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ABSTRACT 
 
This paper deals with the risk of natural working fluids (refrigerants) thought to replace halogenated 
hydrocarbons (CFHC, FHC) in heating and refrigerating machinery such as heat pumps in homes and freezers 
in markets. Halogenated hydrocarbons are safe for man but destroy the ozone layer in the stratosphere and 
contribute to the greenhouse effect. In contrast, natural working fluids are environmentally friendly, but they 
are either toxic (ammonia) or flammable (hydrocarbons). To find out if the risk of natural working fluids for 
installers, maintenance staff, homeowners, and shoppers is acceptable, quantitative risk analysis of generic 
model-systems was performed. The following systems were investigated: (i) a heat pump in a single-family 
home with 1 kg of propane or ammonia, (ii) a central refrigerator system in a supermarket with 20 kg of 
propene or ammonia, and (iii) 50 refrigeration/freezer-units (in the shopping area) in a supermarket with 200 g 
of working fluid in each single unit (ammonia or propane). 
 
Heat pumps in homes using propane as a working fluid were found acceptable for both homeowners and 
installers/servicing staff. If ammonia is used, the risk for installers and servicing staff is not negligible. The 
estimated societal risk for a central cooling system in supermarkets displayed as a frequency consequence 
curve is acceptable for both ammonia and propene as working fluids with respect to fatalities, injuries and 
damage to building. The risk of individual freezers/refrigerators was more difficult to model and calculate. 
Nevertheless, the results suggest that the application of propane is a safety issue whereas the risk of ammonia 
is negligible when societal risk criteria are applied. 
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INTRODUCTION 
 
Halogenated hydrocarbons such as chlorofluorocarbons (CFC, HCFC, and HFC) have been used as working 
fluids (refrigerants) in heat pumps and in refrigerating machinery to absorb and transfer heat energy. 
Halogenated hydrocarbons are excellent from a thermodynamic standpoint. In addition, they have an 
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advantage: they are relatively harmless with regard to toxicity and flammability. This is one reason for the 
wide use of this material. In fact, halogenated hydrocarbons replaced ammonia, which is toxic, in most 
applications except in big industrial applications (process cooling). Recently, halogenated hydrocarbons and 
related chemicals have been banned in Europe because they destroy the ozone layer in the stratosphere and 
contribute to the greenhouse effect. Instead, in heat pumps and refrigeration systems, natural working fluids 
such as ammonia, propane or propene are reintroduced. These “natural” gases are environmentally friendly 
(their contribution to ozone destruction and climate change is negligible) but they are toxic (ammonia) or 
flammable (hydrocarbons, ammonia to a lesser extent). The question arises as to whether environmental 
benefits outweigh safety. 
 
In many countries, the use of heat pumps is endorsed and subsidised because they help to conserve fossil 
fuels. Heat from the ground, air or aquifers is absorbed and transferred to heat the rooms. With heat pumps 
using either toxic or flammable working fluids on the increase, it is interesting to know if the risk of 
intoxication, fire, and explosion for homeowners, installers and maintenance staff is relevant and how this risk 
compares to a conventional heating system using natural gas. 
 
In supermarkets refrigerators and freezers help to protect the quality of food. The refrigeration systems either 
consist of a central unit in a machine room connected to freezers/refrigerators in the shopping area. 
Alternatively, the individual freezers and refrigerators in the shopping area are equipped with small units. In 
supermarkets, the use of a central unit is more economical, but it is not known if the central or the 
decentralised system is riskier when natural working fluids are used. 
 
 
METHODS 
 
Scope of the Analysis 
 
The following four systems were included in the quantitative risk analysis (Wolfer et. al., 1999): 
- A heat pump in a single-family house with 1 to 2 kg refrigerant. Refrigerants under consideration: 

ammonia, propane, R 134a. 
- This system was compared with a central heating system with natural gas in a single-family house (the risk 

of such a system is accepted by the public). 
- A central cooling system in a supermarket with 20 to 40 kg refrigerants. Refrigerants under consideration: 

ammonia, propene, R 404A. 
- Decentralised cooling and freezer units in a supermarket with approximately 200 g refrigerant. Re-

frigerants under consideration: ammonia, propane, R 404A 
 
System Definition 
 
The environment for the quantitative risk analysis was defined as follows: 
 
Heat pump in single-family house 
- Site: Heat pump in a separate room in the basement: area 15 m2, height 2,2 m. 
- Ventilation: ventilation of the pump housing with an air exchange rate of 15/h. The ventilation runs 

continuously when the condenser is running. When the condenser is not running, the ventilation starts 
when a safety pressure switch indicates a pressure below a certain limit (SNV, 1998 & 2000). 

- Maintenance, servicing measures involving the opening of the cooling system (every two years). 
- Environment: Single-family house with 500 m3 living space. 
- It is assumed that release frequency is independent of the refrigerant. 
 
Central cooling system in a supermarket 
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- Site: Machine room in the basement, area 40 m2, height 3 m. 
- Ventilation: ventilation of the room at max. 370 m3/h (SNV, 1998 & 2000). Ventilation is activated and 

controlled via room temperature and gas detectors. 
- Gas detection: Two separate gas detectors. An alarm sounds in the control centre and starts the 

ventilator. 
- Installation, operation, maintenance, and service: two cases are considered. 

1) Low standard operational procedures corresponding to a safety level when dealing with halogenated 
hydrocarbons (non-toxic, inflammable). Normal care, s. Figure 2. 

2) High standard operational procedures corresponding to a safety level when dealing with machinery 
filled with liquefied toxic or flammable gases under pressure (extra care, s. Figure 2). 

- Environment: Corridor, length 7 m x 30 m, height 3 m bordering on the machine room. On average, five 
people are present in this area. Two staircases to the sales area of 1500 m2 with 500 customers, on 
average. 

 
Decentralised cooling and freezing units in a supermarket 
- Number: 50 units 
- Site: Supermarket sales area (see above). 
 
Risk Analysis 
 
Risk is a function of the possible extent of damage in an incident and the frequency with which this can occur. 
In this study, damage to people (death and injury), and damage to buildings are analysed. The risk is presented 
as individual and societal risk (Taylor, 1994). 
 
Individual risk corresponds to the probability that a person (e.g. the house owner or the installer) is injured or 
killed as the result of an accident. Individual risk is used to answer the question if the house owner and his 
family runs a relevant risk if he or she decides to install a heat pump filled with propane or ammonia. In 
addition, it is also important to know if this risk is acceptable to the pump installer and maintenance staff. 
 
Societal risk is represented as a cumulative frequency consequence curve. The frequency consequence curves 
are compared with societal risk criteria used in Switzerland (SAEFL, 1996b) to answer the question if the risk 
of natural refrigerants in a supermarket is acceptable to the public or not. 
 
Risk Criteria 
 
Table 1 shows individual risks in Switzerland. 
 
  TABLE 1INDIVIDUAL RISKS IN SWITZERLAND PER 100 000 MAN-YEARS 
 

Cause Individual risk per  
100 000 man years 

  
Alcohol (80 g/day) 680 
Smoking 410 
Mountain climbing 70 
Car travel 10 
Pedestrian 3 
Fire 0,5 
Drowning 0,5 
Electricity 0,4 
Lightening strike 0,05 
Snake bite 0,001 
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While the greatest risks in Table 1 are considered as “voluntary risks”, the risks at the bottom of the list are of 
a more “imposed risk” nature. The borderline between these is located at about 1·10-5 per year. New technical 
risks should certainly be considerably less than this value. In comparison, the lowest mortality rate in 
Switzerland is that of girls aged about 10 at around 1.5·10-4. 
 
Thus, for this study the risk criterion of death and injury to be acceptable (or negligible) for people is 
proposed to be at 10-6 and 10-5, respectively. Individual risks 100-times higher than these limits are considered 
not acceptable. 
 
Societal risk criteria have been defined in Switzerland in the framework of the “Ordinance on Protection 
against Major Accidents” (OMA, 1991). However, these criteria only cover accidents that may cause serious 
damage, i.e., for example, those with more than 10 fatalities. For this study the risk criteria of the OMA 
(SAEFL 1996b) were extrapolated into the domain of no serious damage, i.e. below 10 fatalities or 100 
injuries. 
 
Models and Data 
 
This study is based on earlier work carried out by Basler & Hofmann and others (SAEFL, 1996a & 1999). 
Most data for the risk analysis come from the following sources: Berghmans (1994), TNO (1996 & 1997), 
Calor Gas (1998), Kataoka  (1998), and SAEFL (1999). Leakage, gas diffusion and distribution, and 
consequence analysis was described by Clodic (1997 & 1999), in the “Yellow”, and in the “Green Book” 
(Committee 1992a & 1992b). 
 
 
RESULTS 
 
Heat Pump in Single-family House 
 
The individual risks for the house owner and the installer are shown in Figure 1. Keep in mind that the 
numerical values are only valid for the system investigated and cannot be transferred to other systems, i.e. 
other equipment in another environment. 

 
 
Figure 1: Individual risk of different working fluids in a heat pump compared to gas central heating (single 
family home). The results on the left-hand side of the graph relate to the left-hand scale, those on the right-
hand relate to the right-hand scale. Risks below the lower line are acceptable; risks above the upper line are 

Homeowner (propane)

Homeowner (gas heating)

10 -3

10 -4

10 -5

10 -6

10 -7

Fa
ta

lit
ie

s 
pe

r y
ea

r

10 -2

10 -3

10 -4

10 -5

10 -6

In
ju

rie
s 

pe
r y

ea
r

Homeowner (ammonia)

Installer (propane)

Installer (propane)

Installer (ammonia)

Installer (FHC)
Risk is acceptable

Risk is not acceptable

Transition Domain: 
Benefits for the individual 
and the society are taken 

into consideration

0-0804-4120-3  Copyright 2002 Elsevier Science Ltd.



not acceptable. Risks in the “transition domain” must be evaluated considering individual, economic, and 
environmental benefits. 
 
Central Cooling System in a Supermarket 
 
The societal risk for the employees and patrons in a supermarket are shown in Figure 2. The curves marked 
“normal care” in the legend are based on the release frequency that is today normal for FHC systems 
(statistical values). The other three curves marked “extra care” assume a safety standard in manufacture, 
installation, operation and maintenance of the system that is comparable to ammonia systems in ice rinks 
(generic values). Risks below the bottom line are acceptable; risks above the extrapolated acceptability line are 
not acceptable in accordance with SAEFL (1996b). Risks in the “transition domain” must be evaluated 
including individual, economic, and environmental benefits. A “damage value” (SAEFL, 1996b) of 0 
represents 1 fatality or 10 people injured, a value of – 0.3 represents 1 person injured, a value of + 0.3 
represents ten fatalities or 100 people injured. 
 
Note that the results shown are only valid for the system investigated and cannot be transferred to other 
systems, i.e. other equipment in another environment. 
 

 
Figure 2: Societal risk of central cooling systems in a supermarket. Damage values of 0 and 0.3 correspond to 
1 and 10 fatalities or 10 and 100 injured people, respectively. 
 
Decentralised cooling and freezing units in a supermarket 
 
The societal risk for employees and patrons in a supermarket are shown in Figure 3. Note that the results 
shown apply only for the system investigated. 
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Figure 3: Societal risk of 50 decentralised cooling and freezing units in a supermarket. Damage values of 0 
and 0.3 correspond to 1 and 10 fatalities or 10 and 100 injured people, respectively. 
 
 
DISCUSSION 
 
- When discussing the results it must be considered that simplified generic risk models have been used. 

Nevertheless, we feel competent enough to make the following statements: 
- The individual risk for the people living in a single-family house is negligible when heat pumps with 

ammonia or propane are installed, the heat pump is state-of-the-art, and the capacity is less than 1 kg of 
refrigerant. Heating with natural gas is riskier. The results presented here cannot be extrapolated to 
systems with a capacity of more than 1 kg. 

- However, the individual risk for the installer is relatively high as compared to halogenated hydrocarbons if 
he or she is not properly trained and does not take extra care when dealing with ammonia-containing heat 
pumps. The risk of a propane system is comparable to one filled with halogenated hydrocarbons. 

- The risk of central refrigerator/freezer systems in supermarkets, which contain ammonia or propene and 
have a refrigerant capacity of approximately 20 kg, is acceptable to shoppers if the system is 
professionally installed, operated, and maintained, and if in case of an accidental release the refrigerant 
cannot flow directly into the sales area. If the machine room is adjacent to the sales area or another area 
with a large number of people, additional safety measures must be implemented (e.g. wide separation of 
machine room from sales area, pressure release vents, sprinklers). 

- Decentralised cooling and freezing units in the sales area using propane or ammonia as a refrigerant could 
pose unacceptable risks under certain circumstances. This must be examined with a detailed analysis based 
on the case in hand. 

- In short, natural working fluids are a win-win-solution: Environmental benefits and acceptable risks if 
handling and safety measures meet a high standard. This includes professional manufacture, installation, 
maintenance, and operation. 
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