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Abstract: 

Residential buildings claim a significant share of the total energy used worldwide. As such, energy 
performance policies for dwellings are becoming more rigorous with every new amendment. In order to 
face these challenges, increased attention is paid to the analysis of the energy use by buildings and 
building systems. Specifically, part-load operation, optimal energy use and integration of renewable 
energy resources are being investigated. For these purposes, custom-made building simulation 
software packages are being employed. On the other hand, in order to model the performance that is 
close to reality, typically large amount of calibration data is needed. However, obtaining these large 
spans of accurate experimental data, as well as many other input parameters, is seen difficult to achieve. 
A case study is presented on a residential detached building with a typical modern construction structure 
in the city of Holzkirchen, Germany. The heating system is composed out of an air to water heat pump 
coupled with the low-temperature underfloor heating system and domestic hot water demand with the 
known rated capacity. The simulation is programmed by using the programming language Modelica in 
the Dymola software environment. The performance of the system is continuously monitored on a 
minute base during the winter season for the local boundary conditions of Holzkirchen. The goal of this 
paper is twofold. First, the work assesses the accuracy of performance indicators if only limited 
information on the actual heating system design is given. Secondly, the functionality of the models is 
verified both for the models used from the open-source libraries and new models that were developed 
as a necessity to comply with the full design of the installation.   
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1. Introduction 

1.1. Climate and energy frameworks and energy use 

In 2007, the European Commission has imposed binding legislation known as The 2020 package to 

achieve the European Union’s (EU) climate and energy goals. The package sets three key targets: 20 

% cut in greenhouse gas emissions from 1990 levels, a share of 20 % of energy use out of renewable 

sources and 20 % improvement in the energy efficiency of the applied technology. The targets were 

set as a goal to be reached in a period of 13 years (2007-2020) [1]. In the meanwhile, the EU legal 

forces have introduced a new, more challenging targets called The 2030 climate and energy 

framework. According to this policy, the members of EU are encouraged and obliged to locally apply 

strategies that will lead to at least: 40 % cuts in the greenhouse gas emissions from the 1990 levels, 

32% share of renewable energy and 32.5 % improvement in energy efficiency [2].  
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As the biggest energy users, the industrial, transport and residential sector are targeted to attain the 

energy saving goals. In 2015, EU’s primary energy use accounted for about 1600Mtoe/y1. Buildings 

are responsible for a substantial share estimated to be around 640 Mtoe/y which coincides with about 

40 % of the entire EU’s primary energy use [3,4]. In residential buildings, space heating (SH) and 

domestic hot water requirements (DHW) remain the ones with the highest share in total energy use. 

Statistical surveys carried out by the official organization of the EU have shown that the used energy 

in dwellings is mostly taken by space heating (64.7%) and domestic hot water production (14.5%), 

while consequential production of energy for covering both of the thermal needs accounts for 79.2% 

of the total final energy use in residential buildings [5]. 

Even though the official reports and statistic over the status of the set targets at their end date for 2020 

policy are not issued yet, earlier documents are testifying about the achieved improvements. Final 

energy use has decreased particularly in the industry and household sectors with 16.5 % and 14.8 % 

respectively, while the transport sector achieves more modest savings of 4.5 % [6]. The reason of the 

progress was mainly due to improved energy efficiency of the appliances, increased climate policy 

actions such as higher energy prices and, as well as, the consequence of the lower heating demands 

due to warmer heating seasons.  

In this article, the performance of a building system installation will be analysed through a 

comparison between the dynamic numerical simulations and the real experimental measurements on 

a defined case. 

1.2. Heat pump technology and building simulations  

The Energy performance of buildings directive (EPBD) imposes a requirement that all new residential 

buildings have to undergo criteria of nearly zero energy buildings (NZEB) starting from the year 2020 

[7]. The policy requires substantially lower energy demand in relation to building systems. 

Fortunately, most of the present world society has a clear awareness of the transient of the fossil fuel 

energy sources and the importance of energy savings. With the help of the local subsidies, new 

buildings across the EU are being constructed in the line of lowering the heating energy demand. As 

a consequence, the policy has allowed a breach of the alternative building system technologies on the 

market that were far from being unknown at the time but still not utilized to their remarkable 

capabilities.  

Pezzutto et al. [8] have investigated the EU’s SH and DHW market in respect to the number of 

operating units, installed capacities, energy efficiency coefficient and full load working hours per 

equipment type and country of implementation. Even though traditional gas-fired boilers are still 

dominant on the market, condensing boilers and air sourced heat pump systems are estimated to 

account for 10 million units respectively. On the other side, the same study has shown that condensing 

boilers and especially heat pumps have the highest energy efficiency in comparison to other 

technologies including the district heating. The opinion of the authors matches with the analysis of 

the European heat pump agency which reports over the increased number of the sold units. As a 

matter of fact, in 2018, there was an increase in the amount of sold heat pumps by 12% which gave a 

double-digit growth for the fourth year in a row [9].  

Besides exploring the number of used units, the same group of authors have also investigated the 

amount of energy that is used for covering the energy loads of the SH and DHW simultaneously. 

Even though their analysis coincides with the previous references regarding the energy used by these 

systems (more than 20% of the total energy use in EU), the authors do state inaccuracies in their data 

set. The data does not have any differentiation in control of the units on/off or modulation, part-load 

operation, the efficiency of the units as the consequence of the part load and nothing over the 

accumulated energy inside the dwellings. Unfortunately, commonly used energy assessment methods 

rely purely on full load and design characteristics of the equipment when assessing energy use of 

dwellings. The previous was confirmed to be the case in research performed in Belgium where the 

                                                 
1 Mtoe/y, million ton of oil equivalent a year  
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energy use for 537 dwellings was overestimated by an average 25% of the cases when compared to 

the measured data [10]. As a solution, researchers and engineers are turning more and more on the 

energy use assessment by Buildings Energy Performance Simulation (BEPS) tools [11]. BEPS tools 

are highly recommended for assessing the energy use especially for NZEB. The actual state of 

parameters that usually operate at lower values, such as lower return temperatures of the implemented 

system, are consequentially leading to higher efficiencies of the equipment installed and applied 

system overall [12]. These and many other factors contribute to a better assessment of the local energy 

use and as well as the global one, crucial for making new strategies and policies that may lead to 

lowering the potential of the global warming jeopardy. 

2. Case study  
In this paper, experimental performance measurements of a real detached residential building are 

compared to the results obtained from a complete building model. The studied case represents a part 

of the Twin house exercise developed within the IES-EBC project Annex 71 under the name: Building 

energy performance assessment based on in situ measurements [13]. The project has two main 

objectives: 

▪ To support the development of quality assurance methodologies in the line of proper assessment 

of the actual energy performance of buildings  

▪ To decouple the building energy use to its three main sources: building fabric, systems and users 

Besides, the entire exercise has the goal to compare different BEPS tools in sense of their capabilities 

versus complexity levels that are required towards obtained results. 

2.1. Global overview  

The Twin house project is consistent out of two houses named the house N2 and the house O5. The 

construction of both houses is exactly the same and it follows the norms of the novel design properties 

of dwellings that have lower SH energy demands. Fig. 1 shows the location of both houses. The figure 

also indicates the position of the weather station which is located only 50m and 100m from the house 

O5 and N2 respectively. 

 

Fig. 1. Position of the Twin houses and the corresponding weather station [14]. 

The weather station contains a range of sensors to determine the outdoor conditions. The monitored 

parameters are air, ground and sky temperatures, wind speed and direction, complete solar radiation 

and CO2 concertation in the air. These measurements are used as boundary conditions in the model.  
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2.2. Construction of the dwellings   

Both houses are constructed in exactly the same manner. They consist of 11 individual rooms. On 

Fig. 2, the layout of the floors of both houses can be seen. The houses have 2 floors with stairs from 

the living room to the hall of the first floor that has two child bedrooms. 

Fig. 2. Architectural layout of the Twin houses, ground floor (left), first floor (right) [14]. 

The total living area of each of the of the houses is about 165m2. Besides rooms shown on Fig. 2, the 

houses also include the basement area that is used as a space for technical equipment. Table 1 shows 

the averaged U-values of the respective construction parts of the dwellings. Even though both houses 

have been designed and built with the same characteristics, they do have air infiltration differences 

indicated in table 1. In fact, both houses have been subjected to the blower door testing method where 

a calibrated fan was used to blow air into the building while creating a pressure difference of 50 Pa 

between the interior and exterior environment. The test gives the estimation of certain air penetrations 

and leakages that exist in the enclosure of the buildings. The results show that building N2 has a better 

air tightness than building O5.  

Table 1.  Average U-values and Blower doors test results at 50Pa pressure difference 

Component U-value W/m2K Air tightness h-1  

Exterior Walls 0.24   

Ceiling 0.51   

Floor 0.29   

Roof 0.22   

Window 1.20   

Front door 0.94   

O5  1.10  

N2  0.87  

 
Even though both houses have been described and presented on an equal level, the focus of this paper 

is set exclusively on the house O5. The reason for this decision is the fact that the house N2 is 

equipped only with electrical heating appliances while the house O5 features out of a modern 

hydraulic building system installation. The goal of the exercise in respect of the house N2 is mainly 

to determine the losses of the building envelope with a higher precision as a function of changing 

climate, imposed room set temperatures and occupancy schedule.  
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2.3. Experimental schedule and occupancy  

The main experiment of the project consists of 5 different phases. On Figure 3, the illustrated 

overview of the main experiment is shown. The first phase is called the initial phase. In this phase, 

the electrical heaters are applied with a constant room set point temperature of  21oC. The main goal 

of this phase was to prepare the building for the second phase labelled as the coheat phase in Fig. 3. 

The coheat phase is used to evaluate the modelled heat loses of the building towards measured heat 

losses at the site (to be further discussed). After the coheat phase, the experiment was stopped for 2 

days due to preparations of the equipment for the execution of the remaining phases that were 

sequentially realized.  

  

Fig. 3. The illustrated sequence of the phases of the main experiment [14]. 

As can be seen, the main experiment of the Annex 71 project includes certain occupancy behaviour. 

In order to avoid large uncertainties that usually happen when real human occupancy is involved, the 

Twin houses are instead, occupied by synthetic users. A synthetic user profile is developed for each 

room which is based on time user survey data for a profile that coincides with a young family with 

two children [15, 16]. In this regard, additional electrical heaters were used to simulate the real 

occupancy behaviour through synthetic, defined schedule. The heaters were programmed to turn on 

according to the survey user pattern for weekdays and weekend days in respect to the presence and 

activity in the rooms. This led to the individual internal heat gains coming from the defined occupants 

and/or appliances such as, kitchen appliances. Therefore, living room, bedroom, children’s rooms, 

kitchen and bathroom are having periodical synthetic occupancy accompanied by additional assessed 

heat input by the appliances.    

All remaining three phases of the main experiment include the internal heat gains. In the phase of 

User 1, the experimental measurements were initially carried out for a certain change in room set 

point temperature. The set point temperature was reduced from 210C to 170C in the period between 

23h in the evening and 6h in the morning. Moreover, the user phase 2 and the following one 

(malfunction of the equipment) include scheduled window and door opening in order to make the use 

of the houses as realistic as possible.   

However, since the DHW use is estimated by user survey and applied only throughout User 1 phase 

of the experiment, this phase will be used as the only reference for analysing the response of the 

buildings system and its corresponding energy use on the specified boundary conditions and measured 

data. Besides, the DHW tap is located in the technical space of the building so that the tap openings 

and distribution lines do not disturb the heat flows of the occupied rooms.  
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2.4. Building system description   

Despite the fact that the experimental focus of the Twin house project is mainly prioritized on 

establishing the characteristics of the building envelop behaviour on the set boundary conditions, the 

extension of the experiment on the building system side allowed deeper analysis of the building 

system integrated into the house O5. On Figure 4, the hydraulic scheme of the corresponding 

installation can be seen. The system consists of a recently installed hydraulic heating system circuit 

with an air to water heat pump unit that serves as the primary energy source for the sequential space 

heating and DHW heat production. In fact, glycol water liquid mixture is distributed from the 

condenser heat exchanger side of the heat pump (left side of Fig. 4) either directly through the heating 

coil of a DHW tank (bottom right) or to the glycol-water to water plate heat exchanger (middle left 

Fig. 4) that is further providing the space heating demand. Such behaviour is enabled by a diverting 

(switching) three-way valve (observe the Fig. 4). 

 

Fig. 4. Hydraulic scheme of the house O5 for providing SH and DHW demand together with the 

corresponding measuring points. 

Besides the heating coil, the DHW tank is also equipped with the electrical heater with a maximum 

power of 2kW. On the other side, the space heating part of the system possesses a separate electrical 

water heater with the power of 6kW. Warm water is then distributed to the buffer tank of 40 litters 

that leads to the main distribution heating network of the system. 

The space heating need for the house O5 is provided by the low-temperature underfloor heating 

system. On the ground floor, the underfloor heating system is executed in the spiral shape which 

normally provides a more uniform distribution of heat over the slab. The first floor, however, has the 

distribution of the underfloor set in the serpentine shape which usually provides higher temperatures 

in the zones closer to the external surfaces. 

Besides the overview of the used equipment, Fig. 4 also indicates the position of measuring points 

that are included in the experimental measurements. In this regard, measurements include the data 

over of the supply and return temperature of the glycol-water circuit for covering both SH and DHW 

needs, supply and return water temperatures that are feeding the buffer tank, the underfloor heating 

system and DHW tank respectively. Further, the setup is also enhanced by mass flow meters that are 

indicated with a blue icon in Fig. 4.  
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3. Modelling methodology  
Both the building envelope and the building system were modelled and simulated using the 

programming language Modelica in the Dymola software environment. The models were mainly 

composed with the help of two open-source libraries, IDEAS 2.1.0 [17] and Building 6.0.0 [18]. In 

continuation, the main design methods and the modelling choices related to the building system 

equipment will be discussed.  

The building system installation was modelled with respect to the simulation results of the energy 

loads for the building O5 at the local winter conditions of Holzkirchen during the testing period. For 

this purpose, an ideal heating system model was developed. The model resembles the working 

principle of electrical heating installation in the way that it gives exactly enough heat to cover the 

instantaneous heat loses in respect of reaching the set point temperature per room. Besides, it is 

important to mention that the simulation included the night set back temperature of the rooms in order 

to lower uncertainties related to the accumulation of energy in the building. 

In the house O5, a Vaillant aroTherm 55/2 heat pump has been installed. The nominal power of the 

heat pump at the rated conditions equals to 3100W. On Fig. 5, the comparison between the design 

energy loads of the building in respect to the declared performance of different variations of air to 

water heat pump units may be seen. It is noted that the design heating load is meeting the performance 

of the chosen heat pump at the outdoor temperature that is close to 50C. The remaining load is meant 

to be covered by the mentioned auxiliary electrical heater with the power of 6kW. Besides, one may 

observe 2 performance data sets for the attained unit. The curve indicated as aroTherm 55/2 (brown 

colour), matches with the properties of the heat pump in full load without the involvement of the 

defrost cycle. The second curve, marked as aroTherm 55/2, Annex71 (blue colour) indicates the 

capacity of the heat pump in full load when taking the defrost cycle into account. In addition, the 

other two curves (dark green and purple), represent another class of units that are products of the 

company Viessmann. Indicated performance of both last air source heat pump grants higher capacity 

which can meet the design heating loads at lower outdoor temperatures. 

 

Fig. 5. Comparison of the design heating load versus the heat pump performance data of several 

different units and data types.  

For the purpose of this exercise and due to the lack of more profound characteristics of the mentioned 

heat pump unit, the official performance information provided by the Annex 71 project will be used 

for calibrating the black box air to water heat pump model developed within the IDEAS library. The 

model is based on interpolating 8 tables that consist respectively out of data related to the electrical 

power use and heat pump’s capacity in the function of the outdoor temperature and set leaving water 
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temperature. As available data belong only to the full load of the modelled heat pump, the remaining 

6 tables were completed by linear interpolation for part load rates of 90%, 50% and 30%. The model 

itself is dependent on the control of the feeding circulation pump. Therefore, if the mass flow rate 

given by the circulation pump is zero the heat pump shuts down. However, the heat pump model itself 

is controlled by the set leaving water temperature that switches between the control input of the 

heating curve mechanism or the set point temperature for feeding the coil of the DHW tank. Based 

on this temperature and information over the outdoor temperature, the model is choosing the right 

modulation stage and determines the heat capacity and corresponding energy use for set conditions.    

The DHW tank is a 300 litres vessel with a closed inner heating coil circle, and an upper auxiliary 

electrical heater with the power of 2000 W. The DHW tank is modelled according to the designed 

properties of the applied storage vessel. The main control condition is the temperature at the top of 

the tank that was maintained at around 450C. On the other hand, the model itself is constrained by the 

inlet temperature of freshwater at the bottom of the tank and with the value of the mass flow rate of 

the tapping of the DHW. These two parameters were used straight from the measured data as 

boundary conditions of the model. Supplying the DHW demand is prioritized over space heating by 

the control system.     

Heating system’s main auxiliary electrical heater represents a newly developed model that does not 

exist in the mentioned open source libraries. The model is made as a modulation heater depending on 

3 conditions: the model works only if there is a circulating flow though the unit, if the outdoor 

temperature is less then designed outdoor temperature for covering the SH needs (50C) and if the 

supply water temperature to the SH is lower than the heating curve set point temperature.  

The underfloor heating (UFH) system is modelled with the use of the radiant slab model available in 

the IDEAS Modelica library. The model is parameterized according to the actual design of the UFH 

in the house O5. The model requires the diameter and space between adjacent pipes, length of the 

UFH pipes and as well as the area of the corresponding zones. These parameters were used as the 

main setting of the mentioned model for developing a spiral and serpentine design of the UFH system.  

The main control mechanism of the heat given by the slabs and control input of the circulation pumps 

is the position of the thermostatic valves in front of each UFH circuit. The opening position of the 

valves is based on the measured operative temperature of the rooms versus the desired, set point 

temperature provided as occupancy input. 

4. Results  
At first, the building envelop was simulated and compared to the designed input loads for the co-

heating phase of the project. The total energy use for covering the heating demand of the building O5 

was estimated to be 492kWh which is slightly above the measured energy use of 423kWh. However, 

the results surprisingly divert with respect to the individual heat demand per room. Unfortunately, the 

authors of this paper, to the best of their current abilities, could not reason the obtained results. 

Nonetheless, since the total energy use of the co-heating phase was concluded to be fairly well 

estimated, the analysis could continue further on analysing the results of the User 1 phase.  

The phase lasted for about 42 days from the period between the 21st of December 2018 till the 1st of 

February 2019. During this time, the outdoor temperature was changing from the highest temperature 

of 10.7 0C to the lowest temperature of -14.9 0C. At first, the air room temperatures of the zones were 

compared. On Fig. 6 the indoor air room temperatures of the Living room and Child room number 2 

are presented. The values are shown for the coldest week of this experimental phase. As can be seen, 

the air room temperatures of the model behave quite in the same line as the room temperatures 

measured at the site. The pattern imposed by the periodical change of room set point temperature is 

well followed. On the other hand, when the night setback temperature is on, the air temperature of 

the house does not drop too much due to the high accumulation of energy in the building. Therefore, 

the thermal capacity of the modelled house results to be higher than for the measured.  
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Next, the DHW tapping temperature profile is compared between the simulation results and the in-

situ measurements. However, before discussing the obtained results it is important to mention that 

the controls of the DHW part of the system were adjusted to the observed measurement results. In 

fact, at first, the DHW installation was set to control the temperature at the top of the storage tank at 

450C. However, after analysing the measured data, it was realized that the tapping profile is rather 

sporadic. For instance, for about 8 days in the row in the period between approximately the 9th and 

17tht of January 2019 the average set point temperature is about 550C (100C higher than design). 

Even though the poisonous effect of bacteria legionella disappears at temperatures of 60 degrees and  

 

Fig. 6. The difference between the indoor air temperature profile of the living room and Child 2 room 

for measured and simulated results.  

higher, the pattern of the tapping profile still remains unclear. For this reason, the simulation was 

repeated by approximately following the set point temperature of the tapping water for the mentioned 

period. Fig. 7 shows the trend of the tapping water temperature for both measured and simulated 

values. The actual DHW tapping temperature profile is still different from the simulated values. 

 

Fig. 7. Comparison between measured and simulated values of the tapping DHW temperature during 

the User 1 phase.  
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After comparing the results for the parameters that are presenting the end result of the system 

performance, the analysis was continued by investigating the energy use of the system. Table 2 shows 

the comparison between the energy use of the heat pump’s compressor, main space heating auxiliary 

heater, the auxiliary heater of the DHW tank and the total accumulated energy in the DHW tank. All 

results of the simulations underestimate the energy use of the main energy users. The difference in 

energy use is 226 kWh for the heat pump (HP) compressor, 22 kWh for the SH electrical heater and 

the astonishing 94 kWh for the energy use of the DHW electrical heater. 

Table 2.  Energy use of the heat pump’s compressor, SH and DHW electrical heaters 

Component Measured kWh Simulated kWh  

Compressor of the HP 1070 845  

SH Electrical heater 283 261  

DHW electrical heater 98 4  

DHW accumulated Energy 257 200  

 

There are multiple reasons for the resulting discrepancies. As it was mentioned before, the modelled 

house seems to have a higher accumulation of energy than the monitored house. The phenomena 

results in lower energy use of the system in the case of the simulations. On the other hand, the DHW 

set point temperature of the top of the water tank does not appear to follow any defined profile. 

Previous may have a huge impact on the energy use by both the heat pump and the DHW auxiliary 

heater. Another influencing factor represent the thermal energy losses of the glycol-water and water 

distribution pipelines that were not explicitly modelled. However, thermal losses are often seen as 

heat gains of the zone under the condition that they are not led outside the envelope of the building.  

Besides, large uncertainties have been noted between the performance of the modelled and real heat 

pump unit. Fig. 8 shows the difference in the obtained Coefficient of Performance (COP) values for 

the same coldest week of the User 1 phase. Previously discussed performance curve data were applied 

in order to test their validity. The discrepancy most likely occurs mainly due to the controlling 

mechanism of the system which was developed without the knowledge of the actual state. However, 

the performance data that were officially given as design characteristics of the used heat pump 

(aroTherm 55/2, Annex), result in higher COP values when both the modelled and monitored heat 

pumps were on. In general, even though the applied control mechanism can defer significantly from 

the applied one,  the usability of the heat pump black box modelling is questioned. For instance, the 

model does not have any indication over the defrost cycle which clearly influences the performance.   

 

Fig. 8. The difference of the COP values between the real and modelled heat pump unit for the use of 

different defined performance data. 
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In this paper, the results of the modelling exercise were presented towards experimentally measured 

data for the studied case. The results show an underestimation of the energy use assessed by the 

applied modelling technique and with available information of the actual design of the system.  

5. Conclusion 
Short-term targets set in European Union demand for significant changes in the current results of the 

energy use indicators. Lowering the emission of the greenhouse gasses, improved and increased 

utilization of renewable energy sources and upgrading the current technology achievements to higher 

efficiencies remain the main goals with every new energy-saving policy. Buildings represent one of 

the greatest energy users in Europe. The largest share of total energy use of buildings belongs to the 

residential buildings. Fortunately, new buildings across Europe are being built in the line with 

characteristics and requirements of Nearly Zero Energy Buildings that have substantially lower 

heating energy demand. Moreover, the construction of these highly efficient dwellings has allowed 

the breach of other alternative technologies such as heat pumps on the market. Energy use assessment 

methods are, however, still mainly based on full load characteristics of equipment without any 

account on part load and energy accumulation of building envelop. In order to bridge these challenges, 

scientist and engineers across the world are turning towards the development of Building Energy 

Performance Simulation (BEPS) tools. BEPS tools are seen as the leading solution capable of 

capturing the dynamic behaviour and real operation of buildings systems, highest energy users of 

residential buildings. 

In this research, an effort has been made on the analysis of the capabilities of the dynamic models 

developed in two different open-source Modelica libraries. The models used are based on the limited 

input data from the real in-situ measured case. Indoor air room temperatures and domestic hot water 

tapping temperatures result in logical patterns when compared to the actual measured data. However, 

the resulting energy use of the system underestimates the real energy use of the monitored system. 

There are multiple reasons for the obtained discrepancy. The thermal accumulation of energy shows 

to be higher for the modelled building envelop. On the other hand, the DHW tapping temperature 

possesses a sporadic pattern which could not have been precisely modelled. Moreover, the applied 

black box heat pump model does not indicate the right performance of the unit. In order to have a 

better indication of the real energy use of the building system, a higher number of accurate design 

input data of the actual system will be needed. A closer comparison of the simulated and modelled 

results for each main individual component applied in this case study can lead in resolving the issue.  
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