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HIGHLIGHTS 
 

 To reduce fluorinated greenhouse gas emissions from automotive cooling systems, the 
European Directive 2006/40/EC introduced a gradual ban on these gases as of 2017. 

 The market for automotive cooling systems has been ‘locked-in’, to the advantage of 
synthetic chemical R-1234yf as opposed to natural solution CO2. 

 A generic conceptual model of lock-in and path dependence demonstrates how 
regulation has reinforced a patented monopoly to ‘pick winners’.  

 To encourage a sustainable energy transition, policy should focus more on the 
diversification of technologies, as it is impossible to predict what the most sustainable 
outcome will be. 

 
ABSTRACT 
 
As of 2017, the sale and use of the refrigerants most commonly used in automotive cooling 
systems – hydrofluorocarbons – are entirely banned in all new vehicles placed on the market in 
the European Union. These refrigerants have been recognised as potent greenhouse gases and, 
therefore, direct contributors to climate change. It is within this regulation-driven market that 
the technologies for a sustainable solution have been developed. However, this paper argues 
that the market for automotive cooling systems has been ‘locked-in’, which means that 
competing technologies, operating under dynamic increasing returns, will allow for one – 
potentially inferior technology – to dominate the market. Whilst such a situation is not 
uncommon, this paper discusses the way that regulation has reinforced a patented monopoly in 
‘picking winners’: to the advantage of a synthetic chemical, R-1234yf, as opposed to the natural 
solution, which is CO2. By developing a generic conceptual framework of path dependence and 
lock-in, the presented evidence seeks to show how a snowballing effect has led to the 
intensification of differences in market share. We also argue that the automotive industry is 
potentially promoting short-term fixes, rather than long-term, sustainable and economically 
viable solutions. 
 
KEYWORDS 
Mobile air conditioning; automotive cooling; path dependence; lock-in; climate change 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



3 

 

1. INTRODUCTION 
 
As we approach the 30th anniversary of the 1989 Montreal Protocol and its successful ban on 
the use of chlorofluorocarbons (CFCs) – the refrigerants blamed for depleting the ozone layer – 
the gases that were chosen to replace CFCs have, regrettably, been identified as significant 
contributors to climate change. Hydrofluorocarbons (HFCs), the synthetic refrigerants 
developed in the 1990s as ozone-friendly alternatives to CFCs, eventually emerged as potent 
greenhouse gases (GHGs), with thousands of times greater greenhouse potential than CO2. 
HFCs are the cooling agents that are most commonly used in MAC systems and, with a rapidly 
expanding market for cooling worldwide, the EU MAC Directive 2006/40/EC, has banned 
the use of all cooling agents in new passenger vehicles with a global warming potential (GWP) 
above 150 across the European Union (EU) as of 2017. 
 
The EU MAC Directive is deemed ‘technology-neutral’. This means that any substitute to 
HFC-134a – the refrigerant to be banned (whose GWP is 1430) – is accepted as long as the 
refrigerant has a GWP below 150. The MAC Directive gave producers five years to develop 
alternatives to the climate-damaging predecessor from the Directive’s implementation in 2006, 
and through extensive research and testing by manufacturers and suppliers it eventually 
became clear that the synthetic refrigerant R-1234yf and natural option of CO2 were the major 
contenders. The EU does not currently mandate the use of either, as long as the 
aforementioned guidelines are followed (European Commission, 2014).  
 
Although the market for automotive cooling systems in the EU has largely been driven by 
regulation in recent decades, research continues to remain focused on its technological 
development, often disregarding the socio-economic conditions driving (or limiting) their 
development or deployment. This paper seeks to address this gap, and argues that the 
regulatory framework of the EU has reinforced a patented monopoly held by the producers of 
R-1234yf – one of the two major contenders. At the time of writing, R-1234yf is widely known 
as the dominant replacement for HFC-134a MAC systems. It is already used in 18 million 
vehicles worldwide and all car manufacturers are shifting to R-1234yf, with the exception of 
Audi and Daimler, which plan to offer CO2 systems as an option in some vehicles in 2017. In 
order to illustrate the way in which a patented monopoly has been reinforced through a 
regulatory framework, the objective of this paper is to highlight how the market for MAC 
systems has been ‘locked-in’; this means that when two technologies are in competition with 
one another, operating under dynamic increasing returns, one (potentially inferior) technology, 
with a first-mover advantage, will eventually dominate the market.  
 
1.1 Literature review: path dependence and lock-in revisited  
 
The concepts of path dependence and lock-in are rooted in evolutionary approaches to 
understanding technological change. The concepts are broadly used to explain how 
technologies develop and endure, or why they simply disappear (Cairns, 2014). Central to 
these approaches is that certain ‘choices’ (although not necessarily conscious ones) lead to the 
way in which technologies and systems are designed. Different paths can be taken, which can 
lead to entirely different technological solutions and products entering the market (Foxon, 
2011). Path dependence specifically, as (Margolis, 2009, p. 166) put it, “is a condition in which 
economic outcomes exhibit inertia.” As such, theories of path dependence argue that this 
evolutionary process of technological development can sometimes get stuck, temporarily and 
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sometimes even permanently (North, 1990). Given that technological development in this 
sense is historically contingent, and not necessarily governed by optimality, a technology can 
base itself on inferior designs (Marechal, 2009). This concept of path dependence, then, seeks 
to explain why sub-optimal solutions can sometimes prevail in the market.  
 
David (1985) and Arthur (1989) are considered the pioneers behind technological lock-in, a 
concept used to understand the technological outcome of path dependence when markets are 
subject to inertia. The concept especially draws attention to the historically contingent nature 
of economic change (Marechal, 2007). The idea of lock-in broadly sees that, in the event of two 
competing technologies being adopted in succession of one another, the market will tend to 
avoid experimentation, despite other alternatives potentially being superior or more efficient. 
Scholars of neoclassical economics argue that market processes would allow for a more efficient 
technology to be taken up by the market, given that manufacturers and users should 
automatically seek out the most efficient alternative. However, in a world of uncertainty and 
bounded rationality, this does not necessarily hold with regard to the fast-changing nature of 
technological change. As such, technologies cannot be considered as isolated mechanisms, but 
instead belonging to technological systems that include natural, social and institutional 
elements (Unruh, 2000). Once historical conditions and the interrelation of characteristics 
have led to the emergence of such a system, their many components lead to the stabilisation 
and inertia of the system. Solving environmental or social issues through regulatory frameworks 
in an effective way requires a broader integration of social and natural sciences (Virapongse et 
al., 2016). 
 
Specifically, through a series of self-reinforcing mechanisms of increasing returns (implying that 
the more a technology is adopted, the higher the likelihood that even more of the technology 
will be adopted), there are four classes that can lead to the first technology (out of two) 
dominating the market; these are (i) scale economies, (ii) learning effects, (iii) adaptive 
expectations and (iv) network effects (Arthur, 1989). From this, we can draw two central ideas 
from lock-in. The first is that technological systems can become deeply embedded into inert, 
durable, potentially sub-optimal and inferior patterns and designs. The second is that these 
systems are deeply entrenched in complex, interdependent technological and socio-economic 
systems that can be difficult to escape from. Thus, research into locked-in systems requires 
taking system-wide policy approaches into account in order to understand their full effect 
(Perkins, 2003). Understanding the principal causes of this inertia is crucial for enforcing 
system change (Marechal and Lazaric, 2010). As Carrillo-Hermosilla (2006, p. 718) put it: 
“early superiority is no guarantee of long-term suitability.”  
 
1.1.1. Self-reinforcing mechanisms 
 
When two technologies compete for the same market, a snowballing effect can lead to the 
intensification of minor differences in market share (Arthur, 1989). Choices, or decision-
making processes, will then exhibit self-reinforcing mechanisms and feedback effects, where 
inferior and potentially inefficient technologies can become locked in due to chance events. 
Thus, when increasing returns or feedback effects are present, designs that are inferior can be 
locked in to the market through a historically path-dependent process in which “circumstantial 
events determine the winning alternative” (Carrillo-Hermosilla, 2006, p. 718). 
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Figure 1. Self-reinforcing mechanisms leading to the lock-in or lock-out of competing 
technologies 
 
Arthur referred to scale economies as one of four major issues that potentially lead to the lock-
in of one new technology over another. Although new technologies are initially costly, these 
costs will decrease the more of the technology is produced (Arthur, 1989). However, significant 
barriers to entry exist from upfront investment costs, given that immediate cost savings cannot 
always be guaranteed. Furthermore, the fixed costs previously used to set up and place the 
dominant technology on the market (sunk costs) exist for technologies already in use, including 
early investments, which means that the incentives to invest or choose a new technology or 
alternative are reduced. This adds to the effect of scale economies, whereby cost advantages 
accrue to the producer that first entered the market. A superior alternative might not be 
chosen if the expected costs to switching to an alternative outweigh the efficiency gains of 
facilitating such a transition, which in turn engenders a barrier to adoption and entry 
(Woerdman, 2015). 
 
Knowledge and experience accumulated over time generally lead to higher returns if you 
continue along the same production path as before (Kuokkanen et al., 2017). Thus, learning 
effects usually improve the quality of technologies, while reducing costs, which will in turn 
intensify the benefits of adopting one technology over another. This means that when two 
relatively young technologies are competing for the same market, the one that is initially 
leading in the market share will push it further all along the learning curve; this is because 
technicians and users will already have acquired skills to take it into use, which will make it 
more attractive to future adopters (Cowan, 1996). In this sense, learning is path-dependent and 
the early success of lowering running costs contributes to the condition of lock-in (Woerdman, 
2015). 
 
An important indicator of lock-in mechanisms is the notion of adaptive expectations, and more 
generally, the effect that uncertainty plays on the expected uptake of technologies. Broadly 
speaking, the theory sees that adoption will increase as uncertainty decreases. This can be 
attributed to manufacturers or users that consider it too costly to experiment with alternative 
technologies, given that their expected benefits are not well known, and if some are recognised, 
they do not provide a decent enough justification for experimentation (Brekke, 2003). This 
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means that the increased prevalence of a technology on the market in itself enhances beliefs of 
future prevalence on the market. In this sense, the expectation held by consumers and end-
users that a product will hold a large share of the market redirects demand and induces 
producers to place significant proportions of a product on the market.  
 
The fourth and final aspect present in locked-in markets is the advantages that benefit those 
adopting the same technologies as others: network effects (Katz and Shapiro, 1985). Network 
economies come to the fore given significant interdependencies between systems and users of 
technologies (Unruh, 2000). As Foxon (2002, p. 4) explained, network effects emerge from 
systemic interrelations between “technologies, infrastructures, interdependent industries and 
users. These externalities reinforce the dominance of the system due to both physical and 
informational networks growing in value to users as they become larger and more 
interconnected.” The more adopters exist in these technological networks, the higher the value 
users will derive and gain from taking part in them (Barnes et al., 2004). 
 
1.1.2. Conditions for escaping lock-in 
 
The lock-in and path dependence literature has thoroughly and consistently studied how these 
situations come about, but has devoted much less attention to what to actually do to escape it. 
This is problematic because the lock-in of a technology can manifest significant negative 
externalities. As seen by Cairns (2014), this effect is frequently noted as entrapment (Walker, 
2000), or entrenchment (Collingridge, 1980). The lock-in of technologies has displayed 
significantly damaging effects on the environment and our health, which has led to an 
increasing number of scholars studying the link between technological lock-in and ecological 
change, especially with regard to pollution and the fossil fuel energy distribution system, widely 
referred to as ‘carbon lock-in’ (Unruh, 2000); and also within the nuclear industry (Cowan, 
1990), end-of-pipe solutions (Kline, 2001), and pest control strategies (Cowan and Gunby, 
1996). As seen through the Collingridge dilemma and the notion of societal control of 
technological development, in the early stages when a technology’s applications are relatively 
simple to reverse, its impacts and effects are uncertain and unpredictable, but when these 
outcomes and effects are actually known, control and change of the technology is often 
difficult and even impossible due to the extent of its establishment in the economy. As 
Collingridge (1980, p. 11) explained: 
 
“When change is easy, the need for it cannot be foreseen; when the need for change is apparent, change 
has become expensive, difficult, and time-consuming.” 
 
Collingridge suggests that the only way around this is to improve anticipative and forecasting 
tools. One way to avoid this situation is to ensure that technological diversity, or flexibility, is 
maintained. However, as Huber (2004, p. 295) argued, “lock-in is unavoidable, depending on 
the stage of structuration and diffusion. But there should always remain certain degrees of 
freedom.” Therefore, it is necessary to distinguish the level of lock-in of a specific technology 
(Shackley and Green, 2007). It is the depth of the lock-in that can cause issues; the more the 
flexibility is reduced and ‘error cost’ increased, the more serious the problems will be, all of 
which are attributable to the reversibility of the technology.  
 
Furthermore, it is important to highlight the importance of governments or central authorities 
in internalising externalities, in the sense that switching costs can be reversible, through 
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incentives or taxes to encourage adoption of the alternative technology; this suggests that there 
is room for intervention when it comes to lock-in (van den Bergh et al., 2006). Moreover, 
encouraging flexibility – that is, incentivising the development of several alternatives – is crucial 
to responding to the lock-in (Kline, 2001). However, in order for this to occur, authorities must 
be willing to make these changes and switch from one technology to another in the first place. 
Unfortunately, breaking out of lock-in is most commonly considered to be achieved through 
‘external shock’, exemplified through the action taken to ban CFCs after the depletion of the 
ozone layer became common knowledge (Unruh, 2002). Of course, there is no plausible way 
for policymakers to apply an algorithm that identifies ex ante with certainty which technologies 
are superior. However, what is sought is that in a climate of bounded rationality and imperfect 
markets, policymakers can seek vigilance with precautionary tools, rather than a predictive 
capacity in the face of competing technologies. 
 
1.2. Research objectives and aims  
 
The remainder of this paper is divided into four main sections, with final implications, seeking 
to encourage potential for improved environmental conditions through the diffusion of clean 
technologies that already exist in the market for automotive cooling systems in the EU. The 
following section discusses the methods and materials and then presents the case study. The 
case study is then placed within the conceptual framework of path dependence and lock-in by 
providing a detailed analysis of how relatively minor events have created a snowballing effect 
that has led to the synthetic alternative dominating the market for mobile air conditioning. We 
then discuss how these examples demonstrate how a lock-in effect is displayed in the 
automotive industry. The paper concludes with policy recommendations, which can have 
significant implications for policymakers shaping the energy agenda and instigating 
technological innovation in the mobile air conditioning market.  
 
2. MATERIALS AND METHODS  
 
The research approach chosen for the study was a qualitative one, given that it characteristically 
enables an “exploratory, fluid, flexible, data-driven and context-sensitive analysis” (Mason, 
2002, p. 24). The paper in question is based on available literature on the scientific 
developments of CO2 and R-1234yf systems, as well as legislative documents, at the European 
level, in order to construct a narrative of the market for automotive cooling systems in the EU 
in a comparative study of aggregated criteria. In particular, we have analysed these technologies 
with regard to wider socio-economic implications, described in relation to the socio-technical 
processes inflicting changes in the development of R-1234yf and CO2 and their subsequent 
market deployment, or indeed the lack thereof. These findings have then been applied to the 
conceptual framework described above of path dependence and lock-in. This has been done in 
order to understand the processes at play and to inspire further policy emphasis on the 
interplay of existing cause-and-effect chains of technological transition, regulatory change and 
market interests, in a complex chain of events where systems can be deeply entrenched in 
complex, interdependent technological and socio-economic systems. 
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3. RESULTS AND DISCUSSION 
 
We argue that the technological development that has taken shape in the mobile air 
conditioning (MAC) market in the past decade within the EU has emerged as an obstacle to 
the deployment of the ‘best’ or ‘greenest’ (most sustainable) technology. This development is 
attributable to the fact that it is the market, not the laboratory, that determines what the so-
called best technology will be (Brand, 2005). In the case of mobile air conditioning, however, it 
can be argued that this market has also taken shape when producers and manufacturers have 
overestimated demand for it (Parkhurst and Parnaby, 2008). At the beginning of the 1990s, air 
conditioning systems were a rare luxury in the European automotive market. For instance, in 
Germany, in 1994 only 19 per cent of vehicles were fitted with MAC systems. By 2002, this 
figure had jumped to 87 per cent (Gilbert and Perl, 2010). Currently, over 95 per cent of the 
13 million vehicles sold in Europe each year contain MAC systems (DUH, 2012). These 
changes have taken place in Southern and Northern Europe alike, where, at least in the latter, 
there was no particular consumer interest in owning an air-conditioned car (Wilhite, 2009). 
Thus, MAC systems have not exactly entered the European automobile market because of a 
technical solution resolving an urgent demand for comfort, but rather through what has been 
referred to as a ‘conditioning of comfort’ (Shove 2008). Additionally, not only did 
manufacturers and suppliers perhaps over-estimate demand for air conditioning, but the 
environmental costs to this producer-driven demand have also been substantial (Parkhurst and 
Parnaby, 2008), while consumers’ environmental concern and awareness have increased 
simultaneously (Nishijima, 2016).  
 
The world is warming, incomes are rising and, despite this potential over-estimation of 
demand, so are comfort standards. It has been estimated that world consumption of energy for 
cooling will increase tenfold by 2050 (Isaac and van Vuuren, 2009), with the demand for 
cooling expected to surpass the demand for heating by 2060 (European Commission, 2016a). 
It has been estimated that refrigerants accumulating in the atmosphere between now and 2050 
(and notably HFCs) will contribute 27 per cent of the increased warming triggered by 
anthropogenic carbon dioxide emissions (Velders et al., 2009). Whereas HFCs only account for 
approximately 2 per cent of the EU’s overall GHGs, HFC emissions have tripled since 1990 
and more than doubled since 1995; this is in contrast to all other GHGs, which have been 
reduced significantly (European Environment Agency, 2015) and is closely related to the rising 
use of refrigeration systems. MAC systems on their own increase carbon emissions and other 
noxious emissions that represent 10 per cent of car emissions, while also increasing the 
vehicles’ fuel consumption by up to 2 litres per 100 km; MAC emissions represent 
approximately 40 per cent of current global HFC emissions (DUH, 2012). As mentioned 
above, in an attempt to face this issue, the EU has banned the use of HFCs in automotive 
cooling systems as of 2017 and all other refrigerants with a higher GWP than 150. As shown in 
Table 1 below, several changes to refrigerants used have occurred in recent decades.  
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Refrigerant Ozone 
depleting? 

Atmospheric lifetime Global 
Warming 
Potential 

Years used 

CFC-12 Yes 100 years 10,900  1920s–1990s 
HFC-134a No 13.4 years 1,430 1990s–2010s  
R-1234yf No 11 days 4 2010s–present 
CO2 No Naturally occurring  1 2010s–present 
 
Table 1. Overview of refrigerants used in MAC and eventually banned in the past century 
 
Thanks to the 1989 Montreal Protocol phase-out of CFC-12, vehicle manufacturers worldwide 
transitioned to the use of HFC-134a. As a result of regulations in Japan, Europe, and North 
America, all passenger vehicle manufacturers are currently shifting to R-1234yf, with the 
exception of Daimler and the Volkswagen Group, which will be rolling out the use of CO2 

systems as an option on some vehicles in 2017 (UNEP, 2016). Organisational pressures to 
improve environmental management systems are not only attributable to regulatory bodies 
such as the Montreal Protocol, but also increased public awareness, media exposure on 
environmental issues, as well as organisations’ willingness to improve efficiency through the 
reduction of environmental costs (Phan and Baird, 2015).  
 
R-1234yf is certainly more environmentally friendly than its predecessors, given that it 
decomposes faster in the atmosphere (11 days compared to 13.4 years for HFC-134a and 100 
years for CFC-12) and has a very low GWP of 4. As its manufacturers have pointed out; using 
R-1234yf globally would be the equivalent to removing over 30 million cars from the road 
permanently (Honeywell, 2013). Additionally, it is very simple to retrofit in existing systems 
due to its similarity to the former HFC-134. Further, as Ansari et al. (2013, p. 143) noted, 
“even though the values of the performance parameters for R-1234yf are smaller than that of 
HFC-134a, the difference is small, so is therefore a good alternative to HFC-134a because of its 
environmentally friendly properties.” However, it is becoming increasingly clear that, in terms 
of ozone depletion and the greenhouse effect, the problem with MAC refrigerants has been 
solved, but the ecosystem may be facing new challenges. The first measurements of the 
chemical show that R-1234yf breaks down into a new substance, trifluoroacetic acid (TFA), a 
stable molecule and strong acid that does not naturally decompose further and could 
potentially be toxic for certain plants and algae from large-scale usage (Smit et al., 2009; 
Vollmer et al., 2015). Even though TFA is a common by-product of other HFCs, R-1234yf has 
been shown to yield over 90 per cent TFA (4–5 times as much as HFC-134a) (Kauffeld, 2012). 
As Luecken et al. (2010, p. 343) showed, “automobile air conditioning R-1234yf emissions are 
predicted to produce concentrations of TFA in Eastern U.S. rainfall at least double the values 
currently observed from all sources, natural and man-made”. Despite this, TFA is currently 
considered to present an insignificant risk to the environment and ourselves (UNEP, 2016). 
This is because it has shown to be of very low toxicity (Boutonnet et al., 1999), with peak TFA 
levels being at 1.26–1.70 70 μg/L, which is 60–80 times lower than the accepted safety level 
(KTH Royal Institute of Technology, 2015; Luecken et al., 2010). Nonetheless, these results are 
believed to be underestimations because they do not take into account the use of R-1234yf 
beyond the MAC sector, in addition to its variation in concentration depending on the 
seasonal precipitation patterns. Thus, the toxicity of TFA and its use in R-1234yf remains an 
open question (Kajihara et al., 2010; KTH Royal Institute of Technology, 2015). Moreover, it 
has also been reported that 20 per cent of the gases produced by the combustion of R-1234yf 
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consist of the toxic chemical carbonyl fluoride, in addition to hydrogen fluoride, which can be 
released in a collision and ignite at high temperatures (it is known to ignite at 405 º C) and is 
both toxic and can be fatal in high doses (Feller et al., 2014). This is deemed to be extremely 
unlikely, however and has despite this paved its way into the industry.  

At the same time, CO2 MAC systems have also been developed to a stage where they have 
demonstrated their technical feasibility and comparable energy consumption. Although CO2 is 
the largest contributor to anthropogenic climate change, its use in technical applications is 
normally considered to be sound given that CO2 used in refrigeration and fire-fighting systems 
is a waste product that would otherwise have escaped into the atmosphere. Thus, waste CO2 
can become part of the solution to climate change, whereas competing chemical alternatives 
require manufacturing from scratch and accompany the aforementioned environmental 
uncertainties. This means it is both natural and safe however, at the moment it is also 
somewhat more expensive and technically demanding given that these systems need to be 
developed and designed due to higher operating pressures and leakage detection problems. 
Nonetheless, by recycling this industrial waste product into a natural refrigerant for cooling a 
car, it can become environmentally benign. Analyses of the emission and life cycle climate 
performance (LCCP) have shown that CO2 components show significant advantages in terms 
of greenhouse gas emissions over time against R-134a and R1234yf under nearly all climatic 
conditions (Cavallini and Zilio, 2007; Hafner and Nekså, 2004). Furthermore, research by 
SINTEF found that prototype CO2 air-conditioning systems in railway passenger coaches had 
significantly lower energy demands (~52 per cent less than the R-134a system). In this sense, 
this example shows that CO2 are more energy-efficient than HFC units (Haukås and Pachai, 
2015). Moreover, a further reduction in energy consumption is expected as MAC systems are 
combined with heat pump modes for the compartment heating for cooler season. Moreover, 
the leakage detection and operating pressures can be improved through further research and 
design (Cavallini and Zilio, 2007). Further, as early as 2008, CO2 systems had 30 per cent lower 
fuel consumption than similar ones using hydrofluorocarbons (Hafner, 2016). A prototype of a 
CO2 air conditioning system that a heat pump in city buses has also been shown to save up to 
50 per cent of fuel for heating, with potential for further improvements (Nekså, 2004).  
 
3.1. SELF-REINFORCING MECHANISMS: THE LOCK-IN OF THE EUROPEAN 
AUTOMOTIVE COOLING MARKET  
 
This section seeks to highlight the way in which the market for MAC in the EU is showing 
evidence of path dependence and lock-in through the existence of self-reinforcing feedback 
mechanisms; or, more generally, increasing returns. Given that the technological development 
and deployment of climate-friendly cooling agents is occurring at a rapid pace, and is largely 
driven by regulation, it is critical to recognise whether short-term fixes or long-term 
economically viable and sustainable solutions are being promoted in MAC systems. With R-
1234yf entering the market as the dominant technology, we argue that, in the development of 
sustainable technologies in mobile air conditioning, we are seeing tendencies of the “technical 
fix approach” rather than more preventative approaches of technological diversification, 
despite the potential environmental effects of R-1234yf remaining inconclusive. 
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3.1.1. Scale economies 
As described above, self-reinforcing mechanisms, or feedback effects, will favour and support 
the initial and dominant choice, while competitors, and perhaps more efficient alternatives, are 
left on the sidelines. When referring to scale economies and the lock-in effect, it is important 
to take into account the significant sunk cost that exists for technologies that are already on the 
market. This refers to early investments made in production, equipment, training and so on, 
which reduce incentives for manufacturers to opt for an alternative. In the case of R-1234yf 
and CO2, a majority of automotive manufacturers already consider the switching costs high 
enough to transition to R-1234yf, and even higher to take CO2 on board. Informal discussions 
with industry stakeholders indicate that the present price of R-1234yf in the European market 
is approximately $80 per kg. This is at least five times the price of the predecessor, HFC-134a. 
On top of that, CO2 MAC systems are expected to cost between $50–100 more per system 
than R- 1234yf (DUH, 2012). 
 
At first glance, the ideas of lock-in and scale economies seem to apply well to the case of R-
1234yf. However, this is not merely a question of costs. R-1234yf was first developed by 
Honeywell International and DuPont, which has now shifted its flourochemical business to a 
new company entitled Chemours; and Arkema Chemicals. These multinational companies 
have not shown much interest in sharing the market for refrigerants with competing 
technologies: they hold all production patents for the chemical and lobby heavily for the 
phasing out of the predecessor HFC-134a (which Honeywell and DuPont were the 
manufacturers of to begin with), and argue for the benefits of R-1234yf over competing, natural 
alternatives (Wodzisz, 2015). Due to the lack of patentability of natural refrigerants (as they are 
naturally occurring), natural refrigerants were initially perceived to be less valuable for 
businesses. Further, R-1234yf has very similar thermophysical properties to HFC-134a and can 
therefore can be used as a retrofit or ‘drop-in replacement’ to replace HFC-134a in MAC 
systems (Navarro-Esbrí et al., 2013). This means that it can be used with only minor equipment 
changes to existing vehicle AC systems and has led to close to 18 million cars using R-1234yf by 
the end of 2016 (Seidel et al., 2016). In contrast, CO2 only operates under very high operating 
pressures – almost 10 times more than R-1234yf – and therefore requires entirely new 
equipment. For this reason, almost every part of the system, from compressors to heat 
exchangers, requires redesigning in order to handle these higher pressures (Haukås and Pachai, 
2015).  
 
As Unruh (2002) maintains, when climate change and environmental degradation arises from 
a locked-in technological system, the first solutions that are sought are those that minimise 
changes to existing systems. Unruh further underlined that the least impactful solution will 
inevitably be to keep the existing infrastructure, with potential add-ons to those already in 
place, and leave the overall architecture unchanged. These often focus on intra-system 
innovations that keep costs to the minimum. As car companies already had to switch after the 
CFC phase-out in the 1990s, new equipment had to be replaced to start using HFC-134a, and 
the costs are considered too large to make changes once again. 
 
In the case of R-1234yf and CO2, however, it can be argued that EU regulation, through the 
MAC Directive, particularly incentivises the use of R-1234yf in the MAC sector on its own, 
whilst barring market entry for competitors. It was due to safety concerns of the potential 
flammability (ignition) and toxicity concerns in the event of a collision that the Volkswagen 
Group and Daimler chose to invest in developing CO2 systems. However, in December 2015, 
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Germany was referred to the European Court of Justice as the EU claimed that Daimler did 
not “make the necessary technical adaptations to ensure full compliance with the MAC 
Directive” (European Commission, 2015). In continuing to use HFC-134a, Daimler argued 
that it was simultaneously developing air conditioning systems for its vehicles that can use CO2, 
given that Germany had given Daimler permission to keep using HFC-134a while developing 
alternative solutions in 2013. In a compromise reached in October 2015, Daimler agreed to 
use R-1234yf in the interim while continuing to manufacture systems capable of using CO2. All 
other carmakers believe R-1234yf to be safe (Haukås and Pachai, 2015). Given the lack of 
flexibility on behalf of the EU MAC Directive, regulation has reinforced this patented 
monopoly for refrigerants and led to the lock-in of R-1234yf in automotive cooling systems.  
 
Furthermore, although it has been claimed that R-1234yf makes the transition to new cooling 
agents easier for the industry, in reality this transition may do the opposite, and the argument 
of lower switching costs does not hold if the question of long-term refrigerant supply is brought 
into the question. CO2, as a gas, is released as an industrial waste product directly into the 
atmosphere: the constraining issue for CO2 MAC will not be triggered by its availability and 
would allow for a greater variety of industry players to enter the market due to the refrigerant’s 
lack of patentability. Contrastingly, R-1234yf requires manufacturing from scratch, while at the 
same time potentially decomposing into environmentally damaging substances. Additionally, 
the production capacity of R-1234yf is presently incapable of supplying for worldwide demand 
(Andersen et al., 2013), which means that costs are still high, despite similarities to the former 
refrigerant.  
 
3.1.2. Learning effects 
Knowledge and experience accumulated over time generally leads to higher returns if you 
continue along the same path as before (Kuokkanen et al., 2017). In this sense, learning effects 
usually improve the quality of technologies, at the same time as reducing costs, which will in 
turn intensify the benefits of adopting one technology over another. This means that when two 
relatively young technologies are competing for the same market, the one that is initially 
leading in market share will push it further all along the learning curve, rendering it even more 
attractive to future adopters (Cowan and Gunby, 1996). In this sense, learning is path-
dependent, and the early success of lowering running costs contributes to the condition of lock-
in (Woerdman, 2015). Thus, the transition to a low-carbon, high-efficiency economy represents 
a structural change in the labour market, which is not just about creating new jobs, but also 
about changing modes of production (Valente et al., 2015). What is needed is a ‘topping up’ of 
existing job-related skills in order to avoid disconnects between the demand and supply of 
skills. It is necessary to forecast future skills and occupational demands so that skilled 
employees are preconditions for further growth in the environmental protection sector. Stricter 
environmental management can also reduce the organisational flexibility of a company, given 
that substantial capital investments and changes in systems and methods of production 
enterprises are required (Lannelongue et al., 2017).  
 
Mobile air conditioning is a knowledge-intensive industry that requires both training and 
experience. Furthermore, this is not the first time that vehicles’ refrigerants have changed. 
Given the significant difference between CO2, and with R-1234yf, and the heat exchangers and 
compressors being the same, it becomes easier to choose the latter as it is so similar to its 
predecessor, R-134a. Given that supplier industries will have an interest in keeping 
technologies they already know and have expertise in, this will have an effect on automakers’ 
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choices in choosing of technologies. In addition, repair and maintenance workers in local 
garages and car workshops will have an incentive to learn how to repair the dominant 
refrigeration system. As only a few operators use CO2 MAC systems, there are not yet any 
significant incentives to learn how to use unconventional MAC systems.  
 
The number of technicians trained in the different alternative refrigerants as a percentage of 
the total number of technicians trained to handle replacement technologies for f-gases and 
HFCs is very low in the EU as a whole (0–2.3 per cent). As was recently been reported by the 
(European Commission, 2016b) on the “availability of training for service personnel regarding 
the safe handling of climate-friendly technologies replacing or reducing the use of fluorinated 
greenhouse gases”, the uptake of alternative refrigerants is being held back by the lack of 
training and familiarity by service personnel and end-users. The European Commission further 
reports that if the appropriate training is not made available across the continent, the 
transition to alternative refrigerants may result in higher costs than necessary, with “the lack of 
trained service providers an important factor for abstaining from a conversion to alternative 
refrigerants, e.g. to the use of CO2” (European Commission, 2016b, p. 9). 
 
Regulation (EU) No 517/2014 on fluorinated greenhouse gases requires technicians to acquire 
practical and theoretical training on the replacement and reduction of f-gases and alternative 
solutions, relating to product safety and risk such as flammability and high-pressure equipment. 
This means that it is currently illegal for employers to hire technicians who carry out 
installations, product designers, as well as maintenance and end-of-life decommissioning, 
without adequate risk mitigation training. As the European Commission (2016b) warned, 
training provided within the EU is currently insufficient to keep pace with the demand for 
alternative refrigerants and is slowing down potential market uptake. CO2 can also be used in 
heat pumps, refrigerators and air conditioners. It is crucial to increase training in equipment 
use and risk management, given that CO2 requires a specific skill-set due to certain drawbacks 
(described above) with CO2 MAC systems, such as leak detection issues, which can only be 
solved with greater R&D investment (Spletzer, 2016). Specifically, in the case of mobile air 
conditioning, lock-in is increasingly becoming a problem given that automakers would rather 
choose the refrigerant that they know mechanics and local garages will know how to use. 
However, increased training on CO2 refrigeration would be able to change this situation 
(Spletzer, 2016). 
 
3.1.3. Adaptive expectations 
Lock-in theory argues that adoption will increase as uncertainty decreases. There are significant 
uncertainties with regard to the safety of the two competing technologies in MAC systems. 
Phasing in new refrigerants is likely to take decades. Given the existence of a cyclical pattern of 
regulatory changes with regard to air conditioning systems, which is directly linked to growing 
awareness of environmental risk as well as technological development, and uncertainty 
involved in what the future in regulatory change might be, Unruh (2002) and Cowan and 
Gunby (1996) argued that it will take a “crisis” to break out of the lock-in. The automotive 
industry already had to change systems from CFCs to HFCs in the 1990s; this has been 
followed by the current situation and it will take a lot of convincing before the rest of the 
industry players will change from R-1234yf to CO2. The uncertainty with regard to changes in 
regulation and refrigeration may lead to inertia, which makes looking into new alternatives less 
attractive. 
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With regard to the bounded rationality of actors, a point can be made in reference to the 
difficulty of accessing and processing information needed to make economic decisions – for 
consumers, to firms, and governments – due to the uncertainty of future events (Foxon, 2011). 
What is particular in the case of path dependence and lock-in is that decision-makers do not 
allow for the development or use of a superior alternative; even though they know of its 
existence, they largely understand its characteristics and consider uncertainties inherent in its 
existence to be acceptable. There are significant uncertainties with regard to the safety of the 
two competing technologies in MAC systems. Whilst R-1234yf has been thoroughly tested to 
ensure its safety, and has met safety regulations, Daimler’s tests show that it can ignite when it 
comes into contact with a hot engine, even though R-134a and CO2 did not (Haukås and 
Pachai, 2015). As discussed above, research has also shown that it may significantly damage the 
ecosystem, and potentially users as well. Some tests have shown that R-1234yf is not dangerous, 
which has pushed manufacturers further into adopting the refrigerant. However, the more tests 
that show it is safe, the more opportunity R- 1234yf has to promote its product. The most 
renowned of these is the SAE report, which legitimises its use and states that it is a safe 
alternative to R-134a. With Daimler and the Volkswagen Group switching over to CO2 and the 
rest of the world using R-1234yf, we now have a split in the automotive air conditioning 
market. Given this high uncertainty, when applying the theory of lock-in, car manufacturers 
might in this case be undersupplying experimentation into alternative solutions. Thus, as seen 
above, the industry and policymakers consider the uncertainties inherent to its existence 
acceptable: a key condition to locked-in technologies. 
 
3.1.4. Network effects 
Network effects see that when more adopters exist in technological networks, users will derive 
and gain greater value from taking part in them. As an example, the provision of post-purchase 
services for durable goods displays the issues inherent in the way certain products provide a 
utility as a function of the amount of people using them. An example that is relevant to the 
case of R-1234yf is one illustrated by Katz and Shapiro (1985). They maintained that, in 
markets for vehicles, sales of foreign models of cars are relatively low compared to those of local 
cars, or at least not as rapid as with other markets, given that consumers often perceive 
networks of repair services for different models to be lower and less experienced. What this 
means is that using a lesser-known refrigerant entails a risk, given that it will be less likely to 
attain post-purchase services for the consumer. 
 
In addition, product information is also more widely available for better-known brands and 
there may also be conformity or psychological bandwagon effects. How the EU MAC 
Directive’s regulatory framework allows for network effects to enhance the market dominance 
of R-1234yf largely relates to lobbying impact. Considerable sums are devoted to lobbying the 
European Parliament and EU decision makers by the refrigerant sector, and there are 
significant differences regarding the difference between synthetic and natural alternatives. In 
2013, companies producing fluorinated gases (thus R-1234yf) spent almost 24 million euros, 
compared to the 900,000 euros spent by alternative industries looking for substitutes. Large 
multinationals, both by themselves and with the help of lobbyists such as European Partners 
for Energy and the Environment and the European Fluorocarbons Technical Committee, have 
invested significant time and money in heavy lobbying in the run-up to the implementation of 
EU Directive 2006/40/EC, and have therefore potentially prevented a leapfrogging or an 
easier market entry for other efficient and safe alternatives such as CO2 (CEO, 2013). 
Moreover, the more suppliers sell the product, the more likely it is that others will adopt it as 
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well. For instance, R-1234yf is widely available, whereas CO2 is only being adopted gradually. 
SANDEN, a potential CO2 MAC supplier that develops and supplies CO2 refrigeration in 
commercial and industrial applications, stated that it has completed R&D activities for CO2 

use in mobile air conditioning, but “did not reach commercialization development because of 
the direction taken by customers to go for R-1234yf” (Andersen et al., 2013). However, buses 
continue to rely on HFC-134a, with the trend towards hybrid electric buses allowing hermetic 
or semi-hermetic compressors, which renders the use of R-744 more likely (UNEP, 2016). 
Furthermore, the fact that Daimler and the Volkswagen Group are rolling out CO2 MAC units 
for use will potentially, with the help of policy and incentives, enable other companies to take 
advantage of them, too.  
 
4. CONCLUSION  
 
Understanding technological change through an evolutionary framework of lock-in and path 
dependency means that the eventual outcome emerges through an uncertain and complex 
nature of complex interactions and dynamics. What is of concern is when a situation of lock-in 
occurs when actors and decision-makers do not allow for the development or use of a superior 
alternative, even though potential risks or costs of the dominant alternative are understood. It 
is important for policy-makers to abstain from ‘picking winners’ and to instead look to allow 
for the creation of conditions in evolutionary processes of technological transitions that can 
lead to the preferred outcome (Marechal, 2009). In such a way, it is important to take facets of 
evolutionary economics into account so that policies focusing on technology development and 
deployment can promote the diversification of technologies and strategies, instead of 
maintaining static economic efficiency as the main objective (van den Bergh et al., 2006). In 
order for this to become a reality, it is firstly important that the limits to ‘technical fixes’ are 
recognised (Parkhurst and Parnaby, 2008), in the sense that there cannot be a single solution to 
any problem. Specifically, policy needs to allow for the support of alternative technologies, 
through training, incentives and subsidies.  
 
This paper has argued that the market for mobile air conditioning in the EU is being locked-in, 
to the advantage of synthetic option R-1234yf, instead of natural solution CO2. While it is not 
uncommon for one technology to take over the market to a greater extent than a competitor, 
what is particular in this case is the degree to which the uncertainty and risks inherent in the 
dominant solution are still widely accepted, with the degree of freedom of entry of alternatives 
significantly restricted – reinforced by the regulatory environment in which they are placed and 
potentially skewed lobbying influences in policy. As research is pointing to more damaging 
releases of chemicals into the atmosphere, we should be more cautious in committing ourselves 
(or allowing the automotive industry to commit itself) to the adoption of one technology 
without allowing alternatives to survive and develop.  
 
Specifically, there was no lead-time to develop alternative solutions for the mobile air 
conditioning market and, as a result, the MAC Directive reinforced the market position of R-
1234yf through an intensification of scale economies, learning effects, adaptive expectations 
and network effects. Further research and awareness into the issues at stake with regard to the 
potential lock-in of R-1234yf is crucial in order to ensure that technological diversity is 
maintained and that alternatives can survive and develop. Regulation needs to take costs and 
timing into account when determining how changes affect parties; these include 
administrative, legal and institutional contexts (O’Ryan et al., 2006). The more the flexibility is 
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reduced and the extent to which the ‘error cost’ is increased, the greater the complications will 
be.  
 
Policymakers worldwide are increasingly responding to rapidly evolving environmental risks. 
Against this background, we recommend that policy attach greater importance to market power 
when designing clean technology markets. If emerging markets for clean technology 
unnecessarily lock in patented technologies - as we argued to be the case for the EU MAC 
Directive, and effectively granting a monopoly to one firm - the monopolist is likely to reap 
most of the benefits of green technologies. In addition, as it is in many cases the state that 
funds the basic research enabling innovation (Mazzucato, 2015), it is important that consumers 
and taxpayers also reap the fruit of these innovations. To avoid the monopolisation of clean 
technology markets, policymakers therefore ought to ensure that their transition pathways leave 
sufficient time for the development of competing technologies and substitutes. As a 
consequence, we suggest placing a higher emphasis on the competitive benefits of substitutes 
for clean technologies, which can potentially be highlighted through regulatory impact 
assessments conducted by the European Commission for instance. While re-election concerns 
may sway policymakers to phase-out polluting technologies as quickly as possible, moving 
slowly may sometimes be superior in the long-term to ensure that short-term fixes are not 
promoted, but rather sustainable and economically viable solutions.  
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