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ABSTRACT* 

To decarbonize Europe’s building stock by 2050, 

renovation rates must rise, and fossil-based heating systems 

must be phased out. Heat pumps (HPs) are central to this 

effort, but their installation in multi-family buildings 

presents challenges like space limitations, noise, and 

invasive infrastructure work. As part of the “PhaseOut” 

research project, seven multi-family buildings in Vienna 

will undergo renovations. Each will use a centralized, 

speed-controlled monobloc air-to-water HP for space 

heating. The feasibility of decentralized, façade-integrated 

mini-split air-to-water HPs for domestic hot water will also 

be explored. To support this, 3D simulation models of a 

single façade-integrated HP will be created using COMSOL 

and CadnaA, a commercial acoustic modeling tool. Both 

platforms will then be used to assess the acoustic impact of 

multiple HP units installed on façades, highlighting 

differences in modeling approaches. Simulations in CadnaA 

will also evaluate the environmental sound pressure levels 

on the renovation site. Preliminary findings show that sound 

emissions from decentralized HP units remain within legal 

limits at the property boundary. However, while tools like 

CadnaA effectively estimate sound levels across broad 

areas, they struggle to model near-field acoustics and 

complex interactions from multiple noise sources with high 

precision. 
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1. INTRODUCTION 

In nearly-zero energy buildings (nZEBs) a combination 

of adequate insulation of the building and efficient heat 

pump (HP) based hydronic systems is required [1,2] to 

reach the goal of the European Union of a fully 

decarbonised building stock by 2050 [3]. For existing 

multi-family buildings, the energy performance of the 

building envelope can be improved fast and reliably by 

means of serial prefabricated retrofit solutions [4]. In 

prefabricated renovation solutions, most of the work can 

be performed off-site to reduce the installation time and 

disruption to the building tenants. Moreover, decentral 

air-source heat pumps can be efficiently integrated in 

prefabricated façade elements, thereby reducing the 

amount of disruptive and cost-intensive installation work 

within the flat, as shown in [5] and [6]. For prefabricated 

façades with integrated building services, an integral 

design and analysis approach which unites building 

physics, thermodynamics and architecture is required 

[7]. However, one of the main concerns for the extensive 

acceptance of HPs in residential buildings is noise [8] 

and the actual legislative framework in Europe does not 

accurately consider the relationship between HP 

placement and its operational state [9,10], as frequently 

the sound power level reported in technical datasheets is 

not measured at full capacity. Within the Austrian 

research project PhaseOut [11], seven identical social 

housing multi-family buildings in Vienna, with each six 

flats, will be renovated. In two of them, a silent façade-

integrated mini-split HP for flatwise domestic hot water 

(DHW) preparation, installed in a prefabricated timber 

frame façade, will be installed, while space heating (SH) 

will be provided by two external monobloc air-to-water 

HPs. First, the analysis will focus on the comparison 

between a 3D COMSOL [12] simulation model of the 

sound propagation around a single façade-integrated 
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mini-split HP and a 3D simulation model developed 

within the environment of the commercial software of 

CadnaA [13]. Then a 3D simulation will be performed in 

both simulation programs considering the sound 

emissions of three façade-integrated HPs to evaluate the 

modelling of interference patterns. Finally, simulations 

within the software environment will assess the sound 

propagation on the whole renovation site (i.e. for all 

seven buildings) and the resulting sound pressure level 

considering only the decentral DHW HPs will be 

compared with the limits imposed by the existing 

regulations. Based on the simulation results, 

recommendations are made for the creation of a reduced-

order simulation model for the pre-design of HP 

systems.    

2. RENOVATION CONCEPT 

The mini-split HP concept developed within the research 

project “PhaseOut” is depicted schematically in Figure 1. 

The system combines a façade-integrated outdoor unit 

including the evaporator and four parallel axial fans with an 

indoor unit housing the compressor, the condenser and the 

expansion valve. The HP indoor unit is in turn connected 

hydraulically with a compact 120 Litres hot water storage 

for the delivery of the DHW demand. The nominal HP 

heating capacity corresponds to 1.5 kW (A2W55) at an 

airflow rate of 350 m3/h. A 2.73 x 2.73 m timber frame test 

façade was built to measure the HP performance under real 

operating conditions and installed in a so-called PASSYS 

test cell [14] at the University of Innsbruck, as shown in 

Figure 2. The outdoor unit of the mini-split air-to-water HP 

is integrated in a 120 x 60 x 20 cm niche within the test 

façade (see lower casing in Figure 2). The back side of the 

outdoor unit is further insulated towards the inside with a 5 

cm aerogel layer (see also Figure 1). A vapour barrier is 

inserted between the prefabricated façade and the existing 

wall. Seven three-storey multi-family houses will be 

renovated in Vienna, Austria. Each building consists of six 

flats (see also Figure 3), with an average flat size of 55 m2. 

SH in the flats is provided currently mainly by decentral gas 

boilers or electric ovens, while DHW is either supplied by 

electric boilers or by the same gas-fired boiler used for SH, 

if existing. 

 
Figure 1. Schematic drawing of the developed 

façade-integrated air-source mini-split-type HP. 
 

 
Figure 2. Outdoor unit of a façade-integrated mini 

split air-to-water heat pump for domestic hot water 

installed at the University of Innsbruck. 
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Figure 4 gives an aerial overview of the seven buildings 

subjected to renovation as well as an indication of the 

property limit (red dotted line), which is crucial for the 

evaluation of the sound emissions.  Each of the seven 

buildings will undergo deep renovation to achieve a heating 

demand of 25 kWh/(m2 y). Buildings 1 and 4 will be 

equipped with two centralised speed-controlled air-to-water 

HPs with a nominal thermal capacity of 5.3 kW each 

(A2W35) supplying low-temperature water to a water-to-

water speed-controlled 7.2 kW (W15W55) booster HP in 

each flat for SH and DHW preparation. For buildings 2 and 

7 the SH demand will be covered by two centralised air-to-

water HPs, identical to those in buildings 1 and 4, while 

DHW preparation will be provided through the developed 

façade-integrated mini-split air-to-water HP on the south-

east façade (see Figure 1, Figure 2 and Figure 3). Buildings 

3, 5 and 6 will feature instead a fully centralised system 

with two monobloc 5.3 kW speed-controlled air-to-water 

HPs identical to those in the other buildings, one for SH and 

one for DHW. 

 
Figure 3.  Drawing of the east façade of one of the 

three-storey buildings subjected to renovation in 

Vienna within the research project “PhaseOut” with 

indication of the possible position of the façade-

integrated DHW HP. 

 
Figure 4. Aerial view of all seven buildings on the 

renovation site located in Vienna with indication of 

the property limit (dotted red line). 

3. REGULATORY FRAMEWORK 

In Austria, environmental noise propagation is assessed 

based on ÖNORM S 5021, ÖAL Guideline No. 6 (Austrian 

Noise Abatement Association), and relevant Federal 

Province regulations. ÖNORM S 5021:2017 establishes 

planning values for noise emissions, considering both 

location (zone) and time of day. 

For urban residential areas, the reference sound pressure 

levels are: 

• 55 dB(A) from 6 a.m. to 7 p.m. 

• 50 dB(A) from 7 p.m. to 10 p.m. 

• 45 dB(A) from 10 p.m. to 6 a.m. 

According to ÖNORM S 5021 and ÖAL Guideline No. 6, a 

continuously operating system (e.g., heat pumps) is deemed 

non-intrusive if the sound pressure level at the property 

boundary remains below the base level. This base level is 

generally approximated as 10 dB lower than the permitted 

assessment level [15]. Therefore, in the absence of more 

detailed in-situ measurements, the critical conditions are 

expected to occur at night and a maximum sound pressure 
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level of 35 dB(A) must not be exceeded at the site 

boundary. 

4. METHODOLOGY 

For the simulations model in COMSOL, the measured 

sound power level of the outdoor unit of the mini-split HP 

shown in  Figure 5 (described also in [16]) was used as a 

base for the definition of the properties of the sound source. 

 
Figure 5. Measured sound power level spectrum of 

the outdoor unit of the façade-integrated mini-split 

HP. 

The analysis is performed at 125 Hz for sake of manuscript 

length, but the same methodology can be applied to the 

remaining frequencies in the spectrum.  

A first simulation is performed with a single homogeneous 

sound source, while a second one is performed for three 

identical sound sources, with a distance of 3 m between one 

source and the next one. The sound source is placed at a 

height of 5 m above ground level and the sound pressure 

level is evaluated on a horizontal plane orthogonal to the 

sound source(s).  

In the CadnaA simulation model the sound source is 

modelled as a two-dimensional object with the frontal 

dimensions of the mini-split HP together with the building 

façade on which it is installed. The sound pressure level  

in every point of  the domain and for each frequency is 

calculated according to Eqn. (1): 

 
(1) 

Where Lw is the sound power level of the sound source, Lz 

the eventual correction for low-frequency tonalities, K0 the 

adjustment value for the position of the HP, r the distance 

from the sound source and C a constant correlating sound 

power level and sound pressure level, depending on the 

sound propagation pattern (e.g. hemispherical or spherical). 

In Table 1 a summary of the applied boundary conditions 

(BC) for the CadnaA simulations can be found. For the sake 

of simplicity, it was decided to discard the influence of low-

frequency tonalities for the current analysis. The absorption 

coefficient of the building façade at 125 Hz  
αf,125 is assumed to be equal to 0.05 and the ground 

absorption coefficient αg,125  corresponds to 0.25.  

Table 1. Summary of selected boundary 

conditions for the CadnaA simulations. 

BC Value 

Lz 0 dB 

K0 

 

+ 3 dB (façade 

installation) 

C 8 dB (hemispherical 

propagation) 

αf,125 0.05 

αg,125   0.25 [17] 

In the COMSOL simulations, an air volume of 10 m x 10 m 

x 10 m is defined for the calculation of the sound pressure 

level (see Figure 6), which includes a fictitious building 

façade (highlighted in Figure 6) and the ground. The HP is 

modelled as a cavity in the air volume and a sound pressure 

is applied to its front surface. The assigned sound pressure 

is derived by the measurement of the sound power level 

shown in Figure 5. An impedance boundary condition is 

assigned to the building façade and to the ground, with 

absorption coefficients equal to those presented in Table 1. 

The remaining surfaces are assumed to be open boundaries. 

The pressure field within the air domain is solved by the 

software by means of the Helmholtz equation, shown in 

Eqn. (2), which applies if no monopole or dipole domain 

sources are assumed. It is also assumed that the background 

pressure is zero, so the total sound pressure is equal to the 

scattered pressure. 
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(2) 

 

Where pt is the total sound pressure in [Pa], ρa the density 

of air in [kg/m3] and k the wave number in [1/m]. To 

minimize the computational effort of the model, a hybrid 

FEM-BEM (Finite Element Method – Boundary Element 

Method) approach was used, with all the surfaces except the 

façade and the ground acting as a BEM-FEM boundary. 

 

 
Figure 6. Depiction of the control volume 

of air assumed in COMSOL. The façade 

of the building is highlighted, and it is 

possible to see the HP cavity. 
 

Finally, to calculate the sound emissions due to the DHW 

HPs around the renovation site, a model in CadnaA was 

built replicating the location and assuming a total of six 

façade- integrated heat pumps (e.g. one for each flat) on the 

east-southeast façade of building 2 and six heat pumps on 

the east-northeast façade of building 7 (see also Figure 3). 

To check the compliance with the regulations at night, 

fictitious receivers have been placed at the property 

boundary at a height of  2 m. The HPs have been modelled 

in this a case as one-dimensional sound sources. 

5. RESULTS 

The sound pressure level on a 2D plane perpendicular to the 

sound source is depicted in Figure 7 and Figure 8 for the 

CadnaA and COMSOL simulations respectively. In  Figure 

7, ideal receivers on the same plane of the sound source can 

be scene at distances between 0.5 m and 5 m from the 

sound source. Compared to CadnaA, the COMSOL 

simulation in Figure 8 is able to represent in a more detailed 

the sound propagation pattern caused by a two-dimensional 

sound source, as the sound propagation deviates from a 

purely hemispherical pattern for distances higher than about 

2.5 m. Evaluating the sound pressure level at 125 Hz on a 

line perpendicular to the sound source yields the diagram in 

Figure 9. Below 1 m distance from the sound source a 

similar decay in the sound pressure level can be observed in 

both CadnaA and COMSOL simulations. Between 1 m and 

2.5 m the COMSOL simulations slightly overestimate the 

sound pressure level compared to CadnaA and for distances 

higher than 3 m from the sound source, the profiles deviate.  

 
Figure 7. 2D plane of the overall sound pressure 

level in dB generated by a single HP in CadnaA. 
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Figure 8. 2D plane of the sound pressure level 

in dB at 125 Hz generated by a single HP in 

COMSOL. 
  

The differences between the two simulation tools are more 

clearly visible if three operating HPs are considered, as 

shown in Figure 10 and Figure 11. While near (within 1 m 

of) the sound source the sound pressure levels exhibit 

similar behaviour, as the distance from the HPs grows, the 

COMSOL simulation is able to reproduce the constructive 

and destructive interference patterns caused by the 

simultaneous sound emission of the three HPs and the 

reflections from ground a façade, while the sound pressure 

level in CadnaA assumes a more homogenous behaviour.  

 
Figure 9. Comparison between CadnaA 

and COMSOL of the sound pressure level 

at 125 Hz with a single HP on a line 

perpendicular to the sound source. 
 

 
Figure 10. 2D plane of the overall sound 

pressure level in dB generated by three 

HPs in CadnaA. 
 

 

 
Figure 11. 2D plane of the sound pressure 
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level in dB at 125 Hz generated by three 

HPs in COMSOL. 
 

As a result, the sound pressure level on a line perpendicular 

to the central HP in Figure 12 shows large deviations 

between the CadnaA and the COMSOL model for normal 

distances from the sound sources higher than 1 m.  

Reflections in the COMSOL model contribute therefore 

first to a reduction in the sound pressure level from 1 m to 

2.5 m, with a minimum around 5 dB and then to an increase 

from 2.5 m to 5 m. 

 
Figure 12. Comparison between CadnaA 

and COMSOL of the sound pressure level 

at 125 Hz with three HPs on a line 

perpendicular to the central HP. 

In Figure 13 the simulated sound pressure level at 2 m 

height on the renovation site described in section 2 is 

observed considering the simultaneous operation of the 

twelve DHW HPs, six for building 2 and six for building 7. 

During night, the most critical property boundaries are 

therefore for building 2 the points exactly in front of the 

façade where the HPs are installed and for building 7 also 

the points southeast of the building. The maximum overall 

sound pressure level (considering only the DHW HPs) at 

the property boundaries near building 2 corresponds to 20.4 

dB(A), while a maximum value of 29.3 dB(A) is observed 

near building 7 where the distance between sound sources 

and property boundary is at its minimum. In both cases, 

therefore, the regulatory limit is met. 

 

 
Figure 13. CadnaA simulation of the sound 

pressure level at the renovation site 

considering only the decentral DHW HPs. 

Ideal receivers are placed on the property 

boundary. 

6. CONCLUSIONS 

As part of the PhaseOut research project, seven multi-

family buildings will undergo deep renovation. In two of 

these buildings, domestic hot water (DHW) will be supplied 

using compact, façade-integrated mini-split air-to-water 

heat pumps (HPs). This study evaluated the sound pressure 

levels around the renovation sites using the software 

CadnaA, specifically considering the nighttime operation of 

the DHW heat pumps alone. 

Simulation results show that the sound pressure level at the 

property boundary remains below regulatory limits (e.g., 35 

dB(A)) even at the shortest distance between the HPs and 

the boundary, where a value of 29.3 dB(A) was observed. 

Additionally, the sound propagation characteristics of a 

single HP and of three HPs were analysed using two 

simulation models developed in CadnaA and COMSOL. 

Both models exhibited similar sound pressure level decay 

within 1 meter of the sound source. However, when 

simulating three simultaneous sound sources, significant 

deviations—up to approximately 15 dB—were observed at 

greater distances. This discrepancy is attributed to 

COMSOL's more accurate representation of wave 

phenomena, in contrast to the more uniform sound 

propagation observed in CadnaA. 

These findings suggest that geometric acoustic simulation 

tools like CadnaA are more suitable for evaluating HP 
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installations over larger domains. However, for detailed 

assessment of sound propagation at short distances—

especially in scenarios where HPs are installed close to 

property boundaries—FEM-based physical models like 

those in COMSOL offer greater precision. 

To validate these results, future measurements will be 

conducted using a mock-up of a prefabricated timber façade 

integrated with an integrated mini-split HP. Furthermore, 

the effect of directional sound sources will be incorporated 

into the simulation models, and the results will be compared 

with in-situ measurements. 

7. ACKNOWLEDGMENTS 

This work has been part of the research projects “PhaseOut” 

(FFG-Nr. 999895470)  funded by the FFG (Austrian 

Research Promotion Agency) in the “Stadt der Zukunft” 

program and of the “IEA HPT Annex 63”. 

Our thanks go to the project partners Drexel und Weiss, 

Rothbacher, Kulmer Holzbau and Nussmüller Architects. 

8.  REFERENCES 

[1] G. Aruta, F. Ascione, N. Bianco, T. Iovane, M. 

Mastellone, G. Maria Mauro, Optimizing the energy 

transition of social housing to renewable nearly zero-

energy community: The goal of sustainability, Energy 

Build 282 (2023) 112798. 

https://doi.org/10.1016/j.enbuild.2023.112798. 

[2] IEA, The Future of Heat Pumps, The Future of Heat 

Pumps (2022). https://doi.org/10.1787/2bd71107-en. 

[3] European Parliament, Directive (EU) 2024/1275 of the 

European Parliament and of the Council of 24 April 

2024 on the energy performance of buildings (recast), 

2024. http://data.europa.eu/eli/dir/2024/1275/oj. 

[4] L. Lihtmaa, T. Kalamees, Emerging renovation 

strategies and technical solutions for mass-

construction of residential districts built after World 

War II in Europe, Energy Strategy Reviews 51 (2024). 

https://doi.org/10.1016/j.esr.2023.101282. 

[5] G. Dermentzis, F. Ochs, D. Siegele, W. Feist, 

Renovation with an innovative compact heating and 

ventilation system integrated into the façade – An in-

situ monitoring case study, Energy Build 165 (2018) 

451–463. 

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

[6] D. Siegele, F. Ochs, W. Feist, Novel speed-controlled 

exhaust-air to supply-air heat pump combined with a 

ventilation system, Appl Therm Eng 162 (2019). 

https://doi.org/10.1016/j.applthermaleng.2019.114230. 

[7] G. Malacarne, G.P. Monizza, J. Ratajczak, D. Krause, 

C. Benedetti, D.T. Matt, Prefabricated Timber Façade 

for the Energy Refurbishment of the Italian Building 

Stock: The Ri.Fa.Re. Project, Energy Procedia 96 

(2016) 788–799. 

https://doi.org/10.1016/j.egypro.2016.09.141. 

[8] M. Torjussen, Sound from domestic air source heat 

pumps: a case study, in: Proceedings of the Institute of 

Acoustics, Institute of Acoustics, 2020. 

https://doi.org/10.25144/13323. 

[9] C. Reichl, Annex 51: Acoustic Signatures of Heat 

Pumps - Final Report, 2021. 

https://heatpumpingtechnologies.org. 

[10] E. Langerova, J. Kralicek, M. Kucera, Air-to-water 

heat pump noise in residential settings: A 

comprehensive review, Renewable and Sustainable 

Energy Reviews 207 (2025). 

https://doi.org/10.1016/j.rser.2024.114968. 

[11] FFG (Austrian Research Promotion Agency), 

PhaseOut - Wärmepumpentechnologien in der 

Bestandssanierung, (2024). 

https://projekte.ffg.at/projekt/4499093 (accessed July 

17, 2024). 

[12] COMSOL Inc., COMSOL Multiphysics 6.0, (2022). 

https://www.comsol.com/comsol-multiphysics. 

[13] DataKustik GmbH, CadnaA, (2025). 

https://www.datakustik.com/products/cadnaa/cadnaa 

(accessed January 26, 2025). 

[14] E. Hahne, R. Pfluger, Improvements on PASSYS test 

cells, Solar Energy 58 (1996) 239–246. 

https://doi.org/10.1016/S0038-092X(96)00080-1. 

[15] C. Reichl, HPT IEA Annex 51 - Acoustic Signatures 

of Heat Pumps - Executive Summary, 2021. 

https://heatpumpingtechnologies.org/annex51/. 

[16] W. Monteleone, F. Ochs, G. Dermentzis, S. Breuss, 

Simulation-assisted design of a silent façade-integrated 

R290 mini-split heat pump, Appl Therm Eng 243 

(2024) 122520. 

https://doi.org/10.1016/j.applthermaleng.2024.122520. 

[17] G.W.C. Kaye, E.J. Evans, The sound-absorbing 

properties of some common out-door materials, 

Proceedings of the Physical Society 52 (1940) 371–

379. https://doi.org/10.1088/0959-5309/52/3/307. 

826


