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Abstract 

To boost the renovation of multi-family buildings 
in densely populated areas, decentralised air-to-
water heat pump solutions are one of the 
alternatives to replace fossil-based (e.g. gas or 
oil) boilers. A common issue faced by all heat 
pumps in alpine and sub-alpine climates is the 
need to defrost the outdoor heat exchanger. This 
study investigates the performance of a compact 
façade-integrated 1.5 kW R290 air-to-water heat 
pump, developed using a holistic component-to-
system level approach. A semi-empirical frost 
formation model is introduced and the system’s 
capability to meet the space heating demand of a 
small, renovated flat is assessed by means of 
dynamic system simulation. Due to the frequent 
defrosting cycles and to the worsening of the 
performance of the outdoor heat exchanger at 
low air temperatures, a 1 kW electric post-heater 
is needed to support the heat pump during the 
coldest months. A system performance factor of 
1.95 is reached considering the whole heating 
season. 

Introduction 

To achieve a fully decarbonised building stock by 
2050, a crucial step involves accelerating the rate 
of renovations and the replacement of apartment-
wise gas boilers (European Commission, 2023; 
Lutsch, 2017). A promising solution for multi-
family buildings in densely populated areas is 
seen in serial renovations with prefabricated 
façades (Pihelo et al., 2017; Silva et al., 2013). 
Enhancing the efficiency and sustainability of 
building infrastructure can be achieved by 
integrating compact and silent decentralised air-
to-water heat pumps (HPs) into façade elements 
(Dermentzis et al., 2018; Siegele et al., 2019). 
This innovative approach could support the 
decentralised transition from conventional flat-
wise gas boilers providing a solution for both 
domestic hot water (DHW) preparation and space 
heating (SH). Despite their numerous 
advantages, a common challenge faced by all air-
to-water HPs is their performance under freezing 
conditions and the subsequent need for de-icing 
(Vocale et al., 2014). In this work, a façade-

integrated 1.5 kW R290 air-to-water HP, 
developed following a holistic component-to-
system level approach (Ochs et al., 2022) is 
investigated. This study addresses in particular 
the aspects of ice-formation and de-icing by 
introducing a semi-empirical model for ice 
formation. 
Performance maps for the thermal capacity and 
the electric power consumption of the HP are 
presented and introduced in a dynamic HP 
system model developed within MATLAB-
Simulink. Here the HP system is coupled to a 
37 m2 flat undergoing renovation and to a 
detailed model of the hydraulic circuit and 
terminals for the supply of the SH demand. The 
aim of this work is on one hand to assess the 
capability of the system to meet the SH demand 
of the single flat and, on the other hand, the 
findings of this study will underline the importance 
of considering the degradation of the air-side heat 
transfer when evaluating the applicability of 
compact, low-power HPs. 

Concept 

The developed decentralised HP concept, shown 
in Figure 1, consists of a façade-integrated 
outdoor unit, housing the evaporator and four 
axial fans and of an indoor unit with the 
compressor and the remaining hydraulic 
components for the delivery of the SH demand. 
The same concept has been implemented for 
DHW preparation, as also described in 
(Monteleone et al., 2024).  

Figure 1: Conceptual design of a façade-integrated 
mini-split HP for the supply of the SH demand. 
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The refrigerant cycle is based on propane (R290) 
therefore the maximum refrigerant charge is 
constrained to 150 g for split indoor installations 
(IEC 60335-2-40, 2022). De-icing is provided by 
means of flow reversing and the refrigerant cycle 
does not have an accumulator. 

Case study 

To assess the capability of the HP to supply the 
SH demand for a small flat, a virtual concept 
demonstration was provided to investigate the 
applicability of the HP for a small flat depending 
on the quality of the building envelope and on the 
supply temperature of the heating system. The 
residential building shown in Figure 2, located in 
Innsbruck, Austria, subjected to renovation and 
for which floor plans and information about the 
heating system were made available, was 
selected for this analysis. The building has a 
ground floor and four floors above ground, with 
mainly single-room apartments with a living area 
of 37.3 m². The typical apartment consists of a 
living room, where the thermostat for the heating 
system is installed, a bedroom, a bathroom and 
an atrium. Except for the atrium, all rooms are 
directly heated by radiators. The simulated 
renovation scenario corresponds to a deep 
renovation with mechanical ventilation with heat 
recovery (MVHR) and replaced radiators, with a 
heating demand (HD) of 49 kWh/(m2 y). 

Figure 2: Multi-family house selected as virtual 
demonstration, street side view. 

Theory 

Ice formation on the surface of a fin-tube heat 
exchanger takes place if the surface temperature 
of the fin is lower than the dew point and the 
freezing temperature of water. It is a complex 
physical phenomenon combining fluid dynamics, 
heat and mass transfer. The evaluation of the 
frost layer growth requires therefore a complete 
characterisation of the airflow pattern and the 
solution of the continuity, momentum, heat 
transfer and vapour transport equations for the 
air-frost interface as in (Lenic et al., 2009). As the 
first ice crystals begin to nucleate on the surface 
of the heat exchanger, a porous structure slowly 
forms and spreads. The continuous transition 
from water vapour to frost causes the frost layer 
to increase in density and grow further away from 

the heat exchanger surface. This causes an 
increase in the thermal resistance of the frost 
layer, thus causing an increase in the surface 
temperature and generating a liquid film at the 
interface between air and frost. The formed liquid 
film will eventually diffuse inside the frost layer 
and freeze. The heat and mass transfer within the 
frost layer is described by equations (1) and (2): 

𝜌𝑓  
𝜕𝑇𝑓

𝜕𝑡
=  ∇ (

𝜆𝑓

𝑐𝑝,𝑓
 ∇𝑇𝑓) + 𝑞𝑠𝑢𝑏  

𝜕𝜌𝑓

𝜕𝑡
(1) 

𝜕𝜌𝑓

𝜕𝑡
 =  ∇ (D𝑒𝑓𝑓 𝜌𝑎 ∇ (𝜌𝑣 𝜌𝑎⁄ )) (2) 

Where 𝑞𝑠𝑢𝑏 is the specific heat of sublimation and 

D𝑒𝑓𝑓 the effective diffusion coefficient of water 

vapour through the frost layer. As frost growth 
fully develops, part of the water vapour deposits 
on the frost layer, while the remaining part 
diffuses through the layer increasing its density. 
During this phase, the growth rate can be 
expressed with the equations (3) to (5). For the 
calculation of the overall heat transfer coefficient 
of the heat exchanger under frost formation 
conditions (for example by means of a modified 
ε-NTU method as suggested in (Chung et al., 
2019)), the variation of the thickness of the frost 
layer with time must be calculated, as shown in 
equation (6). 

𝑚̇𝑎 =   𝑚̇Δ𝑦 + 𝑚̇𝑑𝑖𝑓𝑓 (3) 

𝑚̇𝑎 =   𝜌𝑎 𝐷 ∇w  (4) 

𝑚̇𝑑𝑖𝑓𝑓 =   −𝜌𝑎 𝐷𝑒𝑓𝑓  
d

dy
(𝜌𝑣 𝜌𝑎⁄ ) (5) 

𝑑𝑦𝑓

𝑑𝑡
=  

1

𝜌
 (𝑚̇𝑎 − 𝑚̇𝑑𝑖𝑓𝑓) (6) 

It is immediately understandable that, when 
considering a system simulation involving the 
heat pump, the hydraulic network and the 
building, a detailed physical model of ice 
formation would be computationally demanding 
for the evaluation of the system performance over 
a whole year. Therefore, a simplified 
experiments-based frost formation model needs 
to be developed. 

Methodology 

Experiments 

To measure the steady-state performance of the 
refrigerant cycle, a functional model of the HP 
was set up in the PASSYS test cells of the 
University of Innsbruck (see Figure 3). In order to 
reach quasi-steady heat sink conditions, a hot 
water storage with a volume of 200 litres was 
used as heat receiver. The temperature 
conditions on the façade are imposed by means 
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of a movable climate chamber, while the relative 
humidity cannot be controlled with the existing 
infrastructure. The nominal heating power of the 
HP at A7W50 is 1.5 kW. Table 1 summarises the 
boundary conditions applied during the 
experimental procedures. Based on the 
measurements, performance maps for the 
thermal capacity, for the cooling capacity and for 
the electric power consumption were generated 
depending on the source and sink temperatures. 
Each measurement starts with a completely ice-
free evaporator and ends when the high-pressure 
failure of the HP control is triggered due to the 
presence of ice on the evaporator surface. To 
quantify the impact of ice formation on the 
refrigerant cycle, the variation of the condenser 
power as well as of the electric power 
consumption was observed and empirical-based 
functions were deduced as a function of time and 
of the outdoor temperature. Comparing the actual 
value of the condenser power or of the electric 
power consumption against the nominal steady-
state value under frost-free conditions, a 
correction factor is introduced, as highlighted in 
equations (7) and (8). 

𝑓𝑐𝑜𝑛𝑑 =  
𝑄̇𝑐𝑜𝑛𝑑,𝑎𝑐𝑡

𝑄̇𝑐𝑜𝑛𝑑,𝑛𝑜𝑚
(7) 

𝑓𝑒𝑙 =  
𝑃𝑒𝑙,𝑎𝑐𝑡

𝑃𝑒𝑙,𝑛𝑜𝑚
(8) 

Table 1: Summary of the boundary conditions applied 
during the measurements. 

BC Value 

Source (air) temperature 0...2...4 °C 

Source (air) relative humidity 90 % 

Air volume flow 350 m3/h 

Sink (water) temperature 35 °C 

Water volume flow 4 l/min 

Figure 3: Functional model of the indoor unit of a 
façade-integrated split air-to-water heat pump. 

Simulation 

Based on the measurements, performance maps 
of the HP were generated by means of a 
refrigerant cycle model developed within the 
MATLAB environment, as described in 
(Monteleone et al., 2024) and shown in Figure 4. 
Performance maps were thus calculated for -15, 
-7, 2, 7, 12, 20 °C outdoor air temperature, as well
as 35, 45, 55 °C water supply temperature and
given as an input to a dynamic system model in
MATLAB-Simulink with the use of the Carnot
Toolbox and Carnot UIBK libraries (Solar-Institut
Juelich FH Aachen, 2018; Unit of Energy Efficient
Building - University of Innsbruck, 2018). The
model includes the flat, the hydraulic circuit and
the heat terminals. A conceptual scheme of the
flat, with the position of HP and radiators, is
shown in Figure 5. A single circulation pump
supplies heating water to the circuit with a total
volume flow of 7 l/min. The considered
temperature setpoint during the heating season
corresponds to 22.5 °C to be on the safe side
regarding the user influence. The heating season
lasts from January to May and then from
September to December.
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(a) 

(b) 
Figure 4: Simulated performance maps of (a) 

condenser power and (b) electric power 
consumption for the split-type air-to-water HP for 
sink temperatures between 35 and 55 °C and air 

temperatures between -15 and 20 °C. 

Figure 5: Conceptual drawing of the flat with position 
of the radiators for each room (orange) and HP 

(blue). 
The HP is turned on and off by means of a 
thermostat placed in the living room with a 
switching differential of 1 K. Additionally, for each 
room, a PI-controlled diverter allows the fine 
tuning of the water volume flow. When the 

thermal capacity of the HP alone is not sufficient 
to supply the SH demand and the thermostat in 
the living room indicates a temperature that is 3 K 
lower than the setpoint, a 1.0 kW central electric 
post-heater is activated. 

HP control 

In addition to the thermostatic control, the HP is 
also equipped with an internal control aimed at 
minimising the number of on-off cycles and at 
deciding when to activate de-icing. The minimum 
operational interval for the HP corresponds to 2 
minutes, while the maximum depends on the 
outdoor air temperature. If the air temperature is 
higher than 6 °C, the HP is allowed to run as long 
as the thermostatic control in the living room turns 
it off. Below this temperature limit, the maximum 
operational interval corresponds to 60 minutes. 
During this interval, depending on the outdoor 
relative humidity as in (Zhu et al., 2015), a 
correction factor as in (7) and (8) is applied to the 
condenser power and to the electric power 
consumption of the compressor to consider the 
worsening of the performance of the refrigerant 
cycle under frost formation. Once the 60 minutes 
have passed, the room thermostatic control is 
overridden, and the HP is shut down to start de-
icing for a total of 10 minutes. This hypothesis 
was adopted to make sure that the entire frost 
layer is removed within this interval. It must be 
however pointed out that this might lead in the 
reality to unnecessary defrosting cycles, as frost 
growth is not constant but depends on relative 
humidity and temperature of the ambient air. For 
instance, as remarked in (Zhu et al., 2015), for 
temperatures between 0 and 6 °C and relative 
humidity between 50% and 70%, only mild 
frosting takes place. In those cases, the duration 
of the de-icing cycles could be considerably 
shortened or vice versa the operational interval of 
the HP could be extended without major 
performance drawbacks. De-icing takes places 
by means of flow reversing and the electric power 
consumption of the compressor during this phase 
is also counted. 

KPIs for performance evaluation 

The HP performance will be evaluated for each 
month of the heating season by means of the 
performance factors (PFs) shown in equations (9) 
to (10). 

𝑃𝐹𝐻𝑃 =  
𝑄𝐻𝑃,𝑡ℎ

𝑄𝐻𝑃,𝑒𝑙
(9) 

𝑃𝐹𝐻𝑃,𝑠𝑦𝑠

=  
𝑄𝐻𝑃,𝑡ℎ

𝑄𝐻𝑃,𝑒𝑙 +  𝑄𝐻𝑃,𝑒𝑙,𝑑𝑒𝑖𝑐𝑖𝑛𝑔 + 𝑄𝑝𝑜𝑠𝑡𝐻,𝑒𝑙

(10) 
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𝑄𝐻𝑃,𝑡ℎ = Heat delivered from the HP to the flat in 

[kWhth]; 𝑄𝐻𝑃,𝑒𝑙 = Electricity required by the HP to 

supply the flat’s SH demand in [kWhel]; 
𝑄𝐻𝑃,𝑒𝑙,𝑑𝑒𝑖𝑐𝑖𝑛𝑔 = Electricity required by the 

compressor during de-icing in [kWhel]; 𝑄𝑝𝑜𝑠𝑡𝐻,𝑒𝑙 = 

Electricity required by the electric flow-type post-
heater to support the supply of the flat’s SH 
demand in [kWhel]. 

Results and discussion - Experiments 

Figure 6 (a) to (c) highlights the trend of the 
condenser power and of the compressor electric 
power consumption with time at ambient 
temperatures of 0, 2 and 4 °C respectively. Due 
to the inertia of the refrigerant cycle and to the 
absence of a refrigerant accumulator, the HP 
reaches steady state conditions approximately 
after 15-20 minutes of operation. This behaviour 
is independent from the outdoor air temperature 
for the actual tests. Once in steady state, the HP 
delivers a constant thermal capacity for a limited 
amount of time, then a decrease in condenser 
power is observed. The duration of the interval 
with constant condenser power, as well as the 
rate of decrease, are strongly depending on the 
outdoor air temperature as this affects how fast 
the surface temperature of the heat exchanger 
falls below the dew point and the freezing point of 
water. This results in a maximum operational 
interval of 72 minutes at 0 °C, 77 minutes at 2 °C 
and 79 minutes at 4 °C at a relative humidity of 
about 90%. Differently from the condenser 
power, the electric power consumption exhibits 
no relevant change in absolute value. Therefore, 
for further evaluations, this will be considered 
constant and independent from frost formation. 
Based on the measurement results, the 
correction factor function to be applied to the 
thermal capacity of the HP, depending on time 
and outdoor temperature is shown in the contour 
plot of Figure 7. 

(a) 

(b) 

(c) 
Figure 6: Measured condenser and electric power 
depending on time at ambient temperature of (a) 0 

°C, (b) 2 °C and (c) 4 °C. 

As highlighted in the graph, for air temperatures 
higher or equal than 6 °C, the heat exchanger is 
virtually frost free and no correction factor is 
applied. For temperatures between 0 and 4 °C, in 
the first 15 minutes of operation, no correction 
factor is applied, in accordance with the 
measurements shown in Figure 6. After 60 
minutes of operation, a correction factor equal to 
0.6 (e.g. 60% of the steady-state frost-free 
thermal capacity) would be applied at 0 °C, 0.75 
at 2 °C and 0.85 at 4 °C. At air temperatures 
lower than 0 °C the decrease in the thermal 
capacity is much steeper and, for example, a 
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correction factor of 0.5 would be applied at -2 °C 
after 60 minutes of operation. 

Figure 7: Contour plot of the correction factor for the 
thermal capacity used in the dynamic system 

simulations. 

Results and discussion - Simulations 

Considering the correction factor function shown 
in Figure 7, the HP system performance was 
analysed and the simulation results depicted in 
Figure 8 were obtained for a renovated 37 m2 flat. 
First, the simulated daily average temperature for 
each thermal zone of the considered flat for each 
day of the year is highlighted. Due to the control 
of the HP, the temperature in bedroom and 
bathroom is, as expected, lower than the 
temperature in the living room. The heating 
setpoint can be kept by the HP system 
throughout the whole heating season, except for 
some weeks at the end of January and during 
December when the temperature in the living 
room is on average 1.0 K lower than the required 
setpoint. Figure 8 then summarizes the thermal 
energy delivered by the HP to the flat during the 
heating season, as well as the electric energy 
necessary for the HP itself, the electric post-
heater (PH) and for de-icing. Electric post-heating 
is needed only during December and January. 
More specifically the electric consumption for 
post-heating accounts for 52 and 118 kWhel for 
December and January respectively. The electric 
consumption for de-icing accounts instead for 6.2 
% of the total electric consumption during the 
heating season. Then, the PFs according to 
equations (9) and (10) were calculated. The PF, 
considering PH and de-icing, ranges from 1.33 in 
January to 3.14 in September. The PF over the 
whole heating season corresponds to 1.95. 

Figure 8: From top to bottom yearly simulated 
temperature for each thermal zone, energy 

balance of the HP system and PF during the 
heating season. 

Conclusion 

Within this work, a semi-empirical model for frost 
formation has been presented and implemented 
within a dynamic HP system simulation for a 
37 m2 renovated flat. Based on laboratory 
measurements, a correction factor for the thermal 
capacity, function of the outdoor air temperature 
and the operational interval, was calculated and 
adopted within the dynamic HP model. During the 
experiments, no substantial variation was noted 
instead for the electric power consumption of the 
compressor and therefore no factor was applied 
in the simulations. For the considered 
hypotheses, the developed split air-to-water HP 
can supply the SH demand for most of the 
heating season, while a 1 kW electric post-heater 
is needed during December and January to 
support the HP operation due to the colder 
outdoor air temperatures and the more frequent 
de-icing cycles. Therefore, a HP seasonal 
performance factor of 2.39 is obtained from the 
dynamic system simulations, 1.95 if the electric 
consumption for de-icing and post-heating are 
also considered. In the future a more accurate 
frost-formation model needs to be implemented 
by introducing the relative humidity as additional 
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variable during the experimental procedures. 
Additionally, a small buffer storage will be also 
introduced within the dynamic system model and 
its influence on the HP operation and on the use 
of the post-heater will be analysed. 

Nomenclature 

Act Actual 

BC Boundary conditions 

Cond Condenser 

DHW Domestic hot water 

El Electric 

HD Heating demand 

HP Heat pump 

MVHR Mechanical 
ventilation with heat 
recovery 

Nom Nominal 

NTU Number of transfer 
units 

PF Performance factor 

PostH Post-heater 

SH Space heating 

Sys System 

Th Thermal 
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