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Kurzfassung 

Die vorliegende Dissertation trägt zur energetischen Gebäudesanierung bei. Eine 

innovative Heizungs- und Lüftungsanlage wird präsentiert und ein einfaches 

Berechnungstool als „Energie Audittool“ bewertet. Die Entwicklung einer Luft-Luft 

Wärmepumpe (mikro-WP) kombiniert mit mechanischer Lüftung mit 

Wärmerückgewinnung (WRG) wurde mit Hilfe dynamischer Simulationen und Analysen 

von Monitoringdaten unterstützt. Die Verwendung des Passivhaus Projektierungspakets 

(PHPP) als Audittool, wurde mit Hilfe der Simulationsprogramme TRNSYS und 

Matlab/Simulink evaluiert. 

Dynamische Simulationen der mikro-WP wurden durchgeführt, um die 

Energieeffizienz des Systems zu untersuchen und die Entwicklung zu unterstützen. Die 

Simulationsstudien beziehen ein saniertes Einfamilienhaus im Passivhaus- oder 

EnerPHit-Standard ein, das an sieben repräsentativen europäischen Standorten simuliert 

wurde. Ein Vergleich mit anderen Wärmepumpenkonzepte, wie einem mechanischen 

Abluftsystem mit einer Abluftwärmepumpe und mit Konvektorheizungen, hat gezeigt, 

dass die mikro-WP das effizienteste System ist, wenn sehr hohe Gebäudestandards 

angewendet werden (z.B. Passivhaus oder EnerPHit). Außerdem zeigt sich, dass die 

Verwendung von einem geregelten Verdichter die Energieeffizienz des Systems um ca. 

15% erhöht und gleichzeitig das Risiko einer falschen Dimensionierung verringert. 

Ein funktionales Muster der mikro-WP mit WRG, integriert in einer vorgefertigten 

Holzfassade, wurde in einer Wohnung während der Sanierung eines Mehrfamilienhauses 

in Ludwigsburg (Deutschland) installiert. Dieses System und die zugehörige Wohnung 

wurden vor und nach der Sanierung im Detail vermessen und die Monitoringdaten 

analysiert. Die Jahresarbeitszahl (JAZ) der Heizung und Lüftungsanlage für eine 

komplette Heizungsperiode lag bei 2,8 und die JAZ der mikro-WP allein ergab 2.5. Nach 

der Sanierung zeichnete sich die Wohnung mit guten thermischen Komfort und einer 

deutlich verbesserten Raumluftqualität aus. 

Die Simulationsmodelle der mikro-WP und die durch die mikro-WP beheizte 

Wohnung wurden mit den Monitoringdaten verglichen. Anschließend wurden die 

evaluierten Modelle für dynamischen Simulationen verwendet, mit dem Ziel, das System 

weiter zu optimieren. Ein Optimierungspotenzial wurde in den Ventilatoren der WRG, in 



 

 

der Auslegungsleistung der Wärmepumpe und bei der Regelung des Abtauzyklus und des 

Vorheizregisters (für den Frostschutz des Wärmetauschers) gefunden. Durch 

Optimierung aller dieser Punkte kann eine gesamte Reduzierung des Stromverbrauchs 

von weiteren 25% erreicht werden. 

Das monatliche Berechnungstool PHPP wurde mit dem dynamischen 

Simulationstool TRNSYS verglichen, mit dem Ziel PHPP als Energie Audittool zu 

bewerten. Der Vergleich enthält zwei Gebäudetypen (Ein- und Mehrfamilienhaus) und 

drei Gebäudeenergieniveaus (vor der Sanierung und zwei unterschidliche 

Sanierungskonzepte) an sieben repräsentativen europäischen Standorten. Eine gute 

Übereinstimmung wurde erzielt. Die durchschnittliche Abweichung beträgt 8% beim 

Heizbedarf und 16% beim Kühlbedarf (nur für die Standorte mit relevantem Kühlbedarf). 

Zusätzlich wurde der in PHPP entwickelte Wärmepumpen-Algorithmus mit einem 

dynamischen Simulationsmodell in Matlab/Simulink verglichen. Hier lag die 

durchschnittliche Abweichung um 4%. 

Darüber hinaus werden vier Fakten diskutiert, wie der so genannte „performance 

gap“ in der Realität vermieden werden kann. 
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Abstract 

The present thesis aims to contribute to the energy building renovation by presenting an 

innovative compact heating and ventilation system, and evaluating an easy to use 

calculation tool as an energy auditing tool. An air-to-air heat pump (micro-HP) combined 

with a heat recovery ventilation (HRV) unit was developed with the assistance of dynamic 

simulations and monitoring results. Passive House Planning Package (PHPP) was 

evaluated as an auditing tool by comparing to the dynamic simulation tools, TRNSYS 

and Matlab/Simulink. 

Dynamic simulations of the micro-HP and the HRV were performed to investigate 

the energy performance and the feasibility of the system, and to support the design phase 

of the development. The simulation studies include a single-family house that was 

renovated according to Passive House or EnerPHit standards located in seven 

representative European locations. A comparison to other heat pump systems, such as 

exhaust ventilation with an exhaust air heat pump and ventilation radiators, showed that 

the micro-HP is the most efficient system when energy efficient building standards are 

applied (e.g. Passive House or EnerPHit). In addition, the use of a variable speed 

compressor is beneficial, increasing the energy performance by a maximum of 15%, and 

at the same time, it reduces the risk of having an improperly dimensioned system. 

The micro-HP combined with HRV was integrated into a prefabricated timber 

façade, and a functional model was installed in a flat within the renovation of a multi-

family house in Ludwigsburg, Germany. The system and the flat (before and after 

renovation) were monitored in detail. The seasonal performance factor (SPF) of the 

heating and ventilation system was 2.8 for a complete monitored heating season, and the 

SPF of the micro-HP alone was 2.5. Inside the flat, good thermal comfort conditions were 

observed and the indoor air quality was strongly improved after renovation. 

The simulation models of the micro-HP and the flat (in which the micro-HP was 

installed) were evaluated using the monitoring data. Using these models, additional 

dynamic simulations were performed to further optimise the system using the monitoring 

data as boundary conditions. An optimisation potential was shown in the ventilators of 

the HRV unit, the capacity of the heat pump, and the control of the pre-heater (for the 



 

 

frost protection of the heat exchanger) and the defrost cycle, resulting altogether in a 25% 

electricity savings. 

A monthly calculation tool, PHPP, was compared to a dynamic simulation tool, 

TRNSYS, aiming to be evaluated as an energy auditing tool. The comparison includes 

two building types (single- and multi-family house), three building energy levels (before 

the renovation and two renovation concepts) in seven representative European locations. 

The average deviation between the tools was 8% in heating demand and 16% in cooling 

demand (taking into account only the locations with relative cooling demand). 

Additionally, the heat pump algorithm in PHPP was compared to a dynamic simulation 

model in Matlab/Simulink resulting in an average deviation of 4%.  

Moreover, four facts are described presenting why the so-called ‘performance gap’ 

is a misleading observation. 
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1 Introduction 

The building sector in the European Union consumes 40% of the total energy 

consumption [1], and space heating is the largest part of it [2]. Considering that old, poor 

performing buildings dominate the existing building stock, renovation is key to energy 

conservation. Passive House [3,4] and EnerPHit [5] standards are already well-known 

and used worldwide. The first Passive House was built in 1991 [6]. The low energy 

demand of such highly energy-efficient buildings can be even further reduced with the 

use of heat pumps. This can lead to a significantly low residual energy demand during the 

heating season, when renewable energy sources, such as photovoltaics, are limited, and 

thus, the requirement of energy from fossil fuels is decreased. 

Heat pumps have significant advantages compared to other heating systems such as 

supplying both heating and cooling. The appropriate exergy source is mechanical energy, 

which is easy to get from electricity. The electric grid is available almost everywhere. 

Especially in Passive Houses with such a reduced heating load, heat pumps can be scaled 

down to very small heating capacities (1000 W and even lower). The heating capacity 

reduction leads to cost reduction, and gives the opportunity for the development of more 

compact and “plug-and-play” solutions. Such a promising and innovative concept of a 

small-scaled heat pump combined with heat recovery ventilation is presented in this thesis 

[Publication A, B, C, D, E]. 

Energy audits play a key role in a successful renovation identifying the appropriate 

energy conservation measures (ECMs) through the building energy consumption 

analysis. Several energy auditing tools are available on the market, as shown in [7–11]. 

The auditing tools can be distinguished based on the algorithm, in dynamic simulation 

tools (hourly time step or less) and calculation tools (monthly or annual energy balance). 

Thus, the complexity and the required user-knowledge of these tools vary significantly. 

In this thesis, a calculation tool (PHPP [12]), which requires less user-knowledge 

compared to simulation tools, was evaluated as an energy auditing tool [Publication F, 

G], and in addition, the so-called ‘performance gap’ is discussed [Publication H]. 

The main objective of this thesis is to contribute to building renovation by (a) 

presenting an innovative heating and ventilation system suitable for renovation of 

residential buildings and (b) evaluating an easy to use energy auditing tool. The novelty 
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of the thesis lies in the development, evaluation, and optimisation of a micro-heat pump 

combined with a heat recovery ventilation unit suitable for space heating and ventilation, 

and in the evaluation of a versatile energy auditing tool. 

The present study is structured as follows: Chapter 2 describes the methods used, 

followed by Chapter 3, which presents the main results. Chapter 4 gathers the main 

conclusions as well as possible future work. In Chapter 5, the relevant scientific articles 

are attached. 
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2 Methodology 

2.1 Development of a micro-HP assisted with dynamic 

simulations and in-situ monitoring 

Within the framework of the European project iNSPiRe [13], a functional model of a 

micro-heat pump (micro-HP) combined with a heat recovery ventilation (HRV) unit was 

developed. The air-to-air heat pump extracts the remaining enthalpy of the exhaust air 

flow after the heat exchanger, and further heats up the supply air of the HRV unit. The 

proposed system was developed to be integrated into a prefabricated timber frame façade 

for minimally disruptive renovations. The applied methodology is the following: first, 

energy performance simulations were performed to prove the feasibility of the system 

and to assist in the development process [Publication A, B, C]. At the same time, a 

functional model was developed and measured in the laboratory [14]. As a next step, 

another functional model was installed within the renovation of a multi-family house in 

Ludwigsburg, Germany. The proposed system was evaluated through in-situ monitoring 

data analysis, and the simulation models were evaluated using these data [Publication D, 

E]. Finally, further optimisation potential was investigated using the evaluated models 

[Publication D, E]. 

In the energy performance simulations, the climate locations and the energy 

performance of the building were varied. A single-family house (SFH) was renovated 

according to EnerPHit or Passive House standards for seven representative locations over 

Europe (as defined in the iNSPiRe project [15]). The simulation platform was Matlab 

Simulink [16] with the Carnot toolbox [17]. In relevant Publication A, the proposed 

system (heat recovery ventilation combined with the micro-HP called system A) was 

compared to exhaust ventilation with an exhaust air- (system B) or ambient air-to-water 

heat pump (system C) with ventilation radiators, and exhaust ventilation with an air-to-

water heat pump with panel radiators (reference system D). Since no measured data were 

available for the micro-HP, a generic performance map was used in the EFKOS 

simulation model [18]. In relevant Publication B, a heat pump model was developed in 

Matlab/Simulink, based on a performance map. At the same time, a physical steady state 
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model of the refrigerant cycle was also developed [19] to assist the design of the heat 

pump, and to produce the required performance map. The physical model was validated 

using the laboratory measurements [14]. The seasonal performance factor (SPF) of the 

heat pump and an auxiliary heater (an electric radiator was located in the bathroom for 

comfort reasons) was calculated in dynamic simulations. In addition, the influence on the 

energy performance of a variable-speed or a fixed-speed compressor was investigated. In 

relevant Publication C, the aim was to reach a goal of 50 kWh/(m2a) primary energy for 

heating, domestic hot water, and lighting as defined in the iNSPiRe project [13]. 

Therefore, the micro-HP system was used for space heating and ventilation, and an air-

to-water heat pump or a gas boiler was added for the DHW supply system. 

As a next step, a functional model of the micro-HP was installed in one flat of a 

multi-family house (MFH) in Ludwigsburg, Germany. The flat, in which the micro-HP 

was installed, was also modelled in Simulink by Leonardi [20]. The monitoring started in 

February 2016, thus, only a part of the heating season was monitored. In relevant 

Publication D, these first monitoring data were used for the evaluation of the simulation 

heat pump model and for proper adjustment of the system for the next winter. The 

monitoring data of the complete heating season (2016/2017) were analysed in detail in 

relevant Publication E. The energy performance of the HVAC system, as well as its 

components, were presented. The thermal comfort and indoor air quality (IAQ) in the flat 

were measured and analysed for the case before and also after renovation. The heat pump 

model was enhanced based on the monitoring data, and then both the simulation models 

of the flat and the heat pump were evaluated by a comparison to the monitoring data. 

To investigate the energy performance in extreme cases [Publication D], the 

neighbouring flats (below and above) were simulated with lower heating set point 

temperatures compared to the one of the experimental flat. This leads to a significantly 

increased heating demand of the experimental flat due to high transmission losses to the 

neighbouring flats. Moreover, the influence of the minimum operation time of the heat 

pump on the energy performance and thermal comfort was investigated. As a final step, 

annual simulations were performed using the monitored data as boundary conditions to 

investigate the potential for further system optimisation [Publication E]. 

2.2 Tools for building energy renovation 

A monthly calculation tool (here PHPP [12]), with less required inputs and user-

knowledge compared to dynamic simulation tools, was evaluated as an energy auditing 

tool by comparing it to numerical simulation tools. In relevant Publication F, PHPP [12] 

was compared to TRNSYS [21]. The annual demands and the maximum daily loads for 

both heating and cooling were compared between PHPP and TRNSYS. The study 

includes two building types (SFH and MFH), three building energy levels (before 

renovation, and after renovation with a heating demand of 45 kWh/(m2∙a) and 
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25 kWh/(m2∙a) - EnerPHit standard), and seven representative European climates (as 

defined in the iNPRiRe project [15]). Furthermore, in the relevant Publication G, the 

heat pump algorithm in PHPP [22] was presented and compared to a dynamic heat pump 

model in Matlab/Simulink.  

In relevant Publication H, an overview is presented about energy tools in Europe 

simulating not only one building but a district or even a whole region. In addition, the so-

called 'performance gap' is discussed, and an equivalent heating reference temperature 

(EHRT) is proposed as input for the simulations. 
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3 Main results and discussion 

3.1 Micro-heat pump combined with a heat recovery 

ventilation unit 

3.1.1 Energy performance simulations assisting the development 

In relevant Publication A, the comparison of the micro-HP combined with an HRV unit 

(system A) to three different heat pump systems showed that system A had the best energy 

performance from the four systems almost in all investigated climates and energy 

standards. The maximum energy savings were observed in the coldest climates 

(Stockholm and Gdansk) in the case of low heating demand (Passive House), with a value 

of 36% compared to reference system D (exhaust ventilation with an air-to-water heat 

pump and radiator panels). However, when the heating demand increases more than the 

one defined in EnerPHit standard (25 kWh/(m2∙a)), system A becomes less efficient and 

system B (exhaust ventilation with an exhaust air-to-water heat pump and ventilation 

radiators) shows the highest savings. Thus, micro-HP is preferable in highly energy-

efficient buildings such as EnerPHit or Passive Houses. 

A simulation study was performed to investigate the influence of the climate, 

building standard, and variable- or fixed-speed compressor on the micro-HP energy 

performance [Publication B]. The SPF of the heat pump was slightly influenced by the 

climate due to the dampened fluctuation in the source temperature (because of the heat 

recovery). The system performance of the micro-HP and the additional auxiliary heater 

increased slightly in the Passive House compared to the EnerPHit standard. The use of a 

variable-speed controlled compressor instead of a fixed one increased the energy 

performance of the system by a maximum of 15%.  

The type of the domestic hot water supply system (air-to-water heat pump or gas 

boiler) was added as a parameter in the simulation study, while the micro-HP was used 

for space heating [Publication C]. In the case of Passive Houses, the primary energy goal 

of 50 kWh/(m2a) was achieved in all climates for both DHW systems, while in the case 
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of EnerPHit an additional photovoltaic system was required. The use of a heat pump 

instead of a gas boiler for the DHW supply was preferred from an energy point of view. 

3.1.2 Monitoring data analysis 

A monitoring system was installed to collect information about the energy performance 

of the micro-HP system, and the comfort level inside the experimental flat. The 

monitoring campaign included a complete heating period. The energy performance was 

promising and the required comfort level inside the flat was reached (see relevant 

Publication E for more details). 

Although the heating demand of the flat was relatively high, the SPF of the HVAC 

system (including the micro-HP, HRV, and auxiliary heaters) was 2.8. The SPF of the 

micro-HP was 2.5. The heating demand was high mainly due to lower indoor 

temperatures of the neighbouring flats (compared to the experimental flat). The identical 

flat above had an 82% lower heating demand, and the flat below was unoccupied for one 

month. This high demand (due to high transmission losses to the neighbouring flats) 

resulted in the auxiliary heater operating at a high level, and thus, suppling 30% of the 

supplied heat. Comparing the electricity consumption share of each component, 

significant were those of the ventilators with 24%, the auxiliary heater with 36% and the 

compressor with 28%.  

Thermal comfort conditions were achieved in all rooms except the bathroom (the 

installed electric radiator was never in operation). The average indoor temperature 

increased by 1 K after renovation, even though the tenants were the same. After 

renovation, the heating system was controlled by the corridor temperature (air-heating 

system), while before renovation, it was controlled individually in each room (heating 

with radiators). There was an increase in the temperature difference between the rooms 

by 0.8 K (or 0.2 K excluding the bathroom). There was no indication that the tenants 

noticed the difference. 

The indoor air quality was significantly better after the renovation when the HRV 

unit was in operation. The occupants often switched off the ventilation system (and thus 

the heating system) even in the middle of winter (37% of the heating season the 

ventilation was not in operation). However, the average CO2 concentration of the flat was 

below 1000 ppm during 77% of the heating period, while the corresponding value before 

the renovation was 21%. 

3.1.3 Simulations results for further optimisation 

The performance map of the heat pump was enhanced using the monitoring data 

[Publication E]. The heat capacity and the electric power were modelled as functions of 

the source temperature, the compressor speed, and additionally the source absolute 
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humidity. As a next step, both the heat pump and the building model of the experimental 

flat were compared to the monitoring data showing acceptable deviations. 

In relevant Publication D, the micro-HP performance in extreme cases, such as in 

high heating demands, was investigated by varying the set point temperatures of the 

investigated flat and its neighbouring flats. The results showed that even in the worst 

scenario of having a 2 K temperature difference between the experimental flat and its 

neighbouring flats above and below, the micro-HP could supply comfortable conditions, 

however, the performance was not high with a total SPF of 2.6. An additional parametric 

study presented that the minimum operation time of the micro-HP had a negligible 

influence on the energy performance. 

Further building and heat pump simulations were performed targeting system 

optimisation using the monitoring data as boundary conditions [Publication E]. The 

highest potential was saving 12% of the consumed electricity by optimising the 

ventilators of the HRV unit. In that case, the SPF of HRV would be 11.6 instead of the 

monitored 5.2. The implementation of a bigger heat pump, e.g. with double heat capacity, 

reduced the electricity by 7%. The other two options were to use a pre-heater with variable 

power and optimise the controller of the defrost cycle, resulting in a 5% electricity savings 

in each one. Considering all four optimisation measures, the required electricity was 

reduced by 25%. 

3.1.4 Discussion 

As shown in the monitoring results, good thermal comfort and IAQ were achieved inside 

the flat. Improved energy performance can be expected in coming years. A potential for 

further optimisation was presented through dynamic simulations. 

As for the economics, the proposed system has a potential for cost reduction 

compared to conventional systems due to (a) saved costs for the equipment and the 

installation of the heat emission and distribution system (the ducting is installed anyway 

to provide sufficient IAQ), (b) lower heating capacity and size than conventional heat 

pumps, and (c) less onsite working time due to prefabricated elements. The limited 

available space in MFHs is the main reason for façade integration; however, it is difficult 

to monetarise its economic benefit. 

Thus, the developed system represents a compact solution with promising energy 

performance, appropriate for minimally disruptive renovations, and has the potential to 

be cost-effective. 

3.2 PHPP as energy auditing tool 

A short overview about the user-knowledge, time to use, and the number of required 

inputs is discussed to enable a better understanding for the comparison between the PHPP 
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and TRNSYS. PHPP is based on the well-known program, Microsoft Excel, which has 

many predefined values for non-experts, and automatically calculates the results of 

complex influence chains even after changing only one input. On the other hand, 

TRNSYS requires special building simulation expertise and knowledge in programming 

to fill in the required inputs, since the simulation level can be detailed such as: more than 

one thermal zone, use of profiles, detailed control strategies etc. Thus, PHPP has the 

advantage of requiring less time and skills compared to detailed building simulation tools 

such as TRNSYS. It is also noted that the probability of user errors is significant in 

simulation tools, as shown in [23]. As also shown in the overview of district tools in 

Europe [Publication H], the majority of the tools includes monthly energy calculations, 

which avoids more complex dynamic simulations. 

An adequate agreement was found between PHPP and TRNSYS regarding the 

heating and cooling demands [Publication F]. A better agreement was shown for heating 

than for cooling (considering only the warm climates when cooling is relevant). The 

generalised outcome regarding the heating demand was that the deviation between the 

tools was lower for better energy standards and in cold than warm climates (mainly due 

to better envelope quality). The cooling demand was slightly reduced after renovation, 

while it was not affected by the renovation level. Deviations can also be found among 

numerical simulation tools. For example, in relevant Publication A, TRNSYS compared 

to Matlab Simulink resulted in a good agreement with some deviations in warm climates, 

similar to the comparison between PHPP and TRNSYS. The daily average heating and 

cooling loads comparison showed similar behaviour between the tools with higher values 

in PHPP in most cases. A certain amount of this overestimation in PHPP is intentionally 

for designing on the safe side [24]. 

As a next step shown in relevant Publication G, an algorithm was developed in 

PHPP in order to calculate the required electricity when a heat pump is chosen as HVAC 

system [22]. The algorithm is based on the bin method and the Carnot performance 

efficiency. The developed method was compared to a dynamic heat pump model in 

Matlab/Simulink [Publication G]. The comparison includes an air-source heat pump 

implemented on a Passive House in six European locations. The maximum deviation was 

8% for the climate of Stockholm, and the average deviation for all climates was 4%. 

3.3 The so-called ‘performance gap’ 

In Publication H, the so-called ‘performance gap’ is discussed as a misleading 

observation. There are several studies [25–30] in literature showing a quite good 

agreement between measurements and calculations, when the following facts are taken 

into account: 

a) The consideration of the broad distribution of the different consumption due 

to different user behaviour should comply with the rules of statistics. A 
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statistical sample with a sufficient number of users/homes (e.g. 20 or 25) 

has to be measured in order to include a broad variety of users. Only then, 

the average consumption can be compared to the calculated one, as was 

done by Peper and Feist [25]. If the number of the measured homes is small, 

the statistical sample is not sufficient and the uncertainty increases 

significantly. This implies an inappropriate estimation of the expectation 

value of the measured quantity. 

b) Appropriate calculation methods, suitable boundary conditions, and 

relevant heat source distribution have to be implemented in the models. For 

example, if thermal bridges are not taken into account, or if infiltration or 

shading are not properly incorporated in the calculation, or if the g-value is 

not a function of the incident angle of solar radiation, the calculation results 

can deviate by tenths of a percent leading to an irrelevant comparison with 

the measurements. It is noted that building simulation tools may provide 

quite different results just by modifying one of these parameters [31]. As 

also shown by Strachan et al. [23], algorithm deficiencies and tool-user 

errors could be the reason for significantly different results among building 

simulation approaches.  

c) Appropriately measured characteristic values of construction materials and 

components have to be used in the calculations. Use of characteristic values 

from manufacturer datasheet, instead of those from certification, can lead to 

incorrect calculation results. Even characteristic values, which are measured 

according to standards, can be misleading if the algorithm of the tool is not 

compatible with the laboratory method. For example, the heat recovery rate 

of a ventilation unit has a different value if the calculation method is based 

on the supply/extract air side instead of the exhaust/ambient air side. In that 

case, the rate may be 92%, instead of 85%. Therefore, it is essential to use 

the exhaust/ambient air side method to remain on the safe side of the 

calculation results. 

d) Another important issue is to update the energy calculations with the 

changes that have occurred between the first design and the end of detailed 

planning, and the changes during commissioning. However, this is often not 

the case, and as a consequence, the inputs in the calculations are not actual, 

leading to incorrect results. Of less importance is the quality assurance 

control after construction and component installation. Usually, the 

technicians and installers are able to do their part correctly, when the 

detailed plans are transparent. 

It has to be mentioned that the difference between measured and calculated energy 

is significantly reduced in highly energy-efficient buildings, such as Passive Houses 

(compared to poor performance buildings) [25,32]. 
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Since the heating set point temperature in the calculations significantly influences 

the results, the choice of the appropriate temperature is quite important. Based on the 

simulation work [Publication H], a formula has been developed to estimate an equivalent 

heating reference temperature (EHRT) as a function of living area, outdoor temperature, 

and building envelope. EHRT is recommended to be used as the input set point 

temperature in the simulation models to represent the appropriate average indoor 

temperature. As shown in the simulation results, the use of EHRT can further reduce the 

difference between calculated and measured heating demand. 
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4 Conclusions and outlook 

This thesis focuses on building energy renovation according to EnerPHit or Passive 

House standard. An innovative compact heating and ventilation system, consisting of an 

exhaust air to supply air heat pump (micro-HP) combined with a heat recovery ventilation 

(HRV) unit, was developed and evaluated through dynamic simulations and in-situ 

detailed monitoring. In addition, in this context, PHPP was evaluated to be used as an 

energy auditing tool for building renovation. 

The dynamic simulations of the combined micro-HP and HRV proved the 

feasibility of the concept. In addition, the proposed system consumes less electricity in 

highly energy-efficient buildings compared to other innovative systems (e.g. exhaust 

ventilation with an exhaust air-to-water heat pump and ventilation radiators). Moreover, 

the use of a variable-speed compressor is recommended leading to approximately a 15% 

increase in the performance and a reduced probability of improper dimensioning of the 

HVAC system. 

The monitoring data analysis showed an SPF of the HVAC system with a value of 

2.8 (of the micro-HP alone 2.5), and a good indoor air quality and thermal comfort in the 

experimental flat. The simulation models of the micro-HP and the flat were compared to 

the monitoring data and further used in annual simulations for further system 

optimisation. The possible improvements can decrease the electricity consumption by 

25%.  

PHPP is recommended to be used as an energy auditing tool. The extensive 

comparative study between PHPP and TRNSYS showed that the monthly energy balance 

algorithm of PHPP is accurate enough compared to a dynamic numerical simulation 

model. The better the building envelope quality is, the lower the deviation between the 

tools. The average deviation in heating demand was 7% and in cooling demand 16% 

(disregarding the climates without relevant cooling demand).  

Furthermore, the reasons the so-called ‘performance gap’ can be characterised as a 

misleading observation are discussed. 

In future work, for further development of the micro-heat pump, recirculated air 

could be incorporated with the advantages of increasing the heating (and the optional 

cooling) power, and reducing the supply temperature, which increases the energy 
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performance. Future simulation studies that compare the energy performance of the 

micro-HP system to other solutions should also include the energy system for the supply 

of the domestic hot water. The latter becomes relevant for the total energy consumption, 

especially when the space heating is significantly low such as in Passive Houses. 

Moreover, in future studies when evaluating PHPP as an energy auditing tool, it is 

recommended to include an economic analysis and to evaluate PHPP for real case studies. 
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5 Relevant publications 

This chapter includes the relevant publications of this thesis. Every publication is in the 

original format and is included here with the permission of the corresponding editor.  
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a  b  s  t  r  a  c  t

In this  paper,  dynamic  simulation  was  used  to compare  the  energy  performance  of  three  innovative
HVAC  systems:  (A)  mechanical  ventilation  with  heat  recovery  (MVHR)  and  micro heat  pump,  (B) exhaust
ventilation  with  exhaust  air-to-water  heat  pump  and  ventilation  radiators,  and  (C)  exhaust  ventilation
with  air-to-water  heat  pump  and  ventilation  radiators,  to a  reference  system:  (D)  exhaust  ventilation  with
air-to-water  heat  pump  and  panel  radiators.  System  A  was  modelled  in MATLAB  Simulink  and  systems  B
and  C in  TRNSYS  17.  The  reference  system  was  modelled  in  both  tools,  for comparison  between  the  two.
All systems  were  tested  with  a model  of a renovated  single  family  house  for varying  U-values,  climates,
infiltration  and ventilation  rates.
VAC
icro heat pump
eat recovery
entilation radiator
RNSYS

It was  found  that  A was  the  best  system  for lower  heating  demand,  while  for  higher  heating  demand
system  B would  be  preferable.  System  C was  better  than  the  reference  system,  but  not  as  good  as  A or  B.

The  difference  in energy  consumption  of  the  reference  system  was  less  than  2  kWh/(m2 a)  between
Simulink and  TRNSYS.  This  could  be  explained  by the different  ways  of  handling  solar  gains,  but  also  by
the  fact  that  the  TRNSYS  systems  supplied  slightly  more  than  the  ideal  heating  demand.
ATLAB Simulink
enovation

. Introduction

About 40% of the total energy use in the EU-27 is accounted for
y the building sector. Thus, the building stock plays an important
art in the work towards the international goals of lower energy use
1]. Two-third of the energy used in households in the EU-15 goes to
pace heating [2], and the largest potential for saving energy in this
ector lies in renovation and upgrading of old buildings to modern
nergy standards [3]. Such renovation measures include changing
indows, insulating roofs and external walls and changing HVAC

ystems. The latter of these was the objective of this study.
Many studies have previously been conducted within the field

f HVAC systems and energy use of buildings, both residential and

ommercial buildings. Bojić et al. [4] compared three HVAC sys-
ems for heating and cooling of an office building. Wang et al.
5] made a comparison of three HVAC systems for a hypothetical

∗ Corresponding author. Tel.: +46 23778563.
E-mail address: mgu@du.se (M.  Gustafsson).

ttp://dx.doi.org/10.1016/j.enbuild.2014.07.059
378-7788/© 2014 Elsevier B.V. All rights reserved.
©  2014  Elsevier  B.V.  All  rights  reserved.

apartment building. The study included 17 climate zones with
various temperature and humidity conditions, and the systems
compared were a direct expansion split system, a split air-source
heat pump system and a closed-loop water-source heat pump with
boiler an evaporative fluid cooler.

A study carried out by Gustafsson et al. [6], treating two  HVAC
systems similar to systems A and B of this study, indicated that
these systems may  indeed be potential alternatives to other, more
established, systems. The results of this and the study by Wang et al.
[5] also confirm the necessity to vary the climatic conditions when
comparing HVAC systems.

A complete building retrofit includes many more steps and
aspects than those covered in this study. Ma  et al. [7] proposes a sys-
temic approach, going all the way from planning to post-evaluation.
The present study focuses on the choice of HVAC systems after a
renovation of the building envelope.
There is a wide range of tools for simulation of building energy
performance. In a study by Ochs et al. [8], the simulation tools
MATLAB Simulink [9] and TRNSYS 17 [10] are used to model a ren-
ovated multi-family house. According to this study, there are major

dx.doi.org/10.1016/j.enbuild.2014.07.059
http://www.sciencedirect.com/science/journal/03787788
http://www.elsevier.com/locate/enbuild
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enbuild.2014.07.059&domain=pdf
mailto:mgu@du.se
dx.doi.org/10.1016/j.enbuild.2014.07.059
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Nomenclature

COP coefficient of performance
HD annual heating demand of building (kWh/(m2 a))
HVAC heating, ventilation and air conditioning
MVHR mechanical ventilation with heat recovery
U heat transfer coefficient for building parts

(W/(m2 K))

Greek letters
� air change rate (h−1)
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ifferences between the tools regarding the modelling of walls,
one nodes, windows and shading, and the time step of the solver
fixed in TRNSYS, adaptive in MATLAB Simulink). However, the
tudy also shows good agreement in results between the two tools.

In this study, the energy performance of three innovative heat-
ng and ventilation systems was investigated through dynamic
imulation and set in relation to a reference system, based on a
ommon air-to-water heat pump. The choice of systems A, B and C
as based on their potential suitability for building renovation and

n the need to fill a gap in the research, while D is an established
ype of system, thus suitable as reference. All of the tested systems
ere implemented in a model of a generic single family house and

ested for two renovation levels in seven different climates.
The second objective of this study was to contribute to the com-

arison of different simulation tools. The reference system was
odelled in both MATLAB Simulink and TRNSYS 17, to enable

etection of systematic differences.

. Methodology

.1. Building model and boundary conditions

The building modelled in this study is a semi-detached single
amily house, with a tempered floor area of 78 m2 and a volume of
he tempered zone of 187 m3. It was defined within the FP7 project
NSPiRe [11] as a typical European single family house construction.
he actual building is located in London, UK, and consists of two
oors and an unheated attic, with an insulated ceiling between the
op floor and the attic. In the model, the attic was excluded, and the
eiling of the top floor was taken to be the upper limit of the building
nvelope. Solar gains of the roof were thus disregarded and the
eiling was assumed to exchange heat directly to the ambient air.
he western wall, adjacent to the neighbouring house, was  taken to
e adiabatic. The whole tempered area was modelled as one zone,
ith stairs and intermediate floor as internal walls. Simulations in

RNSYS 17 comparing the single zone model to a model with one
one per floor and one zone for the attic showed a difference in
eating demand and heat load of less than 3% for the climate of
ondon.

For open window ventilation and shading, the boundary condi-
ions used in this study were the same as those used within [11],
nd to a large extent also within IEA SHC Task 44 [12]. Internal gains
rom occupants and electrical equipment were based on the same
chedule as in [11] and [12], but since the living area for the build-

ng used in this study was only 78 m2, compared to 140 m2 in [12],
he number of occupants was reduced from four to two and the
ains from electrical equipment and lighting were scaled down by
0%. The ventilation rate was taken to be 0.4 h−1 and the infiltration
uildings 82 (2014) 512–519 513

rate was  calculated from a simplified model of the building enve-
lope to be 0.1 h−1. For two  of the studied climates, the influence of
air change rates on the HVAC systems was tested. The infiltration
rate was  increased by steps of 0.1 to 0.2 h−1 and 0.3 h−1. The venti-
lation rate was  both decreased and increased by the same amount
to 0.3 h−1 to 0.5 h−1. While varying one these parameters, the other
one was  kept at its default value.

The desired indoor temperature, which was  used to control the
heating systems, was  set to 20 ◦C. Transmission losses to the ground
were modelled by setting the disturbed ground temperature as
boundary temperature for the ground floor. The disturbed ground
temperature was approximated as a sine, which was calculated
according to standard ISO 13370 [13].

Beside ventilation and infiltration rates, the sensitivity analy-
sis comprised climatic conditions and heating demand. Climate
data for seven different European locations were used, as listed
in Table 1. The chosen locations, the same as used in iNSPiRe [11],
represent continental and coastal climates as well as a range of
average ambient temperature and relative humidity. Data files from
Meteonorm [14], based on long-term measurements, were used to
generate weather data for the simulations.

For each climate, two  renovation levels were defined. EnerPHit
standard (HD25) [15] and Passive House standard (HD15) [16] were
used to define houses with heating demands of 25 kWh/(m2 a) and
15 kWh/(m2 a), respectively, assuming a heat recovery efficiency
of 85% and disregarding cooling demand. For the tested systems
which did not include heat recovery, the actual heating demand
was higher. The difference in heating demand with or without heat
recovery was larger for the colder climates, where the heat recov-
ery has a larger impact. Insulation thicknesses and related U-values
were calculated using the passive house calculation tool PHPP [17].
The applied U-values for each climate and renovation level are
listed in Table 1.

2.2. Investigated systems

All of the tested systems were set to provide space heating and
ventilation, while domestic hot water use was  left out of the study.
The cooling demand was  evaluated by measuring the number of
hours with indoor temperature above 26 ◦C. The comparison of
the systems did not include an economic analysis, and practical
details on installation were not considered. Total energy consump-
tion included heat pump compressor, auxiliary heater, pump for
the space heating circuit and ventilation fans. All energy consumed
was thus electricity.

The layouts of the investigated HVAC systems are described in
Fig. 1.

2.2.1. System A
System A is based on a micro heat pump, in combination with

mechanical ventilation with heat recovery (MVHR), with electric
radiators as backup for peak heat loads. The heat pump uses the
exhaust air of the heat recovery unit as source and provides heat to
the supply air of the ventilation system. Thus, one compact unit can
be used for combined ventilation and heating or cooling (reverse
operation for cooling). Fresh outdoor air flows into the heat recov-
ery unit, where it is heated with a recovery efficiency of up to 95%.
It is then further heated by the micro heat pump up to maximum
52 ◦C, as higher temperatures may  cause odour problems, to supply
space heating.

In comparison to an air source heat pump, the evaporator uses
the benefit of slightly higher source side temperature and of latent

heat. The evaporator extracts heat from the air using the latent heat
of condensation, and the higher source side temperature improves
the coefficient of performance (COP) of the heat pump. However,
the air volume flow rate in the evaporator, which is equal to the flow
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Table 1
Locations for climatic data and corresponding U-values used in simulations.

Location U-values [W/m2 K]

HD25 HD15 Both

Walls Floor Roof Walls Floor Roof Windows Doors

Stockholm 0.126 0.128 0.126 0.057 0.057 0.057 0.90 0.80
Gdansk 0.150 0.153 0.150 0.074 0.075 0.075 0.90 0.80
Stuttgart 0.235 0.244 0.237 0.143 0.146 0.144 0.90 0.80
London 0.277 0.290 0.279 0.175 0.180 0.176 0.90 0.80
Lyon  0.320 0.337 0.323 0.198 0.204 0.199 0.90 0.80
Madrid 0.500 0.544 0.509 0.361 0.383 0.365 0.90 0.80
Rome  0.621 0.689 0.634 0.456 0.492 0.463 0.90 0.80
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ig. 1. Schematic layout of studied HVAC systems: (A) mechanical ventilation with
ith  exhaust air-to-water heat pump and ventilation radiators, (C) exhaust ventila
ith  air-to-water heat pump and panel radiators.

ate in the condenser, is limited to the hygienic flow rate (too high
ow rate leads to dry indoor air). Thus, the source power is limited.
he heating capacity of the micro heat pump is in the range of 1 kW.
herefore, this system can only be implemented in flats or small
ouses with very low energy demand such as Passive Houses. The
dvantages of the micro heat pump are the compactness, giving the
ossibility of integration into the faç ade, and cost reduction [18].

In order to model system A in MATLAB Simulink, the EFKOS
odel [19] was used. The EFKOS model was originally developed

or air-to-water heat pumps, but the micro heat pump is an exhaust

ir-to-air heat pump. Therefore, the input data for the model were
hosen so that the output data would fit to the heating test points
f Passive House Component Certificate of the compact unit Aeros-
art m Drexel & Weiss [20]. A mean volume flow rate of 160 m3/h
 recovery (MVHR), micro heat pump and electric radiators, (B) exhaust ventilation
ith air-to-water heat pump and ventilation radiators and (D) exhaust ventilation

was taken for the measured test points of the certificate. In the
studied building with a default ventilation rate of 0.4 h−1 and a vol-
ume  of 187 m3, the volume flow rate is 74.8 m3/h. To adapt to this,
the heating capacity was scaled down while keeping the ratio of
heating capacity and volume flow rate constant, assuming the COP
to be independent of the volume flow rate. Table 2 shows nominal
performance data for the micro heat pump for inlet air tempera-
tures to the heat recovery unit, calculated for 78% heat recovery
efficiency.
2.2.2. System B
In system B, the mechanical exhaust ventilation provides an air-

to-water heat pump with air from the living zone, while at the same
time creating the low pressure needed to drive the air flow through
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Table  2
Rated performance of micro heat pump for inlet air temperatures to the HRC unit.

Air temperature [◦C]
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Table 5
Nominal capacity and flow rate of scaled down air-to-water heat pump.

HP capacity [kW] HP water flow rate [kg/s]

Location HD25 HD15 HD25 HD15
Stockholm 1.90 1.70 0.121 0.108
Gdansk 1.70 1.50 0.108 0.095
Stuttgart 1.90 1.60 0.121 0.102
London 1.60 1.40 0.102 0.089
Lyon 1.70 1.40 0.108 0.089

T
R

T
R

Heating output [kW] 1.03 1.18 1.34
COP [dimensionless] 2.22 2.73 3.07

he ventilation radiators into the building. The heat pump extracts
eat from the air and delivers heated water to the radiators. The
umber of ventilation radiators was chosen based on the desired
entilation rate and the ideal air flow and pressure drop for one ven-
ilation radiator [21]. The radiators were then sized to cover the heat
oad of the building at a distribution and return temperatures of
5/30 ◦C. The heat pump model was based on performance data for
n existing air-to-water heat pump for exhaust air, as presented in
able 3 [22]. The same heating capacity, plus an auxiliary heater of
.5 kW,  was used for all locations and renovation levels. The water
ow rate was held constant at the nominal level according to test
tandards [23].

In the ventilation radiators, outdoor air flows in through a duct
n the wall and is heated by the radiator panels before entering the
oom. The heat output of a radiator, either of traditional or ven-
ilation type is proportional to the mean temperature difference
etween the radiator surface and the air in contact with the heated
adiator surfaces. Because of the lower surrounding air tempera-
ure of a ventilation radiator compared to a traditional radiator, it
an work with a lower supply water temperature. The direct con-
act with outdoor air gives the system the quality of fast thermal
esponse, as the heat output is automatically adjusted with any
hange of ambient air temperature. Ventilation radiators have also
een proven to perform well in terms of thermal comfort, giving a
table and uniform indoor climate [24], and the low water temper-
ture is beneficial for the performance of the heat pump. From a
enovation perspective, ventilation radiators in combination with
echanical exhaust ventilation can be a competitive solution, given

hat there is already a water heating system in the house.

.2.3. System C

System C has the same configuration as system B, but with a reg-

lar air-to-water heat pump without heat recovery from exhaust
ir. The heat pump model was based on manufacturer performance
ata for an existing air-to-water heat pump, as presented in Table 4,

able 3
ated performance of the exhaust air-to-water heat pump of system B.

Water temperature [◦C] Air flow 

30 

Heating output
[kW]

35 1.14 

45  1.15 

COP  [dimensionless] 35 4.46 

45  3.34 

able 4
ated performance of the air-to-water heat pump of systems C and D.

Water temperature [◦C] Air temperature [◦C]

−15 −7 

Heating output
[kW]

35 1.70 2.60 

45  1.50 2.30 

55  1.30 2.00 

COP
[dimensionless]

35  1.90 2.85 

45  1.60 2.20 

55  1.16 1.70 

* Nominal heating output.
** Nominal COP.
Madrid 1.90 1.60 0.121 0.102
Rome 1.70 1.40 0.108 0.089

with a nominal capacity of 3 kW and a nominal COP of 3.27 at
A2/W35 [25].

Assuming the COP to be independent of size, the nominal heat-
ing capacity was scaled down to cover the average heat load over
24 h during the whole year. The nominal water flow rate, as given
by test standards [23], was  scaled accordingly, to allow using the
same performance data. An auxiliary heater of 1 kW was employed
when necessary. In Table 5, the nominal capacity and flow rate for
each location and renovation level are listed.

For the sensitivity analysis on ventilation and infiltration, the
heat pump was  sized to fit the new loads, as shown in Table 6.

2.2.4. System D
The heat pump of the reference system D is the same as the

one used in system C, and was sized the same way. The traditional
panel radiators were assumed to be in place before the renova-
tion and sized to cover the heat load of the building without the
extra insulation applied for HD25 or HD15. Design distribution and
return temperatures were taken to be 90/70 ◦C, but in the renovated
houses studied, the actual radiator water temperatures would be
lower, due to the lower heat load.

2.3. Simulation tools

System A was  modelled in MATLAB Simulink and systems B and
C were modelled in TRNSYS 17, while the reference system D was
modelled in both tools, to enable comparison between this and the

other systems while reducing the risk of systematic errors. This
also allowed for a comparison between the two  simulation tools.
A time step of five minutes was  used in the TRNSYS simulations,
while MATLAB Simulink uses an adaptive time step.

rate [l/s]

40 50 60 70

1.30 1.42 1.46 1.50
1.24 1.30 1.35 1.37
4.76 5.12 5.24 5.43
3.49 3.72 3.86 3.91

2 7 10 12 20 30

3.00* 4.50 4.60 4.80 5.00 5.50
2.80 4.00 4.20 4.40 4.60 5.00
2.70 3.70 3.80 4.00 4.30 4.70
3.27** 4.64 4.83 5.00 5.27 5.70
2.65 3.55 3.67 3.75 4.04 4.41
2.12 2.74 2.87 3.10 3.30 3.45
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Table 6
Nominal capacity and water flow rate of heat pump for varying ventilation and infiltration rates.

Location Parametric variation HP capacity [kW] HP water flow rate [kg/s]

HD25 HD15 HD25 HD15

Stockholm �vent = 0.3 1.70 1.40 0.108 0.089
�vent = 0.5 2.20 1.90 0.140 0.121
�inf = 0.2 2.20 1.90 0.140 0.121
�inf = 0.3 2.40 2.10 0.153 0.134

Rome �vent = 0.3 1.60 1.30 0.102 0.083
80 1.50 0.115 0.095
80 1.50 0.115 0.095
90 1.60 0.121 0.102
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Fig. 2. Annual heating supplied by system D in MATLAB Simulink and in TRNSYS.
Solid line marks heating demand of HD25 with heat recovery; dashed line marks
heating demand of HD15 with heat recovery.
�vent = 0.5 1.
�inf = 0.2 1.
�inf = 0.3 1.

In MATLAB Simulink the complex building model of the Carnot
lockset was used. The heat pump model in system D was  based
n performance map  data. The heating capacity was approximated
inearly depending on the source inlet air temperature and the
ink outlet water temperature. The COP was based on Carnot COP
nd the Carnot performance factor. In the initialization of the
odel (pre-processing) the Carnot performance factor and the lin-

ar coefficients for the heating capacity were calculated in order to
chieve the best possible agreement.

In TRNSYS, the heat pump was modelled using a performance
ap  with data on heating capacity and compressor power for a

ange of testing points. The heat output and COP of the heat pump
ere calculated in the model through interpolation between these
oints.

The ventilation radiator model of systems B and C was based
n an Excel model provided by a radiator manufacturer, which in
urn was based on measurements on their own products [26]. A
ink embedded in TRNSYS was used to connect the Excel model to
he rest of the system.

.4. Controls

All heating systems and auxiliary heaters were controlled by
n/off differential controllers with hysteresis. The governing tem-
erature was the indoor air temperature. The set point for the
rimary heating systems was 20 ◦C, with upper and lower dead
ands of 0.25 K. Similarly, the auxiliary heaters had a set point of
9.75 ◦C and allowed the temperature to vary between 19.5 ◦C and
0 ◦C. The set point for the auxiliary heater was set to a lower value
o avoid operation during hours when the primary system could

anage the heating. The ventilation was running independently of
he heating control signals, but in systems A and B the heat pumps
ere bypassed when no heating was needed.

. Results

Fig. 2 shows the annual heating supply by heat pump and com-
ressor of the reference system and Fig. 3 the electrical energy
onsumption of the reference system, comparing MATLAB Simulink
nd TRNSYS for all locations and renovation levels. In Fig. 2, the
olid and dashed lines mark the heating demand with heat recov-
ry for the HD25 and the HD15 houses, respectively. The difference
etween the two tools exceeded 5% only for Madrid and Rome,
here the difference was 7% and 6% respectively for supplied heat-

ng and 11% and 8% respectively for electrical energy consumption.
he trends were similar for both energy standards of the house. In
RNSYS, all systems overshot the ideal heating demand, which was
efined as the heating required to keep the indoor air temperature

t or above 20 ◦C at all times, by 1 kWh/(m2 a) to 2 kWh/(m2 a).
n Simulink, system D followed the ideal heating demand more
losely. The ideal heating demand simulated in Simulink was  higher
han in TRNSYS for all climates except for Madrid and Rome, where
Fig. 3. Electrical energy consumption of system D in MATLAB Simulink and in TRN-
SYS.

it was lower. The seasonal performance factor of the heat pump
was around 0.1 higher in Simulink than in TRNSYS. In terms of gains
and losses of the house, some differences were noted in absorbed
solar energy. The solar gains in MATLAB Simulink were around
3 kWh/(m2 a) higher than in TRNSYS for the climates of Madrid and
Rome, while for other climates the solar gains were 2.5 kWh/(m2 a)
to 5 kWh/(m2 a) lower in MATLAB Simulink than in TRNSYS.

The relative energy consumption of systems A, B and C compared
to the reference system D is shown in Fig. 4. System A is set in
relation to the performance of system D in MATLAB Simulink, while
B and C are set in relation to the TRNSYS model of system D.

System A had the lowest energy consumption for both renova-
tion levels in all climates. The largest savings compared to system
D were seen for the HD15 in cold climates, with a maximum of 36%
for the climates of Stockholm and Gdansk.

System B showed a similar trend, but with less difference
between the coldest and the warmest climates, and also less dif-
ference between the two  renovation levels. For the HD25 house it

was close to system A in energy consumption in all climates. The
maximum energy saving compared to system D was  23% for the
HD15 house in Stockholm.
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Fig. 4. Energy consumption of tested systems compared to the reference system for
varying climate and heating demand.

Fig. 5. Energy consumption of tested systems (HD25) compared to the reference
system for varying ventilation rate.
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heating. In Sweden, building regulations [28] do not allow replac-
ig. 6. Energy consumption of tested systems (HD25) compared to the reference
ystem for varying infiltration rate.

For system C, the energy use was consistently lower than the
eference, with only small variations with the climates. It was the
est system, together with A and B, for the HD25 house in Rome. The
nergy savings compared to system D ranged from 3% for the HD25
ouse in Madrid and Rome to 8% for the HD15 house in Stockholm.

The influence of ventilation rate on the energy performance is
hown in Fig. 5 and the influence of infiltration rate in Fig. 6, both
or the HD25 house. System A was affected in a positive direction
elative to system D when the ventilation rate was increased and
n a negative way when the infiltration rate was  increased. With a
entilation rate of 0.5 h−1, the energy performance of system A was
etter than the reference for the climate of Rome. For system B, both
ays of increasing the air change rate were favourable compared

o system D. With an infiltration rate of 0.2 h−1, system B had the
est energy performance for Stockholm, and with an infiltration
ate of 0.3 h−1 it was the best system also for Rome. System C was
ot significantly influenced in any way in relation to the reference

ystem by either of these parameters.

Fig. 7 shows the number of hours with room temperature above
6 ◦C for the reference system. In Lyon, Madrid and Rome, the room
Fig. 7. Number of hours with room temperature above 26 ◦C for the reference sys-
tem in MATLAB Simulink and in TRNSYS.

temperature reached above 26 ◦C for 1000 h to 2000 h per year,
with slightly higher figures for the HD15 house. All systems met
the criteria to keep the temperature above 19.5 ◦C at all times.

4. Discussion

In the comparison between the two simulation tools, some
deviations were observed for the performance of system D. The rel-
atively high differences in percentage for Rome and Madrid could
partly be explained by the low heating demand for these locations.
Also, in TRNSYS all the tested systems provided 1 kWh/(m2 a) to
2 kWh/(m2 a) more than the ideal heating demand, notably with a
mutual difference of less than 1 kWh/(m2 a) between them. There
also seemed to be a difference in how the two tools handle solar
gains of a house. This showed in the number of hours with over-
heating, where the simulations in MATLAB Simulink gave a higher
number in most cases. It could also have influenced the difference
in annual heating demand.

The house was modelled as a single zone, disregarding solar
gains to the roof. For the heating demand, particularly for London
and colder climates, this approach makes little or no difference to
the results compared to a model including roof and attic, since the
solar gains are relatively small during the heating season. In warmer
climates the difference could be more significant, and if the cooling
demand is to be determined all solar gains should be taken into
account.

Heating systems that are based on heat recovery of ventilation
air are always limited by the ventilation rate. For both systems A and
B in this study, the relatively low ventilation rate limited the heat-
ing capacity of the respective heat pumps and increased the need
for auxiliary heating. Varying the ventilation rate, it was  shown
that the performance of these systems system relative to the ref-
erence system improved with a higher ventilation rate, and vice
versa. When it comes to varying the infiltration rate, A and B are
affected in opposite ways. In system B, the exhaust fan enables the
exhaust air heat pump to utilize both the ventilation and infiltra-
tion air to deliver energy to the ventilation radiators. In system A,
the heat recovery unit can only make use of the ventilation part,
while the infiltrated air just adds to the heat losses.

All systems were compared for the same infiltration rate. How-
ever, the infiltration rate of a house is dependent on the pressure
difference between indoor and outdoor, which in turn depends on
the type of ventilation system installed [27]. System A, using bal-
anced ventilation, would have a lower infiltration rate than the
other systems for the same house.

In the present study, the use of mechanical ventilation was
accounted for only during the months when the house required
ing mechanical ventilation with opening windows. Extending the
ventilation period would strike the hardest on system A, since the
MVHR consumes more energy than a simple exhaust fan. For the
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D15 house in Stockholm, applying mechanical ventilation all year
ould increase the total energy consumption of system A by 8%,
hereas the increase for systems B, C and D would be 2–3% for the

ame case. However, bypassing the heat recovery unit during sum-
er  would reduce the impact on energy consumption for system
.

For system C, some savings were seen due to the lower water
emperature enabled by the use of ventilation radiators. However,
he water temperature in the reference system was  already low,
ince the existing radiators were sized for a higher heat load. The
argest reduction in energy consumption was seen for system A,

here the air heat recovery cut down the heating demand signifi-
antly compared to that of other systems. System B consumed less
nergy than system C due to the higher source side temperature of
he exhaust air heat pump.

System A was the system that benefitted the most from a higher
enovation standard. It had the lowest energy consumption for both
enovation level and all climates, but for the HD25 house it con-
umed almost as much energy as system B, despite the advantage
f MVHR. This confirms the premise that the micro heat pump is
est applied in very low energy building such as Passive Houses and
uggests that a system like B would be preferable in houses with
igher heating demand.

In a complete building retrofit, it may  not always be feasible
rom the economic point of view to achieve Passive House standard.
or the climates of Gdansk and Stockholm 200-300 mm of extra
nsulation is required to go from HD25 to HD15 level. This will of
ourse increase the investment costs significantly, even though the
otal insulation thickness could be reduced by choosing better insu-
ating windows and improve the air tightness in such cold climates.
n the other hand, insulation of the floor may  not always be fea-

ible, thus increasing the need for improvements on other parts of
he building envelope.

The level of insulation can also be important for the choice of
eating system in terms of thermal comfort. If ventilation radiators
re used in heavily insulated houses, as in systems B and C, there
ould be problems with cold draft when the outdoor temperature
s at or near the balance temperature of the house. As the heating
ystem will not be active above the balance temperature, a lower
alance temperature will allow colder air to be supplied through
he radiators.

In warmer climates, a thicker insulation leads to slightly higher
ndoor temperatures during summer, thus occasionally increasing
he cooling demand. The observed indoor temperatures for Lyon,

adrid and Rome in this study indicate that the tested house would
eed a cooling device in these climates; a service which could be
rovided by reversing the operation of the heat pump.

A complete energy system for a house need also include domes-
ic hot water. Air-to-water heat pumps, like the ones used in
ystems B, C and D, are normally designed to handle both space
eating and hot water. System A, on the other hand, would require a
omplement to the air-to-air micro heat pump to be able to provide
his service. In heavily insulated houses, where heat losses are min-
mized, the relative importance of hot water use will naturally
ecome larger.

The heat pump used in systems C and D was scaled down from
.0 kW to heating capacities ranging from 1.2 kW to 2.4 kW,  assum-

ng that the COP remained the same. In reality, the Carnot efficiency,
nd thus the COP, might not be independent of the capacity of the
eat pump. For a scaling down of this relatively small magnitude, it
ay  not have a great impact, but it should be taken into consider-

tion that it could affect the result of systems C and D, especially for

he warmer climates where the heat pump has been scaled down

ore.
The TRNSYS heat pump model used was not designed for vari-

ble speed. The exhaust air heat pump of system B would, in reality,

[
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be able to vary the compressor speed to cope with higher loads, and
would therefore need to use less auxiliary heating than the model
did. The micro heat pump of system A also has the potential to
perform slightly better with a speed controlled compressor. The
influence of control strategy could be a subject for future studies.

5. Conclusions

In dynamic simulation of building energy performance, the
results are to some extent dependent on the choice of simulation
tool. The differences between MATLAB Simulink and TRNSYS 17
were in this study found to be larger for warmer climates, possi-
bly because of differences in how solar gains are treated in the two
tools. Also, the TRNSYS systems supplied slightly more than the
ideal heating demand. Still, the magnitudes of the deviations were
acceptable.

Both systems A and B were more favourable in colder climates;
system A due to the heat recovery and system B due to the higher
source side temperature of the heat pump. According to the results
of this study, system A is the best option in well-insulated houses
with low infiltration and high ventilation rate. For a less insulated
house with higher infiltration rate, located in the same climate, sys-
tem B would have the best energy performance. The performance
of system C shows that some energy can be saved by applying ven-
tilation radiators instead of traditional panel radiators, although in
this case the panel radiators were sized for a higher heat load and
thus also enabled a low water temperature. System C was better
than the reference system, but not as good as A or B.

In future studies of retrofitted buildings, it is suggested to
include the use of domestic hot water, as this will make up a
larger part of the total energy consumption when the space heating
demand is lowered through renovation of the building envelope. In
warm climates, cooling demand should also be considered.
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ABSTRACT 

A façade integrated micro-heat pump in combination 

with mechanical ventilation with heat recovery is 

developed in the framework of the European project 

iNSPiRe. A set of system simulations (building 

combined with HVAC) has been performed to 

investigate the energy performance of a micro-heat 

pump. The performance of the system is investigated 

for different renovation standards (EnerPHit with 

25 kWh/(m
2
∙a) and Passive House with 

15 kWh/(m
2
∙a)) and for seven different European 

climate conditions. The potential of the micro-heat 

pump and the system optimization are investigated 

within dynamic simulations. Different control 

strategies using standard hysteresis on/off or PI 

controller are investigated.  

INTRODUCTION - MOTIVATION 

The majority of existing building stock in Europe and 

worldwide is low energy performance buildings. 

Deep renovation solutions in combination with 

integrated Heating Ventilation and Air Conditioning 

(HVAC) systems are developed within the 

framework of the European project iNSPiRe. The 

present study focuses on one approach about a façade 

integrated micro-heat pump (HP) in combination 

with mechanical ventilation with heat recovery 

(MVHR). The main advantages of the proposed 

system are the compactness, providing the possibility 

of integration into the façade, and cost reduction. A 

prototype will be later monitored in a demo building 

in Ludwigsburg, Germany. It is an example of social 

housing built in the 1970s, which contains four flats 

on four stories. During the renovation process a 

timber frame façade will be fitted onto the building. 

The HP with the MVHR will be integrated into the 

prefabricated façade. 

The prefabricated unit is designed as a compact 

system for minimal space use. Renovations with 

minimum intervention are enabled (minimum 

invasive renovation). A minimal installation effort is 

desirable for economic reasons. By means of this 

system, cold ducts inside the thermal envelope can be 

completely avoided. As the whole solution will be 

façade integrated and prefabricated, construction and 

installation time can be kept very short. Building 

physical aspects have to be carefully investigated 

(avoiding/reduction of thermal bridges, avoidance of 

moisture related damage, sound protection). 

Solutions for easy maintenance need to be developed 

and tested. The performance of the mechanical 

ventilation unit with heat recovery and the micro-heat 

pump are tested in two PASSYS test cells and in an 

acoustic test rig at university of Innsbruck.  

CONCEPT 

The considered system is developed and integrated in 

a test façade. The heat pump uses the exhaust air of 

the MVHR as source and provides heat to the supply 

air of the ventilation system (Figure 1). Thus, one 

compact unit can be used for combined ventilation 

and heating or cooling. Fresh outdoor air flows into 

the MVHR, where it is heated with an energy 

recovery coefficient of up to 95 %. It is then further 

heated by the micro-heat pump up to maximum 

52 °C in order to supply space heating (reverse 

operation for cooling would be possible in future 

versions). 
 

 

 

 

Figure 1: Simplified concept of the micro-heat pump 

(µHP with MVHR) 
 

The concept addresses very good building standards 

(e.g. EnerPhit 25 kWh/(m² a) (see [Zeno et al., 

2012]) or better), corresponding to a specific heat 

load in the range of 10 W/m². Hence, the typical heat 

power of the heat pump will be in the range of 1 kW. 

The proposed system is suggested with a radiator in 

the bathroom for comfort reasons. If the capacity of 

the HP is lower than the design heating load of the 

building an additional backup heater has to be used. 



Basically, the µHP concept would work for water 

(radiator, floor heating, radiant ceiling) and air based 

systems (supply air and principally also recirculated 

air). As source ambient air and/or exhaust air or brine 

are possible. The exhaust air-to-supply air has the 

highest potential to be micro and thus compact. 

Figure 2 shows the hydraulic scheme of the unit. The 

ambient air (1) will be heated with the defroster (5) if 

the ambient temperature drops below -3 °C 

(optionally -5 °C). The filter for the ambient air (6) is 

situated in front of the heat exchanger (16). The 

ventilator for the supply air (8) is situated after the 

heat exchanger. The supply air will be heated in the 

condenser (13) of the micro-heat pump. If the 

temperature of the supply air after the condenser is 

too low to cover the heat load a supplementary heater 

(15) will heat the supply air (3) up to 52 °C. The 

extract air (2) is filtered (7) before the heat 

exchanger. After the heat exchanger the ventilator for 

the exhaust air (9) is situated. The frequency 

controlled compressor (10) of the heat pump is 

situated in the air flow of the exhaust air in front of 

the evaporator (11). The optimum position of the 

compressor is suggested to be in the supply air side. 

The expansion valve (12) reduces the pressure 

between condenser and evaporator. Hot gas defrost 

(14) is necessary in case of ice formation in the 

evaporator. 
 

 

Figure 2: Hydraulic scheme of the micro-heat pump 
 

LABORATORY MEASUREMENTS 

Until now two prototypes (dimensions: 2.75 m x 

2.75 m) were built for the tests in PASSYS (Passive 

Solar Systems and Component Testing) test cells.  

 

PASSYS cells 

One of the test cells is a so called PAS cell (Pseudo 

Adiabatic Shell) which allows better accuracy. The 

test cells allow controlling the temperature with high-

power heater and cooler. A ventilator and an air 

distribution system avoid temperature layers in the 

test cell. Furthermore with a so called cold box the 

external boundary conditions (temperatures down to -

15 °C) can be simulated. For a realistic measurement 

of the performance of the MVHR and the coefficient 

of performance (COP) of the heat pump a simple 

humidifier was installed in the test cells that allow 

measurements with different relative humidity in the 

test cells. 

 

Prototypes 

In the first prototype the ventilation system with heat 

recovery is integrated in the façade. Special silencers 

are developed which are also filter boxes. Therefore 

the filters for the ambient and extract air can be 

placed outside of the unit – easier accessibility from 

the windows reveal. Figure 3 shows a sketch of the 

prototype in the PASSYS cell with description of the 

components.  
 

 

Figure 3: Sketch of 1st prototype with MVHR unit 
 

 

With the second prototype (Figure 4 and Figure 5) 

the micro-heat pump in combination with the MVHR 

integrated in the façade is realized. This prototype 

was primarily designed to measure the performance 

of the MVHR and of the micro-heat pump.  

Figure 6 shows both prototypes installed in the 

PASSYS test cells at university of |Innsbruck. 
 



 

Figure 4: Sketch of 2nd prototype with HP 
 

 

 

Figure 5: Photo of 2nd prototype with HP 
 

 

 

Figure 6: Installed prototypes, left cell: 1
st
 prototype, 

right cell: 2
nd

 prototype 
 

SYSTEM SIMULATION  

Simulation models are developed to determine the 

performance of micro-heat pump, MVHR as well as 

the performance of the whole system (HP, MVHR, 

backup heater) in combination with an already 

existing building model in Matlab/Simulink 

[Mathworks 2012]. An auxiliary heater (electric 

radiator) of 1 kW is used as backup. 

 

Heat pump and MVHR model 

A simplified physical vapour cycle model for the 

heat pump in combination with a MVHR model was 

developed and presented in [Ochs et al., 2014b]. The 

vapour cycle and the air heating/cooling are modelled 

in steady state with Matlab using the CoolProp 

functions [CoolProp2014] to derive the 

thermodynamic states of the refrigerant and of the 

air. The physical model is used for the optimization 

of the heat pump components as well as for the 

sensitivity analysis of the system [Ochs et al., 

2014b]. 

For the investigation of the dynamic system 

behavior, a heat pump model based on performance 

map data in combination with a MVHR model is 

developed in Matlab/Simulink.  

The MVHR model is based on the model described 

in [Ochs et al., 2014b]. The influence of humid air is 

disregarded in this work. The model is validated 

against measurement data [Siegele, 2014]. 

The heat pump model in Simulink is based on 2D 

Look up tables with linear interpolation and 

extrapolation. Both the heating capacity (PHP) and the 

COP are calculated based on the ambient air 

temperature and the frequency of the compressor 

(round per minutes – RPM). The thermal capacities 

of the evaporator and condenser are not yet included 

in the present model. Constant volume flow of dry air 

is assumed in the present simulation study.  

The simplified physical model is used to create the 

performance map data for the specific volume flow. 

In Figure 7 the outcomes of the Simulink model are 

presented (solid lines) using as input the performance 

map data (diamonds markers) derived from the 

physical model. 
 

 
Micro heat pump 

MVHR 

Ambient air: 
silencer 

Exhaust air: 
silencer 

Supply air  
with condenser 



 

 

Figure 7: Heating capacity (top) and COP (bottom) 

of the HP as a function of ambient air (air) 

temperature with RPM as parameter. 

Validation 

Measurements are ongoing in PASSYS test cells. 

There are not enough measured data currently 

available for the validation of the physical heat pump 

simulation model. Validation is planned as the next 

step.  

Instead, the results of the physical heat pump 

simulation model are compared to measured data of 

existing certified compact units (Figure 8). The 

compact units cover both heating and domestic hot 

water demand. From the certificate of compact units, 

the COP data only for heating are used for the 

comparison: 

a) Comparison of the measured COP 

(certificate of compact units) and simulated 

COP (physical model) shows that the 

simulation results are in the same order of 

magnitude as the existing compact units. 

b) The trends coming from the simulations are 

verified by the certified measured compact 

units.  
 

The trend of COP as function of the ambient 

temperature coming from the simulation is same as 

the compact units of Genvex, but different to D&W 

and Nilan. The reason has to be clarified. 

Preliminary laboratory measurement results show 

same trends as the physical simulation model for the 

COP: a) the ambient air temperature almost does not 

influence the COP, b) by decreasing the RPM the 

COP increases. The measured COP values are in a 

lower range than the simulations results and the 

compact units measured data, therefore optimization 

can be realized. 

 

Figure 8: Performance map data of the physical heat 

pump model in comparison to performance data of 

certified compact units (with fixed speed compressor) 
 

Building model 

The building considered in this study is a semi-

detached single family house, with a tempered floor 

area of 78 m². It is defined within the project 

iNSPiRe [iNSPiRe, 2014] as a typical European 

single family house construction. The actual building 

is located in London, UK, and consists of two floors 

and an unheated attic, with an insulated ceiling 

between the top floor and the attic [Gustafsson, et al., 

2014]. The ventilation rate is taken to be 0.4 h
-1

 and 

the infiltration rate 0.1 h
-1

. Climate data for seven 

different European locations are used. The chosen 

locations are the ones used in WP2 [iNSPiRe, 2014] 

and represent continental and coastal climates as well 

as a range of average ambient temperature and 

relative humidity.  

For each climate, two renovation levels (i.e. U-values 

of roof, floor, walls and windows) are defined. 

EnerPHit standard (EN) and Passive House standard 

(PH) are used to define houses with heating demands 

of 25 kWh/(m²∙a) and 15 kWh/(m²∙a), respectively, 

assuming an air heat recovery efficiency of 85 % 

according to PHI definition [PHI] and disregarding 

cooling demand. In MATLAB Simulink the complex 

building model of the Carnot Blockset is used. The 

applied U-values for each climate and renovation 

level are listed in Table 1and Table 2. 

In this study only space heating is investigated; see 

e.g. [Ochs, et al., 2014a] for DHW options. Total 

energy consumption includes heat pump compressor 

and backup heater as well as defroster of heat 

recovery. Thus all energy consumed is electricity. 

The consumption of ventilator fans of MVHR is 

disregarded in this study. 
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Table 1: 

U-values for different location in PH standard 
 

LOCATION U-VALUES [W/(m²·K)] 

 

WALLS FLOOR ROOF 

Stockholm 0.069 0.070 0.070 

Gdansk 0.095 0.096 0.095 

Stuttgart 0.175 0.180 0.176 

London 0.211 0.218 0.212 

Lyon 0.248 0.258 0.250 

Madrid 0.437 0.470 0.443 

Rome 0.544 0.596 0.554 
 

Table 2: 

U-values for different location in EnerPHit standard 
 

LOCATION U-VALUES [W/(m²·K)] 

 

WALLS FLOOR ROOF 

Stockholm 0.146 0.150 0.147 

Gdansk 0.175 0.180 0.176 

Stuttgart 0.277 0.290 0.279 

London 0.310 0.326 0.313 

Lyon 0.374 0.397 0.378 

Madrid 0.586 0.646 0.597 

Rome 0.739 0.838 0.758 
 

Control strategies 

Two control strategies are investigated for the heat 

pump: a standard on/off controller with hysteresis 

and a PI controller. The process variable is the indoor 

air temperature for both cases. The set point is 20 °C, 

with upper and lower dead bands of 0.25 K for the 

on/off case. The backup heater is controlled also by 

on/off differential controller with hysteresis and 

similarly, the set point is 19.75 °C and the 

temperature can vary between 19.5 °C and 20 °C. 

The set point for the auxiliary heater is set to a lower 

value to avoid operation during hours when the 

primary system could manage the heating. The 

ventilation is running independently for the heating 

control signals; therefore the heat pump is bypassed 

when heating is not needed. 

SIMULATION RESULTS 

Heating demand and heating load 

Figure 9 shows the annual heating supply of the 

tested systems for all locations and renovation levels. 

The heating supply energy is the total heat delivered 

to the building including heat pump and auxiliary 

heater. Here, heating demand refers to ideal heating, 

whereas heating supply is the heat which is supplied 

to the building by the heating system (i.e. heat pump) 

using an on/off controller with hysteresis.  
 

 

Figure 9: Heating demand for different locations and 

renovation standard 
 

In Figure 10 the load duration curves for the heating 

load of the building are plotted for Passive House 

standard. These curves contain daily mean values 

that are sorted versus time. In warm climates such as 

Madrid and Rome the load is more homogeneous 

distributed over the heating period and the heating 

period is shorter. Interestingly the peak heating load 

is higher in warm climates. As for the coldest 

climates (Stockholm and Gdansk), the curves are 

steeper at higher heating loads (days 1 to 10). For 

EnerPHit standard the load duration curves are 

shown in Figure 11. The same shapes of the curves 

are observed with higher values, i.e. higher peak 

loads and higher duration of the heating period. 
 

 

Figure 10: Load duration curves of the building 

heating load in Passive House standard for different 

locations 

 

Figure 11: Load duration curves of the building 

heating load in EnerPHit standard for different 

locations  
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SPF as a function of climate and building 

standard 

Two seasonal performance factors (SPF) of the tested 

system are presented. The first SPFsys refers to the 

ratio of the heating supply and the total electrical 

consumption (Eq. (1)). The second one, SPFHP, 

accounts only for the performance of the micro-heat 

pump (Eq. (2)): 

𝑆𝑃𝐹𝑠𝑦𝑠 =
𝑄𝑠𝑦𝑠

𝑊𝑒𝑙_𝑠𝑦𝑠

 (1) 

𝑆𝑃𝐹𝐻𝑃 =
𝑄𝐻𝑃
𝑊𝑒𝑙_𝐻𝑃

 (2) 

Here SPFsys is seasonal performance factor of the 

system (-), 𝑄𝑠𝑦𝑠 heating supply of the system (kWh), 

SPFHP seasonal performance factor of the micro-heat 

pump (-), 𝑄𝐻𝑃 heating supply of heat pump (kWh) 

and  𝑊𝑒𝑙_𝐻𝑃 electrical consumption of heat pump 

(kWh). 

The heating demand is almost the same in all 

climates. The SPF can be used for the system 

comparison. In Figure 12 the SPFHP and SPFsys are 

presented. The performance of the micro-heat pump 

is hardly influenced by the different climatic 

conditions and energy standards. This happens since 

the influence of the ambient temperature on the COP 

is almost negligible (see Figure 7 bottom). The 

increase of ambient air temperature leads to higher 

exhaust air temperature (source temperature of the 

heat pump) but also to a higher power at the 

condenser resulting a higher supply air temperature 

(sink temperature of the heat pump). Thus, the 

benefit of higher source temperature is eliminated by 

the higher sink temperature of the heat pump (Eq. 

(3)). 

COP = 𝜂𝑐𝑎𝑟𝑛𝑜𝑡
𝑇𝑠𝑛𝑘

𝑇𝑠𝑛𝑘 − 𝑇𝑠𝑟𝑐
 (3) 

Here 𝜂𝑐𝑎𝑟𝑛𝑜𝑡 is the Carnot performance factor, 𝑇𝑠𝑟𝑐 

the source and 𝑇𝑠𝑛𝑘 the sink air temperature of the 

heat pump. 

The system performance depends on both building 

standards and climatic conditions. In case of Passive 

House standard, the SPFsys is higher since the share 

of backup heater of electricity consumption is less 

(max share in PH standard is 4.9 % when in EnerPHit 

is 18.3 %). By varying the climatic conditions, both 

the shares of defroster of the MVHR and backup 

heater are changing influencing the SPFsys. The 

higher SPFsys is observed for PH standard in climate 

of London (Figure 12), since there is almost no need 

for backup heater (see Figure 10) and no use of the 

defroster. 
 

 

Figure 12: SPF of the micro-heat pump (HP) and of 

the system (sys) for different energy building 

standard and locations (climates). 
 

Influence of the size of the heat pump power and 

of the control strategy on the performance 

A set of dynamic simulations is performed to 

investigate the influence of the controller. At a first 

step sensitivity analysis is performed assuming 

constant compressor frequency. The on/off controller 

with hysteresis is used. The different RPM 

correspond to different heating capacity of the micro-

heat pump (see Table 3). 
 

Table 3: 

Heating capacity of micro-heat pump at 0 °C 

ambient temperature 
 

RPM PHP / [W] COP 

2000 384 3.84 

2500 453 3.33 

3000 520 2.96 

3500 584 2.68 

4000 646 2.40 

4500 710 2.11 
 

In Figure 13 and Figure 14 the system SPFsys is 

plotted as a function of the RPM and having as 

parameter the climate for PH and EnerPHit standard, 

respectively. With the present boundary conditions 

the SPFsys is higher with RPM range is from 2000 to 

3000 for PH and 3000 to 3500 for EnePHit standard. 

A heat pump with lower heating capacity than the 

maximum building heating load increases the system 

performance despite the higher share of backup 

heater.  

The optimum RPM varying also with the climate, i.e. 

for PH standard, the highest SPF is observed for 

2000 RPM in climate of London, 2500 RPM in 

Stuttgart and 3000 RPM in Lyon. In case of EnerPHit 

standard, the optimum RPM is 2500 in London, 3000 

in Gdansk and 3500 in Rome. 
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Figure 13: SPFsys versus the frequency of the HP 

compressor (RPM) for different locations in PH 

standard 
 

 

 

Figure 14: SPFsys versus the frequency of the HP 

compressor (RPM) for different locations in 

EnerPHit standard 
 

A simulation parametric study is performed also 

using a PI controller parameterized for the frequency 

controlled compressor with a RMP range of 2000 to 

4500. In Figure 15 the total electrical consumption is 

presented using a PI controller or an on/off controller 

with constant RPM. The results show an 

improvement of system performance by using a PI 

controller. The benefit of a PI controller compared to 

the on/off controller with maximum frequency 

(4500 RPM) is about 15 %. Thus, the use of PI 

controller reduces the possibilities of improperly 

dimensioned heat pump with regard to the building 

load. The same results apply also for the other 

climates. 

In case of a heat pump without frequency controlled 

compressor, it applies that the steeper is the building 

load duration curve at the peak load the less is the 

needed share of backup. Therefore, a heat pump 

without frequency controlled compressor designed 

for a lower heating capacity than the building load 

can lead to a better system’s energy performance in 

combination with a backup heater. 
 

  

Figure 15: Total electrical consumption using PI or 

on/off controller in climate of Stuttgart. 
 

Figure 16, Figure 17 and Figure 18 show for three 

locations, i.e. Stockholm, Lyon and Rome, 

respectively, the load duration curve of the building 

heating load and the load covered by the micro-heat 

pump. Results are presented for two control 

strategies: PI controller (continuous line) and on/off 

controller with constant compressor speed (dot line). 

For each location the optimum RPM is chosen (see 

Figure 13). Using a PI controller the backup heater is 

still needed for the peak loads. The maximum share 

of the backup heater is observed for climate of Rome, 

due to the highest heating load. In case of on/off 

controller the share of the backup heater increases 

significantly for all climates.  
 

 

Figure 16: Load duration curves of the building and 

load covered by the micro-heat pump using PI 

controller and on/off controller (constant 

2500 RPM). The building is in PH standard for the 

climate of Stockholm. 
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Figure 17: Load duration curves of the building and 

load covered by the micro-heat pump using PI 

controller and on/off controller (constant 

3000 RPM). The building is in PH standard for the 

climate of Lyon. 
 

 

 

Figure 18: Load duration curves of the building and 

load covered by the micro-heat pump using PI 

controller and on/off controller (constant 

2500 RPM). The building is in PH standard for the 

climate of Rome. 
 

CONCLUSIONS 

The concept of a micro-heat pump in combination 

with mechanical ventilation with heat recovery is 

presented in this paper. Two prototypes were 

constructed and are currently measured in the 

laboratory of University of Innsbruck. In parallel, a 

physical vapour cycle and a performance map 

simulation heat pump model were developed. Both 

models will be optimized and validated using 

measurement results of the two prototypes. 

A set of simulations is performed to investigate and 

optimize the energy performance of the system for 

different building standards in different climates. The 

feasibility of the concept is proven. Different control 

strategies are investigated. By comparing the 

performance of the system with an on/off controller 

with hysteresis and a speed controlled compressor, 

the importance of a well dimensioned heat pump has 

been shown. Additionally, the use of PI controller 

shows two main advantages: First, the system 

performance is improved (by a factor 1.15) and 

second, the risk of an improperly dimensioned heat 

pump is significantly reduced.  

The µHP with MVHR represents a cost-effective 

compact heating system for buildings with very good 

energy performance such as Passive Houses or 

buildings renovated to EnerPHit standard. The 

integration of the system in a prefabricated façade 

enables minimized space use and reducing 

installation time and effort. 
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Innovative ventilation & heating system for Passive 
Houses – a European case study 

Georgios Dermentzis1), Fabian Ochs1), Dietmar Siegele1), Wolfgang Feist1),2) 
1) University of Innsbruck, Institute for energy efficient buildings 
2) Passive House Institute  
Technikerstrasse 13, AT-6020 Innsbruck, Tel.: +43 (0) 512 / 50763610,  
georgios.dermentzis@uibk.ac.at 

1 Motivation 

The majority of existing building stock in Europe and worldwide is high energy consuming 
buildings. A renovation to EnerPHit or Passive House standard reduces significantly the 
heating load of the building. Hence, very small heating systems in the range of 1 kW can be 
used. Deep renovation solutions in combination with integrated HVAC (Heating, Ventilation, 
and Air Conditioning) systems are developed within the framework of the European project 
iNSPiRe. One approach is a small scaled exhaust-air heat pump in combination with 
mechanical ventilation with heat recovery (MVHR). The small size of the heat pump (space 
and power) gives the potential for cost reduction as well as minimization of space use 
(compactness). 

2 Concept 

Different heat pump concepts can be applied in Passive Houses. In Figure 1 two simple and 
cost-effective concepts are presented:  

• a micro-heat pump combined with MVHR unit [Ochs et al., 2015] and  

• an air-to-water heat pump directly connected to the panel radiators.  

The concept of the micro-heat pump is developed within the European project iNSPiRe. The 
heat pump uses the exhaust air of the MVHR as source and provides heat to the supply air 
of the ventilation system (Figure 1a). Thus, one compact unit can be used for combined 
ventilation and heating or (optional) cooling (reverse operation of the HP). As the micro-heat 
pump is limited to the hygienic air rate (source and sink side), an air-to-water heat pump is 
potentially more efficient. However, compared to an air-to-water heat pump, the micro-heat 
pump can be more compact and therefore better integrated into a façade. Fresh outdoor air 
flows into the preheater (used for frost protection of the heat exchanger) and then into the 
heat exchanger of the MVHR unit, where it is heated with an energy recovery coefficient up 
to 95 %. It is then further heated by the heat pump up to maximum 52 °C in order to supply 
space heating. Principally, the micro-heat pump concept would work also for water based 
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systems (radiator, floor heating, radiant ceiling). However, the exhaust air (source) to supply 
air (sink) heat pump has the highest potential to be micro. 

  

(a) (b) 

Figure 1: (a) Concept of the micro-heat pump (µHP 
with MVHR). 

(b): Standard air-to-water heat pump 

3 Simulation models  

Building and system simulations are performed to show the feasibility of the concept. 

Building model: The building considered in this study is a semi-detached single family house 
(SFH), with a treated floor area of 78 m². The actual building is located in London, UK, and 
consists of two floors and an unheated attic, with an insulated ceiling between the top floor 
and the attic [Gustafsson, et al., 2014]. Climate data for seven different European locations 
are used. The chosen locations are the ones used in WP2 [iNSPiRe 2014] and represent 
continental and coastal climates as well as a range of average ambient temperature and 
relative humidity. For each climate, two renovation levels (i.e. U-values of roof, floor, walls 
and windows) are defined. EnerPHit standard (EN) and Passive House standard (PH) are 
used to define houses with heating demands of 25 kWh/(m²·a) and 15 kWh/(m²·a), 
respectively, assuming an air heat recovery efficiency of 85 % and disregarding cooling 
demand. The ventilation rate is taken to be 0.4 h-1 and the infiltration rate 0.1 h-1. 

Heat pump and MVHR model: A simplified physical vapour cycle model for the heat pump 
in combination with a MVHR model was developed and presented in [Ochs et al., 2014]. The 
vapour cycle and the air heating/cooling are modelled in steady state to derive the 
thermodynamic states of the refrigerant and of the air. For the investigation of the dynamic 
system behavior, a heat pump model based on performance map data in combination with a 
MVHR model is developed in Matlab/Simulink [Dermentzis et al., 2014]. The heat pump 
model is based on 2D Look-up tables. Both the heating capacity and the coefficient of 
performance (COP) are calculated based on the ambient air temperature and the frequency 
of the compressor (revolutions per minutes – RPM). The thermal capacities of the evaporator 
and condenser are not yet included in the present model. Constant volume flow (75 m3/h) of 
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dry air is assumed in the present simulation study. The MVHR model is based on the model 
described in [Ochs et al., 2014] and the influence of humid air is disregarded in this work. The 
model is validated against measurement data [Siegele, 2015]. A PI controller is used to 
control the heat pump. The process variable is the indoor air temperature and the set point is 
20 °C. In the present study an auxiliary heater (electric radiator) of 1 kW is used as backup 
and it is controlled by an on/off differential controller with hysteresis. The set point is 19.75 °C 
with upper and lower dead band of 0.25 K.  

Validation: The physical model is validated with measurement results presented in Figure 2. 
The measured and simulated coefficient of performance of the system (COPsys, micro-heat 
pump & MVHR) is displayed as a function of the ambient temperature with the speed of the 
compressor as parameter. The simulation model slightly overestimates the COPsys for lower 
ambient temperatures and underestimates in case of higher ambient temperatures. Overall, 
relative good agreement can be achieved. 

Figure 2:  
Simulated and 
measured system 
COP as a function of 
the ambient 
temperature with 
parameter the 
compressor’s speed 
[Siegele, 2015] 

Additionally, the results of the physical heat pump simulation model for an optimized version 
of the heat pump are compared to measured data of existing certified compact units 
(Figure 3). The compact units cover both heating and domestic hot water demand. From the 
certificate of compact units, the COP data only for heating are used for the comparison: 

• Comparison of the measured COP (certificate of compact units) and simulated COP 
(physical model) shows that the simulation results are in the same order of magnitude 
as the existing compact units. 

• The trends coming from the simulations are verified by the certified measured compact 
units.  

The trend of COP as function of the ambient temperature coming from the simulation is same 
as the compact units of Genvex. The reason of the steep slope of the COP of the compact 
units from D&W and Nilan has still to be clarified. 
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Figure 3: Performance map data of the physical heat pump model in comparison to performance data 
of certified compact units (with fixed speed compressor) 

4 Parametric study - simulation results 

A parametric study has been performed to prove and investigate the energy performance of 
the micro-heat pump concept. Both the climatic conditions and the building standards are 
varied. The goal of iNSPiRe project is to renovate a building in such a way to achieve 
50 kWh/(m2a) primary energy demand including heating, cooling, domestic hot water (DHW), 
auxiliary energies and lighting. In the present study cooling is disregarded. 

All energy consumed is electricity including heat pump’s compressor, auxiliary heater, 
preheater and fans of MVHR. The total electrical consumption as well as the different shares 
are presented in Figure 4. The system performance depends on both building standards and 
climatic conditions. In case of Passive House standard, the electrical consumption is lower 
since the share of auxiliary heater is less. By varying the climatic conditions, both the shares 
of preheater of the MVHR and auxiliary heater are changing influencing the system 
performance. The lowest consumption is observed for PH standard in climate of London, 
since there is no need for preheater and low need for auxiliary heater.  

Figure 4: Total system electric consumption for Passive House building standard in different locations 
(climates). 
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In Figure 5 the load duration curves for both building standards are shown. Interestingly the 
highest heating loads are observed in warm climates (Madrid, Rome) and the lowest in cold 
climates (Stockholm, Gdansk). This explains why the share of auxiliary heater’s consumption 
is higher in warm climates. The most homogenous load distribution is observed in climate of 
London for both standards. 

 
a) EnerPHit b) PH 

Figure 5: Load duration curves for EnerPHit (a) and Passive House (b) building standard in different 
locations (climates). 

Using the micro-heat pump concept for heating and ventilation, two different systems are 
investigated for hot water preparation in the present study: an air-to-water heat pump (AWHP) 
and a gas boiler. The domestic hot water (DHW) demand is assumed to be of 20 kWh/(m2a). 
Primary energy of 5 kWh/(m2a) is used for lighting. For the AWHP a seasonal performance 
factor depending on the climate is used to calculate the final electrical consumption for DHW 
[iNSPiRe, 2015]. Primary energy factors of 2.4 and 1.2 are used for electricity and gas, 
respectively, for all climates. 

The total primary energy demands for the two building standards, the seven climates and the 
two different DHW systems are presented in Table 1. The goal of iNSPiRe (50 kWh/(m2a)) 
can be reached in PH standard for all climates and both solutions for DHW. In case of 
EnerPhit standard an additional photovoltaic (PV) system has to be installed to cover the 
additional primary energy. 

  Primary energy (Heating, Ventilation, DHW, lighting) / [kWh/(m2 a)] 
 Climate: Stockholm Gdansk Stuttgart London Lyon Madrid Rome 

EnerPHit 
AWHP-DHW 62.9 58.8 58.6 55.6 59.9 56.6 58.1 

Gas-DHW 63.5 60.5 61.2 58.2 62.5 61.6 62.3 

PH 
AWHP-DHW 48.3 45.6 45.4 43.6 45.1 42.3 43.0 

Gas-DHW 48.9 47.2 48.0 46.3 47.7 47.2 47.2 

Table 1: Primary energy including heating, ventilation, DHW and lighting for two building standards 
and two concepts for DHW preparation (air-to-water heat pump and gas boiler)  

  

0 20 40 60 80 100 120 140 160 180 200
0

0.5

1

1.5

Q
do

t /
 [k

W
]

Time / [days]

 

 
Stockholm
Gdansk
Stuttgart
London
Lyon
Madrid
Rome

0 20 40 60 80 100 120 140 160 180 200
0

0.5

1

1.5

Q
do

t /
 [k

W
]

Time / [days]

 

 

0.5

0.6

0.7

0.8

0.9

1

1.1

 
 



SESSION IV EuroPHit: Components for Refurbishing 
 

 
5 Conclusions 

The concept of a micro-heat pump in combination with mechanical ventilation with heat 
recovery is presented in this paper. It represents a cost-effective and compact system for 
heating, ventilation and optional cooling. Energy performance simulations are performed to 
investigate the feasibility of a concept in a single family house (SFH). The simulations results 
show that the micro-heat pump with MVHR is a concept which can be applied to buildings 
with very good energy performance such as EnerPHit and Passive Houses in various 
climates. The primary energy target of iNSPiRe (50 kWh/(m2a) for heating, domestic hot 
water and lighting) is achieved in Passive House standard for all climatic conditions and is 
feasible in EnerPHit standard with an additional PV system. The concept of the micro-heat 
pump can be also applied to a multi-family house (MFH) as a decentralized solution. Energy 
performance simulations of the micro-heat pump in a MFH are part of an ongoing work. 
Furthermore, the simulation results can serve as a basis for the extension of the heat pump 
or compact sheet in PHPP. 
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A micro-heat pump combined with mechanical ventilation 

including heat recovery - simulation and in situ monitoring 
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Abstract 

An innovative heating and ventilation system is developed within the European fp7 project iNSPiRe for the deep 
energy retrofit of residential buildings. A low capacity heat pump of about 700W is combined with mechanical 
ventilation including heat recovery. The evaporator of the heat pump is located in the exhaust air flow of the 
mechanical ventilation system and the condenser heats further the supply air. The whole system is meant to be 
cost-effective, compact and thus, suitable to be integrated into a prefabricated timber façade. Several functional 
models were already measured in the laboratory of university of Innsbruck (AT) and finally one is installed in a 
demonstration building in Ludwigsburg (D). The building is a multi-family house with four stories and one flat 
per story. Within the refurbishment the heat pump with the mechanical ventilation is installed in one flat and 
designed to cover the heating demand of it; an additional electric radiator is installed in bathroom for comfort 
reasons. A detailed monitoring system is installed in the demo building to investigate the performance and the 
dynamic behavior of the HVAC system as well as the comfort in the flat. A simulation model of the system and 
flat is developed in Matlab/Simulink for dynamic simulations. The model is calibrated and validated against the 
monitoring data and is used for simulation based analysis of the performance. 
 
© 2017 Stichting HPC 2017.  

Selection and/or peer-review under responsibility of the organizers of the 12th IEA Heat Pump Conference 2017. 

 

Keywords: micro-heat pump; façade integration; deep renovation; refurbishment of residential buildings; HVAC 

1. Introduction 

The majority of existing building stock in Europe and worldwide is poor energy performance buildings. Deep 

renovation solutions in combination with integrated heating, ventilation and air-conditioning systems (HVAC) 

are developed within the framework of the European project iNSPiRe [1]. Passive renovation measures are 

already known and used worldwide, e.g. EnerPHit standard [2]. The very low heating load of such buildings 

gives the opportunity to develop new compact and economic HVAC systems. The present study focuses on a 

system composed of a micro-heat pump (micro-HP) combined with a mechanical ventilation unit with heat 

recovery (MVHR), which is integrated into a timber frame prefabricated façade. The main advantages of the 

proposed system are the compactness (providing the possibility of integration into the façade) and cost reduction. 

A functional model including a monitoring system is installed within the refurbishment of a demonstration 

residential multi-family house in Ludwigsburg, Germany.  

Analytical monitoring and simulation results for the building and the flat are presented in [3]. The present 

study focuses on the micro-HP. The HVAC system, the monitoring concept and the demonstration building are 

presented in section 2. Simulation models of the micro-HP and the MVHR are developed and further calibrated 

 

 
* Corresponding author. Tel.:+43-512-507-63610. 

E-mail address: Georgios.Dermentzis@uibk.ac.at. 



Georgios Dermentzis et al / 12th IEA Heat Pump Conference (2017) O.1.5.1 

2 

 

and validated against monitoring data (section 3). System and building annual simulations results are performed 

to investigate the performance of the HVAC system (section 4). 

 

Nomenclature 

𝜗𝑎𝑚𝑏 Ambient air temperature 

𝜗𝑒𝑥ℎ  Exhaust air temperature 

𝜗𝑒𝑥𝑡  Extract air temperature 

𝜗𝑠𝑢𝑝1 Supply air temperature after the heat pump condenser 

  

�̇� Air mass flow  

𝑐𝑝 Heat capacity of air 

𝑛𝑀𝑉𝐻𝑅 Efficiency of the MVHR unit 

𝑃𝑓𝑎𝑛 Power consumption of the electric fans 

𝑄𝑀𝑉𝐻𝑅 Heating energy supplied by the MVHR unit 

𝑄𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟  Heating energy supplied by the micro-heat pump 

𝑄𝑝𝑜𝑠𝑡 ℎ𝑒𝑎𝑡𝑒𝑟 Heating energy supplied by the post heater 

𝑄𝑏𝑎𝑡ℎ 𝑟𝑎𝑑𝑖𝑎𝑡𝑜𝑟 Heating energy supplied by electric radiator in bath 

𝑊𝑒𝑙_𝑀𝑉𝐻𝑅  Electrical energy consumption of the MVHR unit 

𝑊𝑒𝑙_𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟  Electrical energy consumption of the micro-heat pump 

𝑊𝑒𝑙_𝑝𝑜𝑠𝑡 ℎ𝑒𝑎𝑡𝑒𝑟  Electrical energy consumption of the post heater 

𝑊𝑒𝑙_𝑏𝑎𝑡ℎ 𝑟𝑎𝑑𝑖𝑎𝑡𝑜𝑟 Electrical energy consumption of the electric radiator in bath 

2. HVAC and monitoring system on the demonstration building 

The micro-HP combined with MVHR system addresses very good building standards (e.g. EnerPHit 

25 kWh/(m² a) [2] or better), corresponding to a specific heat load in the range of 10 W/m². Hence, the heat 

power of the heat pump is about 700 W. An additional radiator in the bathroom is suggested for comfort reasons. 

Basically, the concept would work also for water (radiator, floor heating, radiant ceiling) and air based systems 

(supply air and principally also recirculated air). As source ambient air and/or exhaust air or brine are possible. 

The exhaust air-to-supply air has the highest potential to be micro and thus compact. The proposed system is 

designed for hygienic volume flow rates i.e. between 90 m³/h and 120 m³/h (based on 25-30 m3/(h∙person)). 

Figure 1 shows the hydraulic scheme of the unit. The ambient air (1) will be heated with the electric heater (5) 

(frost protection of the heat exchanger) when the ambient temperature is below -5 °C. The filter for the ambient 

air (6) is situated in front of the heat exchanger (16). The ventilator for the supply air (8) is situated after the heat 

exchanger. The supply air will be further heated due to the losses of the frequency controlled compressor (10) 

and then by the condenser (13) of the micro-heat pump. An additional heater (15) will heat the supply air (3) up 

to (in maximum) 52 °C in case the heat pump cannot cover the entire heating load. The extract air (2) is filtered 

(7) before the heat exchanger. The extract/exhaust air ventilator (9) is situated in the air flow of the exhaust air 

(4) in front of the evaporator (11). The expansion valve (12) reduces (as usual) the pressure between condenser 

and evaporator. A defrost cycle is implemented using a hot gas defrost bypass valve (14) which is used to bypass 

the condenser, so the hots gas of the compressor flows directly into the evaporator and the heat melts the ice that 

formed during operation. 

The demonstration building is a multi-family house of the company “Wohnungsbau Ludwigsburg GmbH” 

(WB-L) built in 1971 in Ludwigsburg (Germany). The building consists of four stories and four flats: one small 

in cellar (39.5 m2), two identical in ground and first floor (99 m2) and one in attic floor (61.4 m2), see Figure 2 

right.  
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Fig. 1. Hydraulic scheme [3] of micro-HP and MVHR including the temperature sensors (green dots) 

The building was renovated with prefabricated timber frame façade elements in passive house quality. The 

air-tightness was measured in 1.5/h via a blower door test, which does not meet the aimed target of 1/h but is still 

within the allowed range according to German energy standard (EnEV). All flats have a MVHR with a recovery 

efficiency in the range of 0.85. The flats in the ground floor and attic floor were occupied during the renovation, 

but the flats in the first floor and cellar were empty and were also refurbished inside. A central air-to-water heat 

pump (with a brine circuit) is used to cover space heating in all flats and for domestic hot water preparation. The 

central heating system is switched off in the flat in ground floor, where the micro-HP is installed (Figure 2 left). 

The floor plan and distribution ducts are shown in Figure 3. Since all extract air rooms are situated in the north, 

all extract air ducts are integrated into the prefabricated timber frame façade (the inlets are placed in the reveal of 

the windows). Thus only the supply air ducts are inside the flat minimizing the disturbance to the tenants during 

the renovation fostering the concept of a minimal disruptive renovation [4]. 

 



Georgios Dermentzis et al / 12th IEA Heat Pump Conference (2017) O.1.5.1 

4 

 

 

 

Fig. 2. Left: Outside view of the micro-HP and MVHR (company: Siko Energiesysteme) within the prefabricated timber frame façade 

(company: gumpp&maier). Right: simplified scheme of the demonstration building  

 

Fig. 3. Floor plan of the renovated flat in ground floor with a simplified scheme of ducting for ventilation and heat distribution [5] 

2.1. Monitoring system 

A monitoring system was installed with the micro-HP and the MVHR. The position of the temperature 

sensors are also shown in Figure 1. In total, eight temperature sensors (PT1000 with an accuracy of 

±0.15+(0.0002∙)), one humidity sensor, two pressure difference sensors for measuring the volume flows, and 

three electricity meters (compressor, MVHR and post-heater) are used to monitor the dynamic behavior of the 

system. The measurement accuracy is similar to [6]. An additional temperature sensor is installed in the corridor 

of the flat (green dot in Figure 3) and is used for the control of the system.  

The building is also separately monitored (comfort, heat and electricity consumption) before and after the 

renovation [3]. The flat in ground floor was renovated in December 2015, and the full monitoring started in 
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February 2016 until September 2016 (there might be an extension of one year more). Thus, within the project 

iNSPiRe, which ended in September 2016, data are not available for one whole winter. 

3. Calibration and validation of the HVAC system 

3.1. Simulation models 

The simulation models are developed in Matlab/Simulink [7] with the additional Carnot blockset [8]. The 

MVHR is modelled using as input the heat recovery efficiency according to [9], see eq. (1), to calculate the heat 

transfer between the two air flows. Then the temperature and humidity of exhaust and supply air flows are 

calculated based on enthalpy balance. 

For the micro-heat pump a dynamic performance map model was calibrated against measured data from 

laboratory tests. The power of the micro-HP (Pm-HP) and COP are modeled as functions of ambient temperature 

(or exhaust air temperature of MVHR) and the compressor frequency - see Figure 4. The performance map data 

are steady state test points measured at the laboratory of University of Innsbruck [10] using a constant air 

volume flow of 120 m3/h. For sake of simplicity, the slightly increased flow in the Demo case (around 10 m3/h) 

is not considered in the performance map data. The dynamic behavior of the heat pump i.e. the time duration to 

reach the steady state condition after switching on or off, is modelled using a transfer function with different 

time constants for start and stop function. The time constants for on/off cycling are similar to those of the defrost 

switches. 

  

Fig. 4. Performance map of the power (left) and of the COP (right) of the heat pump depending on ambient air temperature and compressor 

frequency [10] 

𝑛𝑀𝑉𝐻𝑅 =  
𝜗𝑒𝑥𝑡−𝜗𝑒𝑥ℎ+

𝑃𝑓𝑎𝑛

�̇�∙𝑐𝑝

𝜗𝑒𝑥𝑡−𝜗𝑎𝑚𝑏
  (1) 

A PI controller is implemented having as process variable the indoor temperature. The output is the required 

supply air temperature and then correspondingly the compressor speed and the power of the post-heater are 

calculated via a look-up table [10]. In the functional model, the controller of the defrost cycle is based on 

operation time and evaporator surface temperature (when the evaporator surface is below the set point for two 

hours, the defrost cycle starts for 15 minutes). Since the evaporator surface temperature is not calculated in the 

simulation model, the outlet exhaust air temperature of the evaporator is used. The value of 15 minutes is set as 

minimum operation time of the compressor. 
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3.2. Calibration  

Measured values of ambient and extract air temperature, relative humidity and mass flow are used as inputs 

for the simulation model with a time step of 30 seconds. Additionally, the measured signals of the controllers are 

directly given to the heat pump model i.e. the frequency of the compressor and the signal of the defrost cycle. 

The electrical consumption of the fans and the controller has been calibrated to the measurement data and 

turned out to be significantly higher compared to the specifications of the MVHR data sheet due to higher 

pressure losses mainly because of the condenser and the evaporator. 

 

 

Fig. 5. Parametric study varying the time constants of the condenser (the time constant when condenser is cooled down is set to 10 times 

lower than the one in case of heating up) 

The time constants used for heating and cooling phase of condenser during on/off operation are calibrated 

against the monitored data via a parametric study (Figure 5). The time constant, when condenser is cooled down, 

is set to 10 times lower than the one in case of when the condenser is heated up. The value of 300 sec is used 

further in simulations. 

3.3. Validation 

Two parameters are important for the validation of the simulation model: the supplied power to the flat and 

the consumed electricity of the HVAC. Since the supplied power is not measured directly, the supplied air 

temperature is used for comparison of measurement and simulation. The measured temperature after the 

condenser (sup1) is used for the validation of the model.  

The measured and simulated supply air temperature (sup1) in average values of 15 minutes is presented in 

Figure 6. A good agreement between simulation and measurement results can be observed both in low and high 

supply air temperature. The measured and simulated electrical consumption of the compressor are shown in 

Figure 7. The simulated electricity is slightly lower than the measured one in maximum operation (ca. 15 W) and 

quite similar in low operation. 
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Fig. 6: Comparison of simulated and measured air temperature after the condenser (sup1) for one day in February. Results in average 
values of 15 minutes. 

 

Fig. 7: Comparison of simulated and measured electrical consumption of the compressor for one day in February. Results in average 

values of 15 minutes 

As mentioned in the previous section, the two flats below and above the investigated flat were renovated and 

unoccupied during the monitoring period. Therefore, the transmission losses from the monitored ground floor 

flat to the other two flats were relatively high leading to relative high heating demand compared to thermal 

losses to the ambient only. As a consequence, the micro-HP was most of time in operation and often with 

maximum compressor speed and also at higher ambient temperature than would be normally expected. As a 

further consequence, also the post-heater was almost continuously in operation. Therefore, the monitoring data 

can be used to calibrate the micro-HP model but the results do not represent normal operation. 

4. Simulation study 

Annual building and system simulations are performed to investigate the performance of the micro-HP in 

annual operation under several boundary conditions by varying a) the set point temperature of the flat and its 

neighboring flats and b) the minimum operation time of the micro-HP.  
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4.1. Boundary conditions 

A six-zone two star building model of the refurbished ground floor flat is used [5] for the annual simulations. 

The six thermal zones are presented in Figure 3. Another 6-zone model of the whole renovated building is used 

to calculate the temperature of the neighboring flats as well as the unheated zones (cellar and staircase) [3]. 

These temperatures are used as boundary conditions in the simulation model of the ground floor flat. An 

occupancy (with three persons) and electric profile based on [11] is used, while the distribution to each thermal 

zone is presented in [5]. The climatic data of Stuttgart (WP2, iNSPiRe [1]) is used. The post-heater is assumed to 

be located in corridor instead of the north children room (remark: this corresponds to the real situation after 

autumn 2016). An additional electric radiator is modelled in bathroom, which is required for comfort reasons 

(this is also the situation in the real building). Its set point temperature is assumed to be same as the one of the 

flat here, but it could be set differently. 

4.2. Results and discussion 

The seasonal performance factor (SPF) is calculated for three different balance boundaries as shown in 

equations (2), (3) and (4): 

𝑆𝑃𝐹𝑚−𝐻𝑃 =  
𝑄𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟

𝑊𝑒𝑙_𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟
  (2) 

𝑆𝑃𝐹𝑠𝑦𝑠 =  
𝑄𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟+𝑄𝑝𝑜𝑠𝑡 ℎ𝑒𝑎𝑡𝑒𝑟+𝑄𝑏𝑎𝑡ℎ 𝑟𝑎𝑑𝑖𝑎𝑡𝑜𝑟

𝑊𝑒𝑙_𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟+𝑊𝑒𝑙_𝑝𝑜𝑠𝑡 ℎ𝑒𝑎𝑡𝑒𝑟+𝑊𝑒𝑙_𝑏𝑎𝑡ℎ 𝑟𝑎𝑑𝑖𝑎𝑡𝑜𝑟
 (3) 

𝑆𝑃𝐹𝑡𝑜𝑡 =  
𝑄𝑀𝑉𝐻𝑅+𝑄𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟+𝑄𝑝𝑜𝑠𝑡 ℎ𝑒𝑎𝑡𝑒𝑟+𝑄𝑏𝑎𝑡ℎ 𝑟𝑎𝑑𝑖𝑎𝑡𝑜𝑟

𝑊𝑒𝑙_𝑀𝑉𝐻𝑅+𝑊𝑒𝑙_𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟+𝑊𝑒𝑙_𝑝𝑜𝑠𝑡 ℎ𝑒𝑎𝑡𝑒𝑟+𝑊𝑒𝑙_𝑏𝑎𝑡ℎ 𝑟𝑎𝑑𝑖𝑎𝑡𝑜𝑟
 (4) 

Remark: the 𝑄𝑀𝑉𝐻𝑅 and 𝑊𝑒𝑙_𝑀𝑉𝐻𝑅 are calculated for the heating period assuming that measured temperature 

is lower than the set point plus 2 K. 

4.2.1. Parametric study: varying the set point temperature 

The set point temperature of the ground floor flat and of its neighbor flats (in cellar and first floor) is varied 

from 20 to 22°C. The corresponding set point temperatures and the results are shown in Table 1. The sum of the 

supplied energy by the micro-HP, the post-heater and the electric radiator in bathroom is considered as heating 

demand of the flat, while the MVHR is considered a “passive component” in the energy balance (such as in 

PHPP [12]). 

Table 1. Varied parameters: set point temperatures. Results: heating demand and SPF of the micro-HP (SPFm-HP) and of the system with 

(SPFtot) and without MVHR (SPFsys) for the simulated cases 

 Parameters Results 

Case 

set of ground 

floor flat / [°C] 

set of neighbour 

flats / [°C] 

HD / 

[kWh/m2a] SPFm-HP SPFsys SPFtot 

A (ref) 20 20 8.5 3.6 2.11 4.0 

B 21 21 12.1 3.5 2.14 3.8 

C 22 22 16.4 3.4 2.12 3.6 

D 21 20 20.7 3.2 2.11 3.3 

E 22 20 38.1 3.1 1.77 2.6 

 

In reference case A, the heating demand is 8.5 kWh/(m2∙a) and the SPFtot is relative high with a value of 4. In 

case C set 22°C the heating demand is 16.4 kWh/(m2∙a) quite increased compared to cases A and B but still the 

micro-HP can cover the heating demand (post-heater almost not operated see Figure 9). In extreme case E the 

heating demand is quite high (38 kWh/(m2∙a)) and the HVAC is at the limit to cover the whole demand. The 

share of direct electricity increases to 36% from 27% in case A. 
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Although, the SPF of the micro-HP is decreasing with increasing heating demand - since the micro-HP 

operates in high frequency (and thus low COP see Figure 4) - , it is always in a relative high values between 3.1 

and 3.6. The cumulative distribution function of the frequency of the compressor for all simulated cases is 

presented in Figure 8. In the first three cases the compressor operates in full speed less than 22%, resulting to 

relative high SPF. The SPF of the system has a value a bit higher than 2 (except case E), which is acceptable 

since in combination with the low heating demand the resulting electrical consumption is not high e.g. in case C 

it is 765 kWh/a. The SPFtot is increased compared to the SPFsys, due to the high efficiency of the MVHR, and 

follows the same trend as the SPFm-HP. The minimum value of 2.6 is shown in case E. 

 

Fig.8. Sorted frequency of the compressor for the simulated cases A to E 

The load duration curve of the investigated flat, which is the sum of the supplied power to the flat (by micro-

HP, post-heater and electric radiator) for case C is shown in Figure 9. The maximum supplied power to the flat 

in daily average is almost 900 W. The post-heater operates for a short period (five days), while the electric 

radiator operates often with a share of 24% to the total supplied heat. 

 

Fig. 9. Sorted daily supplied power to the flat (load duration curve) by micro-HP, post-heater and electric radiator 

In general, the micro-HP delivers comfort conditions all over the year with an SPFm-HP of 3.1 even for the 

case with the highest heating demand. However, the operation time of the post-heater is significant for the 

system performance. In case of higher heating demand, another heat pump with higher thermal capacity would 

be recommended. 
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4.3. Parametric study: varying the minimum operation time of the micro-HP 

The minimum operation time of the compressor is varied from 15 min to 90 minutes in order to show its 

influence on the performance of the micro-HP. An increased operation in low frequency would lead to improved 

performance due to higher COP in low frequency. The simulation results for the reference case A are presented 

in Table 2. Although, the SPFm-HP is slightly increased with higher operation time (the supplied energy to the flat 

is also slightly increased), the electric consumption remains almost the same. Thus, there is no significant benefit 

to increase the minimum operation time. 

Table 2. Electrical consumption and SPF of the micro-HP for different minimum operation time of the compressor 

Minimum operation 

time / [min] 

Wel_comp / 

[kWh/a] SPFm-HP 

15 273 3.43 

30 272 3.48 

60 271 3.57 

90 271 3.60 

 

5. Conclusions 

The concept of a micro-heat pump (micro-HP) combined with mechanical ventilation with heat recovery 

(MVHR) unit is presented. A functional model of the system integrated into a prefabricated timber frame façade 

was developed within the EU-project iNSPiRe [1] and was installed in one flat during the refurbishment of a 

multi-family house in Ludwigsburg (D).  

The micro-HP combined with MVHR system is proposed in combination with deep refurbishment of 

buildings to very good energy standard such as EnerPHit or Passive House. The integration of the system into a 

prefabricated façade has many advantages i.e. minimized use of space, reduction of installation time and effort. 

The low heating capacity of the heat pump, the prefabrication and the combination of m-HP with the MVHR 

have the potential to be an economically attractive solution. 

The system was monitored in detail for several weeks. The monitoring data are used to calibrate and validate 

the simulation models, which are developed in Matlab/Simulink [7] using the Carnot Blockset [8]. Since there 

are no available data for a whole heating period, annual dynamic building and system simulations were 

performed to investigate the performance of the HVAC system. Two parametric simulation studies are 

performed a) varying the set point temperatures of the investigated flat and its neighboring flats and b) varying 

the minimum operation time of the micro-HP. The results show good performance with a total SPF of 2.6 in the 

worst case and 4 in the best case. The SPF of the micro-HP varies between 3.1 and 3.6. The influence of 

minimum operation time of the compressor is negligible on the performance of the system. 
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a b s t r a c t 

The very low heating load of deep renovated buildings following standards such as EnerPHit, and the 

limited space in renovation create the need for compact heating systems. An innovative heating and ven- 

tilation system - consisting of an exhaust air to supply air heat pump combined with a heat recovery 

ventilation unit, both integrated into a prefabricated timber frame façade - was developed and installed 

in a flat during the renovation of a multi-family house in Ludwigsburg, Germany. The system and the flat 

were monitored for the complete heating season 2016/2017. This paper presents: (a) an analysis of the 

monitoring data, (b) the development and validation of the models of the system and the flat, and (c) 

the results of the dynamic simulations that were performed for further system optimisation. 

Inside the flat, good thermal comfort and indoor air quality conditions were achieved. The monitored 

SPF of the system was 2.8. Simulation results showed that with the optimised system and control, there 

can be an electricity savings of 25%. 

The developed system has the potential to be cost-effective due to prefabrication and low heating 

capacity. It represents a compact solution with moderate energy performance, appropriate for minimally 

disruptive renovations. 

© 2018 Elsevier B.V. All rights reserved. 
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. Introduction 

The building sector plays an important role in achieving the set

arget of fossil energy and CO 2 emissions reduction. In the Euro-

ean Union, the building sector share of energy consumption is

0% [1] . This is justified considering the fact that old, poor per-

orming buildings dominate the existing building stock. For this

eason, energy renovation has a high potential for energy savings.

ithin the framework of the European project iNSPiRe [2] , energy

enovation kits were developed aiming to simplify the renovation

rocedure while reducing costs, e.g. by prefabrication and façade

ntegration of the heating, ventilation and air-conditioning (HVAC)

ystem. 

Passive renovation measures in buildings, such as the Ener-

Hit standard [3] , are already well-known and established world-

ide. The very low heating load of these buildings, in the range

f 1 kW or even lower, poses an ideal scenario to apply very com-

act and cost efficient HVAC systems. The advantage of heat pumps

ompared to other technologies, such as gas boilers, is that they

an be arbitrarily scaled down (in terms of heating power and
∗ Corresponding author. 

E-mail address: georgios.dermentzis@uibk.ac.at (G. Dermentzis). 
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378-7788/© 2018 Elsevier B.V. All rights reserved. 
ize). Such compact heat pumps offer a high potential for a cost-

ffective plug-and-play-solution appropriate for deep renovations.

ustafsson et al. [4] compared the energy performance of three

eat pump systems for a renovated single-family house through

ynamic simulations. In the case of a building with low heating

emand, a heat pump combined with HRV performed more ef-

ciently than an exhaust ventilation system with either exhaust

r ambient air-to-water heat pump and ventilation radiators. Kelly

nd Cockroft [5] compared a domestic air source heat pump to a

as boiler for terraced dwellings in Scotland resulting in 12% less

arbon emissions, but 10% higher operating costs. In an experi-

ent, Esen et al. [6] measured a solar-assisted ground source heat

ump reaching a system COP of 2.88 using a horizontal ground

eat exchanger. 

Central heating systems are often not preferred in renovations

f multi-family houses (MFH) [7] due to difficulties in reaching an

greement between the flat owners, and space limitations for the

nstallation of ducts and pipes in common spaces. “Compact heat

ump units” [8] , which combine heating (optional cooling), venti-

ation, and hot water preparation, have been proposed as a decen-

ralised solution. However, the available space inside the flats of

FHs could remain an issue. This space limitation can be solved

hrough the development of new façade-integrated systems. In par-

https://doi.org/10.1016/j.enbuild.2017.12.054
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Nomenclature 

BA Bathroom 

CDF Cumulative distribution function 

CHN Children room with north orientation 

CHS Children room with south orientation 

CO Corridor 

COP Coefficient of performance 
˙ C Capacitance (mass flow times specific heat capac- 

ity), W/K 

c p Specific heat capacity of air, J/(kg ·K) 

GF Ground floor 

HD Heating demand 

HRV Heat recovery ventilation 

HVAC Heating ventilation and air-conditioning 

HX Heat exchanger 

IAQ Indoor air quality 

KI Kitchen 

LI Living room 

˙ m Mass flow, kg/s 

MFH Multi-family house 

micro-HP Micro-heat pump 

P Power, W 

PI Proportional-integral 

Q Thermal energy (heat), kWh 

˙ Q Thermal power, W 

RMSE root mean square error 

SPF Seasonal performance factor 

W el Electricity, kWh 

Subscripts 

amb Ambient air 

exh0 Exhaust air after the HRV (see Fig. 1 b) 

exh1 Exhaust air after the evaporator (see Fig. 1 b) 

ext Extract air 

evap evaporator 

sup Supply air 

sup1 Supply air after the condenser (see Fig. 1 b) 

sup2 Supply air after the post-heater (see Fig. 1 b) 

min minimum 

sys System composed of micro-HP, post-heater and 

electric radiator 

tot Total system composed of micro-HP, post-heater, 

HRV and electric radiator 

Greek symbols 

η Heat recovery efficiency 

ϑ Temperature, °C 

ticular, the combination of a heat pump with a ventilation heat re-

covery unit results in a highly efficient system. For example, Fucci

et al. [9] measured such a system finding a COP of 9.5 at 0 °C. How-

ever, the high measured volume flow rate of 535 m 

3 /h makes the

system unsuitable for a single flat. By simulating an air-to-air heat

pump with and without heat recovery, Mortada et al. [10] con-

cluded that the system performance increases significantly with

heat recovery. 

The present study focuses on an innovative HVAC system that

consists of a so called micro-heat pump (micro-HP) and a mechan-

ical ventilation unit with heat recovery (HRV). The objective of the

paper is to prove the feasibility of the system, investigate its per-

formance, and further optimise it. To the best of our knowledge,

this is the first time that such a compact HVAC system has been

integrated into a prefabricated façade. This system represents a de-

centralised solution (one unit per flat) for the renovation of MFHs
iming to minimise the space requirement inside the flat and to re-

uce investment costs through prefabrication and low heating ca-

acity. A functional model of this system was installed in one flat,

uring the renovation of a MFH. A complete monitoring system

as also installed to collect information on the performance of the

VAC system and on the comfort level inside the flat. The novelty

f this paper lies in the collection and analysis of the monitoring

ata of the considered system for a complete heating period, com-

ined with dynamic simulations for further system optimisation. 

The structure of the paper is as follows. In Section 2 , the

ore concept and the implemented methodology are described.

ection 3 is divided into two parts. In the first part, the monitor-

ng results from the first heating season (2016/2017) are discussed

n detail. In the second part, the monitoring results are used to

alidate the simulation models; these validated models are then

sed to perform dynamic simulations for further system optimi-

ation. Section 4 discusses the most important outcomes of this

ork, while Section 5 concludes the paper. 

. Concept and methodology 

.1. HVAC system 

A micro-HP combined with an HRV unit was developed

11] within the framework of the European project iNSPiRe [2] . As

een in Fig. 1 , the evaporator of the micro-HP is located in the ex-

aust air flow after the heat recovery exchanger, using the remain-

ng enthalpy of the exhaust air. On the sink side, the condenser

urther heats up the supply air. 

Even though the concept could be also compatible with radi-

tors or floor heating, air heating was preferred as a distribution

ystem since it represents a more compact and cost-effective solu-

ion (the ventilation supply ducts will be installed anyhow to im-

rove IAQ). In an investigation of heating distribution systems for

assive houses [12] , it was found that air heating has the poten-

ial of 50% less investment costs compared to radiators and 60%

ompared to floor heating. Compared to radiators, which are con-

rolled in each room with a thermostatic valve, air heating might

ead to minor temperature difference among the different rooms.

owever, this should not be a concern in realistic scenarios. In-situ

easured data have shown that already simple supply air cooling

an be beneficial compared to split units in humid climates [13] . 

The functional model was designed for hygienic volume flow

ates, i.e. between 90 m ³/h and 120 m ³/h (based on 30 m 

3 /h per

erson according to DIN 1946–6 [14] ). An additional electric post-

eater was placed in the central supply air duct to cover the peak

uilding load. An electric radiator convector is recommended in

he bathroom for comfort reasons. A commercially available ven-

ilation unit (Pichler LG180) with a heat recovery efficiency of 85%

according to [15] ) was selected, including a polymer membrane

eat exchanger (HX) and a pre-heater for frost protection of the

X (position 5 in Fig. 1 ). A hermetic rotary compressor with a dis-

lacement of 5.72 cm 

3 was placed in the supply air side, which al-

ows recovering the thermal losses. In addition, the frequency con-

rol compressor aims to maximise the use of the remaining en-

halpy of the exhaust air and improve the energy performance of

he heat pump [16] (mainly due to high COP in low frequencies).

efrigerant R134a was used as it is common for such a low capac-

ty compressors and the availability of compressors for alternative

efrigerants is poor. The nominal power of the evaporator and con-

enser was 530 W and 740 W, respectively. A hot gas bypass was

lso installed (see Fig. 1 ) for defrosting the evaporator. The control

f the defrost cycle was based on operation time and evaporator

urface temperature; when the exhaust air temperature is below

he set point for two hours, the defrost cycle operates for a period

f 15 min. 
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Fig. 1. (a): Outside view of the micro-HP and HRV (company: Siko Energiesysteme) integrated into the prefabricated timber frame façade (company: Gumpp&Maier) in the 

demo building of “Wohnungsbau Ludwigsburg GmbH” (WB-L) [18] . (b): Hydraulic scheme [19–21] of the micro-HP and HRV, including temperature sensors of monitoring 

system (green dots). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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During the design phase, the façade integration strategy af-

ected the required compactness of the system. The main challenge

as to fit all components into a casing with a depth of only 0.26 m.

t was found favourable to place the HVAC system between two of

he windows inside the timber façade ( Fig. 3 b) instead of placing

t below a window. Hence, a vertical casing was developed, limit-

ng the width to 0.65 m, which is the typical modular dimension

or structural elements, and the height to2.3 m (height of the flat).

he final dimensions of the casing were 205 cm × 65 cm × 26 cm.

uring the design phase, the aspects of building physics such as

educing thermal bridges, avoiding mould growth, and minimising

coustic impact were solved. Furthermore, access and maintenance

ssues as well as the release of condensate were also considered in

etail [17] . In a future development, an even more compact design

ould be achieved e.g. by using a fine wire cooper heat exchanger. 

The proposed system is designed for minimally disruptive ren-

vation of a flat, and thus, has an advantage compared to conven-

ional systems when there are space limitations, mainly for two

easons: (a) a hydronic or air emission and distribution system is

ot required, and (b) its compact design and the façade integration

liminate the space requirement inside the flat. 

.2. Demonstration building – flat with the micro-heat pump 

The MFH, selected as demonstration building ( Fig. 2 ), was built

n 1971 in Ludwigsburg (Germany). It consists of four stories and

our flats ( Fig. 3 a): a small flat on the cellar (39.5 m 

2 ), two iden-

ical flats, one on the ground floor and one on the first floor

99 m 

2 ), and one on the attic (61.4 m 

2 ). The building was reno-

ated with prefabricated timber frame façade elements up to the

assive House standard. The 1.5 1/h measured air-tightness did not
eet the aimed target of 1 1/h, but was still within the allowed

ange according to the German energy standard (EnEV). A central

ir-to-water heat pump (with a brine circuit) was installed to cover

pace heating and domestic hot water. 

The micro-HP was installed in the north façade of the flat on

round floor (GF) ( Fig. 3 b) and the central heating system was

eactivated for this flat. Moreover, the ambient, exhaust, and ex-

ract air ducts were integrated into the prefabricated timber frame

açade (the air inlets for the air extraction were placed in the re-

eal of the windows). Thus, only the supply air ducts were placed

nside the flat, minimising the disturbance to the tenants and fos-

ering the concept of a minimal disruptive renovation [17] . The

oor plan with the ventilation ducts and the HVAC system are pre-

ented in Fig. 3 b. 

.3. Monitoring concept 

Fourteen comfort sensors (measuring temperature, humidity 

nd CO 2 ) were installed in the building: five in the cellar (three

n the flat and two in the common areas), five in the GF (blue

ots in Fig. 3 b) and four in the attic flat. Three of the four sensors

rom the attic were moved to the first floor during the renovation,

ecause a separate monitoring system was installed in the attic.

he comfort sensors were calibrated onsite, with respect to tem-

erature and humidity, for a period of one month using calibrated

omfort loggers. The electricity consumption of each flat (excluding

VAC systems) and the heat delivered for space heating and do-

estic hot water to each flat were measured separately. A weather

tation was placed in the outside yard to measure ambient temper-

ture, relative humidity, and global and diffuse radiation. The mon-
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Fig. 2. Outside view of the demonstration building in Ludwigsburg (Germany) before (a) and after (b) renovation; the building owner is “Wohnungsbau Ludwigsburg GmbH”

(WB-L) [21] . 

Fig. 3. Simplified scheme of the demonstration building (a) and floor plan of the flat on the ground floor with a simplified scheme of ducting for ventilation and heat 

distribution (b) [23] . 
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itoring system was designed by the companies CARTIF and EURAC

(more details can be found in [22] ). 

A separate monitoring system was installed for the micro-HP

and the HRV unit. Eight temperature sensors, one humidity sen-

sor, two pressure difference sensors with orifice plates for measur-

ing the volume flows, and three electricity meters were used to

monitor the dynamic behaviour of the system. The position of the

temperature sensors is shown in Fig. 1 b. An additional temperature

sensor, which was used in the control system of the micro-HP, was

installed in the corridor of the flat (green dot in Fig. 3 b). 

The temperature sensors used were Pt10 0 0 1/3 DIN B with an

uncertainty of ± 0.15 °C in the relevant measured values. The ac-

curacy of the measurement acquisition equipment was not de-

termined. However, this is not critical for the determination of

the heating power, since the temperature difference was used.

The temperature difference measurement had an uncertainty

of ± 0.30 K. For the measurement of the humidity of the extract air,

standard sensors for an HVAC system were used. The measurement

error within the calculation of the mass flow was neglected. The
xtract and supply air volume flows, which were measured by ori-

ce plates and differential pressure sensors, were adapted to the

n-situ measured values. The in-situ volume flows were measured

ith a flow finder (Wöhler CFM 600 uncertainty ± 3%), which was

alibrated by the producer beforehand. The in-situ calibration led

o an estimated overall uncertainty for the volume flow measure-

ent of ± 6%. Furthermore, the electric consumption was measured

ith an accuracy of ± 1%, leading to a maximum overall uncer-

ainty for the power consumption of the compressor of ± 3 W. The

verall uncertainty of the power measurement on the air side for

he characteristic used volume flow of 130 m ³/h can be determined

t ± 49 W or ± 7%. 

The building was being monitored even before the refurbish-

ent for the winter 2014/2015 [20] . The flat on the GF was reno-

ated in December 2015, and the full monitoring started in Febru-

ry 2016. This study includes the monitoring data analysis from the

rst complete heating season 2016/2017. 

Due to technical problems in the monitoring system of the

icro-HP, there were two periods (07/12 - 27/12, 26/01 - 31/01)
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Fig. 4. Performance map of the thermal power of micro-HP (a) and the COP (b) depending on compressor frequency and ambient air temperature [19,28] . 
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Fig. 5. Air temperature after the condenser ( ϑsup 1 ) during and after the defrost cycle 

operation versus time. 
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ith only the electricity data available. For these periods, the heat

upplied by the heat pump and the HRV was simulated and cali-

rated to the measured electricity consumption (see Section 3.2 ).

n addition, the operation time of the electrical radiator in the

athroom was negligible during the monitoring period. 

.4. Simulation models 

For the dynamic building and system simulations, Mat-

ab/Simulink [24] with the additional CARNOT toolbox [25] was

sed. Below, the developed simulation model is described for each

f the components. 

HRV: The heat recovery efficiency ηHRV from the certificate

15] - see Eq. (1) , was used to calculate the temperature effec-

iveness ηϑ exh 
(see Eq. (2) ) assuming dry air and balanced volume

ow. The heat flux transferred in the HX 

˙ Q HX was calculated us-

ng Eq. (3) . The total thermal power of the HRV 

˙ Q HRV also includes

he power of one fan (see Eq. (4) ), since one of the two fans was

ocated in the supply air after the HX ( Fig. 1 ). The enthalpy of ex-

aust air after the second fan h exh 0 was calculated with the en-

halpy balance ( Eq. (5) ). As a next step, the temperature and the

ondensate mass flow were estimated depending on the enthalpy

nd absolute humidity. 

HRV = 

ϑ ext − ϑ exh + 

P fan 

˙ m ·c p 
ϑ ext − ϑ amb 

(1) 

ϑ exh 
= 

ϑ ext − ϑ exh 

ϑ ext − ϑ amb 

(2) 

˙ 
 HX = ηϑ exh 

· ˙ C min · ( ϑ ext − ϑ amb ) (3) 

˙ 
 HRV = 

˙ Q HX + 

P fan / 2 

˙ C sup 

(4) 

 exh 0 = h ext −
˙ Q HX 

˙ m ext 
+ 

P fan / 2 

˙ m ext 
(5) 

Micro-HP: Blervaque et al. [26] compared four simulation mod-

ls of air-to-air heat pumps with variable-speed compressor to ex-

erimental data, proposing the dynamic empirical or the simpli-

ed physical model for simulations. In this study, a performance

ap model (see Fig. 4 ) was used including the dynamic behaviour

f the condenser (see Fig. 5 ). This behaviour, i.e. the time dura-

ion to reach the steady state condition after switching on or off,

as modelled using a transfer function with different time con-

tants for the start and stop functions. The time constants for

n/off cycling are similar to those of the defrosting period. Salz- 

ann [27] proposed an improved controller for the micro-HP that

ould increase the run-time for lower frequencies and reduce the
uration of the defrost cycle to 10 min instead of 15 min on av-

rage. The heating capacity of the micro-HP (Q micro-HP ) and the

oefficient of performance (COP) were modelled as a function of

he exhaust air temperature of the HRV, the absolute humidity

nd the frequency of the compressor. The performance map data

ere based on the steady state test points from laboratory mea-

urements using dry extract air (see [19,28] and Fig. 4 ). 

emark. The micro-heat pump installed in the demo building fea-

ured minor modifications compared to the one measured in the

aboratory, such as a slightly larger evaporator. 

A proportional-integral (PI) controller was implemented having

s process variable the corridor temperature. The output of the

I controller is the required supply air temperature; based on the

utput, the compressor speed and the power of the post-heater are

alculated accordingly via a look-up table. As for the controller of

he defrost cycle, the outlet exhaust air temperature of the evapo-

ator was used in the simulation model. The minimum heat pump

peration time was set to 15 min. 

Building: Several building simulation models with variable de-

rees of detail were developed for the demonstration building [20] .

 calibration and validation for the flat on the GF before the reno-

ation had already been performed [23] . In the present study, the

ix-zone model of the renovated flat in the GF ( Fig. 3 ) was used

23] . It is a two star model with one node for radiative tempera-

ure and one for convective temperature as proposed by Feist [29] .
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Fig. 6. Cumulative distribution function (CDF) of indoor temperatures of the mon- 

itored rooms before (a) and after (b) renovation. Hourly average values from 

15/11/2016 to 31/03/2017. 
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3. Evaluation results 

3.1. Monitoring data analysis 

3.1.1. Thermal comfort and IAQ 

The indoor temperatures and the CO 2 concentration of the

monitored rooms in the GF flat were compared before and after

renovation for the same period of the year (middle of November

until end of March). 

Fig. 6 shows the cumulative distribution function (CDF) of the

indoor monitored temperatures before and after renovation. The

indoor temperatures were increased on average by almost 1 K af-

ter the renovation. In addition, the temperature difference between

the rooms after the renovation is higher. This is due to the fact that

the temperature of each room was controlled individually (using

thermostatic valves with radiators) before the renovation, while

the heating system was controlled by a single temperature sensor

(located in the corridor) after the renovation. 

Fig. 7 (a, b) highlights the significant improvement of the IAQ

after the renovation. The highest CO 2 concentration is observed in

room CHS; in particular, the concentration exceeds 10 0 0 ppm 77%

of the time before renovation compared to only 44% after reno-

vation. A concentration higher than 10 0 0 ppm indicates low IAQ

(according to [30] ). Fig. 7 (c, d) shows the CO 2 concentration after

renovation both when the mechanical ventilation was in operation

( Fig. 7 c) and when not ( Fig. 7 d - instead of HRV, window ven-

tilation took place). The mechanical ventilation was switched off

by the occupants for 37% of the heating period, leading to signifi-

cantly low IAQ. During the time when the mechanical ventilation

was in operation, the CO 2 concentration in all rooms was lower

than 10 0 0 ppm only 5% of the time - expect in the LI room, which

was 30%. 

3.1.2. System performance 

The sum of the heat supplied to the flat in the GF by the micro-

HP, the post-heater and the electric radiator in bathroom was con-

sidered as heating demand (HD), while the HRV was considered

a “passive component” in the energy balance, such as in PHPP

[31] . The use of HRV reduced the HD to less than half i.e. from

26.8 kWh/(m 

2 ·yr) to 11.7 kWh/(m 

2 ·yr). However, it was higher than

expected. For example, the HD of the identical flat in first floor

was almost five times less with a value of 2.1 kWh/(m 

2 ·yr). The
ain reason for this difference was the high transmission losses to

he adjacent flats and the common spaces, due to the high indoor

emperature of the flat on the GF. Fig. 8 demonstrates the average

onitored temperatures of the neighbouring flats (top and bottom)

nd the unheated spaces in the cellar. The temperature of the GF

as 2.3 K higher than the one of the flat in cellar, 3.2 K higher than

he unheated cellar, and 0.6 K higher than the one of the flat on

rst floor. The aforementioned differences resulted in high trans-

ission losses from the flat on the GF to the adjacent spaces. It

s also noted that the flat in cellar was not occupied for a month

etween February and March. 

Due to the high transmission losses to the adjacent flats and

hus, the high HD, the contribution of the post-heater was higher

han expected with a share of 30%. Fig. 9 demonstrates the per-

entage of electricity consumed by each component and under-

ines the need for optimisation in some components such as the

re-heater, the fans, and the size of the heat pump. The pre-heater

ad high power and the control strategy was not optimal. There-

ore, when it was in operation, the whole HRV unit was overheated

eading to poor performance of the heat recovery. The consumed

lectricity of the fans was 0.75 Wh/m 

3 instead of 0.40 Wh/m 

3 (ac-

ording to the certificate [15] for standard operation of the HRV

nit). One reason for the high specific fan consumption was the

resence of the evaporator and the condenser in the air flows (pre-

enting further pressure resistances). The specific fan power was

lso measured in the laboratory with and without the presence

f the micro-HP resulting in 0.45 Wh/m 

3 and 0.40 Wh/m 

3 (same

s the value in the certificate), respectively [19] . This increase of

.05 Wh/m 

3 in the fan electricity (‘HP fans’ in Fig. 9 ) was included

n the calculation of SPF of the heat pump. The remaining differ-

nce can be explained by the increased pressure losses due to the

mall diameter of the ducts used because of the limited available

pace in the renovated flat. Finally, the volume flow of the supply

ir decreased by 4% per month due to dust accumulation in the

lters. 

For the performance evaluation of the micro-HP, the heat pump

ystem, the HRV and the total HVAC, four SPFs were defined ac-

ording to the following equations and illustrated in Fig. 10 . 

P F micro−HP = 

Q condenser 

W el,compressor 

(6)

P F sys = 

Q condenser + Q postheater + Q Radiator 

W el,compressor + W el,postheater + W el,Radiator 

(7)

P F HRV = 

Q HRV + Q pre −heater 

W fan + W pre −heater 

(8)

P F tot = 

Q HRV + Q condenser + Q postheater + Q Radiator 

W el,HRV + W el,compressor + W el,postheater + W el,Radiator 

(9)

SPF sys is 1.7 and is reduced with respect to SPF micro-HP (2.5) due

o post-heating. As SPF HRV reaches the value of 5.2, a SPF tot of 2.8

an be achieved. The monthly SPF micro-HP reached the highest value

f 3.2 in March and the lowest value of 2.2 in January. 

.2. Simulation assisted monitoring analysis 

.2.1. Calibration and validation of the models 

.2.1.1. HVAC system. 

Boundary conditions and calibrated parameters. For the valida-

ion of the micro-HP and the HRV unit, monitoring data with a

ime step of 30 s were used as inputs to simulation. The inputs

ere the ambient and extract air temperature, the relative humid-

ty and the air mass flows of ambient and extract air. As a first

tep, the measured signals of the controller were directly provided

o the heat pump model, i.e. the frequency of the compressor and
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Fig. 7. Cumulative distribution function of CO 2 concentration of the monitored rooms before (a) and after (b) renovation, and only after renovation when the mechanical 

ventilation was in operation ‘Vent on’ (c) and when not ‘Vent off’ (d). Hourly average values from 15/11/2016 to 31/3/2017. 

Fig. 8. Average indoor temperature of the flats in cellar, ground floor and first floor, 

as well as of the unheated spaces in cellar in daily resolution. 

Fig. 9. Percentage of the consumed electricity by each component for the heating 

period 2016/17. The total measured electricity for the HVAC was 960 kWh. 
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Fig. 10. Monthly and annual (heating season) SPFs of the HRV, the micro-HP, the 

heat pump system and the total HVAC (acc. to Eq. (6) - (9) ). 
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he control signal of the defrost cycle, in order to compare the

erformance map and the dynamic behaviour. As a second step,

he controller was included in the simulation model receiving the

onitored temperatures (set point and corridor) as inputs. 

The performance map data were adapted to the monitoring

ata ( Fig. 11 ). To account for humidity, a linear correlation was

ound between the heating capacity (and correspondingly the elec-

ric power), the exhaust air temperature, and absolute humidity

or the maximum frequency. The heating capacity and the electric
ower were reduced according to the frequency similarly to the

easured test points in the laboratory (see Fig. 4 ). 

The time constants, used for the heating up and the cooling

own phases of the condenser during on/off operation, as well as

he electrical consumption of the fans and the controller were also

alibrated against the monitored data [18] . 

Results of the validation. For the validation of the simulation

odel, the most important parameters are the supplied power to

he flat and the consumed electricity. Since the supplied power

as not measured directly, the supplied air temperature after the

ondenser ( ϑsup 1 ) was used for comparison. It was found that the

emperature sensor after the post-heater ( ϑsup 2 ) was installed in an

nappropriate way and could not be used for the analysis. Thus,

he measured electrical consumption of the post-heater was used

o calculate the ϑsup 2 in the simulation model. 

The supply air temperature ( ϑsup 1 ) and the electricity of the

ompressor from monitoring data and simulations are shown in

ig. 12 . The temperature difference is relatively low and rarely ex-

eeds 1 K, (see Fig. 12 top). The simulated electricity is slightly

igher than the measured one with a maximum of 10 W. 

In addition, the heat supplied by the micro-heat pump and the

lectricity of the compressor were calculated for the heating pe-

iod (excluding periods with measurement gaps). The simulated re-

ults were 5% and 4% higher than the monitored ones, respectively.

s a further step, the PI controller was included in the simulation

odel using the simulated corridor temperature as control vari-

ble. In this case, the simulated supplied heat was 9% higher and
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Fig. 11. Performance map data, and monitored thermal and electric power of the micro-HP, versus the frequency of the compressor, with varying parameters of the absolute 

humidity (exh0) for three ambient temperatures ( −4, 0 and 5 °C). 

Fig. 12. Comparison of simulated and monitored air temperature after the 

condenser ( ϑsup 1 ), and electrical consumption of the compressor for one day 

(28/12/2016) using one minute resolution. 
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the consumed electricity was 6% higher compared to the measured

ones. 
.2.1.2. Building model of the flat. 

Simulation model and boundary conditions. The building model

f the flat was calibrated and validated using the monitoring data.

he monitored temperature of the heated cellar, the unheated cel-

ar and the first floor were used as boundary conditions ( Fig. 8 ).

he stratification effect in the staircase was confirmed by addi-

ional in-situ measurements in spring 2016. Therefore, the tem-

erature of the staircase was set equal to the corridor of the un-

eated cellar plus an offset of 0.4 K. The electrical consumption of

he flat, the supply temperature ( ϑsup 1 ), and the electricity of the

ost-heater were also used as inputs to the simulation. The air

ass flows were distributed to each zone based on the measured

nsite values of the supply and extract air flow of each zone with

he flow finder. The electricity consumption (for lighting and ap-

liances) was distributed to each thermal zone using a calibrated

actor. In addition, a profile for the occupancy (considering three

esidents) was used based on the one before the renovation [23] . 

As an output, the simulated operative temperature of each zone

as compared to the monitored one. An initial period of one week

as used in the simulations, due to the thermal mass of the build-

ng. 

Calibration and validation of the building model. For the calibra-

ion of the model, several parameters were varied, such as infil-

ration rate (including window opening), U-value of the internal

alls, solar shadings, and the ratio for the distribution of electricity

o each zone. One cold week with low solar gains in January was
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Fig. 13. Comparison between simulated (operative) and measured temperature of each thermal zone using hourly resolution. Calibration period: 04/01 until 11/01. Validation 

period: 11/01 until 25/01. 
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elected as a calibration period. The root mean square error (RMSE)

f the measured and simulated temperatures was used as the com-

aring measure. Using the calibrated model, the simulations were

erformed for an additional two weeks in January, which was the

alidation period. 

Fig. 13 shows the results of the calibration. The temperature dif-

erence is within the range of ± 1 K (except some extreme peaks).

he average RMSE of all zones is 0.35 K with a maximum value

f 0.46 K in the bathroom and 0.16 K in the corridor. As for the

alidation period in all zones, the long-term trends were well pre-

icted and there was a good agreement in the dynamic behaviour,

gain with the exception of occasional peaks, which were caused

y occasional situations, such as cooking or a window opening. In

he majority of the zones, the simulated temperature tends to be

lightly lower than the monitored one. 

.2.2. Dynamic building and system simulations 

Dynamic simulations were performed using the validated HVAC

nd building model aiming to (a) optimise the system, (b) fill the

aps in the monitoring data (see Section 2.3 ), and (c) normalise

he HD regarding the specific user behaviour with respect to the

et point temperature and ventilation operation (on/off operation

f the HVAC system plus window ventilation). 

The boundary conditions remained identical to those described

n the previous subsection with the exceptions that the HRV unit
as set to continuous operation and the set point temperature to

1 °C (close to the average monitored one). The simulated period

as from 11/2016 until 03/2017. The simulated cases were the fol-

owing: 

• Reference case with a HD of 15.4 kWh/(m 

2 ·yr) 

• Operation the electric radiator in the bathroom 

• Use of an ideal controller for the pre-heater 

• Use optimised ventilators in the HRV unit 

• Use of an optimised defrost operation cycle (i.e. reduced oper-

ation time) 

• Elimination of the heating up time of the condenser 

• Comparative study varying the heating capacity of the heat

pump. 

When the electric radiator in the bathroom was set in opera-

ion, the total electric consumption was increased by 9%. In the

athroom, usually the temperature is set to 1 or 2 K higher than

he other rooms due to comfort reasons (clothing factor in the

athroom - temperature of 24 °C according to [32] for the design of

eat load). In this study, the set point temperature was set equal to

he one of the flat, but different assumptions could be used, such

s a higher set point temperature or operation of the radiator in

aximum power for some hours during the day. 

As a first optimisation step, an ideal PI controller (instead of an

n/off hysteresis) of the pre-heater was modelled, in order to reach
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Table 1 

Influence of scaling the heating capacity of the micro-HP on HD and SPF. 

Simulated cases Scaling up factor 

Q micro-HP ( ϑamb : 0 °C, 

freq: 150, x exh0 : 9g/kg) 

[W] HD [kWh/(m 

2 ·yr)] SPF micro-HP SPF sys SPF tot 

A (ref) 1 589 15.4 2.2 1.8 3.2 

B 1.5 884 15.5 2.1 2.0 3.4 

C 2 1178 15.9 2.0 2.0 3.4 

Fig. 14. COP for three sizes (heating capacity) of the micro-HP (cases A, B and C, 

see Table 1 ) versus frequency of compressor having as parameter the ambient tem- 

perature with an absolute humidity of 7 g/kg in the exhaust air. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 15. Frequency plot of the compressor speed for the cases A, B and C, see 

Table 1 . 

Fig. 16. Load duration curves of the flat and the micro-HP for the cases A, B and C. 
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the required set point temperature of the HRV inlet temperature

of −5 °C, when the ambient temperature was lower. In this way,

5% savings was achieved in the total electricity and 17% savings in

the consumption of the HRV unit. As a second step, the specific

fan consumption of the certificate was used resulting to 12% less

electricity. 

For the optimisation of the system, the duration of the cycle

was set to 10 min instead of 15 min assuming an optimised con-

troller for the defrost cycle as proposed by Salzmann [27] . The sim-

ulation results showed a reduction in total electricity by 5%, mainly

because of the 10% less contribution of the post-heater. 

As shown in Fig. 5 , the required time to reach the steady state

condition after the defrost cycle is around 30 min. Theoretically,

this time could be eliminated (see ideal case in Fig. 5 ). Simulation

with this ideal case showed 3% less electricity consumption. 

A comparative study with three simulation cases was per-

formed to investigate the influence of the heating capacity of the

micro-HP on the system performance. The reference heating capac-

ity, used in case A, was scaled up by a factor of 1.5 in case B and 2

in case C ( Table 1 ). The COP for each test point of the performance

map was recalculated keeping the Carnot performance factor equal

to the reference performance map. Fig. 14 depicts the COP of the

three sets of performance map data. The COP decreases as the heat

pump is scaled up if the volume flow remains constant (hygienic

air flow), since the temperature difference between the source and

the sink sides increases. 

Table 1 summarises the results of these three simulated

cases. The HD was almost identical for cases A and B with

a value of 15.4 kWh/(m ²·yr), and increased slightly in case C

(15.9 kWh/(m ²·yr)). The scaling up of the heat pump led to a re-

duction in the SPF micro-HP from 2.2 to 2.0, but to an increase in

the SPF sys from 1.8 to 2.0 and the SPF tot from 3.2 to 3.4. Fig. 15

demonstrates the frequency ranges during the operation time of

the compressor. The compressor was operating mainly on the low-
st or highest speed in all three cases. This is an indication that the

uning of the PI controller was not optimal. By scaling up the heat

ump, the contribution of post-heater to space heating was signif-

cantly reduced from 21% (case A) to 7% (case B) and 1% (case C)

see also Fig. 16 . The savings in terms of consumed electricity for

eating were 9% in cases B and C. By comparing case C with case

, the energy savings due to less post-heating were almost com-

ensated by the lower COP of the heat pump ( Fig. 14 ) leading to

lmost equal SPF sys and SPF tot with a value of 2.0 and 3.4, respec-

ively. Fig. 16 presents the load duration curves of the flat, as well

s the heating power of the micro-HP sorted correspondingly (ex-

luding post-heating) for the three cases, highlighting the effect of

educed post-heating when scaling up the micro-HP. 

. Discussion 

Thermal comfort conditions were achieved in all rooms except

he bathroom, which could be improved with the operation of the

lectric radiator. Simulation results showed that the electric radi-

tor in the bathroom would increase the electricity consumption

y 8%. The limited complaints by the occupants mainly referred to

he temperature of the dining room, even though the temperature

n the kitchen, which was adjacent to the dining room, was higher
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han the other rooms. Furthermore, the response of the control

ystem was considered slow. In particular, the occupants could not

mmediately feel the temperature difference after changing the set

oint temperature (more than a couple of days were needed). This

an be explained by the high thermal mass of the building and the

ow capacity of the HVAC system. Comparing the thermal comfort

efore and after the renovation, the average indoor temperature

as increased by 1 K (with the same occupants). The temperature

ifference between the rooms was increased by 0.8 K including the

athroom or 0.2 K when excluding it. There was no indication that

he occupants realised the increase. 

The IAQ was strongly improved after the renovation, even

hough the occupants tended to switch off the ventilation system

ery often, even during the heating season. Surprisingly, the venti-

ation was out of operation for 33% of the heating season. The aver-

ge CO 2 concentration of the monitored rooms after the renovation

as below 10 0 0 ppm for 77% of the time, significantly increased

rom 21% before the renovation. The CO 2 concentration was signif-

cantly lower when the HRV unit was in operation; for example,

he lowest IAQ was observed in the room CHS with a CO 2 con-

entration higher than 10 0 0 ppm for 33% of the time reduced from

0%. 

The energy performance of the HVAC system was lower than

xpected. The monitored SPF micro-HP was 2.5, while SPF tot was 2.8.

he HD this year was relatively high due to the unusually low

mbient temperature in January (down to −12 °C) and lower in-

oor temperature of the neighbouring flats. For example, the iden-

ical flat above had 82% less heating demand, and the flat below

as not occupied for one month. The resulting high transmission

osses (and the corresponding HD) led to reduced energy perfor-

ance due to the high contribution of the post-heater. A simu-

ation study using normalised boundary conditions demonstrated

mproved performance by significantly lower operation time of the

ost-heater, resulting in a maximum SPF tot value of 4.0 [18] . 

The HRV reduced the HD by 56% (from 26.8 kWh/(m 

2 ·yr) to

1.7 kWh/(m 

2 ·yr)), while savings could be even higher, if the unit

as operating the whole heating period. However, the consumed

lectricity of the unit (fans) was relatively high, equal to one third

f the total electricity consumption. The electricity consumption

f the fans was higher than the one specified in their certifi-

ate [15] due to higher pressure losses. These high-pressure losses

re due to the presence in the ducts of the evaporator, the con-

enser, the post-heater, the silencers, and the orifice plates (used

or volume flow measurement equipment). In addition, the rela-

ively small diameter of ducts, and the type of inlets and out-

ets might also increase the pressure losses. One approach to re-

uce the fan power would be to decrease the volume flow from

30 m 

3 /h to 110 m 

3 /h, which is still acceptable according to stan-

ards [14] . Moreover, since the monitored volume flow of the sup-

ly air was reduced by 4% per month, it is recommended to change

he air filters based on the measured volume flow or the pressure

ifference. As Dodoo el al. [33] proposed that for a ventilation heat

ecovery decision, the electricity consumption, the air tightness of

he building, and the type of heating system all constitute impor-

ant issues. Similarly, Mortada et al. [10] concluded that the fans of

n air-to-air heat pump have a remarkable impact on the COP of

he system. 

The developed simulation models of the HVAC and the flat are

n agreement with the monitoring data. The electricity consump-

ion of the compressor was slightly overestimated at 10 W. The

odelled performance map of the micro-HP is dependent on three

ariables (compressor speed, air source temperature and humidity)

or a given volume flow. This was not critical in this case study,

ince the flow remained constant (expect the reduction over the

ime due to dust in the filters). The building model of the flat was

alidated using the monitoring data. The temperatures of the six
hermal zones were in accordance to the monitored ones with a

ifference less than ± 1 K with exception of some extreme peaks

.g. due to cooking or showering. 

Dynamic simulations were performed to optimise the energy

erformance of the system. The optimum operation of the fans

long with the use of the PI controller for the pre-heater would

ead to an SPF HRV of 11.6 instead of 5.2 (monitored). By scaling up

he micro-HP with a factor of 1.5 or 2, the SPF tot increased from 3.2

o 3.4. Interestingly, there is almost no difference in all SPF sys and

PF tot for cases B and C. Since hygienic constant volume flow was

sed, the COP was decreased as the heat pump scaled up. Even

hough the SPF micro-HP was reduced (2.0 from 2.2), the SPF tot in-

reased due to the reduced operation of the post-heater. Scaling up

he heat pump has the further advantage of minimised possibilities

or an under-dimensioned heating system. Moreover, an improved

ontroller for the defrost cycle would increase the SPF micro-HP from

.2 to 2.4. Finally, considering all these improvements resulted in

5% electricity savings. 

The compressor was operating mainly either on maximum or

inimum speed, indicating that the PI controller was not opti-

ally tuned. The use of a variable-speed compressor may increase

he performance up to 15% compared to a constant speed com-

ressor [16] and make the system more robust with respect to a

on-optimised heat pump size for the building (too high heating

ower) or special events such as unexpected user behaviour [34] .

n order to achieve this improvement, appropriate tuning of the PI

ontroller is crucial [34] and further research is required, e.g. self-

earning control. 

The proposed system could operate also sufficiently in different

limate conditions with the requirement of complying with Ener-

Hit or an even better building standard such as Passive House.

he climate insignificantly influences the COP of the micro-HP,

ecause the source and sink inlet temperatures are dampened,

ue to the heat recovery, compared to the ambient temperature

nd thus, the temperature difference between evaporator and con-

enser slightly varies. However, the HRV strongly improves the sys-

em performance when the climate gets colder. In contrast, the

lectricity share of the pre-heater increases when the ambient

emperature drops below −5 °C, leading to a decrease in perfor-

ance. In a simulation comparative study including seven Euro-

ean climates and two building standards (EnerPHit and Passive

ouse), a micro-HP combined with HRV consumed less electric-

ty (up to 38%) compared to an air source heat pump in all cases

4] . The difference in energy consumption between the two sys-

ems increased with the improved building energy standard (Pas-

ive House) and colder climates. For example, the micro-HP system

equired 2% and 24% less electricity than the air source heat pump

n Rome and in Stockholm, respectively. 

The monitored system performance was compared to those

rom other monitoring studies about heat pumps found in liter-

ture. Esen et al. [35] measured an SPF of 2.2 (average COP of

.82) for a ground source heat pump system with a horizontal

eat exchanger in 2 m depth. Miara et al. [36] monitored several

eat pumps for 10 years. The SPF for air-source heat pumps in ex-

sting building varied between 2.1 and 3.3 with an average value

f 2.6. In the present study, the monitored SPF sys was lower with

 value of 1.7 due to high operation time of the post-heater (the

PF micro-HP was 2.5), but when the HRV performance is included,

he SPF tot had a value of 2.8. 

From an economic point of view, the proposed system has a

otential for cost reduction compared to conventional systems for

hree main reasons: 

a) No further cost is required for the equipment and the instal-

lation of the heat emission and distribution system, since the
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ducting is required anyway for the distribution of the hygienic

air flow; 

b) Lower heating capacity and size compare to conventional heat

pumps; 

c) The prefabrication reduces the onsite working time. 

The main reason for façade integration is the limited available

space in MFHs, which also has an economic benefit that is however

difficult to monetarize. 

To summarise, the monitoring data analysis of the first com-

plete heating season proved the feasibility of the concept, and the

dynamic simulations showed possible further improvements. The

results could be applied directly in praxis by manufacturers, in

order to produce and bring such promising, compact and cost-

effective heating and ventilation systems into the market of build-

ing renovation. 

5. Conclusions 

Monitoring and simulation results of a micro-heat pump

(micro-HP) combined with a heat recovery ventilation (HRV) unit

integrated into a prefabricated timber frame façade system, devel-

oped within the EU-project iNSPiRe [2] , has been presented in this

study. A functional model of this system was installed in one flat

during the renovation of a demonstration building. Both the flat

and the HVAC system were monitored for a complete heating sea-

son. 

The analysis of the monitoring data showed a significant im-

provement in the indoor air quality (IAQ) after renovation, espe-

cially during the operation of the ventilation system. The aver-

age IAQ of all rooms was poor (CO 2 concentration higher than

10 0 0 ppm) in only 2% of time after the renovation when the HRV

was operating. The corresponding value before the renovation was

79%. Thus, continuous operation of the HRV during the heating

season is recommended. The relatively high heating demand (HD)

of the monitored year led to the high share of 30% for the post-

heater and an acceptable SPF of the system equal to 2.8 (the SPF of

the micro-HP was 2.5). Combining the relatively low indoor tem-

perature of the neighbouring flats with the fact that all measure-

ments were collected during a very cold winter, higher perfor-

mance should be expected in the coming years. In addition, the

use of HRV significantly reduced the HD by 56%. 

An extensive simulation study, using the validated building and

HVAC system models, showed potential for optimisation by: a) re-

ducing the fan consumption, which was almost one fourth of the

total consumed electricity - resulting in 12% electricity savings, b)

increasing the heating capacity of the heat pump e.g. with a fac-

tor of 2 - resulting in 7% electricity savings, c) implementing a

proportional-integral (PI) controller for the pre-heater – resulting

in 5% electricity savings, and d) using a better controller for the

defrost cycle – resulting in 5% electricity savings. By implementing

all the aforementioned proposals, the electricity consumption can

be reduced by 25%. 

The aim of the developed system is to save space and reduce

costs - i.e. with prefabrication, façade integration, and low heating

power of the heat pump - while at the same time achieving a suf-

ficient energy performance. It is appropriate for minimally disrup-

tive renovations according to energy efficient building standards,

i.e. EnerPHit [3] , representing a compact heating and ventilation

system. 

Further research will focus on increasing the supply air volume

flow by using recirculated air, investigating the heat distribution

inside the flat, and further improving the control strategy in order

to increase the performance and guarantee robust operation. 
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ABSTRACT 
Energy auditing can be an important contribution for identification and assessment of energy 
conservation measures (ECMs) in buildings. Numerous tools and software have been 
developed, with varying degree of precision and complexity and different areas of use. 
 
This paper evaluates PHPP as a versatile, easy-to-use energy auditing tool and gives examples 
of how it has been compared to a dynamic simulation tool, within the EU-project iNSPiRe. 
PHPP is a monthly balance energy calculation tool based on EN13790. It is intended for 
assisting the design of Passive Houses and energy renovation projects and as guidance in the 
choice of appropriate ECMs. 
 
PHPP was compared against the transient simulation software TRNSYS for a single family 
house and a multi-family house. It should be mentioned that dynamic building simulations 
might strongly depend on the model assumptions and simplifications compared to reality, such 
as ideal heating or real heat emission system. Setting common boundary conditions for both 
PHPP and TRNSYS, the ideal heating and cooling loads and demands were compared on 
monthly and annual basis for seven European locations and buildings with different floor area, 
S/V ratio, U-values and glazed area of the external walls. 
 
The results show that PHPP can be used to assess the heating demand of single-zone buildings 
and the reduction of heating demand with ECMs with good precision. The estimation of cooling 
demand is also acceptable if an appropriate shading factor is applied in PHPP. In general, PHPP 
intentionally overestimates heating and cooling loads, to be on the safe side for system sizing. 
Overall, the agreement with TRNSYS is better in cases with higher quality of the envelope as 
in cold climates and for good energy standards. As an energy auditing tool intended for pre-
design it is a good, versatile and easy-to-use alternative to more complex simulation tools. 
 
KEYWORDS  
Energy auditing tool, energy conservation, building simulation, PHPP, TRNSYS  
 
INTRODUCTION 
Accounting for 40% of the total energy use in Europe, the building sector is very important in 
the work towards more efficient use of energy and resources (EC, 2008, EC, 2010). As a part 
in that work, energy auditing can be an effective way to identify and assess energy conservation 
measures (ECMs) in buildings. While the extent of an energy audit can vary, it typically 
includes data collection and review, system survey and measurements, observation and review 
of operating practices and data analysis (Krarti, 2010). An energy audit is normally done using 



one of the many available computer software or calculation tools. A comprehensive review of 
existing software for energy auditing, certification, calculation and simulation was done within 
the iNSPiRe project (Gustafsson et al., 2015), identifying more than 200 tools with varying 
scopes and levels of detail. A lot of the tools in the survey had limitations in terms of area of 
use, restricted modification rights, high level of knowledge required or not being available in 
English. 
 
PHPP was developed by Passive House Institute in Germany as an easy-to-use planning tool 
for energy efficient buildings, intended for architects and planning experts (PHl, 1998). Heating 
and cooling demand is calculated according to EN ISO 13790 (ISO, 2008) as a monthly energy 
balance. Heating load is calculated using an approach considering two days (one cold and sunny 
and one milder but overcast) (Bisanz, 1999) and a similar method is used also for cooling load 
(Schneiders, 2012). Both are estimated with a safety margin for designing purposes without 
taking building dynamics into account. Other features include calculation of heating and cooling 
load, active components (heat pumps, boilers, air heat recovery, solar thermal, PV), passive 
components (opaque, transparent, frame, thermal bridge), shading, ground losses and DHW 
losses (distribution/storage). Being a monthly balance calculation tool, PHPP has some 
limitation compared to dynamic simulation tools, as complex control of systems is not possible. 
Furthermore, the building, regardless of size, is modelled as a single zone. 
 
Many features and components of PHPP have been validated in previous studies, including the 
solar thermal (Siegele et al., 2015) and heat pump (Dermentzis et al., 2014) applications. 
Gustafsson, Dermentzis et al. (Gustafsson et al., 2014) compared the heating demand of low-
energy and passive single family houses in PHPP and TRNSYS for seven European climates. 
Ochs, Dermentzis et al. (Ochs et al., 2013) performed a parametric study with 44 renovation 
variants of a multi-family house with four apartments and compared heating demands and heat 
loads to TRNSYS and MATLAB/Simulink results. For larger buildings and for cooling, 
however, there is more work to be done. 
 
In this paper, PHPP is assessed as an energy auditing tool for single- and multi-family houses 
through comparison against TRNSYS 17 (Klein et al., 2011). The study focuses on calculation 
of heating and cooling demand, heating and cooling load, heat losses and heat gains. Buildings 
of different energy standard, from typical levels of existing buildings down to a heating demand 
of 25 kWh/(m²·a), were included, and climate data for seven European locations were used. 
 
METHOD 
Calculation results from PHPP were compared against results for a full year simulation with 
TRNSYS 17, a dynamic simulation tool for buildings and energy systems (Klein et al., 2011). 
Identical boundary conditions and building models, a 97 m² single family house (designed by 
EURAC (Birchall et al., 2014)) and a multi-family house (designed by UIBK (Birchall et al., 
2014)) of 1950 m², were defined and implemented in PHPP and in TRNSYS. Both houses were 
modelled as single-zone buildings in TRNSYS, which is always the case in PHPP. The 
comparison included heating and cooling loads and demands, heat losses and heat gains, and 
was done for seven European locations, defined in the iNSPiRe project to represent regions 
with similar numbers of heating and cooling degree days (Birchall et al., 2014). The locations 
used were: Stockholm, Sweden; Gdansk, Poland; London, UK; Stuttgart, Germany; Lyon, 
France; Madrid, Spain; and Rome, Italy. The houses were modelled in their existing state 
(denoted “EX”), with construction data for typical buildings from the period 1945-1970 in the 
respective climate (Birchall et al., 2014), and with ECMs applied to achieve annual heating 
demand levels of 45 kWh/(m²·a) (denoted “45”) and 25 kWh/(m²·a) (denoted “25”), 



respectively. The ECMs included mechanical ventilation with heat recovery (MVHR), new 
windows and insulation in walls, roof and ground floor layers, and were defined to achieve the 
chosen heating demand in PHPP. For the single family house, a comparison was done between 
using the convective and the operative temperature for controlling the heating and cooling in 
TRNSYS, while for the multi-family house the operative temperature was used throughout. 
PHPP does not distinguish between convective and operative temperature. Boundary conditions 
regarding shading, ventilation and internal gains were based on IEA/SHC Task 44 (IEA, 2012) 
and are described in detail in iNSPiRe project reports (Birchall et al., 2014, Gustafsson et al., 
2015). 
 
The reader should keep in mind that results of dynamic building simulations might strongly 
depend on the model assumptions and simplifications, such as ideal heating or real heat 
emission system, heat emission to convective or radiative node, control with respect to radiative 
or operative temperature, sky model, zoning or ground coupling etc. Also the choice of the 
physical model (e.g. star-node or 2-star, transfer function or R-C-wall) might influence the 
results. 
 
RESULTS 
 
Single family house 
Figure 1 shows the heating demand for all variations of the single family house as simulated 
with TRNSYS and calculated with PHPP, as well as the absolute difference between TRNSYS 
and PHPP. For the renovated cases the deviations are below 5 kWh/(m²·a), except for the “45” 
house in the warmest climates of Madrid and Rome. For Rome “45” there was a different 
behavior in TRNSYS with respect to ground losses. For the existing cases the absolute 
deviations are generally higher, but in relative numbers they are below 7%. The difference 
between using convective or operative temperature for heating control in TRNSYS is negligible 
for the renovated cases, while for the existing cases the heating demand is considerably higher 
if the operative temperature is used. 
 
When it comes to the maximum daily heating load, the deviations are also small in absolute 
terms – 6 W/m2 or less for the renovated cases. For the non-renovated houses in Gdansk, 
London and Stuttgart, the agreement is also very good. PHPP calculations give slightly higher 
heating loads than TRNSYS for all cases apart from STO_EX (5.5 W/m2 higher or 9%). 



 

 
Figure 1. Heating demand (left axis) and absolute deviation (right axis) between TRNSYS 
(convective/operative temperature control) and PHPP for the single family house model for all 
climates and renovation levels.  
 
Figure 2 shows the results from TRNSYS and PHPP for the cooling demand of the single family 
house, with absolute deviation between TRNSYS and PHPP. For the climates of Lyon, Madrid 
and Rome, which have the highest cooling demands, the relative deviations are within ±27%. 
The absolute deviations for these climates are below 4.3 kWh/(m²·a), except for ROM_45 with 
6 kWh/(m²·a), where there was the same issue with the ground losses as for the heating 
comparison. Generally, the agreement is acceptable, although not as good as for the heating 
demand. The difference between using convective or operative temperature in TRNSYS was 
noteworthy only for the warmer climates, although still not larger than 1 – 8 kWh/(m²·a). 
 
The cooling loads are, similar to the heating loads, higher in PHPP than in TRNSYS (equal for 
LYO_25 and ROM_45). The agreement for the cooling loads is better for renovated buildings, 
with deviations below 5 W/m2 for all cases, while for the existing cases the deviations are above 
10 W/m2 for Lyon, Madrid and Rome.  
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Figure 2. Cooling demand (left axis) and absolute deviation (right axis) between TRNSYS 
(convective/operative temperature control) and PHPP for the single family house model for all 
climates and renovation levels. 
 
Multi-family house 
Results for the heating demand of the multi-family house are shown in Figure 3, with absolute 
deviation between TRNSYS and PHPP. Contrary to what is seen for the single family house, 
PHPP produces slightly lower results than TRNSYS for all cases. The agreement is good 
though, within 1 – 6 kWh/(m²·a) for almost all renovated cases in the colder climates: 
Stockholm, Gdansk, Stuttgart, London and even Lyon. For non-renovated cases and warmer 
climates the absolute deviations are larger, although not so high in relative terms. 
 
The heating loads are in most cases higher in PHPP than in TRNSYS, around 1 – 5 W/m2, with 
exception for the existing buildings in Gdansk, Stuttgart, London, Lyon and Madrid and the 45 
kWh/(m²·a) house in Gdansk and Madrid, where TRNSYS gives 1 – 4 W/m2 higher results. 
 

 
Figure 3. Heating demand (left axis) and absolute deviation (right axis) in TRNSYS and 

PHPP for the multi-family house model for all climates and renovation levels. 
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Figure 4 shows the cooling demand for all variations of the multi-family house in TRNSYS and 
PHPP, with absolute deviations between the two tools. TRNSYS gives slightly higher results 
than PHPP, 1 – 8 kWh/(m²·a), for all cases except Lyon. The agreement is equally good for 
renovated and existing houses. 
 
The cooling loads of the multi-family house are higher in PHPP than in TRNSYS for all cases, 
with a difference of 1 – 7 W/m2. 
 

 
Figure 4. Cooling demand (left axis) and absolute deviation (right axis) in TRNSYS and 

PHPP for the multi-family house model for all climates and renovation levels. 
 
DISCUSSION 
In general, the agreement between PHPP and TRNSYS is good. The comparison is a bit better 
for heating than for cooling. It is also better for houses with good quality of the building 
envelope, i.e. better for renovated buildings than existing and better in cold climates than in 
warm climates. It should be noted that for the colder climates of Stockholm, Gdansk, Stuttgart 
and London, the cooling demand is too small to make a meaningful comparison. Heating and 
cooling loads are in most cases estimated to be higher in PHPP than in TRNSYS. This 
overestimation, however, is intentional, to be on the safe side for system design. 
 
In PHPP, the internal temperature was assumed to be 20 °C in the winter season and 25 °C and 
in summer season; no transition season exists in PHPP. Thus, in cases where there are periods 
with cooling demand and heating demand at the same time there is a disagreement between the 
internal temperature of TRNSYS and PHPP, resulting in the deviations of the transmission and 
ventilation losses. The influence on the total heating and cooling demand is, however, 
negligible. 
 
For the multi-family houses, heating demands were higher in TRNSYS than in PHPP. This 
happened mainly for two reasons: 1) The set point temperature in TRNSYS was controlled 
according to the operative instead of convective. As a consequence, the convective temperature 
will often be higher than 20 °C, thus increasing the heating demand; 2) In PHPP, unlike 
TRNSYS, there is a fully separated algorithm for heating and cooling calculations. The 
parameters controlling shading and bypass of MVHR should therefore work only in non-heating 
period, while in TRNSYS these two parameters may influence also the heating period. 
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CONCLUSIONS 
This paper evaluates PHPP as an energy auditing tool for residential buildings by comparing 
calculations of heating and cooling demands and loads to the dynamic simulation tool TRNSYS. 
The comparison includes renovated and existing single- and multi-family houses in seven 
European climates. 
 
The investigations show that PHPP can be used to assess the heating demand of residential 
buildings and the reduction of heating demand with energy conservation measures. The 
prediction of the cooling demand is also acceptable. Generally, the results are better in cases of 
good energy standards and with higher quality of the envelope (e.g. as in cold compared to 
warm climates). The predictability is more difficult for lower envelope qualities due to the 
increasing influence of the boundary conditions. However, setting the boundary conditions 
correctly in a simulation requires more information, which might not be available in many cases, 
thereby be based on assumptions as well. 
 
As an energy auditing tool intended for pre-design, PHPP is an easy-to-use, versatile and 
accurate alternative to more complex simulation tools. In addition to what was shown here, it 
is also possible to perform parametric studies, including comparison of economics of different 
energy conservation measures. 
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Heat pumps in Passive Houses – PHPP application 
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E-Mail: georgios.dermentzis@uibk.ac.at 

1 Introduction 

The number of heat pump applications in buildings according to Passive House and 
EnerPHit standard increases rapidly. A PH-designer can use PHPP (heat pump sheet) in 
order to calculate and optimize the electrical consumption and the seasonal performance 
factor (SPF) of a heat pump system. In this study the heat pump tool is presented as well as 
application examples. Results are cross-validated against simulation. 

Heat pumps have significant advantages compared to other heating systems, especially in 
Passive Houses with the extremely low building heating load: heat pumps can be scaled 
down to very small heating capacities (some 1000 W and even lower). This is hardly 
possible or available in case of other technologies such as gas or pellet boilers. The heating 
capacity reduction can lead to cost reduction and compact solutions. Moreover, heat pumps 
can cover both heating and cooling demand (reversible heat pumps). Heat pumps run in 
most cases on electricity, the dominant primary energy produced by renewable energy 
sources. The electric grid is available almost everywhere - at least, if the application does 
not draw too much current (what may happen with less efficient homes), this will provide a 
simple method for heating and cooling. In buildings according to EnerPHit standard, where 
air heating is usually not feasible, air or ground sourced heat pumps are increasingly used. 
Compact units (i.e. air sourced heat pump combined to mechanical ventilation with heat 
recovery used for hot water and heating with air distribution) are widely used in Passive 
Houses. However, heat pumps with different sources (e.g. ground heat exchanger) or sinks 
(e.g. floor heating) can be used in order to increase system efficiency or can be applied as 
central systems in multifamily houses. Furthermore, the use of heat pumps in Passive 
Houses leads to a low residual electric energy demand. Renewable energy sources (e.g. 
PV or/and wind) can cover a significant share of this demand and therefor a Nearly Zero 
Energy Building (NZEB) can easily be achieved. 

2 Heat pump tool in PHPP 

2.1 Options and handling 

The annual electrical consumption as well as the Seasonal Performance Factor (SPF) of a 
heat pump system is calculated for different heat pump configurations. Various options are 
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available such as different sources (air, ground water, ground heat exchanger), 
functionalities (space heating, domestic hot water or both), distribution systems (air heating, 
radiators, floor heating), storage options and control strategies (figure 1). 

Input data for the heat pump 
are measured test points of 
heating capacity and 
coefficient of performance 
(COP) corresponding to 
different source and sink 
temperatures. Input data may 
be found at heat pump test 
centers such as Test Center 
WPZ [WPZ 2013] and also at 
the manufacturer’s datasheets 
based on [EN 14511]. 

 

2.2 Methodology 

The algorithm of the heat pump tool in PHPP is based on the already existing compact unit 
sheet [Pfluger 2007], which uses heating demand and heating load of PHPP as inputs for 
the calculation. More bins are implemented in the new algorithm in order to improve the 
accuracy (figure 2). The annual electrical energy consumption of the system (Wel) is 
calculated as follows: 

∑ += dir
hp

el W
binCOP
binQ

W
)(

)(
 (1) 

The energy supplied by the heat pump (Qhp) depends on the heating capacity of the heat 
pump and on the heating load of the building. If the two lines intercept, the created triangle 
corresponds to the direct electricity (Wdir) (figure 2). 

Control strategies: Two control strategies are available. The first is the common ‘on/off’ 
(the sink temperature is constant over the heating period). The second is the ‘ideal’ which 
yields the minimum possible electrical consumption. This corresponds to the appropriate 
sink temperature [Dermentzis 2012]. 

Heating capacity of the heat pump (Php): The heating capacity depends on the source 
temperature and the sink temperature of the heat pump. The correlation between these 
three quantities is defined by linear approximation using the following equation.  

hp 1 src 2 snk 3P  a ·  a ·  aθ θ= + +  (2) 

 
Figure 1: Heat pump tool options 
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Coefficient of performance (COP): The COP significantly depends on source and sink 
temperature of the heat pump, too. This can be taken into account using Carnot efficiency 
together with a Carnot performance factor (Ѱind): 

snk

snk src

273.15COP ·ind
θη
θ θ
+

=
−

 (3) 

 

 
Figure 2: Load duration curve and heating capacity of the heat pump in heating period. 

3 Validation and parametric study 

The tool was validated using as case-study the reference building SFH15 of IEA Task44 
A38 [IEA 2013]. A heat pump was used for covering both heating and domestic hot water 
demand in [Dermentzis 2013]. The focus in the present study is to calculate the air sourced 
heat pump performance for heating considering different heating demands (EnerPHit and 
PH) in different climates. A parametric analysis has been performed and the final electrical 
consumption is calculated using the heat pump sheet of PHPP. Results are cross-validated 
by dynamic simulations using the Carnot blockset in Matlab/Simulink [Matlab]. The detailed 
building model of Carnot blockset is used for the validation [Ochs 2013]. 

The existing building is a semi-detached single family house (78 m2) with two storeys in 
England [iNSPiRe]. This study is carried out on six different European climates. The climate 
data are produced in meteonorm [Meteonorm] for both models. The building is renovated in 
one case to achieve EnerPHit standard and in another case to Passive House standard in 
all climates. Triple-glassed windows, infiltration rate n50 = 1 h-1 and mechanical ventilation 
with heat recovery of 85% are implemented in PHPP as reference renovation. External 
insulation is added in order to achieve a heating demand of 25 kWh/(m2 a) or 
15 kWh/(m2 a) in each climate, respectively (table 1). Thermal bridges are disregarded in 
this PHPP calculation and external wall dimensions are used. In this study the focus is the 
validation of the heat pump algorithm in the calculation of electrical consumption. Therefore, 
the dynamic building model was modified in order to obtain identical heating demand in 
PHPP and Carnot. In [Ochs 2013] it was already shown that correct consideration of 
thermal bridges leads to quite good agreement of heating demand between PHPP and 
dynamic simulation (Matlab/Simulink blockset Carnot). Since internal wall dimensions are 
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used in the Carnot model, a linear thermal loss coefficient Ψ is used in order to obtain the 
heating demand of 25 kWh/(m2 a) or 15 kWh/(m2 a), respectively in each climate.  

 EnerPhit Passive House 

Climate U-value / 
[W/(m2K)] 

Heating 
Demand / 

[kWh/(m2a)] 

Heating 
Load / 
[W/m2] 

U-value / 
[W/(m2K)] 

Heating 
Demand / 

[kWh/(m2a)] 

Heating 
Load / 
[W/m2] 

Stockholm 0.16 25.4 16.2 0.08 15.0 12.4 
Gdansk 0.18 25.0 15.2 0.11 15.1 11.8 
Stuttgart 0.25 24.9 16.4 0.17 15.1 12.7 
London 0.28 24.7 14.0 0.20 14.9 10.9 
Madrid 0.46 25.1 17.2 0.34 14.6 12.9 
Rome 0.55 24.8 17.6 0.42 15.2 13.4 

Table 1: Renovated status of a semi-detached family house at EnerPHit and Passive House standard. 

The standard air-to-water heat pump of PHPP is used to cover the heating demand. The 
nominal power of the heat pump is scaled to 2.5 kW for EnerPHit and 1.5 kW for Passive 
House standard, respectively. The heat pump is directly connected to the distribution 
system (radiators) of the heating without storage. 

3.1 Results 

In figures 3 and 4 the electrical consumption of the air sourced heat pump is presented for 
EnerPHit and Passive house standard, respectively for the six climates. Three cases are 
presented. The first case corresponds to PHPP results using ‘on/off’ as control strategy 
(‘PHPP’), the second using the ‘ideal’ control strategy (‘PHPP_ideal’) and the third the 
results of the dynamic simulations of Carnot using a control according to zone temperature 
with hysteresis of 19.75 °C to 20.25 °C. Source and sink temperatures play an important 
role in heat pumps efficiency. The design distribution (sink) temperature used in PHPP is 
45 °C and 40 °C for EnerPHit and Passive House standard, respectively. Three conclusions 
can be made from the results in figures 3 and 4. First, the electrical consumption (Wel) 
decreases with the increasing air source temperature for different climates. Second, 
‘PHPP_ideal’ shows the upper limit of the positive improvement of system performance (in 
this study about 13 %) by improving the control strategy. Third, the heat pump tool delivers 
results with good accuracy (simulation results are between ‘PHPP’ and ‘PHPP_ideal’). 

 
Figure 3: Electrical consumption of an air-to-water heat pump in a semi-detached family house at 
EnerPHit standard. 
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Figure 4: Electrical consumption of an air-to-water heat pump in a semi-detached family house at 
Passive House standard. 

Since the heat pump is directly connected to the radiators (no storage), the design and the 
actual working distribution (sink) temperature of the heat pump differs slightly. E.g. in a 
system with design distribution temperature 40 °C the working temperature may vary from 
35 °C to 45 °C. A parametric study (figure 5) has been performed using the heat pump tool 
in PHPP. The aim is to show the influence of design distribution temperature (sink 
temperature of heat pump) and source temperature (climate) on the seasonal performance 
factor (SPF) of the heat pump system. In figure 5, for radiators with a design distribution 
temperature of 40 °C which may correspond to working temperature of 35 °C to 45 °C, the 
SPF e.g. in Stuttgart climate varies from 2.44 to 1.97, respectively. 

The SPF strongly 
increases by reducing 
the design distribution 
temperature e.g. by 
having a floor heating 
system at 28 °C design 
distribution temperature 
(which is reasonable in 
a Passive House) 
instead of 55 °C with 
small radiators. 

 

4 Conclusions 

The heat pump tool in PHPP gives the opportunity to PH designers and planners to 
calculate the final electrical consumption and the primary energy demand of a Passive 
House with a heat pump easily and accurately. A parametric study in representative 
European climates shows good agreement between PHPP and dynamic simulation results. 

Heat pumps represent an energy and cost effective solution for buildings according to 
EnerPHit and Passive House standards. In this parametric study, for Passive House 
standard even a heat pump with a capacity of just 1 kW is sufficient to cover the whole 

Figure 5: Electrical consumption of an air-to-water heat pump in a semi-
detached family house at Passive House standard.  
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heating demand in all climates except Stockholm. The benefits of such a small system are 
the cost reduction and compact solution (less needed space). Investigation of such a heat 
pump (1 kW) is in progress within the fp7 European project iNSPiRe. The way to achieve 
Nearly Zero Energy Building (NZEB) is the minimization of residual energy demand. Using 
a heat pump in a building according to Passive House standard, the residual electric energy 
demand becomes extremely low and therefore, NZEB can be realized.  
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Darüber hinaus wird der Einfluss der Randbedingungen, wie z.B. 
das Nutzerverhalten, für die städtische Energieanalyse diskutiert. 
Eine Simulationsstudie einer Wohnung in verschiedenen Energie-
standards, einschließlich verschiedener Einsatzszenarien wurde 
durchgeführt und als Ergebnis eine Gleichung hergeleitet, um 
eine äquivalente Heizungsreferenztemperatur als Funktion der 
Gebäudehülle, des Wohnbereichs und der Außentemperatur zu 
bestimmen. Somit kann die berechnete äquivalente Heizreferenz-
temperatur als Eingabe für die Simulation von Stadtquartieren an-
statt einer vom Gebäude unabhängigen konstanten Temperatur 
verwendet werden.
Diese Studie kann als Grundlage für die Neu- oder Weiterent-
wicklung von Simulationstools verwendet werden mit dem Ziel, 
die Lücken der bestehenden Tools zu schließen.

1 Introduction

Nowadays, the idea of energy conservation at district, city 
or region level is increasing popularity. Especially for the 
energy policy and the urban design, the reduction of the 
energy demand at this level plays a very important role. 
Therefore, various district tools were developed focusing 
on energy and economical aspects.

In literature, studies about energy tools in district or 
higher level are available. An analytical study about revie-
wing of decision support tools for district refurbishment 
was done by [1]. A comparison of different tools (used 
mainly in Austria) for energy planning from building to 
region level has been published [2]. Ten energy mapping 
visuals with various applications in USA were reviewed by 
[3]. A detailed energy analysis, including baseline and fu-
ture scenarios for Ontario communities (Canada), was pre-
sented by [4].

In this study, an overview of energy performance tools 
at district or higher level was carried out with focus on 
Europe. The motivation was to review the existing energy 
district tools with respect to several aspects such as the 
focus of the tool (demand, consumption side), use (forecast 
or status quo – baseline), open source code or not, organi-
zations developing the tool, calculation method and ar-
chitecture of the tool. Additionally, the important issue of 
appropriate use of boundary conditions is addressed. A 
simulation study is performed, resulting in a recommenda-
tion for an equivalent heating reference temperature, 
which should be used in energy district tools.

The international building sector plays an important role on en-
ergy policy and reduction of CO2 emissions. The focus of energy 
conservation has started from building level and nowadays ex-
pands to district, city, region or national level. In this study, an 
overview, performed within the European project Sinfonia for 
preparation of a new district tool with focus on energy conserva-
tion, will be presented about existing district tools. Several as-
pects of the tools were included in the overview, such as focus, 
aim, analytical approach, methodology, geographical coverage, 
required input data, commercial/freeware, source code, lan-
guage, tool status, organization/project developing the tool, and 
web link. The main components of energy district tools such as 
3D geographical data, data for building features and properties, 
and simulation methods were also addressed.
Additionally, the issue of appropriate boundary conditions on ur-
ban energy analysis, such as user behaviour, will be discussed. A 
simulation study of a dwelling in various energy standards includ-
ing different occupant scenarios was performed, and as a result, 
a formula was developed to estimate an equivalent heating refer-
ence temperature as a function of building envelope, living area, 
and outdoor temperature. Thus, the estimated equivalent heating 
reference temperature can be used as input in district energy 
simulations, instead of a constant set point value independent of 
the building.
The present study can serve as a basis for new or further devel-
opment of tools trying to cover the gap and the limits of the exist-
ing ones.

Überblick über Distrikt-Tools in Europa für Energiebedarfsbe-
rechnungen – Vergleichsanalyse und Bedeutung einer äquivalen-
ten Heizungsreferenztemperatur für die Simulation. Der internati-
onale Bausektor spielt eine Schlüsselrolle in der Energiepolitik für 
die Reduzierung der CO2-Emissionen. Waren die Energieeinspar-
maßnahmen im Baubereich anfänglich noch auf Einzelgebäuden 
beschränkt, so hat sich der Fokus der Energieeinsparung heute 
auf Stadtquartiere, ganze Städten und Regionen bis auf nationale 
Ebene erweitert. In dieser Studie wird ein Überblick über heute 
bereits verfügbare Software-Tools zur Energie-Simulation auf Dist-
rikt-Ebene vorgestellt, der im Rahmen des europäischen Projekts 
Sinfonia zur Vorbereitung eines neuen Distrikt-Tools mit Schwer-
punkt Energieeinsparung durchgeführt wird. Mehrere Aspekte der 
Tools wurden in dieser Arbeit berücksichtigt, wie z.B. Fokus, Ziel, 
analytischer Ansatz, Methodik, geografische Abdeckung, erfor-
derliche Eingabedaten, kommerzielle Tools bzw. Freeware, Verfüg-
barkeit des Quellcodes, Sprache, Status, Zugehörigkeit und Web-
seite. Die Hauptteile der District-Tools wie geographische 3D Da-
ten, Daten für Gebäudeeigenschaften sowie Simulationsmethoden 
wurden ebenfalls adressiert.
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2 Main components of energy district tools
2.1 General structure

Energy district tools often are composed of four main parts 
(see Figure 1):
–  Geographical and geometrical data e.g. building volume 

and area, interference between buildings, building posi-
tion on a map, etc.

–  Building features and physic properties e.g. U-values, air 
change rate, building type, user behaviour/profile, etc. 
and technical systems

–  Simulation or calculation method
–  Post processing- results analysis

Modern geographical and geometrical geo-datasets are 
usually based on defined 3D-format models. The building 
features (building type and age) combined with statistical 
physical properties (U-values) are the basic-information for 
the simulation or calculation process. Most of this informa-
tion usually depends on data availability in the investiga-
ted area. Common calculation methods of the energy de-
mand are often based on monthly average energy balance, 
but as the computational power is increasing, dynamic si-
mulation will become possible. In the post-processing ana-
lysis, the results can be presented and plotted on a 3D 
geo-data map.

2.2 3D data format

Many 3D data formats already exist and serve as basis for 
the geographical and geometrical data for energy district 
simulation tools. A summary of the available 3D data for-
mats can be found in [5]. City Geography Markup Lan-
guage (CityGML [6]) is an open data format model used 
for single buildings or to create a 3D-city model. Five buil-
ding levels of detail (LoD) are available, starting with 
LoD0, simple building foot print, up to LoD4, a detailed 
architecture building model (LoD4) plus indoor view [5]. 
As CityGML is a common used open standard, several 
research institutes cooperate to develop the Energy Appli-
cation Domain Extension (ADE) [7], which is an extension 
of CityGML, created to combine the energy features of 
buildings with the geographical and geometrical data. Key-
hole Markup Language (KML) is another option that is 
used also in Globus Google Earth [5]. Industry Foundation 
Classes (IFC) is also an open standard for the description 
of building model e.g. wall, windows and doors and can be 
coupled with many 2-D architecture software such as Au-
toCAD [5]. Green Building XML similar to IFC with more 
focus to energy building simulation e.g. it includes weather 
data and radiation model [5]. Finally, the 3D City Informa-
tion Model (3DCIM) is used in the commercial software 
ArcGIS and CityEngine [5] for 3D Cities from Esri [8].

Some examples of available 3D models were listed in 
[5]. For example, in Germany around 51 million buildings 
have been already available in level LoD1 (2015), and in 
addition the number of buildings in level LoD2 increases 
rapidly (database of both detail levels are updated once per 
year) [5]-(p.41). Free available data exist for the city of Ber-
lin [9] (3D model of exists in LoD2 and some attractions 
buildings already in LoD3 und LoD4 [5]- (p.46)) and for 
the city of Hamburg [10] (3D models in LoD1 level [5]-

(p.47)). Since 3D models are not always available, another 
option is to use the building polygons and the building 
height to represent a LOD1 in CityGML, an example can 
be found in [11].

2.3 Building stock analysis

In general, there are two analytical approaches (bottom 
up, top down) to analyse the energy demand of city dis-
trict. If detailed information are available (e.g. U-values, 
building type, building geometry, etc.), it is possible to cal-
culate or simulate the energy demand based on a bottom 
up approach. This implies that the calculations are perfor-
med on sub-system-level (dwelling, building), and then ag-
gregated to total-system-level (building, block, district) to 
get the overall result, as it was done for Innsbruck in [11]. 
The top down approach disaggregates information from a 
total system level into different sublevels. Both approaches 
have to be verified due to the various assumptions. The 
selection of these approaches depends on the data availa-
bility in the investigation area.

Several studies are available concerning the analysis 
of the building stock.

Gas consumption measured data of Basel (Switzer-
land) at city and district level were gathered and analysed 
[12]. Additionally, information about the buildings was 
also gathered such as “building-category, construction 
year, footprint, number of floors, number of apartments 
and persons per building” and type of heating system and 
hot water supply. As authors mention, the organization of 
all data to one database was a challenging, high effort and 
time consuming procedure. Detailed analysis performed in 
two districts resulted that the volume and gross floor area 
were proven to be the variables with the better correlation 
to energy consumption. Furthermore, a correlation was 
found between compactness and building age.

Within the Intelligent Energy Project TABULA (and 
its follow up project EPISCOPE) [13], a web-tool [14] was 
created trying to cover the residential building stock of 13 
European countries. Building classes were created depen-
ding on the country/region, the construction age and the 
building type (e.g. single-family houses, terraced houses, 
etc.). A representative building is available for each class 
which might be either real or virtual. Additionally different 

Fig. 1. Main components of energy district tools.
Bild 1. Hauptteile der Distrikt-Tools
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included in five tools, dynamic simulations in four tools 
and more simplified approaches in two tools. Renewable 
energies are considered in five out of 11 models. Interes-
tingly, eight tools are freeware (with three of them offering 
commercial version for more options – one is free for aca-
demics), while only two are fully commercial. With respect 
to the code, three tools are open source, one partly and six 
not open source. English is the main used language, imple-
mented in seven tools (German is offered also as an option 
in one of them); while in the rest tools, national language 
is preferred (three tools are in German and one in French). 
Finally, three tools are under development, and eight are 
finalized (five of them with ongoing updates).

3.2 Input data

The input data for district tools vary depending on the fo-
cus and structure of the tool. Usually, building features and 
geographical data (e.g. volume, floor area, etc.) are needed. 
Data availability can be an issue both is case of non-public 
or open public data. In addition the incorporation of the 
input data (either with an accurate or simplified way) into 
the simulation model possibly with specific format can be 
challenging. Thus, the required detail of input data is a 
compromise between collection effort and required accu-
racy of the results.

A big advantage of some tools is the default values 
that can be modified by the user. In D-ECA, a building 
database is included from the countries participating to the 
IEA ECBCS Annex 51 [20], and in “Hotmaps toolbox”, 
default open data base is going to be provided for the 28 
European Union member states. Similarly, predefined va-
lues for the building properties are used in UMI [32] and 
Invert/EE-Lab includes a database on disaggregated buil-
ding stock data for all countries of EU-28 [developer infor-
mation – Lukas Kranzl]. In some cases, non-public data are 
available e.g. input data for Invert/EE-Lab can be found in 
[33].

An issue to overcome with respect to input data can 
be the data protection law, which may differ for each coun-
try. For example in EneRAlp model, the basic information 
of all energy-related databases (geographic information 
and building feature data) are collected, combined and 
linked, in accordance with the Austrian data protection 
law [11].

Often the building sector is classified according to the 
building type (e.g. single-, multi-family house, office, 
schools etc.) and to the construction age. The heating sup-
ply system is categorized to district or building level. Algo-
rithms are developed to create automatically the available 
inputs in the required format for the simulation tool. For 
example, a tool in Python was developed to automatically 
calculate the thermal resistances and heat capacities for 
the simulation model based on construction year, floor 
height, number of floors and net floor area [34]. Thus, an 
automatic tool chain retrieves the data from GIS and au-
tomatically calculates the inputs for the building model 
leading to a parameterization and simulation of the buil-
ding models with minimized effort. Similar approach is 
used in TEASER [35]. In CitySim a Graphical User Inter-
face is used to help the user to derive the 3D geographical 
model as well as the energy features of the buildings [22]. 

building properties, heating systems, and typical energy 
consumption can be chosen for each class.

Within a project at TU Munich a web application of 
energy rating of buildings was developed [5]-(p.132). The 
heating demand of the energy certification as well as con-
struction information (e.g. U-values) can be saved for each 
building. Afterwards, using the Spread-sheet-Web applica-
tion of Google the data can be saved in KML database and 
then visualized in 2D and 3D.

European building stock energy statistics were gathe-
red and published within the European Project iNSPiRe 
[15]. The database was structured in several categories 
such as seven climate regions (depending on Heating De-
gree Days), countries of each region, building type (resi-
dential and office) and type of energy used (heating, ligh-
ting, electricity and DHW). Both specific demand and 
consumption for each category were presented.

Often cities have districts with heritage protected buil-
dings and ‘old towns’. These buildings should be taken un-
der consideration in a specific way at district tools such as 
in GemEB [16], which distinguishes the buildings into his-
toric and not historic. Refurbishment of heritage protected 
districts was the main topic of the European project EFFE-
SUS including a detailed analysis of European building 
stock [17].

2.4 Simulation methods

The heating demand of a city or district can be estimated 
using various ways. A simplified approach is to use average 
value for specific heating demand (kWh/(m2 yr) depending 
on the building age and building type. Another approach 
is to use the 3D City models and the available consump-
tion data e.g. from gas or district heating. In this approach, 
the different buildings have to be categorized according to 
building type (single-family house, multi-family house, 
etc.), area, volume, age type, etc. A more enhanced solu-
tion is the coupling of geographical information system 
(GIS) data with a monthly energy balance calculation me-
thod based on ISO 13790 [18]. More sophisticated is the 
use of energy simulation programs, leading to an increase 
on required input data (often in specific format) and com-
putational effort. Domestic hot water demand can be cal-
culated based on standards, which are summarised in [5]-
(p.62), and the profiles can be created with specific soft-
ware like DHWcalc and SimDeum as mentioned in 
[5]-(p.63).

3 Tools overview
3.1 List of tools

In this study, a survey was performed, which was structu-
red according to [19]. An overview list of 11 tools is presen-
ted in the following Tables 1 and 2, using information from 
the developers.

District energy tools vary strongly with respect to se-
veral aspects such as focus, outcome, structure and applied 
methodology. All 11 tools (see Tables 1 and 2) focus on 
demand side, and three of them focus also on supply side. 
The majority of the tools (eight) is based on GIS. The bot-
tom-up approach is used in eight tools, while the top-down 
approach in two tools. Monthly energy calculations are 
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Table 1. Energy district tools (using information from the developers)
Tabelle 1. Distrikt-Tools für Energiebedarfsberechnungen (Daten wurden von den Entwicklern geliefert)

Properties/ 
Tool-Name

Citycalc CitySim MODER 
 District Energy 
Concept 
 Adviser
(MODER 
D-ECA)

EEP EneRAlp Tool Gem-EB

Focus on sup-
ply or demand 
side

Demand side Demand side Both Demand side Demand side Demand side

General and 
specific pur-
poses of energy 
models

Energy demand 
of buildings and 
quarters for 
early design 
stages based on 
Austrian calcu-
lation method 
for energy per-
formance cer-
tificates

Thermal and 
electrical de-
mand of build-
ings, with provi-
sion of photo-
voltaics and 
solar thermal

Comparison of 
results of deliv-
ered energy, pri-
mary energy, 
CO2 emissions, 
renewable en-
ergy ratio, in-
vestment costs 
and energy 
costs for differ-
ent variants of 
building enve-
lope quality, 
building ser-
vices systems 
and central en-
ergy supply sys-
tems.

Establishing of 
current energy 
use and CO2 
emissions pro-
duced by build-
ings, traffic and 
industrial pro-
cesses, and pre-
diction of the 
effects of future 
planning deci-
sions from a 
whole city level 
down to a more 
local level. 

Baseline Municipality 
heating energy 
demand model-
ling for current 
and future sce-
narios

Analytical 
 approach

Bottom up Bottom up Bottom up It is based on 
GIS techniques 
and incorpo-
rates a number 
of sub-models. 

Bottom-Up,
GIS based

GIS based

Underlying 
methodology

Monthly 
method of EN 
ISO 13790 (ac-
cording to na-
tional standards 
of Austria)

Simplified ther-
mal model 
(2-nodes), and 
Simplified Radi-
ation Model, 
Energy Conver-
sion Models

Monthly bal-
ancing based 
on DIN V 
18599 (fully 
compatible to 
CEN EPBD 
standards) 

Data is col-
lected on indi-
vidual building 
or road scale 
and then aggre-
gated to pro-
duce postcode 
or regional 
scale outputs.

Monthly de-
mand calcula-
tion acc. to en-
ergy perfor-
mance 
certificate (ISO 
13790), cali-
brated with real 
energy con-
sumption (elec-
tricity, gas)

DIN V 4108-6, 
DIN V 4701-10, 
heat period bal-
ancing

Special focus 
on renewables

No Yes Yes No No No

Geographical 
coverage

Mainly na-
tional; interna-
tional coverage 
possible

From few build-
ings to the 
building district

Building dis-
trict.

Building scale 
for domestic 
and commer-
cial, road level 
for traffic. Ag-
gregated to 
postcode and 
regional scale. 
MapInfo used 
to present the 
outputs.

–  Regional and 
building dis-
trict

–  Residential 
and non-Resi-
dental build-
ings

–  Regional, city 
and building 
district

–  Residential 
buildings
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Properties/ 
Tool-Name

Citycalc CitySim MODER 
 District Energy 
Concept 
 Adviser
(MODER 
D-ECA)

EEP EneRAlp Tool Gem-EB

INPUT-Infor-
mation needed 
– Data require-
ments

Open public 
data: geometri-
cal information 
of the building

3D geometrical 
data, physical 
data (construc-
tions, glazing 
ratios, ventila-
tion), and occu-
pational data of 
buildings

Data on build-
ing envelope 
U-values, type 
of included 
building ser-
vices systems 
and central 
 energy supply 
systems (e.g. 
district heating 
unit, etc.).

–  The domestic 
sub-model 
uses built 
form and age 
to group 
properties 
into 100 dif-
ferent types. 
Each type has 
an associated 
CO2 emis-
sion, SAP rat-
ing, and 
yearly energy 
cost.

–  The non-do-
mestic sub-
model pro-
vides energy 
use figures 
for 48 differ-
ent types of 
commercial 
property us-
ing floor area 
and type of 
property.

–  The industrial 
sub-model in-
cludes 16 dif-
ferent indus-
trial sectors 
using output 
figures from 
industries.

–  Spatial Anal-
ysis proce-
dures are 
used within 
the traffic 
sub-model for 
every road 
within a re-
gion.

Municipality 
provided non-
public data and 
energy supplier 
main datasets: 
AGWR II, geo-
data‘s, electric-
ity and gas con-
sumption

–  Digital maps
–  Classes based 

on construc-
tion age and 
building type

–  Number of 
floors

Commercial or 
freeware

Freeware; Com-
mercial version 
for further op-
tions

Command-line 
Solver: free, 
Graphical User 
Interface: com-
mercial (free for 
academics)

Freeware Freeware Commercial Freeware

Open source No No No Advice would 
be required to 
set it up

No Yes

Language German English English, 
 German

English German German

Table 1. Continued
Tabelle 1. Fortsetzung
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For example, the space heating demand is calculated 
in Energy Atlas Berlin with a simplified approach based on 
the heated area (which is the product of a factor, ground 
area and the number of storeys) and the electricity demand 
as a function of the number of person per household [41]. 
GemEB is developed considering two important issues: 
Firstly the smaller the building is, the higher the external 
surface area to volume ratio (S/V) and therefore, the spe-
cific heating demand is higher. Secondly, the bigger the 
building is, the possibility of partially heating (some rooms 
are not heated) is increased resulting also to a lower speci-
fic heating demand than expected. Thus, the heating de-
mand of reference buildings is calculated based on the size 
and the age classification of the building (according to 
IWU [40]), and an empiric factor is implemented to calcu-
late the consumption of the building. A significant reduc-
tion of computational time is achieved by implementing 
the methodology of “Shoebox” models [42] in UMI. An-
other way to reduce the computational time is by to reduce 
the number of simulated buildings by clustering them with 
similar structural properties [43].

In the majority of the tools from the Tables 1 and 2, 
monthly calculation method is used, mainly based on ISO 
13790 [18]. The monthly energy balance model described 

Finally, a modular approach is developed in Simstadt. A 
virtual 3D model on open standard CityGML [6] is used 
allowing various levels of details. Then, the geometrical 
quality of 3D City Model is controlled and repaired using 
the module of CityDoctor [36]. As a next step, the Geo-
data management is done with novaFactory [37] and the 
energy features as well as energy scenarios of the buildings 
are added in geographical data. Building energy features 
are included as a database using Energy ADE [7].

In some cases some specific input data might be 
available. E.g. in Energy Atlas Berlin [38] the electrical con-
sumption is taken from the energy company [39], while a 
simplified estimation approach exists also for annual gas 
consumption depending on living area, and the hot water 
production is considered as a standard value of 600 kWh/
(person · yr) according to IWU [40].

3.3 Calculation and simulation methods

A variety of implemented methods (from simplified calcu-
lations up to sophisticated dynamic simulations) are distin-
guished mainly to the following categories: calculations 
based on heated areas or energy certificate, monthly energy 
balance calculations and dynamic simulations.

Properties/ 
Tool-Name

Citycalc CitySim MODER 
 District Energy 
Concept 
 Adviser
(MODER 
D-ECA)

EEP EneRAlp Tool Gem-EB

Tool status Finalized, ongo-
ing updates

Finalized with 
ongoing up-
dates and new 
features

D-ECA final-
ized
MODER 
D-ECA under 
development 
(ready in au-
tumn 2018)

Finalised Finalized Finalized

Organization/
project develop-
ing the tool

Developed 
within the Aus-
trian (FFG) 
funded project 
‚Citycalc‘

EPFL and 
kaemco, Lau-
sanne, Switzer-
land

Fraunhofer In-
stitute for 
Building Phys-
ics, Germany
Projects:
1. D-ECA: „En-
ergieeffiziente 
Stadt – 
EnEff:Stadt“
2. D-ECA, inter-
national ver-
sions: IEA EBC 
Annex 51 „En-
ergy efficient 
communities“ 
[20]
3. MODER 
D-ECA: EU 
Horizon 2020 
MODER 
(680447) [21]

Welsh School 
of Architecture, 
Cardiff Univer-
sity

–  University of 
Innsbruck 
and alpS

–   Projects: 
EU project 
‚SINFONIA‘ 
City project: 
‚Baseline for 
Innsbruck‘

–  Technical 
University of 
Munich 
(TUM), Lst. 
Prof. 
Hausladen

–   Projects: 
Energieleit-
planung 
 Ismaning, 
Energie-
nutzungs-
pläne 
 Iphofen, 
 Weyarn

Web link [22] [23] [24] [25] [26] [16]

Table 1. Continued
Tabelle 1. Fortsetzung
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Table 2. Energy district tools (using information from the developers)
Tabelle 2. Distrikt-Tools für Energiebedarfsberechnungen (Daten wurden von den Entwicklern geliefert)

Properties/Tool-
Name

Hotmaps toolbox Invert/EE-Lab SimStadt SOLENE TEASER

Focus on supply 
or demand side

Both Demand side with 
some aspects of supply 
side e.g. district heat-
ing grid module

Demand side Developed thanks to 
suppliers and now fo-
cus on demand side.

Demand side

General and spe-
cific purposes of 
energy models

Short-term analy-
sis and long-term 
forecasting and 
scenario analysis 
including: 
(1) Mapping heat-
ing and cooling 
energy situation; 
(2) Model the en-
ergy system; 
(3) Supporting the 
comprehensive 
 assessment of effi-
cient heating and 
cooling according 
to the Energy Effi-
ciency Directive; 
(4) Comparative 
assessment of 
given scenarios 
until 2050

It is a dynamic techno-
socio-economic simu-
lation tool that evalu-
ates the effects of dif-
ferent policy packages 
on the total energy de-
mand, energy carrier 
mix, CO2 reductions 
and costs for space 
heating, cooling, hot 
water preparation and 
lighting in buildings, 
including development 
scenarios of the build-
ing stock, its energy 
demand and district 
heating grid expansion 
up to 2030/2050/2080 
for various scenario 
assumptions. 

Baseline calcula-
tion (diagnosis of 
actual energy de-
mand, embodied 
energy, CO2), re-
newable potential 
assessment (irra-
diance, PV), fore-
casting scenarios 
(building refur-
bishment)

It requires to design a 
district and to mesh 
the urban surface and 
volume. Relying on 
this mesh, the tool re-
alises the coupling be-
tween a radiative 
model, a thermoradia-
tive model for differ-
ent kind of urban sur-
faces and a CFD 
model. It can evaluate 
the impact of the ur-
ban planning choices 
on the urban heat is-
land, on the building 
energy demand as 
well as indoor or out-
door thermal comfort.

Data enrichment 
for buildings and 
automated gen-
eration of simu-
lation models for 
Modelica

Analytical ap-
proach

It consists of sev-
eral modules in-
cluding bottom up 
and -top-down ap-
proaches. In both 
variants, GIS 
based analysis is 
used.

Bottom-up; some ele-
ments of top-down 
models are also inte-
grated (e.g. resource 
potentials, diffusion re-
strictions, budget re-
strictions); the district 
heating module also 
includes a GIS compo-
nent. 

Bottom-up, 
3D-GIS based 
(open 3d city 
model CityGML)

Bottom–up: from sur-
face and building en-
ergy balance to micro-
climate modelling

Top-Down

Underlying 
methodology

Each module has 
its own methodol-
ogy:
–  economic as-

sessment of in-
vestment op-
tions (efficiency 
measures in 
building stock, 
industry, etc.)

–  hourly balanc-
ing of supply 
and demand for 
regions and dis-
tricts

–  economic opti-
mization of gen-
eration portfo-
lios for heating 
and cooling 
supply

–  statistical analy-
sis of building 
stock data and 
it‘s supply tech-
nologies

Nested logit approach; 
Weibul distribution; 
Static monthly bal-
ance approach for en-
ergy needs and deliv-
ered as well as final 
energy demand; Opti-
mization for district 
heating and gas grid 
modelling from the 
network operator’s 
point of view.

Heating/Cooling 
demand: stan-
dard monthly en-
ergy balance DIN 
18599 (dynamic 
simulation in cur-
rent develop-
ment).
DHW and Elec-
trical demand: 
statistical models

Based on the equa-
tions of heat transfer 
(radiation, conduc-
tion, convection) and 
mass transfer (fluid 
mechanics), balances 
are realized on each 
cell of the district. 
Surface and building 
energy balances are 
done using finite dif-
ference methods.

Dynamic build-
ing model VDI 
guideline 6007-1
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Properties/Tool-
Name

Hotmaps toolbox Invert/EE-Lab SimStadt SOLENE TEASER

Special focus on 
renewables

Yes Yes Solar photovol-
taic suitability 
and production 
assessment.

No. Not for now, but 
e.g. solar potential at 
district scale and nat-
ural ventilation poten-
tial can be estimated.

No

Geographical 
coverage

–  Local, regional 
and national 
level for EU-28

–  Residential and 
non-residential 
buildings

–  National (and some 
elements, in particu-
lar regarding grid 
modelling on spa-
tially high resolu-
tion); several case 
studies also on local 
and regional level; 
EU-28 (plus NO and 
CH)

–  Residential and non-
residential buildings

–  Multi-scale ap-
plication, from 
building level 
(mono or 
mixed usage) 
to regional 
level

–  Residential and 
non-residential 
buildings

Building district Non-residential 
and residential 
buildings (Ger-
man statistical 
data, but not 
limited to this)

INPUT-Informa-
tion needed – 
Data require-
ments

Open public data:
EU-28 compati-
ble: Provision of 
Default Open 
data (can be mod-
ified by the user) 
base for EU-28 
with the aim to be 
applicable for cit-
ies in all EU mem-
ber states

Non-public data in 
general
–  Disaggregated build-

ing stock data and 
installed heating, 
hot water and cool-
ing systems

–  Techno-economic 
data for building 
renovation and heat-
ing systems

–  Energy prices
–  Resource potentials, 

diffusion restrictions 
etc.

–  Specification of 
agents

–  Policy specification
–  Scenarios of future 

growth of building 
stock

–  Climate data

Depends on the 
selected analysis/
workflow. All 
workflows re-
quire at less a 3d 
city model of 
good quality. 
Some workflows 
require addition-
ally a set of mini-
mum semantic 
data (heating de-
mand: building 
function and year 
of construction). 
Further relevant 
data may be used 
to refine the 
model.

Open public data; 
Meteorological data 
(no data can be 
needed in case of aca-
demic study)

Net floor area, 
building age, 
building usage 
and rough cuba-
ture (height and 
number of sto-
reys)

Commercial or 
freeware

Freeware Commercial Currently inter-
nal use only. No 
licence yet.

Both Freeware

Open source Yes No Not yet Partly open source Yes

Language English English English French English

Tool status Under develop-
ment: first release 
of test-compo-
nents planned in 
2017

Finalized, ongoing up-
dates

Under develop-
ment

Finalized, ongoing up-
dates

Under develop-
ment, stable ver-
sion

Organization/
project develop-
ing the tool

EU H2020 project 
‚Hotmaps‘ with 16 
partners and TU 
Wien as coordina-
tor.

–  Vienna University of 
Technology/EEG

–  more than 40 proj-
ects (http://www.in 
vert.at/projects.php) 
for different cities, 
regions and coun-
tries (including EU-
28 plus NO, CH and 
IS).

–  HFT Stuttgart, 
with the sup-
port of MOSS 
and GEF

–  German na-
tional projects: 
SimStadt 
(2013-2016) 
and SimStadt 2 
(2017–2020).

The tool was devel-
oped thanks to PhD 
thesis.

RWTH Aachen 
University, Insti-
tute for Energy 
Efficient Build-
ings and Indoor 
Climate

Web link [27] [28] [29] [30] [31]

Table 2. Continued
Tabelle 2. Fortsetzung
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of dynamic simulations and monitoring data in [51]. Energy 
consumption data from energy bills, which were derived 
from the facility companies, were analysed. The investiga-
ted variables of user behaviour were a) indoor set point 
temperature, b) air change rate due to window opening 
and c) domestic hot water (DHW) demand. It was shown 
that the measured distributions (using measured data of 
3.3 million flats) could be reproduced by making certain 
assumptions about the user behaviour. The monitoring 
data show that the average DHW demand is not influ-
enced significantly by the building energy level, while its 
share of the total consumed energy increases with better 
energy performance buildings. The results show that in 
good energy performance building, equivalent heating re-
ference temperature and window air change rate were in-
creased as compared to poor performance buildings, lea-
ding to higher thermal comfort and improved indoor air 
quality.

4.2 The so called ‘performance gap’

Many authors have reported significant differences bet-
ween calculated energy demands and measured energy 
consumption, which are often briefly referred to as a “per-
formance gap”. In many cases, the energy consumption of 
buildings with low efficiency (where the occupants operate 
their homes more economically) is overestimated by the 
calculation procedures, whereas the energy consumption 
is underestimated for higher performance buildings. The 
first deviation is called the “prebound effect“ in [52], ana-
logously to the „rebound effect“. The rebound effect descri-
bes a situation where the real energy saving is less than 
calculated, e.g. due to increasing demands in energy servi-
ces after efficiency improvements [53].

In reality, the so called “performance gap” could be 
characterized as a misleading observation due to the fol-
lowing aspects:
–  Improper statistics use and no consideration of extreme 

user behaviour. For example, often user behaviour is 
estimated using a few measured cases instead of a qua-
litative and quantitative sample. In [54], measurement 
and calculation results were compared using a statistic 
approach, including also extreme user behaviours.

–  Inappropriate calculation methods and assumptions e.g. 
disregard of thermal bridges or correction factor for the 
g-value of the window, when the implemented g-value is 
not a function of the angle of solar radiation. Both ef-
fects would lead to less calculated heating demand than 
in reality.

–  Inaccurate characteristic values of construction materi-
als and components. Often, characteristic values (e.g. 
efficiency of heat recovery ventilation units or U-value 
of windows) from manufacturer’s datasheets were inser-
ted in calculations, but these values usually tend to be 
optimistic or not verified/certified leading to unrealistic 
behaviour. The use of values from certified products 
(e.g. from Passive House Institute) minimizes the influ-
ence of this effect and improves strongly the calculation 
accuracy.

–  Missing of quality assurance control after construction 
and component installation. Construction errors and 
improper installation lead to less efficiency in reality 

on ISO 13790 and the transient model described on VDI 
6007 are compared against measured data in [34], aiming 
to be used for the energy simulation of buildings within a 
district or urban area. The comparison of both thermal 
models showed minor deviations and therefore both mo-
dels can be used for city district energy simulation demand. 
The advantages of monthly method compared to dynamic 
simulations are the minimized computational time and of-
ten the less amount of required input data.

Since computational power is increasing, dynamic 
hourly simulations are included in many tools. For ex-
ample, Hotmaps toolbox enables hourly balancing bet-
ween supply and demand, TEASER uses a thermal net-
work R-C model for dynamic simulations in Modelica [44], 
Solene couples a radiative, a thermoradiative, and a CFD 
model [45], CitySim includes a simplified 2-nodes model 
[46], and dynamic simulations is going to be an option in 
SimStadt, too.

In district energy modelling, the number of assump-
tions is relative high and therefore, when measured con-
sumption data are available, a calibration improves the 
accuracy. This was done for the Innsbruck SINFONIA 
case study using the EneRAlp Model, in which the heating 
and electricity energy results are calibrated against the real 
energy consumption provided by the energy supplier [11].

Statistical analysis is also used e.g. in SimStadt for 
DHW and electricity demand, and in Hotmaps toolbox for 
the building stock and supply technologies.

4 Use of appropriate boundary conditions
4.1 Uncertainties in available input data

In most cases, the real quality of the building envelope due 
to partial renovation is unknown. Besides construction 
date and rough information about the thermal quality of 
the building envelope, there is almost no information 
about enhancements of wall, window and roof compo-
nents over time. Moreover, the difference between treated 
and gross floor area is another reason for deviations bet-
ween measured and calculated heating energy. According 
to [47], the uncertainties of the available data are the user 
behaviour and heating system. For example, in some buil-
dings the heat source technology was changed only in a 
few flats (e.g. gas instead of wood oven) making it hardly 
possible to gather information about the energy consump-
tion of the whole building. Additionally, low accuracy of 
available data might lead to inappropriate calculation re-
sults, such as inaccurate building volume (due to unheated 
rooms), unknown indoor temperatures during the heating 
season, various heating periods (less or no heating during 
the night), air change rate (window opening and infiltra-
tion) and user behaviour (occupancy).

The correlation between building’s compactness and 
specific heating demand was discussed in [48]. Smaller 
dwelling units, which tend to be found in larger, more com-
pact buildings, have higher average temperatures, accor-
ding to [49]. This effect is even higher in historic buildings. 
Additionally, the need to categorize the buildings to refur-
bished and non-refurbished is discussed in [50], since it 
influences a lot the energy performance.

The influence of the user behaviour on the energy per-
formance of the building was investigated via comparison 
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based on this approach, we can provide estimates for the 
indoor temperature that allow for improved predictions of 
the heating energy demand.

As an exemplary case for a residential building, the 
small end-of-terrace house shown in Figure 2 is used. It has 
a total living area of 120 m2 on two storeys. For the simu-
lation, it is divided into 6 thermal zones. 5 different insula-
tion levels are considered, from an uninsulated envelope 
with single glazing to Passive House insulation with triple 
glazing and U-values of walls, roof, and basement floor 
between 0.11 and 0.16 W/(m2K).

Now, 4 different utilisation patterns are applied: a fa-
mily of five where the children come back from school at 
2 p.m.; a similar family where all but one family members 
are away until 7 p.m.; a working couple that spends the 
day outside their home; a retired couple that spends most 
of their time at home. It is assumed that the inhabitants are 
heating only those rooms which they currently occupy. 
This is a plausible assumption at least for Germany, where 
residential buildings usually have hydronic heating systems 
with room thermostats and residents are charged for hea-
ting depending on their individual consumption. In addi-
tion to the above, heating is turned off during the night, i.e. 
from 10 p.m. to 6 a.m. The scenarios are obviously simpli-
fied; in reality the heating system cannot instantaneously 
heat up a room, the inhabitants will sometimes be off for 
the weekend or winter holidays, some of them will heat 
certain rooms to a minimum temperature even if not used, 
etc. Nevertheless, the results give a good indication of the 
temperatures that may occur in buildings of different insu-
lation levels.

Figure 3 shows the simulation results in comparison 
with Loga’s correlation from [61]. The simulation results 
scatter approximately by a factor of 2 for the same heating 
demand under standard conditions (here: 20 °C operative 
room temperature), depending on the chosen scenario. It 
can be seen that Loga’s correlation is within the range gi-
ven by the simulation results. Note: All data in the figure 
refer to useful heat. Loga’s correlation originally refers to 
delivered energy and was transformed accordingly, assu-
ming 91 % efficiency of heat generation and distribution.

It can be concluded that partial heating, both with 
reference to time and space, can explain the majority of the 

than expected e.g. air leakages or high pressure losses in 
the ducts of the ventilation system.

The difference between calculated and measured con-
sumptions is strongly reduced in very efficient buildings. 
Very good agreement between measured and calculated 
energy for Passive Houses is shown e.g. in [55, 56].

4.3 Simulation study

As already discussed above, and summarized in [52], 
there is a large number of studies that consistently show 
a significant overestimation of the (measured) heating 
energy consumption for buildings with a high (calculated) 
heating energy demand. Simultaneously, many scientific 
monitoring projects have shown that such a difference 
does not exist for Passive Houses, where consumption 
and demand are similar, provided that the typical actual 
indoor temperature of 21.5 °C [57–59] is used in the cal-
culations with e.g. the PHPP [60]. This situation is con-
sistently reflected in a correlation given by [61], one of the 
few references that try to provide a solution to the obser-
ved overestimation of heating energy consumptions. 
From data for ca. 1700 buildings, the authors derive an 
empirical correlation formula for the measured heating 
energy consumption QM as a function of the heating 
energy demand QC calculated under standard conditions 
(cf. also Figure 3 below):

 (1)

The data underlying this correlation are mainly from a 
range of heating energy demands between 150 and 
350 kWh/(m2 yr) (here, the characteristic values are given 
with reference to square meters of useful floor area, i.e. the 
sum of the areas of all rooms, excluding e.g. exterior and 
interior walls as well as staircases).

It should be noted that measured heating energy con-
sumptions scatter significantly. Schröder et al. [62] reports 
standard deviations of 30 to 50 % for the heating energy 
consumptions of buildings in identical size and building 
age classes.

From the good agreement in the range of Passive Hou-
ses, one can conclude that the calculation algorithms are 
able to model the relevant physical processes. Taking this 
as a starting point, it seems likely that the discrepancies at 
higher heating demands are due to incorrect boundary 
conditions, in particular overestimated room temperatures. 
Indeed it was shown in [62], based on more than one mil-
lion measurements in multi-family residential buildings in 
Germany, that older buildings with poorer efficiency levels 
exhibit lower average indoor temperatures. For pre-1977 
buildings, average room temperatures of 18.1 °C are repor-
ted, for post-2002 buildings this value is 18.9 °C. It should 
be noted, though, that these measurements were made 
with electronic heat cost allocators, not with scientific in-
struments.

In the following, it will be shown that a plausible as-
sumption of partial heating can explain the observed 
discrepancies of consumption and demand. Furthermore, 
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Fig. 2. Floor plans of the example home
Bild 2. Grundrisse der Beispielwohnung
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–  The climate, in particular the average ambient tempera-
ture θa during the heating period. In reality, this value 
depends on the building, because high performance 
buildings have a shorter heating period. However, for 
practical purposes, a value that depends only on the 
climate is used. A temperature, which basically incorpo-
rates all months with an average temperature below 
10 °C and a part of the months with temperatures bet-
ween 10 and 16 °C, was chosen, identical to the one 
calculated in PHPP [60].

–  The size of the building or the dwelling units. In smaller 
buildings, particularly in single family homes, the dwel-
ling units tend to be larger. For these smaller buildings 
it is easier to reduce the temperature in a specific room 
because there are less adjacent rooms, which are hea-
ted. In fact, [63] shows that, at the same total living area 
of the building, lower heating demands are found if the 
dwelling units are smaller. Here, a correction factor 
from [64] is used: the unheated fraction of a dwelling 
unit is estimated to be

 (2)

where ADU is the average living area of a dwelling unit. 
The correction factor for the size of the dwelling unit is 
then given as

 (3)

A simple and robust, linear correlation for the indoor tem-
perature θi was found to be the most suitable function:

 (4)

where θi,set is an indoor temperature set point of 21 °C.
The temperature calculated using the formula is 

shown in Figure 4, in parallel with the dynamic simulation 
results for the different scenarios and insulation levels of 
the modelled dwelling unit.

The EHRT θi is usually within the range given by the 
simulation results, with a certain underestimation of the 
simulation for high values of h. This latter deviation is desi-
rable because it compensates for the still lower heating 
demands of buildings with very high heat losses (see 
above). This result also holds for other European climates; 
examples are shown in Figure 4. For these climates the 
suggested correlation can only be a first approximation be-
cause of the lack of empirical evidence. In countries where 
e.g. typical heating systems, occupancy densities, or the 
importance of heating cost to the inhabitants differ from 
the situation in Germany, the scenarios used for the simu-
lation may be less representative.

The EHRT can then be used as a heating set point for 
dynamic simulations or – usually more appropriate 
for energy district tools and with very similar results – for 
monthly/annual energy balance calculations. It should be 
noted that the dynamic simulation results in Figure 4 are 
not temperature set points, but average temperatures for 
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observed differences between calculations and measure-
ments. It should be noted that this partial heating results 
in average indoor temperatures that are far below the com-
fort range and will indeed result in a somewhat reduced 
thermal comfort; we call the expected value of these tem-
peratures the “equivalent heating reference temperature 
(EHRT)”. Nevertheless, the results appear plausible be-
cause rooms that are used for extended periods of time can 
still be heated to comfortable temperatures in spite of the 
low averages. It is only for very high heating demands that 
the simulation still appears to overestimate the observed 
correlation. Possible reasons include physical effects (redu-
ced heat transfer coefficients due to furniture on exterior 
walls or carpets on the floor as well as curtains are more 
relevant for high U-values) as well as social aspects (higher 
energy cost results in additional reductions of room tempe-
ratures; buildings that were not refurbished are more likely 
to have a low occupancy) which are beyond the scope of 
this study.

For the use in energy district tools, it is now desirable 
to predict the equivalent heating reference temperature 
that provides realistic results for the heating demand. The 
following factors are expected to be of relevant influence 
for this temperature:
–  The specific heat loss of the building. From a physical 

standpoint the heat loss, and not the heating demand, is 
driving the temperature reduction. The higher the heat 
transfer between inside and outside, the faster the tem-
perature will drop when a room is left and the heating 
is turned off. As heating demands per square meter of 
living area are considered here, the specific transmis-
sion and ventilation heat loss h per square meter of li-
ving area and per Kelvin of temperature difference bet-
ween inside and outside (in the following briefly: ‘total 
specific conductance’) is used.

–  The thermal mass of the building structure. For light-
weight constructions, a faster temperature drop would 
be expected after the heating has been shut off. How-
ever, simulation test runs revealed that this influence is 
of minor importance.

Fig. 3. Useful heating demand under realistic boundary con-
ditions as a function of the heating demand under  standard 
conditions
Bild 3. Nutzbarer Energiebedarf unter realistischen Rand-
bedingungen in Abhängigkeit vom Energiebedarf unter 
 Standardbedingungen
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red to the results with standard boundary conditions (here: 
19 °C, 0.4 air changes per hour), excellent agreement with 
Loga’s correlation was observed (see Figure 3).

5 Conclusions

Several tools for energy calculations/simulations of a dis-
trict, city, region or even a country were developed or are 
under development. An overview of 11 tools in Europe 
was presented in this study. A variation with respect to aim 
and application of the tools can be observed. In most tools, 
monthly calculation method is used or simplified dynamic 
simulation methods are developed. Most tools are based 
on GIS and use the bottom-up approach. The majority of 
the tools are freeware but often not open source. Even 
though English is the dominant used language, the natio-
nal language is preferred in four tools.

The so called ‘performance gap’ has been discussed. 
Simulation results showed that the difference between cal-
culated and measured heating demand can be eliminated 
using appropriate average indoor temperature as equiva-
lent heating reference temperature (EHRT). Additionally, 
a formula was developed to estimate this temperature θi 
based on building envelope, living area and ambient tem-
perature, aiming to be used as set point for the indoor tem-
perature in district energy calculations.

In the future, a comparison of the tools with respect 
to required data input (especially, in case of poor quality 
data), modelling effort and accuracy is suggested. As for 
the suggested boundary conditions, validations based on 
more detailed information from measurements would be 
useful.
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