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Abstract 

One of the challenges in renovated multi-apartment buildings is the upgrade or substitution of existing systems delivering 

space heating (SH), domestic hot water preparation (DHW) and cooling (SC). Construction and installation works are 

complex and their related costs are high. The European heat pump market currently lacks compact and cost-effective 

solutions for minimally invasive, so-called serial renovations, which at the same time exhibit high efficiency, an 

aesthetically pleasing design and low sound emissions. Façade-integrated decentralised small-scale heat pumps (HP) are 

regarded as a promising solution to increase the general acceptance for flat-wise heating solutions. Because of the compact 

design, they require a deeper investigation of the fluid-dynamics within the outdoor unit (evaporator) to guarantee an 

adequate efficiency of the final product. Based on these considerations, a mini-split air-to-water façade-integrated HP for 

DHW was developed. The design of the outdoor unit was optimised by means of computational fluid-dynamics simulations 

(CFD) and the overall efficiency evaluated through refrigerant cycle and system simulations. To conclude, the prototype 

was tested dynamically in a double-room climate chamber with controlled indoor and outdoor temperature conditions.  
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1. Introduction and state-of-the-art 

The European Building Performance Directive (EPBD) 2018/844 [1] stated the commitment of the 

European Union (EU) to the development of a sustainable, energetically secure and decarbonized energy 

system, along with a full decarbonization of the building stock by 2050, 35% of which older than 50 years old 

[2]. The new EPBD indicates also that EU member countries should submit national building renovation 

strategies within the National Energy and Climate Plans (NECPs) including roadmaps to phase out fossil-based 

systems supplying heating and cooling by 2040 at the latest. In order to achieve the full decarbonization of the 

building sector, an improved average yearly renovation rate of 3% is needed (compared to the actual 1%) along 

with a cost-effective transformation of existing buildings into nearly-zero energy buildings (nZEBs) [3]. 

Independently from how a carbon neutral energy system will be realized in the future, it is no doubt that HPs 

will play a crucial role in a sustainable and efficient transformation in the heating, cooling and DHW 

preparation of buildings [4]. During the renovation of multi-apartment buildings, a complete upgrade or 

substitution of the existing centralized systems delivering the SH, SC and DHW demands is frequently not 

possible for techno-economic reasons, among others high investment costs and high degree of invasiveness. 

The European market offers currently different HP based solutions depending on their construction type [5]: 

a) Internal monoblock with integrated hot water storage; 

b) Internal monoblock with integrated wall-hanging hot water storage; 

c) Split units; 

d) DHW HP with integrated or separated hot water storage. 
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Split units (air-to-air or air-to-water) are already a standardized product on the market and are offered in all 

power ranges. A couple of major drawbacks of such system are however the optically unattractive outdoor unit 

and the high developed sound power level during operation, ranging from 59 to 70 dB(A) for outdoor units 

and from 43 to 65 dB(A) for the internal module [5,6]. Accordingly, the European market does not yet offer 

compact, modular and silent split HP solutions with an aesthetically pleasing design of the outdoor unit. 

Innovative decentral façade-integrated small-scale HP solutions would guarantee a substantial space saving 

and a high degree of prefabrication, minimizing thus the total investment costs. Additionally, reduced sound 

emissions should improve their overall acceptance. Within the FFG (Austrian Research Promotion Agency) 

funded research projects FitNeS and PhaseOut a mini-split air-to-water façade-integrated HP for DHW with a 

design heating power of 1.5 kW was developed by means of coupled simulation and experimental work to 

cover an important gap on the wide renovation market and enhance serial renovation in multiple-family 

buildings. The design and the optimization of the outdoor unit was performed through CFD, refrigerant cycle 

and system simulations. To supply a proof-of-concept and to verify the efficiency of the developed design, a 

prototype was tested dynamically with water tapping profiles according to EN 16147 [7] in a double-room 

climate chamber with controlled indoor and outdoor temperature conditions. 

2. Highlight of current research gaps and novelty of developed concept 

DHW and SH in renovated buildings are mainly fossil based in continental Europe, with small differences 

among member countries [8], with more than half of the installed systems relying on either natural gas or oil 

[9]. New centralized installations are frequently not possible or possible for social, technical or economic 

reasons, among them high degree of invasiveness, higher investment costs, higher distribution losses and 

impossibility to provide step-wise renovation. District heating (DH) systems represent a real alternative only 

if they are already available on site, often not the case especially in densely populated areas. Additionally, the 

European market does not provide efficient and cost-effective sustainable alternatives to decentral gas-fired or 

electric boilers that require only minimal construction work. In this paper, a propane-based façade-integrated 

mini-split HP for the apartment-wise renovation of multiple-family buildings will be presented to tackle the 

absence of minimally invasive, compact and silent HP solutions on the broad market segment of the 

refurbishment of buildings. Since the integration takes mainly place within the insulation layer, a deep analysis 

of the fluid dynamics and the heat transfer is necessary. Firstly, the main boundary conditions of the CFD 

simulation work will be highlighted and the final design selected based on flow homogeneity, overall pressure 

drop, sound emissions and electric power consumption of the fans. Secondly, the theoretical performance of 

the refrigerant cycle will be evaluated under the assumption of uniform flow conditions. Then, the overall 

performance of the entire system, including the HP, the hot water storage and the fresh water station for the 

delivery of the DHW demand, will be investigated by means of dynamic system simulation. Lastly, the results 

of the testing of a prototype of mini-split HP under dynamic conditions will be presented. 

3. Methodology 

The analysis presented in this work follows a development and optimization approach from the component 

level up to the system level, as discussed also in [10] where the development of an air-to-air HP for SH is 

highlighted. The next sections will present the implemented research methodology, starting from the CFD-

based design development of the outdoor unit with a brief mention of the criteria used to compare the evaluated 

designs. Then, the following section will highlight the basic assumptions of a steady-state refrigerant cycle 

simulation tool developed internally in the MATLAB environment [11] to produce reasonable performance 

maps of the to-be-developed mini-split HP under the simplifying assumption of uniform airflow. The generated 

performance maps will be then used as an input in the dynamic system model developed within the Simulink 

simulation environment [12] to perform a pre-sizing of the optimal size of the DHW storage. Consequently, 

the primary energy consumption of the entire system supplying the DHW demand will be assessed considering 

a hot water tapping profile based on the “M” profile according to [7] for a typical household of 2-3 persons. In 

the last section, the test setup at the University of Innsbruck used to measure the dynamic performance of the 

prototype will be discussed.     

 

3.1. CFD-based design development and optimization 

Several design geometries were simulated in the software ANSYS [13] with the help of the CFX solver in 

a first phase and pre-selected based on the following criteria: 
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• Flow homogeneity on the evaporator surface; 

• Air-side pressure drop; 

The pre-screening included geometrical designs with both axial and radial fans. Crossflow fans were not 

taken instead into further consideration due to space constraints in façade-integrated installations. Table 1 

illustrates the simulated variants based on the geometry of the evaporator, the fan type and the position of the 

fans related to the evaporator.  

Table 1: Overview of simulation cases to assess the optimal geometry of the outdoor unit by means of CFD simulations. 

Variant number Geometry Type of Fan Position of the Fans 

1 Square 4 axial Downstream 

2.1 Rectangular 4 axial Downstream 

2.2 Rectangular 4 axial Upstream 

3 Rectangular 1 radial Downstream 

4 Rectangular 1 radial Downstream 

 

For the simulated variants, the boundary conditions highlighted in Table 2 were assumed throughout the 

CFD simulations: 

Table 2: Boundary conditions in CFD simulations. For the simulations involving axial fans, the rotational speed was also varied between 

900 rpm and 1700 rpm. 

Type of Fan Boundary Conditions Value 

Radial fans Inlet Total pressure = 0 Pa 

Outlet Mass flow rate = 0.115 kg/s 

Axial fans Inlet Static pressure = 0 Pa 

Outlet Average static pressure = 0 Pa 

 

The k-ε turbulence model was adopted for all simulation models, as it is generally suggested for flows over 

rotating geometries and baffles, as well as being a robust model with a sufficient accuracy [14]. Additionally, 

the walls of the fluid domain are assumed to be smooth and the velocity on the model boundaries is equal to 

zero (no-slip wall condition). To model the fluid interface between stationary and rotating domains, the option 

“Frozen rotor” was selected.  

3.2. Refrigerant cycle simulation model and performance maps generation 

In parallel to the selection of the optimal outdoor unit design based on the presented criteria, a refrigerant 

cycle analysis was executed with the purpose of: 

a) Generating physics-based reasonable performance maps to be used in the dynamic system 

simulation in absence of measurement results; 

b) Evaluate the maximum theoretical performance of the refrigerant cycle at varying boundary 

conditions. 

The refrigerant cycle is based on propane (R290), an alternative and more sustainable refrigerant with a 

global warming potential (GWP) equal to 3 and ozone depletion potential (ODP) equal to zero [15]. However 

it has the drawback of belonging to the A3 class, thus highly flammable and with a maximum allowed 

refrigerant charge in Europe equal to 150 g for residential installations [16]. A pre-analysis of the performance 

of the refrigerant cycle, given the knowledge about the single components, is in this sense crucial. The model 

itself is built in a modular way, so that each component of the refrigerant cycle has its own equations, which 

will be highlighted in the following section along with the basic assumptions of the model. 

3.2.1. Compressor model 

The modelled compressor exhibits the characteristics highlighted in Table 3: 

Table 3: Technical features of the compressor modelled within the refrigerant cycle simulation 

Feature Value 

Compressor type Rotary 

Displacement 12.74 cm3 

Speed control Single speed – 2900 rpm 

Number of phases 1 – 230 V – 50 Hz 
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For the calculation of the isentropic efficiency associated to a certain pressure ratio, a fourth-order, ten-

coefficients equation, depending on evaporation and condensation temperatures, was modelled based on 

manufacturer data: 

𝜂𝑖𝑠 =  𝑓4(𝜗𝑒𝑣𝑎𝑝 , 𝜗𝑐𝑜𝑛𝑑) ( 1 ) 

The refrigerant mass flow supplied by the compressor is calculated from a physical model, as discussed 

also in [17], described by equation ( 2 ) : 

𝑚̇𝑟𝑒𝑓 =  𝜂𝑣𝑜𝑙  
𝑛𝑟𝑝𝑚

60
 𝐷𝑐  𝜌𝑟𝑒𝑓,𝑠𝑢𝑐𝑡𝑖𝑜𝑛 

( 2 ) 

The volumetric efficiency is in turn also deducted from a theoretical model similar to the one described in 

[18] and [19] depending from the pressure ratio τ and accounting for any deviation from the ideal gas behavior, 

as depicted in ( 3 ) : 

𝜂𝑣𝑜𝑙 =  0.97 − [(
𝑧𝑠

𝑧𝑑

) 𝜏
1
𝑘 − 1] 𝐶𝑙 − 𝑒𝑣 

( 3 ) 

It is noteworthy to mention that the clearance volume of a compressor is usually not included in the technical 

data supplied by the manufacturer, but reasonably lies between 5 and 15 % of the total displacement [20]. Its 

value needs thus to be calibrated. The same procedure should be executed for the correction factor 𝑒𝑣, since 

different applications typically exhibit different deviations from the ideal gas behaviour. For the calculation of 

the electrical power consumption attributed to the compressor, a constant total efficiency of 95% was assumed 

for sake of simplicity, equal to the product of electrical and mechanical efficiencies. 

 

3.2.2. Condenser and Evaporator models 

For the sake of pre-analysis and to maintain the simplicity of the model, no detailed calculation of the heat 

transfer was implemented at the condenser and at the evaporator sides. It was however decided to take into 

account the heat exchange through the definition of a pinch point temperature difference between the 

refrigerant cycle and the primary side (air) as well as between the refrigerant cycle and the secondary side 

(water). No detailed model was introduced within the steady-state model to account for the performance drop 

under icing conditions. The power laws shown in the equations ( 4 ) and ( 5 ) were thus implemented, depending 

on heating and cooling power respectively: 

𝛥𝑇𝑝𝑝,𝑐𝑜𝑛𝑑 =  𝛥𝑇𝑝𝑝,𝑐𝑜𝑛𝑑,0  (
𝑄̇𝑐𝑜𝑛𝑑

𝑄̇𝑐𝑜𝑛𝑑,0

)

𝑛𝑐𝑜𝑛𝑑

 
( 4 ) 

𝛥𝑇𝑝𝑝,𝑒𝑣𝑎𝑝 =  𝛥𝑇𝑝𝑝,𝑒𝑣𝑎𝑝,0  (
𝑄̇𝑒𝑣𝑎𝑝

𝑄̇𝑒𝑣𝑎𝑝,0

)

𝑛𝑒𝑣𝑎𝑝

 
( 5 ) 

The parameters Δ𝑇𝑝𝑝,𝑐𝑜𝑛𝑑,0 , 𝑄̇𝑐𝑜𝑛𝑑,0 , 𝑛𝑐𝑜𝑛𝑑 as well as Δ𝑇𝑝𝑝,𝑒𝑣𝑎𝑝,0 , 𝑄̇𝑒𝑣𝑎𝑝,0 , 𝑛𝑒𝑣𝑎𝑝 are subjected to 

calibration procedure. 

3.2.3. Expansion valve model 

An isenthalpic valve model was adopted for sake of simplicity. For this reason, the condition described in 

( 6 ) was applied to the model: 

 

ℎ𝑖𝑛,𝑒𝑥𝑣 =  ℎ𝑜𝑢𝑡,𝑒𝑥𝑣  ( 6 ) 

3.2.4. Pressure drop and heat losses model 

Pressure drop can be taken into account for each component of the refrigerant cycle as a fixed value or 

through correlations depending on the refrigerant mass flow. The calculation is separated for each phase. Heat 

losses are solely assigned to the compressor shell and follow the law mentioned in eq. ( 7 ): 

 

𝑄̇𝑙𝑜𝑠𝑠 =  𝑈𝐴𝑐𝑜𝑚𝑝𝑟  (𝜗𝑐𝑜𝑚𝑝𝑟 −  𝜗𝑎𝑚𝑏) ( 7 ) 
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3.2.5. Basic assumptions about the refrigerant cycle 

The following basic assumptions were made for the simulation of the refrigerant cycle: 

 
Table 4: Inputs assumed for the refrigerant cycle simulation regarding superheating, subcooling, air and water volume flows. 

Property Value 

Superheating 6 K 

Subcooling 6 K 

Air volume flow 350 m3/ h 

Water volume flow 4 liter/min 

 

The value of subcooling usually depends, among other factors, on the actual refrigerant charge in operation 

within the refrigerant cycle. However, since there is actually no implemented model for the calculation of the 

optimal refrigerant charge, this effect was neglected throughout the refrigerant cycle simulations and a constant 

value was used as an input instead. Performance maps were thus generated for -15, -7, 2, 7, 10, 20 °C outdoor 

air temperature, as well as 35, 45, 55 °C supply water temperature. 

3.2.6. Calculation assumptions and convergence criteria 

The numerical model uses the heating and cooling power as iterated variables to obtain a full 

characterization of the refrigerant cycle in terms of pressure, enthalpy, entropy and temperature. The 

convergence of the model is based on the minimization of an error function, defined in equations ( 8 ), ( 9 ) 

and ( 10 ).   

𝑒𝑟𝑟𝑐𝑜𝑛𝑣 =  |𝑄̇𝑐𝑜𝑛𝑑 +  𝑄̇𝑙𝑜𝑠𝑠 −  𝑄̇𝑒𝑣𝑎𝑝 − 𝑄̇𝑐𝑜𝑚𝑝𝑟| + 𝑒𝑟𝑟𝑄̇𝑒𝑣𝑎𝑝
+ 𝑒𝑟𝑟𝑄̇𝑐𝑜𝑛𝑑

    ( 8 ) 

𝑒𝑟𝑟𝑄̇𝑒𝑣𝑎𝑝
=  

|𝑚̇𝑟𝑒𝑓 (ℎ𝑒𝑣𝑎𝑝,𝑜𝑢𝑡− ℎ𝑒𝑣𝑎𝑝,𝑖𝑛)− 𝑚̇𝑠𝑟𝑐 𝑐𝑝,𝑠𝑟𝑐 (𝜗𝑠𝑟𝑐,𝑖𝑛− 𝜗𝑠𝑟𝑐,𝑜𝑢𝑡)|

𝑄̇𝑒𝑣𝑎𝑝
    

( 9 ) 

𝑒𝑟𝑟𝑄̇𝑐𝑜𝑛𝑑
=  

|𝑚̇𝑟𝑒𝑓 (ℎ𝑐𝑜𝑛𝑑,𝑖𝑛− ℎ𝑐𝑜𝑛𝑑,𝑜𝑢𝑡)− 𝑚̇𝑠𝑖𝑛𝑘 𝑐𝑝,𝑠𝑖𝑛𝑘 (𝜗𝑠𝑖𝑛𝑘,𝑜𝑢𝑡− 𝜗𝑠𝑖𝑛𝑘,𝑖𝑛)|

𝑄̇𝑐𝑜𝑛𝑑
  

( 10 ) 

 

In the first part of the convergence function, the overall energy balance of the heat pump is checked, while 

the remaining terms proof the validity of the local energy balances for the evaporator and for the condenser. 

 

3.3. Dynamic system modelling of hot water consumption and performance evaluation 

The efficiency of the entire system supplying the DHW demand was evaluated within the simulation 

environment of MATLAB and Simulink, where the heat pump was modelled using the built-in model already 

present in the CARNOT Toolbox. The performance data is supplied by the developed refrigerant cycle 

simulation tool. The dynamic performance of the system was evaluated at the outdoor air temperatures of 10, 

15 and 20 °C to be later compared with laboratory measurements. Four different storage tank sizes were 

simulated, corresponding to 90, 100, 110 and 120 liters. For sake of simplicity, the height of the storage tank 

was assumed to be constant and equal to 1.1 m, while the diameter of the tank increases with increasing storage 

volume. The overall heat transfer coefficient of the tank, including insulation, was selected such that for each 

storage volume it would correspond to the energy efficiency class ErP B [21]. The temperature of the technical 

room is constant and equal to 20 °C. Figure 1 shows a conceptual drawing of the hydraulic system supplying 

the DHW demand, as it was modelled within the simulation environment. Along with the HP and the DHW 

storage, a freshwater station was included in the simulation as well as in the reality to avoid legal and technical 

constraints due to legionella. The pipe lengths correspond to the lengths in the experimental setup. The 

simulation time corresponds to 24 hours, of which 14 and a half hours are reserved for tapping. 
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Figure 1: Schematic representation of the system supplying the DHW demand as modelled within the Simulink environment for the 

assessment of the optimal storage size and performance. 

The entire storage tank is heated to a constant temperature equal to 55 °C. During the start-up phase of the 

heat pump, the temperature of the water supplied to the storage would be much lower than the actual 

temperature in the tank. If no additional measures were undertaken, this would result in a disturbance of the 

stratification of the storage and have a detrimental effect on the system performance. Thus, when the supplied 

water temperature is lower than 52 °C, controlled by means of the temperature sensor T0 (with an inertia of 5 

seconds), the upper and lower mixing valves are closed such that water is recirculated in a loop and its 

temperature increases. As soon as the setpoint temperature is reached, the storage tank is loaded from above 

by means of fixed-value control so that a certain reserve volume can be guaranteed for short-term taps. After 

the reserve volume has been charged, the storage tank is also charged via the intermediate layer, whereby the 

fixed value control is not used here. Then the lowest part of the hot water storage tank is charged. The control 

of the temperature in the storage tank is performed based on a hysteresis controller coupled to the temperature 

sensors T1 and T2. When T2 indicates a temperature equal to the setpoint (55 °C), the heat pump is shut down. 

On the other hand, when T1 measures a temperature equal to 5 K lower than the setpoint (thus 50 °C), the heat 

pump is turned on again. On the secondary side, the rotational speed of a PID-controlled inverter-based pump 

is modulated in order to meet the user water temperature request, in this case 45 °C (temperature sensor T3). 

When the desired hot water temperature is reached, the energy control starts counting and tapping continues 

until the required energy has been supplied.  

A tapping profile based on profile “M” according to the standard EN 16147 [7] was taken into consideration 

for the simulations, in which two major taps (10 liter/min) take place at 07:15 and 21:30 (i.e. shower in the 

morning and in the evening). Each simulation starts with a completely charged storage. Minimum and 

maximum operational time intervals of, respectively 5 and 80 minutes are assumed. For air temperatures lower 

than 7 °C, a 10 minutes stop interval is considered every 80 minutes to take into account for deicing cycles. 

However, the additional electric power consumption for deicing, for which calculation a dedicated model 

would be needed, is not taken into account. 

The performance of the system is evaluated through the definition of a coefficient of performance (COP) 

for the entire system as follows: 

𝐶𝑂𝑃𝑠𝑦𝑠 =  
𝑄𝐷𝐻𝑊

𝑄𝑒𝑙

 
( 11 ) 

3.4. Laboratory testing and proof-of-concept 

The laboratory infrastructure was used first to compare the electric power consumption and the sound power 

level of different fan configurations for the outdoor unit and then to test the dynamic performance of a 

developed prototype of mini-split façade-integrated HP for DHW preparation. To test the electric power 

consumption as well as the sound power level of the fan configurations, the test rig described in Figure 2 has 

been set up. The pressure conditions upstream of the fans (1) is imposed by means of a PI controlled ventilation 

flap. In the same way the pressure difference with the environment downstream of the fans (2) was equaled to 

zero to replicate outflow in the environment by means of a support fan. The rotational speed of the fans is 
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either controlled by a PWM module for the axial fans and via a 0-10 V control signal for the radial fans. Air 

volume flow is measured by means of a hot-wire anemometer (3). For acoustical measurements, the channel 

downstream of the fans must be opened and the sound power level of the fans assessed according to [22] and 

[23]. On the other hand, to assess the dynamic performance of the split HP, a double room climate chamber 

was used. The cold room was reserved to the installation of the outdoor unit of the HP, while the ambient room 

was dedicated to the indoor element. The temperature in each room is controlled by means of brine-to-air and 

water-to-air heat exchangers. With the current system configuration, it was possible to reach a minimum 

outdoor air temperature of 10 °C. A conceptual scheme of the test-rig for the assessment of the dynamic 

performance of the mini-split HP is depicted in Figure 3. Water withdrawal is controlled by means of a 

magnetic 2-way valve, the withdrawn volume flow being measured by a magnetic flow meter (MFM). Since 

the cold water temperature cannot be directly controlled, a flush valve is opened intermittently to keep the cold 

water temperature as constant as possible. A flush valve is also provided on the hot water side to energetically 

empty the hot water storage and cool it down approximately to cold-water temperature (i.e. for the 

measurement of the losses attributed to the DHW storage). The temperature in the storage is measured by 

means of three Pt100 temperature sensors, positioned respectively at 9 cm, 40 and 70 cm from the top cover 

of the hot water storage. The water supply and return temperatures are also measured and logged. Thus, the 

prototype of split-type heat pump was tested at outdoor air temperatures of 10, 15, 20 °C under intermittent 

tapping (M profile, see also [7]). A temperature of 45 °C was considered as minimum comfort condition for 

the water supplied to the DHW user. In order to allow for longer measurement stints, a hot water storage size 

of 120 liters was chosen. The total measurement time corresponds to the simulation time where the water 

withdrawal is different from zero. 

 

 

(a) (b) 

Figure 2: Test rig set up for the determination of fan power consumption and sound power level. (a) Conceptual scheme and (b) 

photo of the actual test rig. 

 

Figure 3: Test rig setup for the measurement of the dynamic performance of the system supplying the DHW demand. 

 

4. Results and Discussion 

4.1. CFD-based design development and optimization 

The CFD- based pre-analysis yielded the design shown in Figure 4, involving four parallel axial fans (shown 

in green) and an evaporator tilted of 30° (depicted in red) compared to the inflow direction. The advantage of 
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axial fans over radial fans was determined with the help of the measurements of the electric power consumption 

as well as of the sound power level, which will be presented in a later section.  

 

 

Figure 4: Final design of the outdoor unit featuring four axial fans, flow pattern simulated within the CFD software. 

4.2. Refrigerant cycle simulation model and performance maps generation 

The refrigerant cycle model presented in section 3.2 produced the performance maps depicted in Figure 

5(a) to (d) for a split-type heat pump, with air temperature varying from -15 to 20 °C and supply water 

temperature of 35, 45 and 55 °C: 

  

(a) (b) 

  

 (c) (d) 
Figure 5: Simulated performance data of a split-type air-to-water heat pump to be used as input for the dynamic system simulation. 

(a) Heating power, (b) Cooling power, (c) Electric power consumption, (d) Coefficient of Performance with source temperatures 

ranging from -15 to 20 °C and supply water temperatures of 35, 45 and 55 °C. 

 

As it is possible to discern from Figure 5(a), the design heating power of 1.5 kW at the design conditions 

of 7 °C air temperature, 55 °C supply water temperature is theoretically guaranteed. The generated performance 
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data were thus us as an input for the heat pump model in Simulink/CARNOT to investigate the dynamic 

performance of the entire system.  

4.3. Dynamic system modelling of hot water consumption and performance evaluation 

The system was simulated within the Simulink environment for multiple storage sizes at the outdoor air 

temperatures of 10, 15 and 20 °C. Table 5 reports the results in a concise and more compact way for the 

different temperatures and a storage size of 90 liters, while Table 6 summarizes the results for a storage size 

of 120 liters. The results show thus, that considering equal outdoor air temperature conditions, a compact 90 

liters storage would be sufficient to fulfill the domestic hot water demand of a small family. The adoption of a 

larger storage size brings an additional 4 to 7 % performance improvement, due to the reduced switch-on 

frequency in the larger storage size and therefore to the comparatively lower power consumption.  

 
Table 5: Summary of simulation results for a storage size of 90 liters and varying outdoor air temperature. 

Temperature [°C] 𝑸𝑫𝑯𝑾 [kWh] 𝑸𝒆𝒍 [kWh] 𝑪𝑶𝑷𝒔𝒚𝒔[-] 

10 6.05 2.02 2.99 

15 6.05 1.88 3.22 

20 6.05 1.76 3.43 

Table 6: Summary of simulation results for a storage size of 120 liters and varying outdoor air temperature. 

Temperature [°C] 𝑸𝑫𝑯𝑾 [kWh] 𝑸𝒆𝒍 [kWh] 𝑪𝑶𝑷𝒔𝒚𝒔[-] 

10  6.05 1.88 3.22 

15  6.05 1.81 3.35 

20  6.05 1.68 3.61 

 

4.4. Laboratory testing and proof-of-concept 

Figure 6(a) and (b) highlight the measured sound power level and the electric power consumption for four 

axial fans and a single radial fan. The tests show that axial fans might be more favorable than radial one, both 

in terms of sound emissions and in terms of electric power consumption, if the pressure drop attributed to the 

inflow geometry and the evaporator can be constrained to values lower than 25 Pa. The measured total pressure 

drop combination of inflow geometry and evaporator in the prototype at the design airflow rate was of 9.8 Pa, 

confirming the choice of 4 axial fans in spite of radial fans. Figure 7 shows finally the measurement results of 

the prototype under dynamic conditions. Generally, it is possible to conclude that the minimum comfort 

requirement is always guaranteed and the minimum temperature is always supplied to the DHW user. The 

difference between measured and simulated performance, as highlighted by Table 6 and Table 7, is to be 

attributed to a higher measured storage heat loss coefficient in the experimental specimen, about 2 to 3 times 

higher than the simulated one due to improper insulation installation and excessive convection within the 

indoor unit housing the DHW storage. 

  
(a) (b) 

Figure 6: (a) Measured sound power levels (A-corrected) on discharge and suction sides for 4 axial fans and 1 radial fan at 350 m3/h 

air volume flow and (b) measured electric power consumption for 4 axial fans and 1 radial fan at varying pressure drop conditions. 
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Figure 7: Measurement results of a split-type heat pump under dynamic test conditions (M standard tapping profile) and 10 °C 

outdoor air temperature. From the top: measured storage temperatures, withdrawn tapped energy, tapped warm and cold water 

temperatures. The measured storage temperatures refer to the sensors positions indicated in section 3.4. 

 

 
Table 7: Summary of measurement results for a prototype of a split-type heat pump tested in a double room climate chamber under 

intermittent tapping and varying outdoor air temperature. 

Temperature [°C] 𝑸𝑫𝑯𝑾 [kWh] 𝑸𝒆𝒍 [kWh] 𝑪𝑶𝑷𝒔𝒚𝒔[-] 

10 6.05 2.16 2.80 

15 6.05 2.07 2.92 

20 6.04 1.96 3.09 

 

5. Conclusions and outlook 

Decentral heat pump solutions could play a major role in the upcoming years on the renovation market. In 

order to save space and for sake of cost-effectiveness, one alternative and more sustainable solution to decentral 

gas or electric boilers is a façade-integrated split air-to-water heat pump. This work has focused on the 

presentation of a general procedure on how to develop efficient small-scale heat pumps in narrow environments 

and has given proof of the potential of such solutions. A prototype of a propane-based mini-split air-to-water 

heat pump was thus conceived by means of CFD, refrigerant cycle and system simulations and tested later 

dynamically under varying tapping conditions. The fluid-dynamics based pre-analysis has highlighted in axial 

fans a more favorable alternative in compact installations, due also to their lower sound emissions and lower 

power consumption. Additionally, system simulations have also remarked that a 90 liters storage would be 

sufficient to satisfy the DHW demand of a small household (2-3 people) and that slight improvements are seen 

for larger storage sizes. The analysis must be however extended to lower outdoor air temperatures, for which 

a correct modelling of ice formation and de-icing is necessary. Laboratory measurements have also shown a 

performance gap between the simulation performance data and the measured ones. This discrepancy was traced 

back to a higher measured storage heat loss coefficient in the tested HP due to improper insulation installation 

and excessive convection within the indoor unit. Such drawbacks will require a complete redesign of the indoor 

unit. Furthermore, the possibility of supplying the SH demand depending on the delivery system will be 

assessed for a demonstration building. In this case the condenser of the HP would be connected directly with 

the radiator loop or floor heating. 
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Nomenclature 

𝐶𝑙 Clearance volume of the compressor 

𝐶𝑂𝑃𝑠𝑦𝑠 System coefficient of performance 

𝐷𝑐  Displacement of the compressor 

𝑒𝑣 Correction coefficient for non-ideal gas behavior 

ℎ Enthalpy 

𝑘 Isentropic expansion factor 

𝑚̇𝑟𝑒𝑓 Refrigerant mass flow 

𝑛𝑟𝑝𝑚 Rotational speed of the compressor 

𝑄̇ Thermal power 

𝑄𝐷𝐻𝑊 Delivered energy to the DHW user 

𝑄𝑒𝑙 Electrical energy supplied to the system for the 

operation of the heat pump and the auxiliaries 

𝑈𝐴𝑐𝑜𝑚𝑝𝑟 Compressor shell overall heat transfer coefficient 

𝑧𝑑 Compressibility factor of the refrigerant at 

discharge port 

𝑧𝑠 Compressibility factor of the refrigerant at suction 

port 

𝛥𝑇 Temperature difference 

𝜂𝑖𝑠 Isentropic efficiency 

𝜂𝑣𝑜𝑙 Volumetric efficiency 

𝜗𝑎𝑚𝑏  Technical room temperature 

𝜗𝑐𝑜𝑚𝑝𝑟 Compressor shell temperature 

𝜌𝑟𝑒𝑓,𝑠𝑢𝑐𝑡𝑖𝑜𝑛 Refrigerant suction gas density 

𝜏 Compression ratio 

Acronyms 

CFD Computational Fluid Dynamics 

compr Compressor 

cond Condenser 

DH District Heating 

DHW Domestic Hot Water 

EPBD European Building Performance Directive 

evap Evaporator 

exv Expansion Valve 

GWP Global Warming Potential 

HP Heat Pump 

NECP National Energy and Climate Plan 

nZEB Nearly Zero Energy Buildings 

ODP Ozone Depletion Potential 

Pp Pinch Point 

ref Refrigerant 

SC Space Cooling 

SH Space Heating 
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