
 

1. Introduction 

All buildings occupied by people must be equipped with a ven-

tilation system, whose primary function is to supply fresh air and 

remove used one [1,2]. However, the requirements for ventila-

tion performance vary depending on building function and oc-

cupancy characteristics [3]. Providing adequate indoor air qual-

ity (IAQ) represents one of the central challenges of contempo-

rary building engineering. High occupant density combined with 

extended occupancy periods leads to rapid deterioration of in-

door air quality, manifested primarily through elevated concen-

trations of CO₂ and particulate matter. Transitioning to mechan-

ical supply-and-exhaust ventilation resolves the IAQ problem 

but introduces substantial heating energy penalties, which can 

reach 35−40 kWh/m² annually at the building level [4]. Among 

available heat recovery technologies, fixed bed regenerators 

(FBR) based on ceramic fill represent an alternative to the 

widely used rotary and crossflow plate heat exchangers [5,6]. 

The effectiveness of heat exchangers in heat recovery systems 

depends on airflow rate, temperature differences, and the mois-

ture content of the air streams [7]. Figures 1 and 2 show the ac-

tual heat recovery effectiveness for crossflow and rotary heat 

exchangers, respectively, for the full ranges of available prod-

ucts [8]. 
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Abstract 

Mechanical supply-exhaust ventilation systems are increasingly required in newly constructed residential buildings, yet their 
higher primary energy consumption remains a key challenge, particularly given the growing demands of energy efficiency and 
unchanged fresh air requirements. Existing solutions based on recuperators achieve heat recovery efficiencies of 40−70%, 
whereas regenerative systems can exceed 90%, but their performance under real operating conditions and integration with heat 
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mode achieved heat recovery efficiency exceeding 90% throughout the entire tested temperature range. When the R290 heat 
pump was activated to sustain operation during periods of lower outdoor temperatures without an auxiliary heat source, the 
system yielded COP values between 3.70 and 4.31, substantially higher than 2.0−2.5 values typically reported for conventional 
air-to-air heat pumps. These results demonstrate that the proposed integration of regenerative heat recovery with a dedicated 
R290 heat pump constitutes a technically viable and energy-efficient solution for both heating and ventilation needs. 
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Nomenclature 

i – specific enthalpy, J/kg 

ṁ – air mass flow rate, kg/s 

p ‒ gauge pressure, bar 

P  – electrical power, W 

q – air mass flow rate 

Q  – heat, J 

Q̇  – heat capacity, W 

RH – relative humidity, % 

t – time, s 

W – electrical energy, J 

 

Greek symbols 

η  – regenerator effectiveness,  

θ  – air temperature, °C  

τ  – time period, s 

 

Subscripts and Superscripts 

1,2,3,4 – process periods 

11   – exhaust at inlet of regenerator 

21   – supply at inlet of regenerator 

22  – supply at outlet of regenerator 

I   – indoor air  

II   – condenser air side  

III  – outdoor air  

IV  – evaporator air side 

cycle – amount for one cycle 

el  – electric 

n  – number of cycles 

 

Abbreviations and Acronyms 

IAQ – indoor air quality 

COP – coefficient of performance 

FBR – fixed bed regenerators  

R290 – propane refrigerant 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Each line corresponds to one heat exchanger from the prod-

uct range. Results show that for rotary heat exchangers, effec-

tiveness ranges from 40% to 66%. For each heat exchanger in 

the product range, effectiveness decreases when airflow in-

creases (thus airflow speed). Similar results are obtained for ro-

tary heat exchangers, but with higher effectiveness levels rang-

ing from 65% to 86%. 

Ceramic regenerators are characterised by a significantly 

greater heat transfer surface area per unit volume compared with 

recuperators, combined with the ability to recover both sensible 

and latent heat through adsorption and desorption of moisture 

on the porous ceramic surface [9]. The reversible operation of 

such devices, in which a single duct alternately serves as supply 

and exhaust, driven by a reversing fan, allows deployment with-

out the need for separate supply and exhaust duct networks, 

making them particularly well-suited for retrofit applications in 

existing buildings. Commercial implementations of ceramic 

FBR ventilation units are currently offered by many manufac-

turers; however, systematic experimental characterisation of 

their performance under controlled conditions remains limited 

in the open literature. 

A further improvement in energy efficiency can be achieved 

by integrating the ceramic regenerator with a heat pump. Ex-

haust air heat pumps (EAHP), which utilise the warm exhaust 

air stream as the heat source for the refrigeration circuit, repre-

sent an emerging class of ventilation and heating systems capa-

ble of simultaneously fulfilling the ventilation and space heating 

functions of a building [10]. The use of exhaust air at approxi-

mately 20°C as the heat source, rather than cold outdoor air, re-

sults in significantly more favourable evaporator operating con-

ditions compared to conventional air-source heat pumps 

(ASHP), which translates directly into higher coefficients of 

performance [11]. The refrigerant R290 (propane) is an increas-

ingly preferred working fluid for such applications due to its fa-

vourable thermodynamic properties and near-zero global warm-

ing potential (GWP) [12].  

Despite the growing commercial interest in integrated venti-

lation – heat pump systems, published experimental data on sys-

tems combining a ceramic FBR regenerator with a heat pump 

 

Fig. 1. Crossflow heat exchangers effectiveness (each line corresponds 

to one heat exchanger from the product range) [18]. 

 

Fig. 2. Rotary heat exchangers effectiveness (each line corresponds  

to one heat exchanger from the product range) [18]. 
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circuit are scarce. Niemierska and Jadwiszczak [5] investigated 

a ceramic FBR regenerator in a decentralised reversible ventila-

tion system, reporting temperature effectiveness values above 

80%, but without integration with a heat pump. Aktershev  

et al. [6] conducted a parametric numerical study of regenerative 

heat exchangers with periodic flow reversal. To the authors' 

knowledge, no experimental study has so far reported the com-

bined performance of a ceramic fixed-bed regenerator integrated 

with an R290 air-to-air heat pump. The present paper addresses 

this gap. A laboratory test stand was constructed at the Institute 

of Heat Engineering, Warsaw University of Technology. The 

system was tested in both regenerator-only mode and heat pump 

mode. The primary objectives of this study were to develop  

a method for determining the temperature and total effectiveness 

of the ceramic FBR regenerator that accounts for the cyclic na-

ture of its operation, and to experimentally characterise the heat-

ing capacity and coefficient of performance of the integrated 

system under varying outdoor conditions. 

2. Materials and methods  

Figure 3 shows the experimental laboratory setup and the loca-

tions of the temperature and relative humidity sensors. The pur-

pose of the stand was to test the heat regeneration effectiveness 

of ceramic blocks and the operation of a heat pump with an in-

corporated regenerator. Propane (R290) was used as the work-

ing refrigerant. The total charge of propane was equal to 800 g. 

Although R290 is classified as a class A3 flammable refrigerant 

according to the PN-EN 378 standard, this charge quantity is 

permissible for rooms that meet the minimum space require-

ments or are equipped with a leak detection system that activates 

additional ventilation [13]. 

The stand is composed of:  

 ventilation duct, inside of which is a  reversible  fan  (which  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

allows for the airflow to alternate between directions using 

a specialised guide vane);  

 heat regenerator in a form of ceramic blocks; 

 two heat exchangers associated with a heat pump;  

 compressor with an inverter;  

 4-way valve;  

 an expansion valve;  

 refrigerant receiver;  

 air filters at the inlet and outlet of the duct.  

The test stand is equipped with an automation system that 

enables changing airflow direction, airflow rate, compressor ro-

tational speed, heat exchangers operating mode (evapora-

tor/condenser) and storing the refrigerant in a receiver.  

Inside the device, there are two rows of ceramic blocks,  

30 in total. The top row consists of 15 blocks with dimensions 

of 150  150  300 mm, whereas the bottom row has 15 shorter 

blocks measuring 150  150  72 mm. The masses are equal to 

6.15 kg and 1.39 kg, respectively. The blocks are supported by 

thin-walled metal tubes. The total mass of the regenerator 

amounts to 113.1 kg, whereas the theoretical thermal capacity 

amounts to 99 528 J/K. The open flow area through each ce-

ramic block is equal to approximately 0.01778 m². The physical 

layout of the ceramic blocks is presented in Fig. 4, while a pho-

tograph of the ceramic regenerator is shown in Fig. 5.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 3. Schematic diagram of the laboratory setup. 

 

Fig. 4. Physical layout of ceramic blocks. 

 

Fig. 5. Ceramic regenerator. 
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The device operates in two alternating modes. In an air sup-

ply phase, outdoor air flows through the ceramic regenerator, 

previously heated by the exhaust air removed from the room. As 

a result, the air supplied to the indoor space is preheated. During 

the air exhaust phase, indoor air is discharged to the outside 

while flowing through the said regenerator, which results in 

charging the heat storage. Additionally, incorporating a four-

way valve allows the heat pump to operate in cooling mode dur-

ing summer months. 

NTC thermistors of accuracy class B were used for measur-

ing temperature. In accordance with IEC 60539-1, the measure-

ment tolerance of these sensors does not exceed ±0.425°C over 

the temperature range investigated in the device (from −10°C to 

25°C) [14]. The relative humidity measurement accuracy is ±3% 

over the range of 20–80%, increasing linearly to ±4.5% for val-

ues outside this interval. An Iris-type damper (IRIS 250) was 

used to measure the airflow rate. The pressure difference was 

defined by two HK Instruments DPT250-R8 differential pres-

sure transmitters, for which the measurement error is ±1%, cor-

responding to a maximum of ±8 Pa. The device also incorpo-

rated two Carel SPKT0041-DO pressure transducers on the re-

frigerant side, positioned at the discharge and suction ports of 

the compressor, corresponding to the condensation and evapo-

ration pressures, respectively. Knowledge of the phase-transi-

tion pressures allows unambiguous determination of the conden-

sation and evaporation temperatures. For this type of transducer, 

the measurement error does not exceed ±1%, which translates to 

a deviation of ±0.182 bar. To quantify the energy consumption 

of the control system, a Lumel N27P energy meter was em-

ployed, offering a measurement accuracy of 0.2% of the meas-

uring range for active power, corresponding to approximately 

2−3 W. The measurement instruments used in the experimental 

setup and their associated uncertainties are presented in Table 1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.1. Ceramic regenerator effectiveness 

In the first step, regenerator’s effectiveness was tested for dif-

ferent temperature levels. Research was conducted in accord-

ance with the norm: PN-EN 13141-8:2014-09 „Ventilation of 

buildings — Testing of performance of components/products 

for residential ventilation — Part 8: Testing of performance of 

ductless mechanical supply and exhaust units (including heat re-

covery) for mechanical ventilation systems” [10]. The device 

works periodically (supply/exhaust modes), and its cycle stages 

are shown in Fig. 6, where: τ1  time of air flow from the build-

ing to the outside, [s]; τ2  dwell time, [s]; τ3  time of air flow 

from the outside into the building, [s]; τ4  dwell time, [s]; 

𝑚̇22  mass flow rate of supply air at the outlet, [kg/s]; 

𝑚̇11  mass flow rate of exhaust air at the inlet, [kg/s]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Times τ1 and τ3 correspond to the half time required for the 

fan guide vane to turn. The measured dwell time is equal to 4 s, 

therefore: τ2 = 2.0 s and τ4 = 2.0 s. This is the result of the de-

vice’s design. The fan runs continuously, while the direction of 

airflow is changed by a guide vane; the fan is not turned off.  

Therefore, the time to complete one full cycle is expressed 

as: 

 𝜏𝑐𝑦𝑐𝑙𝑒 =  𝜏1 +  𝜏2 + 𝜏3 + 𝜏4, [s]. (1) 

For this type of device, regenerator’s effectiveness is defined 

by [15]:  

 𝜂𝜃 =
∫(𝜃22−𝜃21)d𝑡

∫(𝜃11−𝜃21)d𝑡
∙

𝑚̇22

𝑚̇11
, (2) 

Table 1. Measurement instruments and associated uncertainties  

used in the experimental setup.  

Quantity Instrument Limit error 
Standard  

uncertainty 

Temperature NTC class B ±0.425°C 0.245°C 

Relative  
humidity 

SHT20 
±3% RH (20–80%), 

±4.5% outside 
this range 

1.732% RH 

Airflow rate IRIS250 ±5% 2.887% 

Air differential 
pressure 

DPT250-R8 ±1% of range ±8 Pa 

Refrigerant 
pressure 

Carel 
SPKT0041-DO 

±1% ±0.182 bar 

Electrical 
power 

Lumel N27P ±0.2% of range 1.732 W 

 

 

Fig. 6. Changes in the air mass flow rate as a function of time during one full cycle [19]. 
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where: θ22 – supply air temperature at the outlet of the heat re-

covery component, [°C]; θ21 – supply air temperature at the inlet 

of the heat recovery component, [°C]; θ11 – exhaust air temper-

ature at the inlet of the heat recovery component, [°C].  

Figure 7 presents regenerator’s effectiveness results ob-

tained during laboratory tests in accordance with Eq. (2) for the 

outside temperatures: −15°C, −7°C, +2°C, +7°C, and inside 

temperature equal to +20°C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In all analysed cases, the regenerator effectiveness exceeded 

90%. The energy efficiency is influenced by the cycle duration 

and the length of the regenerator. In this article, only the results 

for the optimal cycle duration of 240 s and the optimal regener-

ator length are presented. Importantly, no water condensation 

occurred in the regenerator, which is a fundamental problem in 

the case of rotary and crossflow heat exchangers. In recupera-

tors, electric preheaters are often used to preheat air to prevent 

condensation and water freezing. This solution significantly de-

creases heat recovery efficiency [16]. The absence of water va-

pour condensation in the ceramic regenerator can be attributed 

to two main factors. First, due to the short switching cycle in 

reversible operation mode, the ceramic mass is alternately 

heated and cooled at brief intervals, preventing its temperature 

from dropping to the dew point of the exhaust air. Second, the 

hygroscopic nature of the ceramic material allows moisture to 

be captured through adsorption rather than condensation, mean-

ing that water vapour is retained within the material structure 

without forming a liquid phase. 

2.2. Heat pump operation and performance 

The heat supplied to the air stream was calculated from the dif-

ference in specific enthalpy between the supply and exhaust air. 

The specific enthalpy was calculated based on the temperature 

and relative humidity. The volumetric flow rate was measured 

using an ISA-standard nozzle equipped with pitot-tube measure-

ments. The maximum supply air volumetric flow rate reached 

1380 m³/h. The total heat supplied to the room during one cycle 

is given by: 

 𝑄𝑐𝑦𝑐𝑙𝑒 = ∫ [𝑚̇(𝑡)(𝑖2(𝑡) − 𝑖3(𝑡))]
𝑡=𝑡ℎ𝑎𝑙𝑓 𝑐𝑦𝑐𝑙𝑒

𝑡=0
 𝑑𝑡, [J], (3) 

where t = 0 [s] and thalf,cycle [s] are, respectively, the time of be-

ginning and ending of the half-cycle, 𝑚̇(𝑡) [kg/s] is an air mass 

flow rate, i2(t) [kJ/kg] and i3(t) [kJ/kg] are, respectively, instan-

taneous specific enthalpies of the air supplied and removed. 

The electrical energy supplied in one cycle consists of the 

energy used by the compressor, fan and automation system: 

 𝑊𝑐𝑦𝑐𝑙𝑒 =  ∫ 𝑃𝑒𝑙 
𝑡=𝑡𝑐𝑦𝑐𝑙𝑒

𝑡=0
(𝑡)𝑑𝑡, [J], (4) 

where t = 0 [s] and tcycle [s] are, respectively, the beginning and 

ending times of the entire cycle, and Pel(t) is the total electrical 

power supplied at a given moment.  

This allows us to calculate the coefficient of performance 

(COP) during one cycle: 

 COP =
𝑄𝑐𝑦𝑐𝑙𝑒

𝑊𝑐𝑦𝑐𝑙𝑒
. (5) 

To determine the average heating capacity and electrical 

power, the total heat supplied and total electrical energy sup-

plied were divided by the analysed time period: 

 𝑄̇𝑐𝑦𝑐𝑙𝑒  =
𝑄𝑐𝑦𝑐𝑙𝑒

𝜏1 − 𝜏0 
 , [W], (6) 

 𝑃𝑐𝑦𝑐𝑙𝑒  =
𝑊𝑐𝑦𝑐𝑙𝑒

𝜏2 − 𝜏0 
 , [W]. (7) 

3. Results and discussion 

Studies of the vapour-compression heat pump with a regenerator 

were carried out for different outside temperatures in a range of 

0.6°C to 8.6°C. The indoor air temperature was maintained ap-

proximately at 22°C. Each half-cycle of air supply and exhaust 

lasted 60 s, giving a full cycle duration of 120 s. Figure 8 shows 

the temperature changes over 30 full cycles (equivalent to  

1 hour) at an outdoor temperature of 1.1°C. A close-up of tem-

 

Fig. 7. Obtained ceramic regenerator’s effectiveness. 
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perature changes during one cycle is shown in Fig. 9. The 

measured temperatures are: θI – indoor air temperature, [°C];  

θII – condenser air-side temperature, [°C]; θIII – outdoor air tem-

perature, [°C]; θIV – evaporator air-side temperature, [°C]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10 presents changes in relative humidity during the 

same cycle as shown in Fig. 8. Measured relative humidities are: 

RHI – indoor air relative humidity, [%]; RHII – condenser air-

side relative humidity, [%]; RHIII – outdoor air relative humid-

ity, [%]; RHIV – evaporator air-side relative humidity, [%]. The 

measuring points for temperature and relative humidity are 

shown in Fig. 3. 

Figure 11 shows the changes in heating capacity and electri-

cal power consumption during one full cycle for the outside tem-

perature of 0.6°C. The electric power consumption varied only 

slightly, from 1150 W to 1220 W. The average heating capacity 

of this cycle was equal to 5306 W with a peak value exceeding 

11 000 W, which is a result of accumulating heat in a ceramic 

regenerator. During the air exhaust phase, the heating capacity 

is equal to zero.  

The experimental investigation of the device operating in 

heat pump mode was carried out under outdoor air temperature  

conditions ranging from 0.6°C to 8.6°C. The indoor temperature 

was equal to approximately 20°C, while the indoor relative hu-

midity remained approximately 30% across all measurement se-

ries. The relatively low indoor relative humidity recorded 

throughout the experiments reflects the conditions of the labor-

atory facility in which the device was installed, rather than typ-

ical residential indoor climate conditions. The relative humidity 

of the outdoor air for the investigated measurement series as  

a function of outdoor temperature is presented in Fig. 12.  

Refrigerant parameters remained stable across the tested out-

side temperature range. The system was operated to keep the 

discharge pressure at 15 bar. Refrigerant condensation and evap-

oration pressures are shown in Fig. 13. As the outdoor tempera-

ture increases, the evaporation pressure rises. This reduces the 

pressure difference between the suction and discharge sides of 

the compressor, resulting in lower power consumption and 

a higher COP. 

 

Fig. 8. Temperature changes during 30 full cycles. 

 

Fig. 9. Temperature changes during one full cycle. 
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Fig. 11. Heating capacity and electrical power changes during one full cycle. 

 

Fig. 10. Relative humidity changes during one full cycle. 

 

Fig. 12. Relative humidity vs. outside temperature.  
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The device’s electrical power demand ranges from 1039 W 

to 1387 W. The electricity consumption of the rotary fan and 

automation system remained unchanged across the entire range 

of outside temperatures, amounting to 460 W. The heating ca-

pacity supplied to the room ranges from 4180 W to 5735 W. The 

uncertainty of the electrical power measurement is practically 

negligible, as it is equal to ±0.45%. The calculated expanded un-

certainty of heating capacity, determined in accordance with the 

Guide to Uncertainty in Measurement (GUM) methodology 

[17], amounts to ±8.9% at a coverage factor of k = 2, correspond-

ing to a confidence level of approximately 95%.  

Heating capacity exhibited an increasing trend with decreas-

ing outdoor air temperature. This phenomenon is a consequence 

of the decreasing temperature difference between the indoor and 

outdoor air as the outdoor temperature rises, which, at a constant 

mass flow rate and under maintained constant condensation 

pressure, results in a reduced heat flux delivered to the condi-

tioned space. The electrical power consumption exhibits a slight 

decreasing trend with the increasing outdoor air temperature, 

driven by the gradual improvement in evaporator operating con-

ditions: as the outdoor temperature rises, the evaporation tem-

perature increases, reducing the pressure differential between 

the suction and discharge sides of the compressor, and thereby 

lowering the specific compression work.  

Figure 14 shows the heating capacity of the device and its 

electrical power consumption at different outdoor temperatures.  

Since both the heating capacity and the electrical power con-

sumption decrease with increasing outdoor temperature at com-

parable rates, their ratio (COP) remains relatively stable across 

the investigated temperature range as shown in Fig 15. How-

ever, given the limited number of measurement series available, 

no statistically robust trend in COP as a function of outdoor tem-

perature can be established from the present dataset, and this re-

lationship warrants further investigation over a wider range of 

operating conditions. The COP of the heat pump with a ceramic 

regenerator was on average 3.70, and it reached the maximum 

value of 4.31 for the outside temperature of 1.1°C.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 13. Suction and discharge refrigerant gauge pressures vs. outside temperature. 

 

Fig. 14. Heating capacity and electric power vs. outside temperature. 

https://www.editorialsystem.com/editor/aot/article/571083/view/


Experimental study of a reversible ventilation – heat pump system with a ceramic regenerator 
 

23 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

4. Conclusions 

This study experimentally characterised the performance of  

a compact reversible ventilation unit integrating a ceramic fixed-

bed regenerator with an R290 vapour-compression heat pump. 

The following conclusions can be drawn from this study:  

 Integration with an R290 vapour-compression heat pump 

enabled operation under the tested winter conditions with-

out an auxiliary heat source. COP values of 3.70−4.31 

were achieved at outdoor temperatures ranging from 0.6°C 

to 8.6°C, substantially exceeding 2.0−2.5 of conventional 

air-to-air heat pumps. The favourable evaporator condi-

tions provided by warm exhaust air (~20°C) directly ac-

count for this elevated performance. 

 Electrical power demand ranged from 1039 W to 1387 W, 

with the fan and automation contributing a constant 460 W. 

The average heating capacity ranged from 4180 to 5735 W, 

with characteristic double-capacity peaks during the sup-

ply phase from simultaneous regenerator and heat pump 

heat release. 

 No water vapour condensation was observed in the ceramic 

matrix under any of the tested conditions, indicating that 

no electric pre-heating or defrosting was required during 

the experiments. 

 The expanded COP uncertainty of ±8.9% (k = 2) is domi-

nated by airflow (IRIS 250, ±5%) and humidity (SHT20, 

±3% RH) measurements. Upgrading to a class 1 flowmeter 

and a  ±1.5% RH sensor would reduce this to ~±4%. Future 

work should extend on testing below 0°C and investigating 

variable compressor speed effects on COP. 
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