observation with DHW 

Table 5: Heating demand of the Belgian building models (with DHW) 

Construction year 
class 

Heating Demand [kWh] Heating Demand [kWh/m²] 

B 17757 231.21 

D 11170 145.44 

E 9188 119.63 

F 7870 102.48 

 

 

Figure 6: Flexibility of Belgian building models for the construction classes B, D, E and F (with DHW) 

In Belgium, the integration of DHW into the analysis has a higher impact than in Germany, as the 

required energy is responsible for a higher proportion of the total heating demand. Otherwise, the 

observations are confirmed - the investigated Belgian building also has a usable flexibility.  
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5.3. France 

5.3.1. Observation without DHW 

 

Table 6: Heating demand of the French building models (without DHW) 

Construction year 
class 

Heating Demand [kWh] Heating Demand [kWh/m²] 

C 41295 244.35 

G 15352 90.84 

H 12780 75.62 

J 11570 68.46 

 

 

 

Figure 7: Flexibility of French building models for the construction classes C, G, H and J (without DHW) 

The French building model represents a single-family house and, at 169 m², has a heated area almost 

identical to the one of the German model. However, as the specific heating demand per square meter 

is higher due to lower legal regulations regarding thermal requirements, the building's overall heating 

demand is the highest. 
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5.3.2. Observation with DHW 

Table 7: Heating demand of the French building models (with DHW) 

Construction year 
class 

Heating Demand [kWh] Heating Demand [kWh/m²] 

C 44266 261.93 

G 18323 108.42 

H 15752 93.21 

J 14542 86.05 

 

 

 

Figure 8: Flexibility of French building models for the construction classes C, G, H and J (with DHW) 

According to the previous considerations, the influence of DHW has the least impact on the French 

reference building, as the building has the highest energy demand for heating. As the DHW demand is 

person- and not country-dependent and all buildings are simulated with a 4-person profile, the energy 

demand for generating DHW is the same in all countries. The influence is therefore based on its share 

of the total energy demand of the building.  
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5.4. Luxembourg 

5.4.1. Observation without DHW 

Table 8: Heating demand of the Luxembourg building model (without DHW) 

Construction year 
class 

Heating Demand [kWh] Heating Demand [kWh/m²] 

L 3280 23.94 

 

 

Figure 9: Flexibility of Luxembourg building model [new building] (without DHW) 

The Luxembourg reference building is a new building and it was not reproduced in older construction 

classes. Accordingly, the building is in a very good thermal condition and can bridge periods of up to 

100 hours in the simulations considered. This illustrates the flexibility of new buildings - since these 

are increasingly using heat pumps in the Greater Region, there is a growing potential for intelligent 

control strategies for heat generation in the future. 
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5.4.2. Observation with DHW 

Table 9: Heating demand of the Luxembourg building model (with DHW) 

Construction year 
class 

Heating Demand [kWh] Heating Demand [kWh/m²] 

L 6251 45.63 

 

 

Figure 10: Flexibility of Luxembourg building model [new building] (with DHW) 

The influence of the DHW generation is clearly visible, but even with the smallest storage volume of 

500 l the thermal comfort can still be upheld by more than 24 hours. With a control system, such times 

can already be sufficient to shift the electricity demand of the heat pump to grid-friendly times.  
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5.5. Observation of the „coldest period“ 

The previous considerations were based on real weather data at a time when the electricity grid 

contained only a very small proportion of RE. For the design of the power grid, however, extreme 

situations are particularly relevant - accordingly, the same simulations are subsequently carried out at 

the coldest time of the year. In case heat pumps will become the primary heating system in the future, 

there is a risk that many heat pumps will be operated simultaneously, especially on extremely cold 

days.  This possibility would be more of a challenge for the power grid than an opportunity to relieve 

it. In order to be able to assess this, the results for a period with temperature drops lower than -10 °C 

are examined below. The generation of DHW is not considered. 

 

Figure 11: Flexibility of German building models for the construction year classes I, J and L for the coldest period of the 
year (without DHW) 

 

Construction class E was not considered in the following - the results in chapter 5.1. demonstrate that 

an unrenovated old building does not offer a relevant amount of flexibility.  Additionally, HPs are 

normally not installed in buildings with such a high heat demand, as the generation of high supply 

temperatures is not as economic. Besides, the figure shows that the times that can be bridged decrease 

significantly due to the extremely low outside temperatures. With a conventional tank volume of 500 l, 

the needed temperatures inside of the building can only be obtained for less than 10 hours, even in a 

well-insulated building. In this case, oversized storage systems would be an alternative in the future, 

as they can significantly increase the time periods. However, the considered outside temperatures 

actually represent extreme situations that occur only rarely and for a relatively short time within the 

GR - in addition, such temperatures occur mainly at night, when the heating requirements of the 
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building are rather low. Accordingly, it should be considered in the future that a large-scale expansion 

of electric HPs can also contribute to a risk for the electricity grid - in case all of them have to be 

switched on within a short period of time. This approach will be investigated in Action 10.  
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5.6. Integration of PCM 

In this action, not only conventional water storage tanks will be investigated and modelled, but also 

Phase Change Materials (PCM) will be considered, as their properties may support the project's 

intention. PCMs are materials that undergo a phase change in a certain temperature range and can 

store a big amount of energy in relatively small temperature ranges. Therefore, the integration of such 

materials into a storage system is suitable to increase the storage capacity and thus to also increase 

the flexibility of the overall system. 

Within the project, only PCMs that undergo a phase change from solid to liquid are investigated. The 

advantage is a rather small volume change that can easily be controlled during the phase change. The 

selected PCMs are integrated into a water storage tank in the form of several small metal spheres. The 

PCMs were also selected accordingly to their phase change temperature. This is relevant because the 

phase change temperature has to be in a range that the surrounding water is undercutting and 

exceeding as often as possible. This results in an optimum use of the PCM-properties. Different PCMs 

of one manufacturer were selected and modelled suitable for the simulation environment.  

Table 10: Comparison of the results of a pure water tank with a water tank containing additional PCM 

Storage Runtime HP [h] Signals HP [-] 

Water 1294 341 

PCM (RT60) 1220 242 
 

The table shows the effect of one PCM (RT60) and illustrates why the properties are of interest within 

the project. A PCM with a rather high melting temperature of 60 °C was chosen here, which was 

accordingly integrated in the upper area of the storage system where the highest temperatures occur. 

The running time of the heat pump and the number of switching signals (so how often the heat pump 

was switched on and off) are shown. The comparison of a pure water tank with the PCM tank 

demonstrates that the total runtime remains relatively constant over the year. This is reasonable, since 

both simulations were carried out with identical boundary conditions and the HP therefore has to 

generate an identical amount of energy to heat the building in both cases (here: German building, class 

L, 800 l storage volume).  

However, there are significant differences in the switching signals – the reason is that the integration 

of PCM leads to a noticeable increase in storage capacity. On the one hand, this means that the heat 

pump runs longer until the storage tank is fully charged. On the other hand, it can also remain switched 

off for longer times without falling below the minimum thermal comfort level. This increases flexibility: 

the heat pump can run longer during periods with a need of electricity consumers to relieve the grid, 

but it can also remain switched off for longer periods. Overall, several storage volumes were equipped 

and simulated with PCM. The results are analysed in Action 8 in combination with the control system.  
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6. Conclusion 

Within Action 6, various storage systems have been modelled and dimensioned. Consequently, 

findings on the short- and medium-term loading of thermal storage systems with electricity from 

renewables have been analysed. The work was implemented and completed during the project period. 

Differently dimensioned storage systems were modelled on a manufacturer basis, taking into account 

all important details (height of the storage tanks, volumes, thermal insulation, etc.) Subsequently, 

various simulations were carried out to show how the short and medium-term loading of the storage 

tanks can be influenced - the flexibility of the systems was mainly taken into account. Corresponding 

studies were carried out for each country of the Greater Region. The boundary conditions were varied 

to represent different scenarios (without DHW, with DHW; real weather situation, extreme weather 

situation). In addition, the integration of PCM was considered, which can contribute to a further 

increase of the storage capacity. 

Finally, the results of Action 6 show that a certain level of insulation is required in the buildings 

examined in order to provide flexibility in heat generation. Ultimately, unrenovated old buildings have 

a too high heating demand to have a remarkable potential for shifting loads. However, this also fits the 

application of heat pumps in buildings - they are usually used as heating systems in new or in 

refurbished buildings. In unrefurbished buildings, HPs are usually not used for the heat generation as 

they do not work very effectively with correspondingly high supply temperatures and are therefore 

not very economical compared to conventional heating systems.  

As soon as a higher insulation standard is available, there is a usable flexibility to shift the electrical 

power to the most favourable times with a predictive control approach. The flexibility rises with 

increasing storage volume. This can potentially make oversized storage tanks more economical in the 

future, as consumers could benefit from lower electricity prices (this will be examined in Action 8). 

Currently, high volumes of 1500 l or 2000 l are rarely found in single-family houses, as they are more 

expensive and lack advantages. The economic evaluation of the different systems can be assessed on 

the basis of the results from Action 8 and will be analysed in detail in Action 9. 

Furthermore, spherical PCMs were considered within the water storage tanks. The results 

demonstrate the relevance of this approach. By integrating these materials into existing water tanks, 

the heat capacity can be increased. If it can be ensured that the relevant temperature range for phase 

change is regularly passed through, the flexibility of the overall system can be improved considerably. 

These simulations are also carried out in detail in Action 8 and the results provide information about 

the potential of PCM. 

Altogether, many different storage models could be created and tested in Action 6 and subsequently 

be used in Action 8. They could be integrated in the simulation system with the different buildings 

models and the heat pump and will be connected to the developed control system (from Action 8.1) 

in Action 8.2. 
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