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ABSTRACT  
A project recently initiated and entitled “Energy efficient ventilation heat pumps for buildings” aims to 
develop a new generation of heat recovery ventilation (HRV) heat pump water heaters (HPWH) which use 
propane as working fluid of the vapour compression cycle, while increasing the energy efficiency compared 
to the state of the art HFCs-based system and ensuring its safety. This paper describes the selected baseline 
R134a heat recovery ventilation heat pump water heater, presents baseline’s performance results according 
to EN 16147 and EN 13141-7 and provides initial indications and considerations in using propane in 
conformity to safety standards of use. 
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1. INTRODUCTION  

New buildings are becoming increasingly airtight so as to minimize uncontrolled outdoor air infiltration. 
This can reduce energy use for cooling and heating, but it can create severe indoor air quality issues because 
natural ventilation is no longer enough. Since ventilation is needed for removing polluted indoor air and 
bringing in fresh outside air, new buildings tend to adopt controlled mechanical ventilation for optimum 
energy saving and comfort. A new mechanical ventilation with heat recovery concept was created in recent 
years. Such system includes both passive and active heat recovery. Heat recovery using a vapor compression 
cycle operates in series to the passive heat recovery in which a recuperative or a regenerative heat exchanger 
transfers the heat from the exhaust air to the supply one in winter. Nguyen K. et al. (2005) developed an R22 
based heat pump combined with a sensible heat recovery system, demonstrating that it is the most efficient 
configuration if compared to passive/active only heat recovery. Similarly, (D´Este et al., 2005) and 
(Schibuola, 1993) showed that the best system performance is obtained when an exhaust air heat pump is 
combined with a heat exchanger for preheating the outdoor air.  

The typical working fluids for active heat recovery systems are hydrofluorocarbons (HFCs, e.g. R134a) or in 
some countries even hydrochlorofluorocarbons (HCFCs, e.g. R22). These refrigerants are scheduled to be 
phased out/down. HCFCs have both ozone depletion potential (ODP) and high Global Warming Potential 
(GWP), and may already now not be produced or imported in developed countries and after 2040 this also 
yields for developing nations. The Kigali Amendment to the Montreal Protocol requires the reduction of 
HFCs use by 80-85% by the late 2040s (UNEP, 2016). Most developed countries have begun reducing HFCs 
use since 2019, looking for low-GWP long-term substitutes for air conditioning and heat pump technologies 
and among the different alternatives, natural refrigerants such as hydrocarbons are favourable candidates. 
This paper aims at introducing an innovative R134a-based passive and active heat recovery ventilation 
system with sanitary water production manufactured by a Danish company, providing initial indications and 
considerations in using propane as alternative working fluid in conformity to safety standards of use.  

2. HEAT RECOVERY VENTILATION HEAT PUMP WATER HEATER 

2.1. System description 
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In general, a heat recovery ventilation (HRV) heat pump water heater (HPWH) system consists of two units, 
namely the ventilation unit for passive heat recovery and the heat pump unit for active heat recovery and 
domestic hot water production. The balanced mechanical ventilation unit is equipped with a counter-current 
flow heat exchanger for heat recovery and supply and exhaust air fans with speed control. The unit extracts 
hot, humid air from kitchen, bathrooms, and utility rooms of a building and draws fresh air into all living 
areas. Via the counter-current heat exchanger, a passive heat recovery process takes place. Due to the 
temperature gradient, a spontaneous heat transmission allows the recovery of sensible heat from the extract 
warm, humid air in favour of the fresh air supplied to the residential space. The active heat recovery takes 
place after the passive one via a vapor compression cycle. The heat pump is composed of a compressor, a fin 
and tube evaporator, a TXV expansion valve, a condenser coil wrapped around the water tank for heating 
sanitary water and a fin and tube air-condenser for comfort air heating. The heat pump unit is installed so 
that the evaporator is located in the exhaust air stream from the building to extract heat from the outgoing air, 
while the air condenser is located in the fresh air stream to heat the supply air. The reversible circuit of the 
heat pump makes it possible to cool the supply air actively and improve the indoor comfort during warm 
days without compromising the domestic hot water production. Figure 1 shows the schematic of the baseline 
R134a HRV-HPWH unit chosen as the object of this study.  
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Figure 1. (Left) A diagram showing the flows of air and refrigerant, where: a) Ts  supply air temperature; b) Ts st  
supply air temperature downstream the passive recovery; c) Tdis discharge air temperature; d) Tdis_st  discharge 
air temperature downstream the passive recovery; e) To outdoor air temperature; f) TE exhaust air temperature. 
(Right) Existing system.  

2.2. Baseline system performance 

The baseline R134a HRV-HPWH in Figure 1 represents the reference case for the comparison with future 
propane-based system prototypes. A collection of data on which to base the comparison was carried out. The 
exhaust air heat pump water heater and the mechanical ventilation with passive and active heat recovery 
were tested following respectively the European standards (EN 16147:2017) and (EN 13141-7:2010).  

2.2.1. Exhaust air heat pump water heater 
In order to analyse the performance of the heat pump water heater, the unit was placed inside a thermal 
chamber, where standard heating condition of 20 °C and 60 % relative humidity were controlled. No passive 
sensible heat recovery occurred and the tested ventilation rate was fixed at 230 m3/h. By bypassing the air-
condenser, the water inside the tank started to heat up from 10 °C (supply temperature) and the final set point 
temperature was fixed at 55 °C. The heating up phase was followed by the tapping phase (step C of the 
procedure described in the standard EN 16147:2017). Figure 2 shows the XL water draw off profile 
scheduled for the present study. The electric heater was removed from the system prior to testing to study 
solely the vapor compression cycle. The modulating system installed in the unit was an on-off control. 
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Figure 2. XL water draw off profile 

Table 1 gives some results of the test. 

Table 1. Test conditions and results for the sanitary hot water production (EN 16147:2017) 
Extract Air Inlet 𝑻𝑬𝑿 Dry bulb temperature 20 °C 

Wet bulb temperature 12 °C 
Outdoor Air Inlet 𝑻𝑶 Dry bulb temperature 20 °C 

Wet bulb temperature 12 °C 
System performance Rated heat output 1.32 kW 

Heating up time 18207 s 
Average electrical energy consumption (heating) 1.99 kWh 
Average electrical energy consumption (draw offs) 9.17 kWh 
Daily electrical energy consumption  9.10 kWh 
Annual electrical energy consumption (AEC) 1.86 KWh/y 

𝐶𝑂𝑃  2.09 

2.2.2. Mechanical ventilation with passive and active heat recovery 
The test procedure that was adopted to establish the thermal characteristics of a unit containing an air-to-air 
heat exchanger (for heat recovery) and an exhaust air heat pump is the EN 13141-7:2010. The unit was 
tested: 1) with the air-to-air heat exchanger only (heat pump switched off) and 2) with the air-to-air heat 
exchanger combined with the heat pump exhaust air.  

The recuperative heat exchanger was tested over a period of 6 hours with constant airflows rate on the 
exhaust and fresh airside of 230 m3/h (balanced ventilation). Table 2 summarizes the results for the 
investigation. 

Table 2. Test conditions and results for the recuperative heat exchanger (heat pump switched off) 
Extract Air Inlet  𝑻𝑬𝑿 
Dry bulb temperature 20 °C 

Wet bulb temperature 12 °C 
Volume flow rate 230 m3/h 

Outdoor Air Inlet 𝑻𝑶 

Dry bulb temperature 7 °C 
Wet bulb temperature 6 °C 

Volume flow rate 230 m3/h 

Temperature ratio 

Supply side 𝜂  0.82 

Exhaust side  𝜂  0.69 

Heat recovery �̇�𝑯𝑹 1.03 kW 

The energy recovery �̇�  was calculated as 

0

2

4

6

8

10

12

W
at

er
 F

lo
w

   
[ L

 /
 m

in
 ]

Time of the day



 

14th Gustav Lorentzen Conference, Kyoto, Japan, 6th- 9th December, 2020 
 

�̇� =  �̇� (ℎ  − ℎ )                                                         (1) 

The system working with the combination of the air-to-air heat recovery heat exchanger and the exhaust air 
heat pump was tested after emptying the water tank. The temperature conditions of the air and the heat pump 
performance are presented in Table 3Error! Reference source not found.. The system COP was calculated 
as follows: 

𝐶𝑂𝑃 =
̇ ,

̇  ̇
=

̇ ( )

̇  ̇
                                             (2) 

Table 3. Results of the active and passive heat recovery  
Test point n° 1 2 
Extract Air Inlet 𝑻𝑬𝑿 Dry bulb temperature 20 °C 20 °C 

Wet bulb temperature 12 °C 12 °C 
Outdoor Air Inlet 𝑻𝑶 Dry bulb temperature 7 °C 2 °C 

Wet bulb temperature 6 °C 1 °C 
System performance �̇� ,  1.96 kW 1.79 kW 

�̇�  0.29 kW 0.28 kW 

�̇�  0.10 kW 0.10 kW 

𝐶𝑂𝑃  5.03 4.66 

3. TRANSITION TO PROPANE 

Among the proposed low-GWP alternatives to the HFC refrigerants, propane (R290) is naturally occurring, 
inexpensive, it has zero ODP and very low GWP. More than that, it has excellent thermodynamic and transport 
properties. Many investigators have recommended the use of propane as working fluid in air conditioning and 
heat pump systems. (Nawaz et al. 2017), (Palm 2008) and (Ghoubali et al., 2017) showed that it is possible to 
obtain a relevant system performance increase through the use of R290, and (Devotta et al., 2005) and (Joudi 
et al., 2014)) found favourable results for propane based heat pumps for heating and cooling air compared to 
traditional refrigerants.  

Although propane is promising to replace conventional HFCs, it is a flammable substance. The lower minimum 
ignition energy of R290 is only 0.48 mJ at a concentration of 5.2 vol% (Eckhoff et al, 2010), and the lower 
and upper flammable limits (LFL and UFL) of R290 in the air at 25° C and 1 atm is at a very low concentration 
of 2.2 and 9.3% (Zhai et al. 2020). Therefore, it is classified as a A3 flammable refrigerant by ASHRAE. 
Special precautions are needed in the use of R290, especially for household systems as a HRV-HPWH. Since 
ignition sources are nearly impossible to control in occupied places, the refrigerant charge size is the most 
reliable controllable mitigation factor. The maximum charge quantity of R290 in heat pump equipments is 
strictly restricted by safety standards. Both EN 378 and EN 60335-2-40 suggest the same method for 
determining the “allowable refrigerant charge” applied to flammable refrigerants for air conditioners and 
human comfort systems placed in occupied spaces. The “maximum charge size’’ (upper limit of the refrigerant 
charge, which it should not exceed independently of influencing factors (Corberán et al. 2008)), is set at 26 x 
LFL by EN 60335-2-40 and at 1.5 kg by EN 378. The allowable refrigerant charge based on the two 
aformentioned standards can be determined by Eq. (3) 

    𝑚 = 2.5 · 𝐿𝐹𝐿  · ℎ · 𝐴                                                               (3) 

where LFL is the lower flamability limit (kg/m3), 𝐴 is the room area (m2) and ℎ  is the installation heigh of 
the appliance (m). The results of the formula for systems containing R290 (LFL = 0.038 kg/m3) is introduced 
in Figure 3. 
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Figure 3. Allowable refrigerant charge for air conditionings and human comfort systems palaced in occupied 

spaces and filled with R290, for a given installation height and room area 

It can be seen that the allowable charge size is smaller for units installed closer to the floor and that a larger 
refrigerant charge size demands a greater room area. If on the one hand the design of minimized charge systems 
has never been easier than it is now thanks to advances in numerical simulations and prediction correlations 
for a great variety of component configurations and refrigerants, on the other hand the reduction of the 
refrigerant volumes can compromise the energy efficiency of a system. In view of the indoor security, the Eq.3 
is extremely restrictive for a HRV-HPWH, which requires a floor-mounted indoor installation (blue curve in 
Figure 3). As addressed by (Colbourne et al. 2020), the “preferred” charge amount for high-efficiency energy 
systems may be greater than what the safety standards permits. However, it is helpful to keep in mind that a 
flammability risk assessment can replace the safety standards if it is not possible to comply with their text 
literally and that numerous are the measures for the purpose of minimising flammability hazards. Such 
measures are discussed in (Colbourne D. et al., 2012). 

4. FUTURE WORK 

The performance data reported in this paper will be used for future validation activity of a numerical model 
able to simulate the operating modes of the state of the art R134a HRV-HPWH. This model will be used as a 
tool for designing the future propane-based heat recovery ventilation heat pump water heater prototypes.  

CONCLUSIONS  

Based on the literature review it may be concluded that a mechanical ventilation system with passive and active 
heat recovery is the most efficient solution for providing building ventilation. In this paper, an innovative 
solution that includes domestic hot water production was introduced and test results of an existing R134a heat 
recovery ventilation heat pump water heater were presented. In the experimental evaluation, COPDHW reaches 
2.09 at the test conditions suggested by EN 16147, whilst when no domestic hot water was considered (empty 
tank) COPSYS  reacheced 5.03 and 4.66 at test point n° 1 and n° 2  indicated in EN 13141-7.  

In line with the trend of gradually and significaly reduce HFCs use worldwide, the project target is the 
development of a new generation of safe, reliable and high efficiency HRV-HPWHs working with propane. 
Initial considerations for the use of propane as an alternative working fluid in accordance with safety standards 
of use at the present time are given. Both EN 378 and EN 60335-2-40 provide information for the design and 
installation of HP systems using flammable refrigerants (class A3). It is found to be likely that the design of 
the new generation of R290-based HRV-HPWHs may not comply with the current safety standards when the 
objective is to achieve a reasonable compromise between reduced refrigerant charge and high energy efficiency 
of the system . However, if a risk assessment proves that an alternative design does not create a higher risk 
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than if the literal interpretation of the standard was applied, the required level of safety can be deemed 
accomplished.  

NOMENCLATURE  

UFL Upper flammability limit T temperature (°C) 
LFL lower flammability limit h enthalpy (kJ/kg K)  
𝐶𝑂𝑃 cefficient of performance A area (m2) 
HRV heat recovery ventilation  h0 height (m) 
HPWH heat pump water heater  �̇� mass flow rate (kg/s) 
𝑚 allowable refrigerant charge (kg)  �̇� power consumption (kW) 
  �̇�  heat recovery (kW)  
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