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Abstract 

Air-to-water heat pumps are  one of the most promising 

and increasingly widespread solutions, despite some in-

trinsic drawbacks, such as their poor efficiency at low 

ambient temperatures and at high sink temperatures, 

e.g., in domestic hot water production. In this context,

hybrid heat pump systems combining air-to-water heat 

pumps and boilers (HSs) have been proposed on the mar-

ket, especially for the renovation of existing buildings, 

where high supply water temperatures are typically re-

quired. Even though HSs are off-the-shelf technology, the 

topic has recently gained interest in research. HSs consist 

of two generators, which must be designed with an inte-

grated approach from the start. However, the perfor-

mance improvement hinges on the availability of a de-

tailed model able to accurately predict the HS perfor-

mance. Most of the studies available in the literature use 

models based on performance maps that are not suitable 

for HS design. This study presents a new detailed model 

of a hybrid system, developed in the MATLAB environ-

ment. The model adopts a quasi-physical representation 

of the heat pump cycle and condensing boiler. The boiler 

model thermodynamically simulates the combustion pro-

cess, using the Cantera solver and the Gri-Mech proper-

ties. The heat pump model simulates the thermodynamic 

cycle, using refrigerant properties obtained from Cool-

Prop libraries. A detailed model for each main component 

of the system is developed. Component models are com-

bined, thus allowing the user to consider the influence of 

single components or construction parameters on the over-

all HS performance. Individual component models were 

validated against software or performance data provided 

by manufacturers. The validation proved that the models 

of the single components can reproduce performance with 

high accuracy. Therefore, the model can be used for future 

studies involving  HS design, to analyze the influence of 

construction choices on  overall system efficiency. 

1. Introduction

Hybrid systems (HSs) can be a promising solution 

for increasing the efficiency of heating systems, 

particularly for existing buildings that do not have 

as high levels of insulation as new buildings (Roc-

catello et al., 2022).  

The way the two generators (boiler and heat 

pump) are combined is crucial for system efficien-

cy. Therefore, the HS, consisting of two generators, 

must be designed with an integrated approach 

from the start. A detailed model of the system 

would be needed to study and develop a HS. This 

would allow the design of the individual compo-

nents of the system to be optimized for their com-

bination, to maximize the efficiency of the hybrid 

system under the chosen operating conditions.  

Previous studies on the topic developed a HS 

model and used it to compare system performance 

with other solutions, e.g., monovalent systems with 

heat pump or boiler. Klein et al. (2014) applied a 

model of HS for simulating a building with differ-

ent insulation levels, using TRNSYS software. They 

used a model of the hybrid system based on per-

formance maps. Di Perna et al. (2015) adopted an 

experimentally derived HS model, for the compari-

son of  HS performance with that of boiler or elec-

tric heaters. Bagarella et al. (2016) conducted simu-

lations using TRNSYS to discuss the distribution 

between heat pump and boiler operation based on 

outdoor temperature. The HP model is based on 

the combination of performance map data for each 

component, while the evaporator was modeled 

using finned coil evaporator design software, 

which allows for estimation of the frost formation 

process on the evaporator. The boiler model ap-
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plies numerical correlations for determination of 

the efficiency. Dongellini et al. (2021) analyzed the 

primary energy consumption due to the HS with 

different heat pump sizes. The model of the HS is 

based on performance data provided by manufac-

turers. Li & Du (2018) compared different hybrid 

system configurations by simulating system per-

formance under certain operating conditions. They 

adopted a model based on performance maps for 

the heat pump, and an average efficiency for the 

boiler. Park et al. (2014) developed a detailed HP 

model, based on individual models of system com-

ponents, and a boiler model based on experimental 

correlations. 

The literature review shows that most of the hybrid 

system models are based on performance maps. 

These models, as already discussed, are well suited 

for  application to building simulations, as they 

provide the real-life behavior of components al-

ready available on the market. However, they are 

not suitable to be used for a new design of the sys-

tem itself, but rather to analyze the performance of 

a given system over a certain period of time.  

The goal of the present work is to develop a semi-

physical model of a HS. The model is primarily 

based on the physical laws describing the process-

es occurring in the individual components of the 

system.  

The modeling involved the main components of 

the heat generators. The models of the individual 

components were combined into the overall model 

of the single generator. The HP and boiler models 

can be retrieved as subroutines from the overall HS 

model, which  contains the hybrid system logic. 

The heat pump and boiler model development are 

based on the currently most adopted systems in 

HSs. The heat pump considered for modeling is a 

modulating heat pump, equipped with a plate heat 

exchanger (HX) for the condenser, and a finned-

coil HX for the evaporator. The boiler considered is 

a condensing, modulating, natural gas-fired boiler. 

2. Methodology

The HS model consists of the logic that manages 

the interaction with the heating system – i.e., it 

determines whether a generator should operate 

and calculates the system setpoint – and decides 

which generator to operate based on the chosen 

control strategy. For a more detailed description of 

the logic of the HS model, the reader can refer to 

Roccatello et al. (2022). This paper presents a dif-

ferent type of HS model, in which the subroutines 

containing the heat pump and boiler models are 

not based on performance maps, but on semi-

physical models of components. The generator 

models are developed as the union of the system 

components. The heat pump model is the combina-

tion of the component models of the air-refrigerant 

and water-refrigerant heat exchangers (evaporator 

and condenser), compressor, and expansion valve. 

The boiler is modeled as the union of the combus-

tion chamber and the flue gas-water HX. Figs. 1 

and 2 show the schematic of the heat pump and 

boiler models, respectively.  

Fig. 1 – Schematic of heat pump model 
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Fig. 2 – Schematic of boiler model 

The following sections describe how the compo-

nent models were developed, and subsequently 

combined, to generate the boiler and heat pump 

models. 

2.1 Heat Pump Model 

2.1.1 Condenser model 

In this section, the heat transfer between refriger-

ant and water is modeled. The refrigerant exiting 

the compressor exchanges heat with water and 

undergoes condensation and subcooling. An ex-

ample of a heat pump refrigerant cycle on a pres-

sure/enthalpy diagram is shown in Fig. 3, in which 

the condensation process is highlighted.  

Fig. 3 – Condensation process represented on a pres-

sure/enthalpy diagram 

The condenser model refers to a plate HX, which is 

the most used type of exchanger for residential size 

heat pump systems. 

Initially, a first guess of the value of the condensa-

tion temperature is estimated. The heat of conden-

sation (Qcond) can be calculated using the following 

equation, which considers the enthalpy state of the 

refrigerant entering and leaving the condenser. 

(1) 

Subsequently, heat transfer correlations are im-

plemented for  determination of the global heat 

transfer coefficient (Bergman et al., 2017). The 

equation for the calculation of the global heat 

transfer coefficient of the condenser (Uc) is report-

ed here below: 

(2) 

in which hc is the heat transfer coefficient of refrig-

erant, and hw is the water heat transfer coefficient 

in the condenser. The calculation of hw is per-

formed according to the following equation: 

(3) 

Dc represents the hydraulic diameter, while Nuwc is 

calculated according to the following equation: 

(4) 

in which: 

- Rewc and Prwc: Reynolds and Prandtl

number

- μwc: viscosity of the water

The values of Cwc and wn are evaluated as follows: 

(5) 

(6) 

The refrigerant heat transfer coefficient (hc) is eval-

uated in a different way when the refrigerant is the 

vapor phase and when it is in the condensation 

phase. In the first case it is calculated as: 

(7) 

in which ksc represents the thermal conductivity of 

refrigerant. 

In the condensation process, the heat transfer coef-

ficient of the refrigerant (htc) is calculated as fol-

lows: 

(8) 

in which ktc is the thermal conductivity of the re-

frigerant and Nutc is calculated according to the 

following equation: 
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(9) 

- Retc is the Reynolds number of the refrigerant

during condensation

- ρcl and ρcv are the refrigerant density of liquid

and vapor

- xc is the vapor quality

- Prcl is the Prandtl number of the refrigerant in

the liquid-phase.

Finally, the calculation of the heat exchanged be-

tween the fluids in the condenser (Qcond) is ex-

pressed by the equation: 

 (10) 

where ∆Tc is the mean temperature difference be-

tween water and refrigerant, Uc the global heat 

transfer coefficient and Ac the condenser heat 

transfer area. The equation allows the adjustment 

of the value previously assumed for the condensa-

tion temperature. 

2.1.2 Expansion valve 

The process that the fluid undergoes after exiting 

the condenser is modeled as an isenthalpic expan-

sion (Fig. 4). Hence, the following equation is ob-

tained, which provides the input enthalpy condi-

tions for the refrigerant evaporation phase. 

 (11) 

Fig. 4 – Expansion process represented on a pressure/enthalpy 

diagram 

2.1.3 Evaporator 

This section describes the modeling of heat transfer 

between air and refrigerant. The refrigerant pro-

cess through the evaporator is shown in Fig. 5, on 

the pressure/enthalpy diagram. In the heat ex-

changer, the refrigerant undergoes an evaporation 

and a superheating. The type of HX considered is a 

finned-coil HX, which is widely used in air source 

heat pumps.  

Initially, a first-guess value of evaporation temper-

ature is assumed, which allows estimation of  the 

heat exchanged during the evaporation process 

(Qev), hence the enthalpy difference between the 

outlet state and the inlet state at the evaporator. 

Referring to the diagram in Fig. 5, this can be ex-

pressed by the following equation: 

(12) 

where mref represents the refrigerant mass flow 

rate.  

Fig. 5 – Evaporation process represented on a pressure/enthalpy 

diagram 

Subsequently, the heat transfer correlations are 

implemented for the determination of the global 

heat transfer coefficient (Bergman et al., 2017).  

ha represents the air-side heat transfer coefficient: 

(13) 

in which: 

- is the density of the air

- is the specific heat of the air

- ja is the heat transmission factor

- um is the maximum wind speed

- Pra is the Prandtl number of the air

ja is calculated according to the following equation: 

(14) 

in which: 

- Rea is the Reynolds number
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- Aaf/Aa is the ratio between the surface area of

the tubes with and without fins.

The maximum wind speed (um) is calculated by 

Eqn. (15): 

(15) 

where: 

- uf is the fan wind speed

- sh is the tube spacings in the horizontal direc-

tion

- sv is the tube spacings in the vertical direction

- Dte is the diameter of the tubes

- d1 is the are the thickness of the fins

- d2 is the spacing of the fins.

After that, the refrigerant heat transfer coefficient 

(he) is calculated. The value of the refrigerant heat 

transfer coefficient differs if the refrigerant is in the 

evaporation or in the superheating phase. 

The refrigerant heat transfer coefficient in the su-

perheating phase (hse) is calculated as follows: 

(16) 

in which kse is the refrigerant thermal conductivity. 

〖Nu〗_se is calculated as: 

(17) 

in which Rese and Prse are the refrigerant Reynolds 

and Prandtl number, and fse is the friction coeffi-

cient, calculated according to the equation: 

(18) 

The heat transfer coefficient of the refrigerant in 

the condensation phase is calculated according to 

the following equation: 

(19) 

where: 

- hel is the heat transfer coefficient of the refrig-

erant liquid-phase

- hev is the heat transfer coefficient of the refrig-

erant vapor-phase

- ρel is the density of the refrigerant liquid-phase

- ρev is the density of the refrigerant vapor-

phase

- xe is the vapor quality of the refrigerant.

Thus, the calculation of the evaporator global heat 

transfer coefficient (Ue) is performed according to 

the following equation: 

(20) 

Finally, the calculation of the heat exchanged be-

tween the fluids in the evaporator (Qe) is expressed 

by the equation: 

(21) 

where ΔTe is the mean temperature difference be-

tween air and refrigerant and Ae the evaporator 

heat transfer area. 

2.1.4 Compressor 

Given the geometric and operational complexity of 

the component, the compressor was modeled using 

performance data provided by the manufacturers, 

to avoid great inaccuracy of the heat pump model.  

The compressor model adopts polynomial correla-

tions, which allow for the estimation of the refrig-

erant mass flow rate and compressor power input, 

as a function of suction and discharge pressure, 

which correspond to the evaporating and condens-

ing pressures in the heat pump model, if neglecting 

pressure drops.  

In addition, the polynomial correlations are a func-

tion of the compressor frequency, i.e., they allow 

for the modeling of a variable-speed compressor, 

and thus for the development of a modulating heat 

pump model. 

The correlations used in the model are reported 

here below (Copeland Select Software). The varia-

ble X represents either the refrigerant mass flow 

rate or the compressor power input. S and D are 

the evaporating and condensing temperatures, 

respectively, expressed in °C, while C0 – C9 are the 

specific coefficients for the compressor provided 

by the manufacturer.  

X = C0 + C1*S + C2*D + C3*S ^2+ C4*S*D + 

C5*D^2 + C6*S ^3 + C7*D*S ^2+C8*S*D^2 + 

C9*D^3 (22) 

2.1.5 Model development 

The flow chart in Fig. 6 describes the rationale of 

the heat pump model. At the beginning, initial val-

ues of the evaporating and condensing tempera-

tures are guessed. Based on these values, the com-
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pressor model estimates the refrigerant mass flow 

rate and power input. These values are used as 

inputs by the condenser model, which estimates 

the heat exchanged in the condenser and adjusts 

the value of the condensing temperature. Similarly, 

the evaporator model allows for the adjustment of 

the first guess evaporating temperature value 

through an iterative procedure. Finally, the outputs 

of the model, i.e., heating capacity and power in-

put, are released, allowing for the COP calculation. 

2.2 Boiler Model 

The boiler was modelled by subdividing the sys-

tem into its major components, namely combustion 

chamber (CC) and HX.  

The model of the CC is based on a thermodynamic 

equilibrium simulation of the combustion process 

carried out using the Cantera solver (Cantera). The 

inputs to the combustion chamber model are the 

fuel mass flow rate and air mass flow rate (or ex-

cess air). Through the modeling of the combustion 

process, the adiabatic flame temperature is calcu-

lated, i.e., the temperature that the gas mixture 

would ideally reach in the absence of heat loss. The 

model considers the heat losses of the combustion 

chamber (Qloss_cc), based on information provided 

by the manufacturer. The outputs of the combus-

tion chamber model are the temperature and mass 

flow rate of the flue gas. 

These values are used as input for the model of the 

water-flue gas HX. An exchanger with unitary effi-

ciency was considered, which is a good approxima-

tion, given the very high efficiency in recovering 

flue gas heat in the heat exchange process.  

The value of flue gas outlet temperature deter-

mines whether condensation of water vapor in the 

flue gas occurs. If the flue gas outlet temperature is 

lower than the dew point, the condensation heat is 

recovered and transferred to the water. The logic 

adopted in the boiler model development is shown 

in Fig. 7. 

Fig. 6 – Heat pump model logic 
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Fig. 7 – Boiler model logic 

2.3  Model Validation 

For the heat pump, validation of the HX models is 

presented, the compressor model being based on 

performance maps. The validation of the condenser 

model was carried out using the selection software 

provided by SWEP (SSP G8-SWEP), which pro-

vides the geometric parameters of the heat ex-

changers and allows the exchanged capacity to be 

evaluated by setting the operating conditions as 

input to the software. 

The validation of the evaporator model was per-

formed using performance data from a finned-coil 

HX obtained from NIST software (EVAP-COND). 

The software receives as input the geometric pa-

rameters and operating conditions and calculates 

the system performance in terms of exchanged 

capacity.  

The validation of the boiler model was carried out 

using the data of heating capacity provided by the 

manufacturer, as a function of the fuel mass flow 

rate and water entering and leaving temperature. 

3. Results And Discussion

In this section, the results of the validation of the 

component models are presented.  

3.1  Condenser Model Validation 

For a given heat exchanger,  SWEP software re-

turns the exchanged heating load by entering the 

operating condition data. The HX geometry and 

operating conditions are given as input to the 

model, which determines the overall heat transfer 

coefficient and heat load. Tables 1 and 2 show the 

geometrical and operating parameters related to 

the validation test carried out. Table 3 shows the 

results related to the heat exchanged between the 

fluids in the condenser obtained from the manufac-

turer’s software and estimated using the model. It 

can be observed that the relative error in the esti-

mate of the heat load is less than 5 %. 

Table 1 – Input geometrical parameters used for validation test of 

plate heat exchanger model 

Geometric parameters 

Total heat 

transfer area 
m2 1.57 

Refrigerant 

channel volume 
dm3 0.0313 

Water channel 

volume 
dm3 0.0301 

Number of plates units 58 

Height mm 324 

Length mm 94 

Width mm 90.7 

Table 2 – Input operating parameters used for validation test of 

plate heat exchanger model 

Operating parameters 

Operating 

parameters 
°C 50 

Condensing 

temperature 
°C 56.2 

Subcooling °C 2 

Condenser inlet 

temperature 
°C 80 

Refrigerant 

mass flow rate 
kg/s 0.059 

Water 

mass flow rate 
kg/s 0.458 
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Table 3 – Heat load values provided by manufacturer and calcu-

lated by the model, and relative error, for validation test on plate 

heat exchanger model 

Validation results  

Manufacturer’s 

heat load 
kW 9.6 

Model heat load kW 10.0 

Relative error % 4.7  

3.2  Evaporator Model Validation 

The model validation of the evaporator was per-

formed, using EVAP-COND software, for a given 

finned-coil HX geometry. The heat exchanged be-

tween the two fluids calculated by the software 

was compared with  the exchanged heat estimated 

by the model. The data for the finned-coil HX ge-

ometry considered for the validation are shown in 

Table 4 and the operating parameters used in the 

validation are reported in Table 5. 

Table 4 – Evaporator geometric parameters 

Geometric parameters  

Number of tubes units 16 

Number of rows units 3 

Tube length mm 454 

Inner diameter mm 9.22 

Outer diameter mm 10.01 

Tube pitch mm 25.40 

Depth row pitch mm 22.23 

Front area mm 0.188 

Heat transfer area mm 3.8 

Fin data   

Thickness mm 0.2032 

Pitch mm 2.004 

 

 

 

 

 

Table 5 – Evaporator operating parameters 

Operating parameters  

Volumetric air 

flow rate 
m3/min 30 

Evaporating  

temperature 
°C 0 

Superheating °C 4.1 

Air inlet  

temperature 
°C 15 

Inlet vapor  

quality 
- 0.2 

refrigerant mass 

flow rate 
kg/h 0.0345 

 

The results of the validation are shown in Table 6. 

The test shows a relative error below 10 % for the 

estimation of the heat exchanged between water 

and refrigerant in the evaporator. 

Table 6 – Results of model validation 

Validation results  

EVAP-COND 

heat load 
kW 6.0 

Model heat load kW 6.5 

Relative error % 7.0 

 

3.3  Boiler Model Validation 

For the validation of the boiler model, the perfor-

mance data of a commercial model of boiler manu-

factured by the Immergas S.p.A company were 

considered, for which certified performance data 

are available. These data show the useful heating 

capacity produced by the boiler as a function of 

fuel mass flow rate and water inlet and outlet tem-

peratures. The manufacturer also indicates the val-

ue of excess air used by the boiler.  

The model receives the fuel mass flow rate, excess 

air, return temperature, and water flow rate as in-

puts, and estimates the useful power delivered to 

the water. The validation was performed consider-

ing the conditions of inlet water at 30 °C and outlet 

water at 50 °C. In this case, water vapor condensa-

tion in the flue gas occurs. Validation was per-

formed for fuel mass flow rates varying from min-
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imum to maximum. The operating conditions used 

for validation are summarized in Table 7. The 

graph in Fig. 8 shows the results of the validation. 

It can be observed that the maximum relative error 

on the estimate of the useful boiler heating capacity 

does not exceed 10 % for each value of fuel mass 

flow rate. 

Table 7 – Operating conditions for boiler model validation 

Operating conditions 

Inlet water 

temperature 
°C 30 

Outlet water 

temperature 
°C 50 

Fuel mass flow 

rate (max-min) 
kg/h 3.69–0.43 

Fig. 8 – Validation results for the boiler model 

3.4 Discussion 

Regarding the validation of the heat pump compo-

nents, the results presented show that the compo-

nent models developed according to physical laws 

give results which are in line with the performance 

values declared by the manufacturers. Similarly, 

the validation of the boiler model showed how the 

physical model replicates with good accuracy the 

performance data provided by the manufacturer.  

The heat pump and boiler models described can be 

used as subroutines of an overall HS model. Thus, 

this new model can be used to evaluate the influ-

ence that the choice of certain system components, 

or certain construction parameters, has on the 

overall efficiency of the hybrid system. 

4. Conclusions

This paper presents the development of a new qua-

si-physical model of a hybrid system, based on the 

combination of the models of the individual com-

ponents of the system. These models are based on 

physical laws, except for the compressor model, 

because of the high geometrical complexity of the 

component and the risk of introducing large errors 

by approximating its behavior with an analytical 

model.  

For the heat pump, the evaporator and condenser 

model were developed using heat transfer correla-

tions, which  model the heat exchange between air 

and refrigerant, and water and refrigerant. The 

compressor model, on the other hand, is based on 

performance data provided by the manufacturers. 

The process occurring in the expansion valve is 

modeled as an isenthalpic expansion.  

The boiler model is divided into a model of the 

combustion chamber and  a model of the heat ex-

changer between flue gas and water. The combus-

tion chamber model is based on the thermodynam-

ic equilibrium simulation of the combustion pro-

cess carried out using the Cantera solver.  

After that, the validation of the models of the sys-

tem components was presented, which provided 

results with acceptable accuracy to qualitatively 

estimate the behavior of a hybrid system.  

Therefore, the model can be used for the detailed 

study of a hybrid system, and especially in the de-

sign process of the system itself. It will be possible 

to analyze the influence of the choice of certain 

components or construction parameters on the 

overall efficiency of the hybrid system. 
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Nomenclature 

CC Combustion chamber 

HS Hybrid system 

HX Heat exchanger 

Qloss_cc  Heat losses in the combustion cham-

ber 

Qcond Heat exchanged in the condenser 

Qev Heat exchanged in the evaporator 

mref Refrigerant mass flow rate 

mw Water mass flow rate 

Twin Inlet water temperature 

Twout Outlet water temperature 

Tflame Temperature of flue gas exiting the 

combustion chamber 
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