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Executive summary  

The global fleet of circulating vehicles showed a significant growth in the past decade worldwide. This was 

interrupted only in 2020 due to the COVID-19 pandemic. However, starting from 2021 a rebound is 

predicted: indeed, forecasts for next ten years highlight continuous growth, even if at a slower pace in 

comparison to the past decade. The overall increasing trend is mainly due to Chinese, South American and 

South Asian markets.  

Referring more specifically to the European situation, the overall fleet is expected to continuously increase 

in numbers in the next decade, but with lower annual growth in respect with the previously cited markets 

as well as with the global average. In particular, LCVs and HDVs fleet will grow significantly faster (up to 

double rate) in respect to passenger cars. Looking at the distribution of vehicles in EU cities, overall similar 

cars to LCVs ratio can be observed, frequently ranging from 80-90% of passenger cars to 10-20% of light 

commercial vehicles. Similarly, the age distribution of passenger vehicles inside different urban 

environments was found reproducible. In particular, old vehicles with more than 14 years represent from 

25% to 35% of the global urban fleet, depending on the geography. Similar distributions can be observed 

also within the LCVs fleet. More variable distributions are observed when looking at the fuel type of 

passenger cars, with two urban cases (Milan and London) exhibiting vast majority of gasoline fuelled 

vehicles and one case (Paris) showing vast majority of diesel engines. The EVs (all typologies considered) 

represent always a minor fraction of the circulating vehicles, ranging from the 5% to the 10% of the total. 

Conversely, fuel distribution in LCVs is found to be always dominated by diesel, which account for 85-95% 

of the overall commercial vehicles.  

Considering discs and pads together, the automotive market for aftermarket brake components in EU 

accounted for about 2 billion € in the 2018. Congruently with continuous expansion and ageing of the 

circulating fleet, both discs and pads aftermarket sales are growing in Europe, with Germany, UK and France 

representing the biggest markets in both segments. The only major exception is represented by Italy, where 

decrease in sales were recorded in past years for disc and pads solutions. Both prices and revenues in the EU 

brake aftermarket are expected to increase at similar rates until 2026. For these reasons, the overall market 

value for automotive aftermarket brake components is expected to reach the sum of 2.5 billion € in 2026.  

The objective of this document is to present the currently available retrofit systems on the market for tailpipe 

and brakes and evaluate them based on a series of criteria. The criteria for the investigation include the 

assessment of the possible performance, cost, availability, and the development stage of the products. Data 

from “Testing Retrofit Technologies” study for tailpipe retrofitting were utilised in the attempt to avoid 

unnecessary repetition effort. An analysis of the available retrofit technologies was conducted followed by a 

market screening of the available retrofit systems.  

Also, an in-depth study of the vehicles present in the urban environment was carried out to provide an 
overview of the global market and to identify the vehicle market value. In addition, a market research study 
was conducted to identify brake retrofit solutions existing in the market, similar to the tailpipe study, 
considering mainly the state-of-the-art of new disc and pad materials, as well as particle capturing systems. 
The market research study for brake retrofit solutions covers both automotive and rail applications.  

 

  

https://single-market-economy.ec.europa.eu/news/study-retrofit-technologies-potential-reduce-emissions-passenger-cars-and-light-commercial-vehicles-2020-06-29_en


 

 4 

Contents 
Executive summary ................................................................................................................................ 3 

1. Overview of Vehicle Market in Road Transport Sector ..................................................................... 6 

1.1. Global Outlook .................................................................................................................................. 6 

1.2. European Fleet .................................................................................................................................. 7 

1.3. Vehicles within Urban Environments ............................................................................................... 8 

2. Initial assessment of available tailpipe retrofit technologies .......................................................... 10 

2.1. Introduction .................................................................................................................................... 10 

2.1.1. Euro 4, Euro 5, and Euro 6 and Euro 6d-temp exhaust after treatment technologies for 

Petrol vehicles ......................................................................................................................................... 11 

2.1.2. Euro 6d-temp and Euro 6d exhaust after treatment technologies for Petrol vehicles ........ 16 

3. Market analysis of available retrofit systems ................................................................................. 19 

3.1. Published Retrofit systems ............................................................................................................. 19 

3.2. Published Systems for series production ....................................................................................... 20 

3.3. Testing Retrofit Technologies by CLOVE ........................................................................................ 21 

3.4. Companies contacted for GPF retrofit solutions ........................................................................... 21 

3.5. Market for retrofit systems based on the German market as an example .................................. 22 

4. Market analysis of available brake retrofit systems ....................................................................... 26 

4.1. Automotive Market volumes ......................................................................................................... 26 

4.1.1. Sales of Aftermarket Brake Discs ........................................................................................... 26 

4.1.2. Sales of Aftermarket Brake Pads ............................................................................................ 27 

4.2. Automotive “Green” Brake Retrofit Solutions .............................................................................. 27 

4.2.1. Brake Discs .............................................................................................................................. 28 

4.2.2. Brake Pads ............................................................................................................................... 29 

4.2.3. Brake Kits................................................................................................................................. 30 

4.2.4. Particle Capturing Systems ..................................................................................................... 31 

4.3. Vehicle Market in Rail Transport Sector ........................................................................................ 32 

4.3.1. Overview of Rail Passenger Transport in EU .......................................................................... 32 

4.3.2. Brakes in Railways Vehicles and Urban Trains ....................................................................... 34 

4.3.3. Prices Overview of Brake spare parts (disc & pads) in railway ............................................. 36 

4.4. “Green” Brake Retrofit Solutions for rail applications .................................................................. 37 

4.4.1. Brake Pads ............................................................................................................................... 37 

4.4.2. Particle Capturing Systems ..................................................................................................... 38 

5. Global Summary ........................................................................................................................... 39 

References ........................................................................................................................................... 40 



 

 5 

 

Abbreviations and Acronyms 

TWC Three-Way Catalyst 

OEM Original Equipment Manufacturer 

FWC (4WC) Four-Way Catalyst 

EAT Exhaust After-treatment  

GPF Gasoline Particulate Filter 

LNT Lean NOx Trap 

EGR Exhaust Gas Recirculation 

PM Particulate Matter 

CNG Compressed Natural Gas 

LNG Liquefied Natural Gas 

LDVs Light Duty Vehicles 

HDVs Heavy Duty Vehicles 

CPSI Cells Per Square Inch 

PSMF Partial flow Sintered-Metal-Filter 

KBA German Kraftfahrtbundesamt 
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1. Overview of Vehicle Market in Road Transport Sector 

The VERA project aims at tackling tailpipe and brake emissions using retrofit solutions. This section provides 

a global overview of the circulating vehicle fleet on roads to determine the potential market for the retrofit 

solutions developed within the project. Particular attention is paid to analysing the EU situation, with a 

further focus on urban environments. All data reported in this section are retrieved and elaborated from IHS 

Markit commercial database [1]. 

1.1. Global Outlook 
The evolution of the global circulating vehicle fleet from 2010 to 2030 segmented by region is shown in 

Figure 1. The data shown was validated until 2020, and projections are included until 2030. 

In 2020 the global fleet comprising passenger cars (PCs), light commercial vehicles (LCVs) and heavy-duty 

vehicles (HDVs) was estimated at 1,501 million vehicles. According to the regional segmentation in Figure 

1, the European fleet accounted for the largest share (28%) of the total, followed by the North American 

(23%) and Chinese (19%) fleets. Here, it should be pointed out that the European figures relate to the entire 

geographical continent, thus extending to countries such as Turkey, Ukraine and Russia. 

The global fleet has been growing consistently between 2010 and 2020. In particular, it increased on 

average by 3.9% per year since 2010, when the global fleet counted 1,027 million vehicles. The Chinese 

fleet experienced the largest growth during these years, with a remarkable average annual increase of 

16.1%, followed by the South American fleet (6.8% per year). In turn, the Japanese and Korean fleets 

combined exhibited the smallest average annual growth at 1.0%. 

In 2020, the recorded growth compared to 2019 was quite limited at 1.8%; this was a direct consequence 

of the global COVID-19 pandemic. Indeed, the recorded growth in 2019 with respect to 2018 was 

significantly more pronounced at 2.9%. This is also supported by data from the International Organization 

of Motor Vehicle Manufacturers (OICA), which recorded a 12% decrease in global car sales in 2020 

compared to 2019 [2]. However, OICA also indicated differences depending on the region considered. In 

particular, while most major markets recorded sharp declines in car sales of 20-30%, the Chinese market 

only recorded a limited 2% decrease and, interestingly, the South Korean market exhibited a striking 6% 

increase in car sales. A partial rebound in the growth of the global vehicle fleet was expected in 2021, with 

a predicted growth of 2.5% to reach 1,539 million vehicles. 

In the next ten years the global fleet is forecasted to continue growing, though at a slower rate; the total 

number of vehicles is expected to increase at an average rate of 1.7% per year to reach 1,783 million 

vehicles in 2030. The largest growth is expected once again in China, which is predicted to experience an 

average increase in vehicles of 4.0% per year, followed by the South Asian region (3.0%). The Japan/Korea 

fleet is expected to retain its place as the slowest growing one (0.1% per year). 



 

 7 

 
Figure 1 Evolution of the global circulating vehicle fleet segmented by region from 2010 to 2030. Data was 
collected and validated until 2020, projections are included until 2030 

1.2. European Fleet 
This section aims at providing a more detailed overview of the road vehicles circulating in Europe. This 

overview comprises the fleets of the 27 EU member states apart from Malta, for which data are not 

available, and is extended to include also the fleets of Iceland, Norway, Switzerland and the United 

Kingdom. 

The European fleet counted 325 million vehicles in 2020, representing the 21.6% of the global fleet. This 

number was the result of a 0.7% growth compared to 2019. Such growth was evidently affected by the 

global COVID-19 pandemic, as the 2018/2019 growth had been significantly higher at 2.1%. In turn, data 

for 2021 indicate a partial rebound with a predicted increase in fleet size by 1.1%. Considering a longer 

timeframe, the European fleet is predicted to keep increasing in size until reaching 349 million units in 2030. 

However, the average annual growth is expected at 0.7%, which is significantly lower compared to that of 

the global fleet (1.7% per year) reported above. 

European Fleet by Vehicle Segment 

The evolution of the European circulating vehicle fleet from 2018 to 2030 segmented by vehicle class is 

shown in Figure 2. The passenger car fleet counted 283 million vehicles and thus accounted for 87.2% of 

the European total. The largest fleet was found in Germany (48 million cars), followed by Italy (40 million 

cars) and the United Kingdom (37 million cars). This segment experienced a 0.7% growth in 2020, a 2.1% 

growth in 2019 and is predicted to grow at an average rate of 0.6% per year until 2030, when it will reach 

301.4 million cars. 

The LCV fleet counted 34.1 million vehicles, or 10.5% of the European total. Here, the largest fleets were 

found in France (6.3 million vehicles), in the United Kingdom (5.1 million vehicles) and in Italy (4.2 million 

vehicles). The LCV fleet grew by 0.7% in 2020 and by 2.4% in 2019. It is forecasted to increase in size by an 

average of 1.2% annually until reaching 38.5 million vehicles in 2030. 
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Finally, HDVs accounted for 2.3% of the total with 7.5 million vehicles. Italy displayed the largest fleet (1.05 

million vehicles), closely followed by Germany (1.03 million vehicles) and Poland (0.82 million vehicles). This 

segment grew by 0.8% in 2020, by 2.5% in 2019 and is expected to grow by an average of 1.7% a year to 

reach 8.9 million vehicles in 2030. 

 
Figure 2 Evolution of the European circulating vehicle fleet from 2018 to 2030. Data was collected and 
validated until 2020, projections are included until 2030 

1.3. Vehicles within Urban Environments 
This section provides an overview of the characteristics of the vehicles circulating within urban environments 

in Europe. Milan, Paris and London were chosen as case studies representative of the EU urban vehicle 

population. This analysis focuses exclusively on light duty vehicles, i.e. passenger cars and light commercial 

vehicles, and includes data until 2021. 

As of 2021, a total of 743 thousand light duty vehicles were registered in Milan. Passenger cars accounted 

for 91.3% of the total (678 thousand cars), while light commercial vehicles accounted for the remaining 8.7% 

(65 thousand vehicles). In turn, London counted 1.2 million light duty vehicles, of which 92.3% cars (1.1 

million vehicles) and 7.7% light commercial vehicles (93 thousand vehicles). Finally, the Paris fleet consisted 

of 1.5 million light duty vehicles; passenger cars accounted for 83.7% of the total (1.3 million vehicles), while 

light commercial vehicles accounted for the remaining 16.3% (249 thousand vehicles). 

The age distributions of passenger cars and light commercial vehicles in the three cities in 2021 are shown in 

Figure 3. Paris and London exhibited very similar age distributions for passenger cars, with a rather even 

distribution across three out of the four age ranges at around 27%; only the 10-14 years range exhibited a 

significantly smaller fraction of vehicles at around 20% in the two cities. In turn, Milan data showed a 

significantly higher percentage of cars older than 14 years, which accounted for more than a third of the 

total. Similar observations can be made regarding the age distributions of LCVs in the three cities, the only 

exception being the increased fraction of new vehicles in London and Paris.  

The distribution of fuel types in Milan, Paris and London in 2021 is shown in Figure 4. Fuel distributions in 

Milan and London for passenger cars were very similar, with the largest fraction of cars running on petrol 

(over 60% in both cases) followed by diesel vehicles (27.8% and 20.5%, respectively). In turn, most cars ran 

on diesel in Paris (56.7%), with petrol vehicles only accounting for 38.1% of the total. London exhibited the 
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largest fractions of both hybrid cars (8.4%) and battery electric vehicles (2.0%); in Paris, hybrid and battery 

electric vehicles combined accounted for less than 5% of the overall car fleet. CNG cars accounted for 0.8% 

of the Milan fleet, while their presence was very limited (below 0.1%) within the London and Paris fleets. The 

LCV spectrum was largely dominated by diesel vehicles in all three cities, with Paris exhibiting the highest 

fraction at 95.5%. Hybrid LCVs accounted for very small fractions, the highest being 2.4% in London, while 

electric LCVs accounted for negligible fractions of the total. Finally, CNG LCVs accounted for a significant 3.3% 

of the Milan fleet, but once again for less than 0.1% of both the London and Paris fleets. 

 

Figure 3 Age distribution of passenger cars (PCs) and light commercial vehicles (LCVs) in Milan, London and 
Paris in 2021 

 

Figure 4 Distribution of fuel types for passenger cars (PCs) and light commercial vehicles (LCVs) in Milan, 
London, and Paris in 2021  
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2. Initial assessment of available tailpipe retrofit technologies 
2.1. Introduction 

In the following sections, an assessment of the various exhaust after treatment systems (EATS) is made to 

review the base system capability to filter particulate emissions under real driving conditions, as well as the 

required changes or additional hardware which is needed to fulfil the emission limits also on the road. Then 

a basic assessment of the currently available retrofit systems is made, as well as a list of vehicles for which 

these systems are available for testing is drafted. Series exhaust after treatment technologies from Euro 4 to 

Euro 6d are reviewed. 

With Euro 6d emissions limits, basically, only one type of additional component is added to the Three-Way-

Catalyst (TWC). Within this chapter the different basic exhaust after treatment technologies will be described 

and explained. The vehicles on which they are used will be also reviewed. This will also provide a background 

on the market share of these technologies in European markets to provide a first impression on the impact 

of a retrofit solution for this particular vehicle class on the reduction of particulate emissions in European 

cities. 

▪ Explanation of acronyms  

In Table 1, the most frequently used abbreviations are briefly explained and tabulated, due to their necessity 

for the assessment as they represent crucial components and types of EATS that have been used in various 

vehicle categories. 

Table 1 Explanation of the abbreviations 

Acronyms Description 

TWC 

A type of catalytic converter which is used to simultaneously convert three 

types of pollutants (Carbon Monoxide CO, Hydrocarbons HC, Nitrogen 

Oxides NOx) into less harmful substances, such as carbon dioxide (CO2), 

Nitrogen (N2), and water (H2O) 

GPF 

Reduces the particulate matter (PM) and particulate number (PN) emissions 

generated during the combustion process in internal combustion engines. 

The collected particulate matter is then burned off during normal driving 

conditions, reducing the emissions from the vehicle 

FWC (4WC) 
Combines the catalyst function (TWC) and the particulate filter (GPF) in a 

single component 

LNT 

Reduces the nitrogen oxides (NOx) emissions by means of temporarily 

storing these emissions in catalytic material, and then releasing them in the 

form of harmless nitrogen and water vapor during a regeneration process. 

EGR 

Reduces the produced nitrogen oxides (NOx) emissions by means of 

recirculating a portion of the engine´s exhaust gas back into the combustion 

chamber, where it mixes with the incoming air/fuel mixture. This dilutes the 

oxygen in the combustion chamber. The recirculated exhaust gas is also an 

inert gas with a high specific heat capacity, that must be heated during 

combustion. These effects reduce the peak temperatures and pressure, and 

thus the formation of NOx. 
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2.1.1. Euro 4, Euro 5, and Euro 6 and Euro 6d-temp exhaust after treatment technologies for 

Petrol vehicles 
TWC 

The Three-Way-Catalyst (TWC) (Figure 5) is the standard exhaust after treatment component for the petrol 

engine, also before the Euro 4 emission standard. In the TWC, NOx emissions are reduced to nitrogen and 

oxygen. The free oxygen, together with the oxygen not used in the combustion, is then oxidizing the CO and 

HC emissions. The TWC is installed close-coupled to the exhaust manifold for naturally aspirated and 

supercharged engines and directly behind the turbine for turbocharged engines for an early light-off for the 

emission reduction. As the TWC alone cannot reduce any particulate emissions a separate filter is then 

necessary . 

Table 2 to Table 7 present a summary and examples of PCs, LCVs and HDVs equipped with TWC. In addition, 

Volvo introduced LNG powered trucks with Diesel injection for the ignition, while for NOx reduction an SCR 

system is installed (Table 7). 

 

Figure 5 TWC, usually one temperature sensor and one to two lambda sensors, one upstream and eventually 
one downstream of the TWC. Source: FEV 

Table 2 PCs equipped with TWC according to emission classes Euro 6, Euro 5, Euro 4 

PCs EATS Type: TWC 

Emission class Manufacturer Example Photographic example 

Euro 6d 

Abarth, Ferrari, 

Fiat, Toyota, 

Hyundai, Kia, 

Lotus, Mazda, 

Opel, Nissan, 

Seat, Skoda, 

Subaru, Suzuki 

Abarth 595 

 
Source: ADAC 

Kia Rio 1.2 

 
Source: Kia 

Euro 6d-TEMP 

Hyundai, Mazda, 

Ford, Opel, 

Jeep, Abarth, 

Bentley, Audi, 

Hyundai Kona 1.0 T-GDI 

 
Source: KBA 
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Infinity, Fiat,  

Hyundai, Kia, 

Nissan, Opel, 

Peugeot, Lada  

Seat, Skoda, 

Toyota, Subaru 

Mazda CX-3 2.0 

SKYACTIV 
 

Source: KBA 

Euro 6 
Nearly all 

manufacturers 

BMW F30 320i 

11.2012 – 06.2018  
Source: ADAC 

VW Caddy IV 1.2 TSI 

06.2015 – 08.2018  
Source: ADAC 

Euro 5 
Nearly all 

manufacturers 

Kia Rio UB 1.2 63 KW 

09.2011 – 01.2015  
Source: ADAC 

Honda Civic 1.4 Type S 

01.2009 – 12.2011  
Source: ADAC 

Euro 4 
Nearly all 

manufacturers 

Ford S-Max 2.0 107KW 

06.2006 – 07.2009  
Source: ADAC 

Fiat 500 1.2 51KW 

10.2007 – 10.2008  
Source: ADAC 

 

Table 3 LDVs equipped with TWC according to emission classes Euro 6, Euro 5, Euro 4 

LDVs EATS Type: TWC 

Emission class Manufacturer Example Photographic example 

Euro 6 
Nearly all 

manufacturers 

BMW F30 320i 

11.2012 – 06.2018  
Source: ADAC 

VW Caddy IV 1.2 TSI 

06.2015 – 08.2018  
Source: ADAC 

Euro 5 
Nearly all 

manufacturers 

Kia Rio UB 1.2 63 KW 

09.2011 – 01.2015 
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Source: ADAC 

Honda Civic 1.4 Type S 

01.2009 – 12.2011  
Source: ADAC 

Euro 4 
Nearly all 

manufacturers 

Ford S-Max 2.0 107KW 

06.2006 – 07.2009  
Source: ADAC 

Fiat 500 1.2 51KW 

10.2007 – 10.2008  
Source: ADAC 

 

Table 4 LCVs-(Vans) equipped with TWC according to emission classes Euro 6 

LCVs EAT Type: TWC  

Emission class Manufacturer Example Photographic example 

Euro 6 
Iveco, Scania, 

Mercedes Benz 

Iveco Daily Natural power 

Gasoline/CNG 

35C14NV 100 KW 
 

Source: IVECO 

CNG 

Mercedes Benz Sprinter 316 

NGT 

115 KW  
Source: Mercedes Benz 

 

Table 5 HDVs-(Trucks) equipped with TWC according to emission classes Euro 6 

HDVs EAT Type: TWC  

Emission 

class 
Manufacturer Example Photographic example 

Euro 6 

IVECO, 

SCANIA, 

Mercedes-

Benz, Volvo  

Iveco S-Way Natural Power 

CNG/LNG 

Cursor 9 251 KW 

Cursor 13 338 KW 

 



 

 14 

Scania R-Series Natural Gas 

CNG/LNG 

P340 250 KW 

P410 301 KW 

 

Mercedes-Benz Econic NGT 

2630 222kW 

 

Volvo FE CNG 

 

Iveco Eurocargo Natural 

Power CNG ML120EL21/P 

150 kW 

 

Euro 5 IVECO 
IVECO EUROCARGO 

120EL20P CNG 147 kW 

 
 

Table 6 HDVs-(Buses) equipped with TWC according to emission classes Euro 4, Euro 5, Euro 6 

HDVs EAT Type: TWC  

Emission class Manufacturer Example Photographic example 

Euro 4 

IVECO, 

SCANIA, 

Mercedes- 

Benz 

Scania City wide Natural 

Gas 

CNG 

9-liter 5-Cylinder 250 KW  
Source: Scania 
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Mercedes Benz Conecto 

NGT 

CNG 

M936G 7.7-Liter 222 KW  
Source: Mercedes-Benz 

SOR CNG 12.3 213kW 

 

Euro 5 
Mercedes- 

Benz 

Citaro CNG 

CNG 

O530 240 KW  
 

Euro 6 

Mercedes- 

Benz 

Citaro G CNG 

O530 240 KW 

 
 

Volvo 7000 CNG Bus 213kW 

 
 

Table 7 HDVs-(Trucks) equipped with SCR-unit according to emission classes Euro 6 

HDVs EAT Type : SCR-Unit 

Emission class Manufacturer Example Photographic example 

Euro 6 Volvo 

 

FM/FH 420 

LNG + Diesel 

309 KW 
 

Source: Volvo 

 

FM/FH 500 

LNG + Diesel 

368 KW 

 
Source: Volvo 
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TWC + LNT 

Some of the vehicles with petrol engines had a lean combustion concept with lambda values above 1, which 

reduced the fuel consumption, but resulted in significantly higher NOx emissions. With the engine running in 

lambda=1 mode the TWC works in normal conditions, but as soon as the lambda is increased the TWC cannot 

convert the NOx emissions anymore. As result the LNT was introduced (Figure 6) to capture the NOx emissions 

and convert these while purging. Then the engine was driven in lambda below 1. This system is very rare as 

only few vehicles were sold with these engines and exhaust after treatment systems (Table 8). 

 

Figure 6 TWC + LNT, usually one temperature sensor and one to two lambda sensors, one upstream and 
eventually one downstream of the TWC. Source: FEV 

Table 8 LDVs equipped with TWC and LNT according to emission class Euro 4 

LDVs EAT Type: TWC + LNT 

Emission class Manufacturer Example Photographic example 

Euro 4 
Audi,  

VW 

Audi A4 2.0 FSI 

2003 - 2005 

 
Source: ADAC 

VW Touran I 110KW 

2003 - 2006 
 

Source: ADAC 

 

2.1.2. Euro 6d-temp and Euro 6d exhaust after treatment technologies for Petrol vehicles 

TWC + GPF  

This is a system with a TWC and a Gasoline Particulate Filter (GPF) (Figure 7). The GPF reduces the particulate 

emissions by up to 98%. In contrast to a Diesel engine with a DPF, with a petrol engine equipped with a GPF 

an active filter regeneration must be triggered very rarely, or not at all. The exhaust temperatures of the 

petrol engine are much higher than those of the diesel engine. As soon as the engine is driven in fuel cut-off 

conditions the oxygen excess in the exhaust gas is regenerating the filter very quickly and effectively. The 

GPF could be located within the same canning or, depending on the package constraints, further 
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downstream, even in the underfloor section where most of the retrofit filters will be installed. Table 9 

presents a summary and examples of LDVs equipped with TWC+GPF. 

 

Figure 7 TWC+GPF, usually one temperature sensor and one to two lambda sensors, one upstream and 
eventually one downstream of the TWC. Source: FEV 

Table 9 LDVs equipped with TWC and GPF according to emission classes Euro 6d, Euro 6d-TEMP 

LDVs EAT Type: TWC + GPF 

Emission class Manufacturer Example Photographic example 

Euro 6d 

Mercedes Benz, VW, Volvo, 

DS, Citroen, BMW, Audi, 

Mercedes Benz, Alpina, 

Alfa, Audi, Bentley, 

Cadillac, Cupra, Kia, 

Toyota, Suzuki, Austin 

Martin, Ferrari, Dacia, 

Jeep, Alpine, Fiat, Ford, 

Honda, Hyundai, Jaguar, 

Land Rover, Lexus, 

Maserati, MINI, Nissan, 

Opel, Peugeot, Polestar, 

Porsche, Renault, Rolls 

Royce, Seat, Skoda, Subaru, 

Suzuki 

DS 3 Cross-back 

Source: ADAC 

Volvo XC40 

 
Source: KBA 

Euro 6d-TEMP 

Mercedes Benz, VW, 

Honda, Audi, Skoda, Fiat, 

Hyundai, BMW, MINI, 

Alpina, Bentley, Cupra, 

Dacia, Genesis, Infiniti – 

Jjeep, Kia, Toyota, Suzuki, 

Alfa, Ferrari, Alpine, 

Citroen, DS, Ford, Jaguar, 

Land Rover, Lexus, 

MINI Cooper John 

Copper works 

 
Source: KBA 
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Maserati, Nissan, Opel, 

Peugeot, Porsche, Rolls 

Royce, Seat, Skoda, Suzuki, 

Toyota 
Mercedes Benz 

C180 

 
Source: KBA 

 

FWC (4WC) 

As an alternative to the TWC and GPF layout, only one catalyst can be installed instead. The Four-Way-

Catalyst is a GPF with a Three-Way-Catalyst coating. The advantage of the FWC is the close-coupled location. 

Then the GPF is very close to the turbine outlet or the exhaust manifold which is beneficial for the passive 

regeneration of the particulate filter. As the particulate filter has a lower CPSI the FWC usually needs to be a 

bit larger in volume than the equivalent TWC. Table 10 presents a summary and examples of LDVs equipped 

with FWC. 

 

Figure 8 FWC, usually one temperature sensor and one to two lambda sensors, one upstream and eventually 
one downstream of the TWC. Source: FEV 

Table 10 LDVs equipped with FWC according to emission class Euro 6d 

LDVs EAT Type: FWC 

Emission class Manufacturer Example Photographic example 

Euro 6d Mercedes-Benz 
Mercedes-Benz  

S450 4Matic  
Source: Mercedes-Benz 
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3. Market analysis of available retrofit systems 

The following sections describe several retrofit systems about which information has been published. This 

information is used to make a baseline assessment of the systems and an evaluation of the advantages and 

disadvantages, considering real-world driving emissions in different ambient temperature ranges. 

3.1. Published Retrofit systems 

All the systems listed in the following sections have in common to be prototype solutions. Most of the 

contacted companies do not have such products currently available for the retrofit market. The companies 

which actually do have these systems, produce them mostly for OEM for first installation.  

Gasoline Particulate Filter from HJS 

The PSMF from HJS (Figure 9) can be used in both diesel engines and petrol engines. HJS carried out various 

tests on passenger cars, buses and commercial vehicles. For the gasoline engine, an AUDI A5 was equipped 

with the system. This filter is maintenance free due to ash cleaning. The PSMF is an underfloor system. This 

HJS system is only a prototype and cannot be found in series production.  

 

Figure 9 GPF from HJS. Source: HJS website 

HJS Gasoline ceramic particulate filter 

This system is designed to open the market for this type of retrofit particulate filters. After the tests, 

conducted by HJS themselves, did not put this system into series production because they did not see the 

need for this system from a political point of view. 

The HJS GPF (Figure 10) can be fitted in a very short time in the underfloor section of the EATS, upstream to 

the mid-muffler. It is a quick exchange with the piping. The canister contains a bare GPF and has also been 

tested with coating. 

The cost of this system should be around 300 €. Here, a budget of about 600 € for the user will cover the 

complete conversion, including installation of the system.  
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Figure 10 HJS gasoline ceramic particulate filter (Abschlussbericht (EFRE-0801220) HJS Emission Technology 
GmbH & Co. KG) 

 

3.2. Published Systems for series production  

Johnson Matthey Three Way Filter 

This system (Figure 11) is used in the series production for gasoline engines and mounted closed coupled to 

the engine. Johnson Mattey could easily produce retrofit systems with their standard substrate sizes. 

 

Figure 11 TWF from Johnson Matthey (JM). Source: JM Website 
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3.3. Testing Retrofit Technologies by CLOVE 

Within the predecessor project of CLOVE – Testing Retrofit Technologies various particulate filters were 

tested on two different vehicles, which originally were sold without a filter. Main objective of the project was 

to measure the effective filtering efficiency within various driving cycles for the retrofit particulate filters. 

Main outcome is that with retrofit particulate filters the tailpipe particulate emissions can be reduced at least 

by 80% in comparison to the base vehicle without filter. 

Oberland-Mangold 

Oberland-Mangold (O-M) contributed a prototype particulate filter to the CLOVE project in the past, tested 

by TU Graz (TUG). Under the supervision of Oberland-Mangold, the installation was completed by TUG. Figure 

12 shows the filter, which is located underfloor. For all chassis dyno tests conducted with this system, the 

PN10 and PN23 filtering efficiency is in the order of 87%. 

 

Figure 12 O-M GPF prototype mounted on Ford Focus. Source: (Testing Retrofit Technologies, Final Report) 

3.4. Companies contacted for GPF retrofit solutions 

The companies listed in Table 11 have been contacted by the VERA consortium. Almost all of them have 

rather no interest in following the production to a system for gasoline and natural gas particulate filters or 

only produce them for the OEMs and not for the retrofit market. 

Table 11 The interest of companies to produce a system for gasoline and natural gas particulate filters 

Company Name Reason 

Advanpure GmbH No products 

BASF No feedback 

Baumot Does no longer exist 

Bosal Production for OEM 

Corning No feedback 

DCL Europe GmbH No products 
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DENSO No feedback 

Diemma BV Does no longer exist 

Dr Pley SCR Technology GmbH Have products but no interest in the project 

Eminox Ltd.  No feedback 

ERNST-Apparatebau GmbH No feedback 

G+M KATALYSATOR-TECHNIK Grywotz GmbH No interest because of costs 

IBIDEN No feedback 

INTERKAT Catalyst GmbH No products 

Johnson Matthey Production for OEM, interest in the project 

MULTRONIC NV No feedback 

NGK INSULATORS, LTD. No Feedback 

Oberland Mangold No interest in the Project 

Proventia OY No interest in production 

PURItech GmbH & Co. KG Does no longer exist 

Purem No products 

Remus Innovation GmbH Does no longer exist 

SOLVAY No feedback 

TEHAG GmbH No products 

UMICORE No feedback 

Vitesco No interest in production 

▪ Availability of systems for testing 

HJS can supply particulate filters for this project, on the one hand the PSMF, which was already tested by HJS 

on an AUDI A5 and on the other hand a ceramic filter, which was also tested on a VW Touran by HJS and on 

a Ford Focus by TUG in the CLOVE project. Both filters were described earlier. Both filters are prototypes and 

not in series production. Since there seems to be no other GPF retrofit system and certainly no commercially 

GPF retrofit system available, one (for longer operating time in use) or both HJS filters (for shorter operating 

time in use of each) will be tested in WP1 - Task 1.3. Whether one or both filters are tested also depends on 

when HJS can make the filters available. This will be discussed and decided before starting the emission tests.  

3.5. Market for retrofit systems based on the German market as an example 

For the manufacturers of retrofit systems the most important topic will be the number of systems they will 

be able to sell. Therefore, a check of the number of vehicles Euro 4, Euro 5 and Euro 6a/b/c is done for the 

German market as an example. The numbers for this study were taken from the FZ13 review of the German 

Kraftfahrtbundesamt (KBA).  

With petrol engines the amount of emitted particles (mass and number) is dependent on the mixture 

formation within the cylinder and with the type of injection system, so whether it is a port fuel injection or a 

direct injection system. With direct injection system the portion of diffusive combustion is increased, with a 

correspondent increase in the particulate emissions. With older port fuel injected engines the particulate 

emissions are lower, due to the better mixture formation. These engines were in use very up to Euro 4 and 

some Euro 5 and Euro 6 vehicles, but the portion of direct injected engines increased significantly with the 

Euro 5 legislation due to higher efficiency. As there is no detailed information in the data from the KBA on 

the injection system, this study concentrates on the Euro 5 and Euro 6 vehicles for petrol engine powered 

passenger cars. 
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On the 1st of January 2022 there were 13,750,458 petrol, LPG, CNG (all Euro 5 and Euro 6a/b/c) and hybrid 

(Euro 5 – up to 15 years old) vehicles registered in Germany, which is about 50% of all Otto-engine powered 

passenger cars. Euro 6 hybrid vehicles are not considered in the study, since there is no clarification about 

the fuel and with Euro 6 vehicles there are already a significant number of Diesel hybrid vehicles on the road. 

The figures previously reported testifies a wide market availability in Germany for tailpipe retrofit solutions, 

especially considering that the same filter might be used on various cars of the same vehicle family, like AUDI 

A3, SEAT Leon, Skoda Octavia, and VW Golf. 

Conversely, a different situation can be expected for commercial vehicles, since the number of Otto-engine 

powered vehicles decreases with maximum payload significantly due to the engine’s efficiency. For light 

commercial vehicles with a maximum payload of up to 999 kg, the portion of Otto-engine powered vehicles 

is with about 9.3% (173,115 vehicles) significantly lower and for vehicles with a maximum payload of 1999 

kg within the range of just 1.3% (16,042 vehicles), as most of the vehicles are equipped with Diesel engines 

(Figure 13). 

 

Figure 13 Percentage of vehicles in the light commercial segment depending on the fuel and vehicles payload 

 

The higher the payload of the vehicle the lower the numbers of Otto-engine powered vehicles become due 

to the engine efficiency. With heavy duty vehicles the total number of Otto-engines-powered vehicles is 562, 

which is 0.4% of all heavy-duty trucks (Figure 14, Figure 15). 

 

Figure 14 Percentage of vehicles in the medium and heavy-duty segment depending on the fuel and vehicles 
payload 
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Figure 15 Percentage of vehicles in the heavy-duty segment depending on the fuel and vehicles payload 

Table 12 Number of LD/MD/HD vehicles on the German market based on the fuel 

Payload Vehicle number 

from to Total Petrol Diesel LPG CNG BEV Hybrid Others 

[kg] [kg] [-] [-] [-] [-] [-] [-] [-] [-] 

  999 1867078 141890 1658003 19210 11421 35804 594 156 

1000 1999 1203748 12361 1180109 1290 1026 7524 1365 73 

2000 5999 240385 996 238466 45 345 376 79 78 

6000 11999 105318 60 105045 5 131 24 7 46 

12000   132165 55 131345 0 507 38 2 218 

 

The situation is similar for buses. The total number of vehicles with petrol or CNG engines is very low (Table 

13, Figure 16). As it might be the case that one company in a city is using buses with these engines and then 

it might make sense to retrofit these vehicles as it could have an impact on the air quality in the city, but this 

needs to be checked in each single case. As the overall numbers are so low the cost for the retrofit system 

production is too high for such vehicles. 

Overall, the most promising case for retrofitting Otto-engine powered vehicles are passenger cars and light 

commercial vehicles as the numbers of buses, medium and heavy-duty vehicles with petrol, LPG or CNG 

engines is too low, compared to their diesel counterparts. 

Table 13 Number of buses depending on the passenger seats and fuel; Source: KBA 

Seats Vehicle number 

from to Total Petrol Diesel LPG CNG BEV Hybrid Others 

[-] [-] [-] [-] [-] [-] [-] [-] [-] [-] 

  16 1776 23 1702 2 5 44 0 0 

17 31 12039 37 10716 7 188 482 605 4 

32 40 19594 4 17000 4 377 392 1750 67 

41 50 28699 6 26974 6 233 341 1136 3 

51 60 14238 10 14066 0 42 7 112 1 

61 70 1933 3 1924 0 1 1 3 1 

71   1310 1 1302 1 1 5 1 0 
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Figure 16 Percentage of vehicles for buses segment depending on the fuel and number of passenger seats. 
Source: KBA  
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4. Market analysis of available brake retrofit systems  

4.1. Automotive Market volumes 

This section provides an overview of the market volumes for aftermarket brake discs and pads. Both the 

market analysis as well as the “green” solutions reported in the next paragraphs are referred to aftermarket 

components substituting original equipment (OE) in automotive disc brake systems with specific reference 

to light duty vehicles, i.e., passenger cars and light commercial vehicles. Finally, it should be noted that data 

in this section refer only to the 27 EU member states with the addition of the UK. Validated data were 

recorded until 2018, while projections until 2026 are also provided. All the data reported in the following 

paragraphs are retrieved and elaborated from Frost & Sullivan market analysis [3]. 

4.1.1. Sales of Aftermarket Brake Discs 

The number of aftermarket brake discs sold in Europe each year from 2015 to 2018 and the predicted sales 

until 2026 are shown in Figure 17. A total of 80.6 million aftermarket discs were sold in 2018. The highest 

numbers of sales were recorded in Germany (15.3 million discs), UK (11.3 million discs) and France (11.2 

million discs). Compared to 2017 brake disc sales increased by 1.2%, with the UK’s 2.3% being the highest 

increase. Sales increased in all major countries except for Italy, where they dropped by -2.0%.  

The market of aftermarket brake discs is forecasted to grow with a 1.4% Compound Annual Growth Rate 

(CAGR) until reaching 89.8 million discs sold in 2026, with sales increasing in all major countries except for 

Italy (-1.9% CAGR). 

Sales of aftermarket discs in 2018 generated total revenues of 946 million €, up 2.2% compared to 2017. The 

average price also increased by 1.0% compared to 2017 to reach 11.75 € per disc. Revenues and average 

price per disc are forecast to continue increasing until 2026, reaching 1171 million € (CAGR 2.7%) and 13.04 

€ (CAGR 1.3%), respectively. 

 
Figure 17 Aftermarket brake discs sales in Europe from 2015 to 2026. Data were recorded until 2018, 
projections are included until 2026 
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4.1.2. Sales of Aftermarket Brake Pads  

Data regarding aftermarket brake pad sets sold in Europe are shown in Figure 18 for years 2015-2026. It 

should be noted that the unit used is the pad set, that is the pads required for one axle (i.e., 4 pads). 

In 2018, 84.5 million aftermarket pad sets were sold in Europe, with the largest markets being Germany (16.8 

million sets), the UK (12.7 million sets) and France (12.2 million sets). Sales experienced a 1.1% increase 

compared to 2017, with the UK market experiencing the highest percentage increase at 2.1%. Growth was 

recorded in all major countries in 2018 except for Italy, where a -2.1% decrease in sales was recorded. 

The market of aftermarket brake pads is expected to keep growing to reach 94.4 million sets sold in 2026 

(1.4% CAGR). Once again, while an increase in sales is expected each year for all other major countries, Italy’s 

market is forecast to shrink each year from 9.0 million sets in 2018 to 7.7 in 2026 (-1.9% CAGR). 

In 2018, the total revenues from aftermarket brake pads amounted to 1119 million €, up 2.7% compared to 

2017. The average price of an aftermarket pad set was 13.24 €, up 1,6% compared to 2017. Both revenues 

and price are expected to continue growing until 2026, reaching 1387 million € (CAGR 2.7%) and 14.70 € 

(CAGR 1.3%), respectively. 

 
Figure 18 Aftermarket brake pad sales in Europe from 2015 to 2026. Data were recorded until 2018, 
projections are included until 2026 

4.2. Automotive “Green” Brake Retrofit Solutions 

This section presents the results of a market study carried out to identify the brake retrofit solutions available 

in the automotive aftermarket that aim at reducing emissions, both from tailpipe (e.g., via lighter 

components) and from braking operation. This study focuses on state-of-the-art brake discs, brake pads and 

brake kits (i.e., kits that comprise both disc and pads designed to work together to optimise braking 

characteristics). In addition, new technologies such as coated braking discs and particle capturing systems, 

which are currently not available for the aftermarket but are expected to become available solutions for road 

vehicle retrofit in the next future, are introduced as well. 
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4.2.1. Brake Discs 

“Green” retrofit brake discs available in the aftermarket are listed in Table 14, together with their key 

attributes and prices. It is apparent that very few “green” retrofit discs are currently available, and that all of 

them are aimed at weight reduction and efficiency maximization, thus claiming lower fuel consumption, 

lower CO2 emissions and higher durability. In other words, there are currently no available aftermarket brake 

discs dedicated to the reduction of braking-induced emissions. Available discs show average retail price 

between 250 to 620 € for axle set (two discs), depending on the specific application. It has to be highlighted 

that most of the presented discs are available for the higher market sectors, i.e., not for small and 

intermediate vehicles within A to C segments, which typically composes most of the road vehicle fleet.  

It should be noted that significant efforts are being dedicated to the development of a new disc technology, 

i.e., the coated disc, which is claimed to achieve significant brake emissions reduction and will likely act as a 

future retrofit solution. This new technology is based on the application of new layers of material on the disc 

braking surfaces, typically exhibiting higher hardness and superior mechanical properties in respect with the 

cast iron substrate. Relevant examples within the OE domain are the Greentive brake disc by BREMBO [4] 

and the iDisc by BOSCH [5], both featuring hard tungsten carbides coatings. Coated discs are expected to 

penetrate progressively the market, due to the new Euro 7 regulation [6]. However, this disc technology is 

currently positioned for entering preferentially the OE market, due to the Euro 7 target on new vehicles as 

well as for higher manufacturing costs in respect to standard discs. Nevertheless, it represents a possible 

solution to appear also into the retrofit market in the near future. 

Table 14“Green” retrofit brake discs currently available on the market. Reported prices refer to the average 
retail prices on the German market for an entire axle (two discs). All images are taken from the respective 
manufacturer’s official website. 

Brake discs 

Product Manufacturer Key attributes Price (€) Image 

Two-piece 

brake disc 

ATE 

(Continental) 

- Aluminium bell riveted to cast 

iron friction ring, leading to weight 

reduction 

468 

 

Two-piece 

composite 

disc 

Brembo 

- Aluminium bell riveted to cast 

iron friction ring, leading to weight 

reduction 

508 
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Co-cast disc Brembo 

- Steel bell co-fused with the cast 

iron friction ring, leading to weight 

reduction 

354 

 

Lightweight 

disc 
Brembo 

- Steel bell joined to the cast iron 

friction ring by mechanical 

interference, leading to weight 

reduction 

254 

 

Composite 

disc 
Ferodo 

- Aluminium bell, leading to weight 

reduction up to 30% 
620 

 

Semi 

compound 

disc 

TRW 

- Steel bell riveted to cast iron 

friction ring, leading to weight 

reduction 

480 

 

Two-piece 

composite 

disc 

Textar 

- Aluminium bell riveted to cast 

iron friction ring, leading to a 15-

20% weight reduction 

460 

 

 

4.2.2. Brake Pads 

“Green” retrofit brake pads available in the aftermarket are listed in Table 15, together with their key 

attributes and prices. Similarly to the retrofit brake discs, a very limited amount of “green” aftermarket pads 

is currently available. In addition, they are all very similar, and specifically characterised by ceramic 

formulations, exhibiting only some specific fine-tuning from each producer. These brake pads retrofit 

solutions exhibit narrower price range, typically in the order of 100-120 € for axle set (4 pads). 
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Table 15“Green” retrofit brake pads currently available on the market. Reported prices refer to the average 
retail prices on the German market for an entire axle (four pads). All images are taken from the respective 
manufacturer’s official website. 

Brake pads 

Product Manufacturer Key attributes Price (€) Image 

Ceramic 

brake pads 

ATE 

(Continental) 

- Novel friction material to 

reduce wear and brake dust 

emissions by forming a transfer 

film on the disc surface 

115 

 

QuietCast Bosch 

- Copper-free ceramic materials 

- Powder-coated backing plates 

to extend pad life by preventing 

corrosion 

120 

 

Ceramic 

brake pads 
Brembo 

- Advanced ceramic friction 

materials to reduce wear and 

brake dust emissions 

- Multi-layer shim to minimise 

noise and vibrations 

109 

 

Eco-Friction Ferodo 

- Copper-free friction material 

with less than 0.5% of heavy 

metals 

- 60% emission reduction 

(evaluated via weight loss) 

118 

 

Lightweight 

brake pads 
Textar 

- Designed for commercial 

vehicles (trucks, trailers, buses) 

- Thinner backplate to save up to 

7.5 kg 

250 

 

True 

Originals 

DTEC 

TRW 

- Novel ceramic formulation 

reducing rim surface dust up to 

45% 

- COTEC technology to improve 

braking performance soon after 

pad replacement 

103 

 

 

4.2.3. Brake Kits 

“Green” retrofit brake kits available in the aftermarket are listed in Table 16. Brake kits (combinations of 

brake discs and pads) are generally claimed to be more effective at reducing emissions. This is achieved by 

finely optimising the performance of the specific friction couple (braking disc + pads). However, also in this 
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case, very few options are currently available in the aftermarket, and such solutions are mainly dedicated to 

special application such as high-end cars and EVs. 

Table 16“Green” retrofit brake kits currently available on the market. Reported prices refer to the average 
retail prices on the German market for an entire axle (two discs and four pads); the price for the Greenance 
kit is not currently available as this kit will enter the market in the second half of 2023. All images are taken 
from the respective manufacturer’s official website. 

Brake kits 

Product Manufacturer Key attributes Price (€) Image 

Greenance Brembo 

- Novel brake disc material 

coupled with tailored brake pads 

- Reduction of brake dust 

emissions by >80%, threefold 

increase in disc life  

- 

 

Beyond EV Brembo 

- Dedicated to all-electric cars 

- Novel treatment on the brake 

disc to ensure corrosion 

resistance and durability 

- Custom designed copper-free 

pads 

600 

 

 

4.2.4. Particle Capturing Systems 

Particle capturing systems for automotive brake emissions are listed in Table 17. Such systems are expected 

to play a significant role as retrofit solutions for brake emissions reduction. Passive filtration systems are 

characterized by lower costs and adaptability. In addition, they appear to be already available, at least on the 

original equipment market. Conversely, active (i.e., electrically operating) capturing systems appear to have 

higher efficiency, but on the other side require more space as well as energy input to function and appear to 

be at early industrialization stages. 
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Table 17 Particle capturing systems for brake emissions. Aftermarket retail prices are not available as these 
products are presented as either original equipment solutions (Mann+Hummel) or still at the 
industrialisation stage (Tallano Technologies). All images are taken from the respective manufacturer’s 
official website. 

Particle capturing systems 

Product Manufacturer Key attributes Price (€) Image 

Passive 

brake dust 

filter 

Mann+Hummel 

- Fitted to the caliper, partially 

or completely encapsulating the 

brake disc 

- Retains fine particles, thus 

reducing brake dust emissions 

- Passive system, no energy 

consumption 

- 

 

Active 

brake dust 

filter 

Mann+Hummel 

- Collects brake dust and 

transports it to a central filter 

via a vacuum pump 

- Active system, requires energy 

input 

- 

 

TAMIC 

aspiration 

device 

Tallano 

Technologies 

- Aspiration technology 

combining modified brake 

linings, electronic control, 

suction and filtration systems 

- Active system, requires energy 

input 

- 
 

 

 

4.3. Vehicle Market in Rail Transport Sector 

VERA project aims also to characterize and reduce emissions from the rail transport sector, in particular 

reducing train brakes emissions adopting suitable retrofit solutions. This section is aimed at providing a global 

overview of the circulating vehicle fleet in the EU railways, with particular focus on underground and urban 

trains.  

4.3.1. Overview of Rail Passenger Transport in EU 

In the recent past, more and more people were looking to rail as an environmentally friendly transport mode. 

Indeed, it is well testified that rail journeys can reduce travellers’ emissions. For instance, according to a 

Deutsche Welle analysis, travelling by train from Zurich to Milan (217 km trip), can save up to 103 kg of CO2 

emissions per passenger, in respect with the corresponding journey by flight [7]. 
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The overall number of passenger trains in Europe grew constantly in the last decade, until the COVID-19 

pandemic crisis in 2020, which had a significant impact on public transport in general. Furthermore, in recent 

times, measures such as teleworking as well as the global economic crisis have slowed down the recovery of 

public transport demand levels prior to the year 2019. Figure 19 and Figure 20 respectively report on this 

trend in European countries together with a more detailed focus on Spain.  

EU-Rail activities are intended to support the rail sector in accelerating its contribution to the European Green 

Deal, the Smart and Sustainable Mobility Strategy and the Fit for 55 Package, in a context of recovery from 

the effects of the COVID-19 pandemic [8]. The launch of Europe's Rail testifies the commitment of the EU 

and the railway community to work actively to remove existing barriers to the creation of a Single European 

Railway area. The objective of the new Joint Undertaking, EU-Rail, is to deliver an integrated high-capacity 

European rail network by removing barriers to interoperability and providing solutions for full integration, 

covering traffic management, vehicles, infrastructures and services, finally aiming to faster adoption and 

deployment of innovation projects. EU-Rail officially started on 30th November 2022, with a 1.2 billion € 

budget to found members and stakeholders within the Open Call framework for a period of ten years. 

Europe's Rail will focus on the development of new technological and operational solutions to offer a rail 

system that meets the expectations of the Smart and Sustainable Mobility Strategy. This aims to double the 

high-speed rail traffic by 2030 and double freight rail traffic by 2050. 

 

Figure 19 Thousand passengers transported by rail in UE (source: Eurostat) 

 

Figure 20 Passenger transport statistics in Spain (source: INE - Spain) 
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The drag effect caused by these measures is also expected to promote adjacent rail transport modes, as in 

the case of urban rail transport, requiring an increase in transport capacity, possibly in a coherent manner in 

respect to the objectives of EU-Rail programmes. In particular, the adoption of new technologies dedicated 

to improve efficiency, safety and environmental impact will play a pivotal role in creating a more modern and 

advanced urban train fleet in European cities. In fact, as can be observed in Table 18, average urban train 

passenger cars age is higher than 20 years in EU, with few cases exhibiting significantly higher figures. Similar 

age distributions are observed also in countries outside the EU. However, few younger exceptions are 

observed. 

Table 18 Main parameters of rail operators around the world (source: Community of Metros Benchmarking 
Group [COMET]) 

Rail Operator 
Total Passengers’ Car Fleet  

(Number) 

Average Age  

(Years) 

South Europe 2341 22 

South Europe 333 23 

North Europe 447 23 

North Europe 89 43 

Asia 2254 12 

Asia - Pacific 1697 20 

South America 386 22 

 

4.3.2. Brakes in Railways Vehicles and Urban Trains 

It is far simpler to produce more trains then actually deploying them on the tracks. Europe already hosts one 

of the longer and denser railway networks in the world, meaning that additional trains will need to find a way 

to navigate safely on progressively crowded tracks. Therefore, train braking systems represent a key aspect 

to be considered in function of the growth of trains fleet in EU. In fact, to host more trains on tracks it is 

necessary to reduce the headways (distance) between the trains themselves without compromising safety. 

For this reason, it is crucial to ensure good and similar brake performances on each carriage. At the same 

time, it is necessary that brakes do not wear out quickly, thus limiting maintenance costs and particle 

emissions. That can only be done with a new set of technologies. Indeed, brakes in train are a logical 

candidate for an upgrade. Many modern train brakes are controlled by an air pipe running from the front of 

the train to the air brakes of each carriage. This technology dates to 1860s: it is very solid and reliable, but 

still suffers of intrinsic problems. For example, in older systems it is not possible for the driver to know if 

there are problems with brakes of one specific carriage. In addition, since the air moves through each carriage 

in sequence, brakes are activated simultaneously, but may react with progressive latency depending on the 

distance from the air pipe origin: in combination with difficult friction conditions this means that carriages at 

the front may have a high deceleration rate while last carriages are hardly braking at all. This makes 

emergency braking difficult.  

Many of the trains currently operating in urban areas have brake systems that combine different 

mechanisms. In particular, electric braking for the (high velocity) approach to stations is followed by low 

velocity (less than 5-10 km/h) and short duration (less than 10-15 s) mechanical braking units to match the 

accuracy required at the stop point. More in detail, two different mechanical braking units can be usually 

deployed, i.e.: i) Disk Brake Units – DBU; or ii) Tread Brake Units – TBU. A comparison between the two 
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different units is reported in Figure 21 A short summary of the different brake technologies deployed in 

railways vehicles is sketched in Figure 22. Finally, Table 19 lists different urban train brake typologies 

deployed in fleet from different cities in Europe as well as around the world. In the specific field of 

metropolitan railways, due to the short headways, electrical braking systems result in significant reduction 

in net energy consumption. The pneumatic brake can also be activated occasionally, complementing the 

electric brake capacity (blending), when the electric brake effort available from the motorization of the rolling 

stock does not have sufficient capacity to achieve the required deceleration in some operating conditions 

(for example, in the event of a contingency). 

 

Figure 21 Examples of Disk Brake Units (1) and Tread Brake Units (2) (Source: Metro de Madrid, S.A.) 

 

Figure 22 Types of railways braking systems (source: Knorr Bremse. “Brake Discs and Pads”, P-1264EN, 2014) 
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Table 19 Braking processes for passenger urban trains (source: Community of Metros Benchmarking Group 
[COMET]) 

Rail Operator Braking processes for passenger´s trains 

South Europe 

Electro-dynamic (regenerative) braking for the (high velocity) approach to 
stations, followed by a low velocity (less than 5 - 10 km/h) and short 
duration (less than 10 - 15 s) mechanical (pneumatic) braking (mostly disk 
brake units, DBU) for increase the required accuracy at the stop point. 

South Europe 

Electric braking (regenerative) from any speed until 2 km/h, followed by 
mechanical braking (disk brake units) to complete stop and during 
standstill. Disk braking also performs emergency brake and insufficient 
electric braking, if needed. 

North Europe 
Disc and pad braking on all three bogie frames, air operated. Rheostatic 
braking using traction motors and generated energy is dissipated via 
resistance banks, waste heat used to heat the saloon in winter. 

North Europe 

Service Brake: Electric brake (engine brake style) 72-15 km/h, and Electro-
pneumatic brake (pads on disc) to complete the braking. 

Emergency brake: 50% of the emergency brake: Maximum pressure in the 
brake cylinders (pads on disc) +50% of the emergency brake: Electro-
pneumatic brake (pads apply to the rail) the latter from 72 to 2 km/h. 
Redundant brake on the boas. 

Asia 

Electro-dynamic brake and a friction brake. As the train approaches a 
station, the electro-dynamic brake begins to decrease its velocity until it 
reaches a predetermined low speed, at which point the friction brake is 
engages to bring the train to a full stop. 

Asia - Pacific Mechanical (pneumatic) braking and handbrakes 

South America 

Dynamic (regenerative) brake from traction system and Friction 
(pneumatic) brake from brake calliper. First priority brake function will be 
applied, the Dynamic brake at high speed and then shading to friction 
brake at low speed to control stopping accuracy. In case of when the 
traction system has detected wheel slide condition (it is protection 
function design) then the dynamic brake will cut off and remain only 
friction brake applied. 

 

4.3.3. Prices Overview of Brake spare parts (disc & pads) in railway 

This section summarizes typical prices of the reported brake spare parts in urban passenger railway cars 

(Table 20 for pads and Table 21 for discs). Reported prices are referred to single components. As can be 

observed in the tables, pads exhibit in general very low costs, ranging from 20 to 50 €. Conversely, discs are 

significantly more expensive, ranging from 800 to 1800 €. 
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Table 20 Price overview for aftermarket brake pads in railway 

Pad Cost Data Price  € 

SINTHETIC JURID PAD (65MM) 21 

JURID 300 PAD 39 

PAD 200 cm 2x35 49  

 

Table 21 Price overview for aftermarket brake discs in railway 

Disc Cost Data Price  € 

660 X 110 2000 SERIES 1179 

6000/8000 SERIES 1811 

7000/9000 SERIES 885 

 

4.4. “Green” Brake Retrofit Solutions for rail applications 

This section presents the results of a market study carried out to identify the brake retrofit solutions available 

in the railway braking operation market which are specifically aimed at reducing emissions. Few options are 

currently available and almost ready for the retrofit market, which are mainly based on alternative brake 

pads and particle capturing systems. 

4.4.1. Brake Pads 

“Green” retrofit brake pads for rail applications are listed in Table 22. A single solution is available, namely 

the Green Pads by Wabtec Corp. This friction material induces a significant emissions reduction whilst 

ensuring the same braking performance as the substituting friction composite, therefore allowing direct and 

simple replacement, without any modification of the braking system settings. This solution is currently being 

evaluated by RATP, operating both subways and urban trains in Paris, as well as other major metro operators, 

including Barcelona. 

Table 22“Green” retrofit brake pads for rail applications. The reported price refers to four pads. The image 
was provided by Wabtec Corp 

Brake pads 

Product Manufacturer Key attributes 
Price 

(€) 
Image 

Green pads Wabtec Corp 

- Novel friction material 

yielding 70% and 85% 

reductions in PM10 and PM2,5 

emissions, respectively 

- Ensure same braking 

performance as the 

substituted material 

- Can be coupled with High 

Grade cast iron for longer 

brake disc life 

280 
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4.4.2. Particle Capturing Systems 

Particle capturing systems for rail applications are listed in Table 23. Mann+Hummel proposes several air 

filtration solutions depending on the application; stationary air purifiers are available for close or semi-closed 

environments, while underfloor filtering systems are being developed to both capture emissions from 

subway vehicles and filter fine dust from ambient air. However, the latter option appears to be in an early 

development stage. Tallano Technologies propose active filtration systems based on particle suction through 

grooved braking pads directly at the source, before their diffusion into the environment. The aspiration is 

sustained by a turbine located near the brake, which is put into operation at moment of each braking event 

by active alimentation. The system has been developed in recent year mainly through the collaboration with 

SNCF Mobilités (Paris). The system is claimed to be available for both original equipment and retrofit markets. 

Table 23 Particle capturing systems for rail applications. Mann+Hummel’s images are taken from the 
manufacturer’s official website, while Tallano Technologies’ image is taken from a Communiquè de presse 
SNCF 

Particle capturing systems 

Product Manufacturer Key attributes Price (€) Image 

Stationary 

air purifier 
Mann+Hummel 

- Particle retention system 

designed for close or semi-

closed environments such as 

bus stops, tunnels and metro 

stations 

- 

 

Underfloor 

filtering 

system 

Mann+Hummel 

- Fitted under the floor of 

subway trains 

- Collects brake dust from 

subways vehicles and filters 

fine dust from ambient air 

- 

 

TAMIC 

aspiration 

device 

Tallano 

Technologies 

- Active filtration systems 

based on particle suction 

through grooved braking pads 

- Aspiration is sustained by a 

turbine located near the brake 

- 
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5. Global Summary 

European road and railway fleets share some remarkable and interesting similarities. During past years, the 

number of both road and railway vehicles consistently and constantly grew. During the COVID-19 pandemic, 

road vehicle fleet experienced significant decrease in the growth rate, while the public train transport was 

heavily affected. Nevertheless, both fleets are expected to significantly grow in the next years.  

In general, both road and railway fleets exhibit in urban environment a significant share of circulating vehicles 

with many operating years, thus exhibiting engines and brakes technologies easily dating back up to 15-20 

years. In addition, this suggests that more recent vehicles, but produced before the implementation of Euro 

7 regulation, will likely remain on the market for several years before being substituted with counterparts 

compliant to most advanced regulations. 

Currently, extremely limited options which can be immediately implemented as retrofit solutions to reduce 

non-exhaust emissions can be found in the aftermarkets of both cars and trains brakes components. They 

are mostly based on the fine-tuning of existing technologies, while few new concepts are just starting to 

appear on the original equipment market. Notably, all these new technologies are currently being extensively 

characterized and developed in EU-funded projects such as VERA and Aerosolfd [9]. 

All these considerations clearly testify a wide market extension for retrofit solutions aiming at reducing non-

exhaust emissions of vehicles in both road and railway transport sectors. Furthermore, the remarkable and 

increasing value of these markets appear able to host technological development and to attract 

correspondingly needed industrial investments on the medium to long term. Nevertheless, specific policies 

might be needed in the near future to overcome specific technological gaps and promote wider diffusion of 

new retrofit solutions.  

Concluding, it is worth to remark that credible and reliable future retrofit solutions for brakes not only have 

to score significant overall emission reduction and source consumption. On a general level, they have also to 

be affordable and easily implementable on target vehicles. In addition, they have to maintain at least similar 

quality of the generated emissions. Finally, they have to maintain the original components performance 

comfort level at least, thus not affecting brakes efficiency and noise. 
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